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ABSTRACT (Deutsch) 
Korneale Endothelzellen sind maßgeblich an der Aufrechterhaltung der 

Transparenz der humanen Hornhaut involviert. Geringe Endothelzelldichte 

(ECD) kann zu kornealem Ödem, allmählichen Sehverlust und 

schlimmstenfalls zur Erblindung führen. Daran sind degenerative Prozesse und 

Apoptose mit Ca2+ beteiligt. Von daher sind die Eigenschaften dieser Zellen 

von Ca2+ abhängigen zellulären Mechanismen geprägt. In der Regulation der 

intrazellulären Ca2+ Konzentration ([Ca2+]i) sind „transient receptor 

potential“ (TRP) Kanäle substanziell beteiligt wobei der TRP Vanilloid 1 (TRPV1) 

bekannt als Capsaicinrezeptor Apoptose moduliert. Studien haben gezeigt, 

dass G-Protein gekoppelte Rezeptoren wie der Cannabinoid Rezeptor 1 (CB1) 

in humanen Hornhautepithelzellen (HCEPs) exprimiert werden. Studien zum 

Nervenwachstumsfaktor (NGF) ergaben, dass exogenes NGF die Proliferation 

von kornealen Endothel- und Epithelzellen von Kaninchen und Menschen 

stimuliert. In dieser Arbeit wurde die funktionelle Expression von TRPV1, CB1 

und NGF in humanen kornealen Endothelzellen (HCEC) untersucht. [Ca2+]i 

wurde mit Hilfe von Fluoreszenz Calcium Imaging und Ganzzellströme wurden 

mittels planarer Patch-Clamp Technik gemessen. Die HCEC-12 Zelllinie wurde 

als etabliertes in vitro Zellmodell sowie eine TRPV1-transduzierte HCEC-12 

Zelllinie als heterologes Zellsystem verwendet. Extrazelluläre Applikation von 

10 µM Capsaicin (CAP) führte sowohl zu Erhöhung des Fluoreszenzratios 

(f340/f380), das proportional zu [Ca2+]i ist, also auch zu Erhöhung der 

Ganzzellströme. Beide Effekte konnten mit dem TRPV1 Kanalblocker 

Capsazepin (CPZ) (10 µM) unterdrückt werden. Der CB1 Agonist WIN 55,212-

2 (10 µM) erhöhte [Ca2+]i und Ganzzellströme, welche mit dem CB1 

Antagonisten AM251 (10 µM) geblockt werden konnten. Der CAP-induzierte 

Ca2+ Anstieg konnten in Zellen, die mit 10 µM WIN 55,212-2 vorinkubiert 

wurden, bis unter die Ca2+ Basislinie unterdrückt werden, während 10 µM 

AM251 diesen Effekt eher geringfügig beeinflusste. Der CAP-induzierte Ca2+ 

Anstieg war in TRPV1-HCEC-12 erwartungsgemäß wesentlich stärker als in 

nicht-transduzierten HCEC-12 (Kontrollen). Das WIN 55,212-2-induzierte Ca2+ 

Antwortmuster änderte sich in Zellen, die mit CAP oder CPZ behandelt wurden 

(10 µM). Schließlich erhöhte auch NGF (50 ng/ml) [Ca2+]i, welche ebenfalls 
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durch CPZ unterdrückt werden konnte. Zusammenfassend konnte erstmalig 

die funktionale Expression von CB1 und TRPV1 in normalen HCEC-12 sowie 

TRPV1-transduzierten HCEC-12 gezeigt werden, wobei die Effekte in den 

transduzierten Zellen stärker waren und damit die erfolgreiche Transduktion 

von TRPV1 in HCEC-12 bestätigte. Darüber hinaus besteht ein Crosstalk 

zwischen TRPV1 und CB1 sowie NGF, welcher auf eine komplexe Ca2+ 

Regulation in HCEC-12 hindeutet. Die Ergebnisse tragen zu einem besseren 

Verständnis der Ca2+ Regulationsmechanismen bei und können für die 

Entwicklung neuartiger Strategien für die Verbesserung der Erhaltung von 

Hornhauttransplantaten für die Keratoplastik beitragen.  
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ABSTRACT (English) 
Corneal endothelial cells are crucially involved in maintaining the transparency 

of the human cornea. Severe losses in corneal endothelial cell density (ECD) 

can lead to corneal edema, gradual loss of vision, and at worst blindness. Cell 

degeneration processes and apoptosis are implicated with Ca2+. Thus, 

phenotypic characteristics of these cells are controlled by Ca2+-dependent 

cellular mechanisms. Transient receptor potential channels (TRPs) are 

substantially involved in the regulation of intracellular calcium concentration 

([Ca2+]i) whereby TRP vanilloid type 1 (TRPV1) (capsaicin receptor) modulates 

apoptosis. Studies have shown that G protein-coupled receptors (GPCRs) such 

as cannabinoid receptor type 1 (CB1) are expressed in human corneal epithelial 

cells (HCEPs). Further studies about nerve growth factor (NGF) revealed that 

exogenous NGF can stimulate the proliferation of HCEP. In this study, the 

functional expression of TRPV1, CB1, and NGF in human corneal endothelial 

cells (HCECs) was investigated. [Ca2+]i was measured by fluorescence calcium 

imaging and whole-cell currents were measured by the planar patch-clamp 

technique. The human HCEC line (HCEC-12) was used as an established in 

vitro cell model and a TRPV1 transduced HCEC-12 (TRPV1-HCEC-12) was 

used as a heterologous cell expression system. Extracellular application of 10 

µM capsaicin (CAP) led to an increase of the fluorescence ratio (f340/f380), which 

is proportional to [Ca2+]i, and an increase of whole-cell currents. Both effects 

were inhibited by the TRPV1 antagonist capsazepine (CPZ) (10 µM). The CB1 

agonist WIN 55,212-2 (10 µM), increased [Ca2+]i and whole-cell currents, which 

could be blocked with the CB1 antagonist AM251 (10 µM). The CAP (10 µM) 

induced Ca2+ rise was inhibited below the Ca2+ baseline if the HCEC-12 cells 

were preincubated with 10 µM WIN 55,212-2, whereas 10 µM AM251 only 

slightly influenced this effect. The CAP-induced Ca2+ increase was at 

considerably higher levels in TRPV1 transduced-HCEC-12 than in non-

transduced HCEC-12 (controls). The WIN 55,212-2-induced Ca2+ response 

pattern was changed if the cells were preincubated with CAP or CPZ (both 10 

µM). Finally, NGF (50 ng/ml) increased [Ca2+]i, which was suppressed by CPZ. 

Taken together, the functional expression of CB1 and TRPV1 was first shown 

in normal HCEC-12 as well as in TRPV1-HCEC-12, in which the effects were 
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at higher levels confirming the successful overexpression of TRPV1 in HCEC-

12. Furthermore, there is a crosstalk between TRPV1 and CB1 as well as NGF 

indicating a complex Ca2+ regulation in HCEC-12. The results contribute to a 

better understanding of Ca2+ regulatory mechanisms and may be useful for the 

development of novel strategies to improve the preservation of corneal grafts 

for keratoplasty.  
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1. INTRODUCTION 

1. 1. Anatomy of the human cornea 
The human cornea is situated in front of the iris and pupil and is essential for 

supporting normal visual acuity. It is the densest neural tissue in the human 

body, which accounts for its exceptionally high pain sensitivity (1, 2). Most 

corneal nerves are sensory nerves that are ophthalmic branches of the 

trigeminal nerve. Therefore, many diseases that occur in the cornea can be 

remarkably painful (2, 3). In an adult, the average horizontal diameter of the 

cornea is about 11.5 mm, the maximum curvature of the vertical diameter 

cornea is 10.5 mm, and it maintains a reasonably uniform shape throughout its 

life cycle (4, 5). The cornea is avascular, and the branches of the anterior ciliary 

artery stop at the limbus, where they form an arcade to supply essential 

nutrients to the surrounding cornea. Therefore, the normal human cornea 

appears transparent, which is essential for preserving visual acuity.  

The human cornea is a five-layered structure (6, 7) (Fig. 1). It includes the 

epithelial layer, Bowman’s layer, the stroma layer, the Descemet membrane 

layer, and the endothelial layer (3). The epithelium has 5 – 6 layers and contains 

three different cell types: wing cells, basal cells, and surface cells. The 

superficial cells are composed of 2 – 3 layers of flat polygonal cells. In humans, 

the thickness of superficial cells is about 50 μm (7, 8). Bowman’s layer is the 

acellular condensate behind the epithelial basement membrane (7). The stroma 

constitutes nearly 90% of the corneal thickness. This layer is a collagen-rich 

central layer in which there are embedded keratocytes that occupy 3 – 5% of 

the stromal volume (9). Descemet’s membrane is a relatively transparent, thick, 

dense and acellular matrix, separating the posterior corneal stroma from the 

innermost corneal endothelium (7). Behind the Descemet’s membrane is a 

single layer of corneal endothelial cells (10). The endothelial cells form a 

homogeneous hexagonal structure in humans, and they have no regeneration 

potential (11). Over time, endothelial cells continue to be flattened and they 

become stable at a specific thickness after reaching adulthood (9). The corneal 

endothelial cell density (ECD) at birth is about 3,500 – 4,000 cells/mm2 in 

humans (12). For example, the mean ECD is 3,746 ± 370 cells/mm2 in children 
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between 0.1 and 5 years old (13). In the Caucasian population, the cell density 

at ages less than 20 years old is 3,101 ± 268 cell/mm2. A study has shown that 

there is a strong inverse correlation between age and ECD, which means that 

ECD decreases throughout its lifetime (Fig. 2). Other reports revealed that 

endothelial cells are lost over their lifetime at a rate of 10.92 cells/mm2 per year 

(14).  

 

 

Fig. 1 | Anatomical and histological illustration of ocular structures supporting normal 
vision. (A) The transverse section of the eye shows that the cornea is the tissue in front of the 
eye, covering an area that accounts for about 1/6 of the outer wall of the eyeball (15). Reused 
with the kind permission from the American Physiological Society. (B) Details of the corneal 
histology show that human corneal endothelial cell (HCEC) constitute a monolayer of uniform 
hexagonal-shaped cells lining the innermost surface of the cornea (16). Reused with the kind 
permission of IOP Publishing. 

 

 

Fig. 2 | Age-dependent declines in endothelial cell density (ECD) (17). This diagram shows 
that corneal ECD gradually decreases with age. Reprinted with the kind permission of Dove 
Medical Press. 
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1.2. Function and physiology of the human cornea 
The human cornea is like a window of the eye and its epithelial layer has a 

protective function to prevent harmful substances from entering the eye. The 

cornea, together with the lens for focusing impinging light on the retina, provides 

us with clear vision (3). Additionally, the cornea also acts as a filter to protect 

the retina from ultraviolet damage (18). At its surface, the corneal epithelium 

plays a vital role in vision and is the front line of the innate immune system, 

protecting the eyes from microbial invasion (19). Bowman's layer may play a 

role in protecting the subepithelial nerve plexus that passes through the anterior 

stroma (7). Many characteristics of the cornea, including its transparency, 

morphology and strength are attributed to its anatomical structure as well as 

stromal organization and composition (7, 20). The human corneal endothelium 

(HCE) layer plays a critical role in maintaining favorable vision and corneal 

transparency because it contains many sodium-potassium adenosine 

triphosphatase (Na+/K+-ATPase) pump sites and tight junctions, and it has 

minimal apoptotic properties (Fig. 3) (21). Notably, the most important tissue to 

maintain the transparency of the cornea is the corneal endothelium through its 

provision of barrier and an ion "pump" functions (22). The low transcellular 

electrical resistance facilitates nutrient uptake and the release of metabolites 

from the stroma into the anterior chamber. The primary role of the corneal 

endothelium is to regulate tissue hydration through controlling osmotically 

coupled fluid flow from the stroma into the aqueous humor. The activity of the 

Na+/K+-ATPase pumps expressed on the human corneal endothelial cell 

(HCEC) basolateral membranes maintains corneal transparency through 

mediating adequate fluid egress from the stroma, which offsets maladaptive 

increases in fluid imbibition by the stroma (9, 23-25). If the HCEC density 

declines, the remaining endothelial cells will increase their surface area, 

ensuring sufficient cell coverage to maintain corneal clarity. But to maintain the 

appropriate pump function, a critical number of HCEC is required. If HCEC can 

no longer maintain a proper fluid balance, the tissue thickness increases. As a 

result, there is stromal swelling due to excess fluid accumulation, which disrupts 

the collagenous stromal structure. Because of stromal thickening, the tissue 

loses its transparency, which is followed by visual impairment (26). 
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Fig. 3 | Diagrammatic representation of normal corneal endothelial functions maintaining 
corneal thinness and transparency (21). Reused with permission from the Vision and 
Ophthalmology Research Association. 

 

Studies have pointed out that the corneal endothelial “pump” function and 

barrier function are responsible for regulating the hydration of the stromal matrix 

to maintain corneal transparency (7, 27). Numerous studies have indicated that 

the pump requires primary active transport (Na+-K+ ATPase), whose function is 

optimized with bicarbonate. These findings suggested that the pump 

mechanism is a bicarbonate secretory process (28). Electrophysiological 

evidence shows that the HCEC express multiple types of different ion channels, 

such as store-operated calcium channels (SOCCs) (e.g. TRPC4 in bovine 

endothelial cells), voltage-operated Ca2+ channels (VOCCs) (e.g. L-type 

channel), and potassium ions (K+) channels (29-31). The corneal endothelium 

has a barrier function, and the maintenance of the barrier function depends on 

the calcium present in the extracellular environment (32). Therefore, regulation 

of the intracellular Ca2+ level is essential for preventing corneal swelling, which 

leads to losses in tissue transparency and disruption of normal vision (33).  

1.3. Corneal endothelial cell loss and corneal transplantation 
(keratoplasty) 
In humans, corneal endothelial cell density decreases with age, trauma, 
inflammation, and other diseases (34). The molecular mechanism leading to 
the loss of HCEC is still unclear. A report on ion channel and cell signaling 
indicated that exposure to oxidative stress induced apoptotic events as a 
consequence of declines in their activity (35). Another study showed that 
increased expression of inflammatory cytokines may cause this loss of function 
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(36, 37). The lack of corneal endothelium - or changes in corneal endothelial 
function due to various reasons - can lead to corneal edema, gradual loss of 
corneal transparency, and severe blindness (34, 38, 39). Since HCEC do not 
have a proliferative capacity in humans, the only feasible restorative method is 
to perform keratoplasty when the corneal endothelial cell sum is insufficient to 
sustain corneal transparency. 

The leading causes of corneal endothelial disease (CED) include Fuchs’ 
dystrophy, iris corneal endothelial syndrome, pseudophakic bullous 
keratopathy, and endothelial dysfunction after corneal transplantation and 
cataract surgery (22). Corneal edema is one of the most serious complications 
after intraocular surgery, mainly due to endothelial injury (40). Studies have 
shown that the loss of central endothelial cells ranges from 4% to 25% after 
phacoemulsification (41). At present, transplantation is the only feasible 
solution for treating CED. Studies have demonstrated two main types of corneal 
transplantation for treating CED, namely penetrating keratoplasty and 
endothelial keratoplasty. Penetrating keratoplasty involves replacing all of the 
corneal layers of a donor cornea. Endothelial keratoplasty means the selective 
replacement of the posterior segment of the cornea  (42). In addition, due to the 
increasing shortage of donor corneas worldwide, there is an urgent need to 
implement effective therapies to increase the availability of viable eye bank 
donor corneas (22, 43).  

Endothelial keratoplasty has been used worldwide as an alternative method for 
penetrating keratoplasty (PK) to treat corneal endothelial diseases. Figure 4 
illustrates the different types of keratoplastic procedures used to surgically 
restore corneal function. Descemet stripping (automatic) endothelial 
keratoplasty (DSEK/DSAEK) may be regarded as the current standard, and 
Descemet membrane endothelial keratoplasty (DMEK) may lead to further 
improved clinical outcomes (44) (Fig. 4). Both deep lamellar endothelial 
keratoplasty (DLEK) and the use of Descemet membrane technology are 
advantageous because they could possibly reduce astigmatism and the 
incidence of allograft rejection (45). In addition, DMEK also has the potential to 
provide faster vision recovery. Although endothelial cell survival may improve 
using currently available implantation techniques, reducing iatrogenic cell loss 
may still continue to be a challenge in endothelial keratoplasty (46, 47). 
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Fig. 4 | Schematic representation of penetrating keratoplasty and endothelial 
keratoplasty (48). PK = penetrating keratoplasty, DLEK = deep lamellar endothelial 
keratoplasty, DSEK/DSAEK = Descemet stripping (automated) endothelial keratoplasty, DMEK 
= Descemet membrane endothelial keratoplasty. Reprinted with kind permission from Springer 
Nature. 

 

1.4. Calcium ion (Ca2+) channels  
Ion channels are cell membrane proteins whose functional modulation is critical 

for mediating signal transduction events underlying responses essential for 

normal tissue function (49). Among them, the Ca2+ channels include VOCCs, 

SOCCs, and receptor-operated Ca2+ channels (ROCCs) as well as ligand-

gated cation channels (LGICs) and TRP channel subtypes (Fig. 5). Ca2+ 

transients induced by channel activation act as second messengers controlling 

numerous cellular processes, including cell proliferation, transmitter release, 

gene transcription, muscle contraction, cell migration and apoptosis (50). 

VOCCs are transmembrane ion channel proteins that selectively conduct Ca2+ 
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through the cell membrane in response to depolarization of the membrane 

potential (51). 

 

 

Fig. 5 | Diagrammatic representation of entities mediating responses to stimuli through 
the modulation of intracellular calcium ion (Ca2+) levels (52). These pumps and channels, 
which are activated by a host of different stimuli, control intracellular Ca2+ concentration ([Ca2+]i). 
The influx of Ca2+ into cells through the plasma membrane occurs largely by activating voltage-
sensitive-, store-operated-, and receptor-operated channels. Reprinted with kind permission 
from Springer Nature. 

 

VOCCs are found in excitable cells like nerve and muscle but also in non-

excitable cells such as HCEC. Specifically, Mergler et al. first detected the 

voltage-operated L-type channel in HCEC in 2003 (29, 53). On the other hand, 

SOCC seems to be very common, apparently present in all eukaryotes from 

yeast to humans. Therefore, it can be argued that SOCC represents the original 

Ca2+ entry pathway (54). LGIC is a complete membrane protein that contains a 

pore that regulates the passage of selected ions (55). 

1.4.1. Transient receptor potential channels (TRPs) in the human cornea 
TRPs form a superfamily of non-selective cation channels made up of at least 

28 different subtypes. The first of these subtypes was discovered in 1969, when 

Cosens and Manning revealed the phenotype of a spontaneous Drosophila 
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mutant that are behaviorally impaired since they display only a transient rather 

than a sustained response to bright light (56). Subsequently, numerous studies 

in the last 20 years have uncovered the functional expression of an ever 

increasing number of different subtypes in many different tissues of the human 

body (57). TRPs play a crucial role in regulating sensations such as pain, 

inflammation, fibrosis, and neovascularization (58, 59). These 28 different TRP 

subtypes are divided into seven significant subfamilies (Fig. 6) (32, 60) in 

mammals. These seven TRP channel subfamily members are similar in 

structure, usually having six transmembrane helices, a hypothetical pore-

forming loop, three to four ankyrin repeats, coiled-coil domains, C-terminals, 

calmodulin/inositol trisphosphate (IP3) binding regions, and TRP 

multifunctional sites (61, 62) (Fig. 7). Based on sequence homology, members 

of the transient receptor potential channel vanilloids (TRPV) subfamily were 

grouped accordingly: transient receptor potential channel vanilloids 1 – 6 

(TRPV1 – 6) (63, 64).  

 

 

Fig. 6 | TRP ion channel family tree (65). The six subfamilies Transient receptor potential 
channel vanilloids (TRPV), TRP channel mucolipins (TRPML), TRP channel polycystins 
(TRPP), TRP channel ankyrin (TRPA), TRP channel melastatin (TRPM), and TRP channel 
canonical (TRPC) are divided by different color labelling, and they are identified in mammals. 
The subfamily TRP channel NO-mechano-potential (TRPN) has only been detected in the worm, 
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Drosophila, and zebrafish (60). Reused with permission from Springer Nature. 

 

The activity of some TRPs is regulated by heat (e.g. thermo-TRPs like TRPV1 

or TRPM8) and mechanical perturbations (e.g. TRPV4) or cellular signaling 

associated with G protein-coupled receptors (GPCRs) (33, 66, 67). Ca2+ 

signaling can be either initiated by TRPs themselves or by GPCRs, which leads 

to a feedback regulation (68). This interaction has been described in the 

literature as the so-called GPCR-TRP axis (reviewed in (66)). Therefore, TRPs 

are one of the most involved downstream targets of Ca2+ signaling (68). 

Furthermore, studies described some TRPs such as TRPV6 or TRPM3 as 

store-operated channels (SOCs), which could be activated after store depletion. 

However, the classification of these TRPs as SOCs are still not established 

according to Nilius et al. (60). Notable, retinal TRPs in the eye play a vital role 

in maintaining normal vision (69). In addition, some of their subtypes can 

convert environmental stress into cell signals, which can regulate different 

physiological responses of cells (70). 

 

 

Fig. 7 | Diagrammatic representation of TRP channel delimited expression (71). TRP 
channels include six transmembrane segments and a putative pore region (P). The lengths of 
the amino and carboxyl ends are variable, and they consist of different sets of binding domains. 
Reused with kind permission from Springer Nature. 

 

Previous studies have shown that there is a relationship between changes in 

the expression of functional TRPs and a variety of human corneal diseases. 

These subtypes of TRPs could become drug targets for reversing the decline 

in corneal endothelial function (70). Thermosensitive TRPV1 – 4 channel 

activities were identified in HCEC (Table 1) (26, 32, 64, 72). Mergler et al. 
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demonstrated that the regulation of TRPV activity by temperature is the basis 

of a vital homeostatic mechanism that can support corneal endothelial function 

under different environmental conditions (Table 1) (72). Studies have shown 

that corneal endothelial cells can adapt to thermal changes. They can also 

reduce oxidative stress by activating these TRP channel subtypes. In addition, 

the functional expression of TRPV1 – 3 in HCEC can also contribute to thermal 

sensing (Table 1) (64). Previous studies revealed that two of the TRP vanilloid 

subtypes are osmotic sensors. Unlike TRPV1, which can be activated by a 

hyperosmotic stress, TRPV4 channel activity is stimulated based on increases 

in both the TRP-like whole-cell currents and [Ca2+]i rises when these cells are 

exposed to a hypotonic environment (32). In 2013, Mergler et al. described TRP 

melastatin subtype 8 (TRPM8) channel activity and its gene expression in 

HCEC-12 for the first time (Table 1) (26, 29). Another report showed that 

exposure to a hypertonic stress stimulated TRP vanilloid type 1 (TRPV1) 

channel activity and subsequently mitogen-activated protein kinase (MAPK) 

signaling that in turn upregulated the expression of proinflammatory cytokines 

in human corneal epithelial cells (HCEPs) (73, 74). 

 

Table 1 . Summary of characteristics of TRP activators, inhibitors, functions, and tissue 
localization (72). Reprinted with permission from Karger Publishers.  

 
 Selectivi

ty, 
PCa:PNa 

Activation 
threshold 
temperatu
re, °C 

Pharmacology Function Cornea 

TRPV1 4 – 10 >43 capsaici
n 
(CAP), 
capsaze
pine 
(CPZ) 

osmose
nsor1 

heat 
sensor  

epithelium 
(33, 73), 
keratocytes 
(75, 76), 
fibroblasts 
(77), 
endothelium 
(64) 

TRPV2 1 – 3 >52 2-APB heat sensor endothelium 
(64) 

TRPV3 2.6 30 – 39 2-APB, camphor moderate heat 
sensor 

epithelium 
(78), 
endothelium 
(64) 
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TRPV4 6 – 10 24 – 27 4α-
PDD, 
GSK101
6790A 

moderate heat 
sensor, 
osmosensor2 

epithelium 
(79), 
endothelium 
(32) 

TRPV5 >100 – low [Ca2+]i Ca2+ 

reabsorption 
in kidney 

– 

TRPV6 >100 – low [Ca2+]i – – 

TRPM8 3.3 <23 – 28 icilin, menthol, 
eucalyptol 

moderate cold 
sensor 

epithelium 
(80), nerve 
fibers (81), 
keratocytes 
(76) 
fibroblasts 
(76), 
endothelium 
(26, 29) 

TRPA1 0.8 <17 icilin cold sensor endothelium 
(26, 29) 

1Activation by hypertonic challenge (33, 64, 73, 77). 2 Activation by hypotonic challenge 
(32, 79). P = Permeability ratio; [Ca2+]i = intracellular concentration Ca2+; 2-APB = 2-
aminoethoxydiphenyl borate. 
 

1.4.1.1.  Function of TRPV1 
Pharmacologically, TRPV1 can be activated by capsaicin (CAP), which is 

responsible for the piquancy of hot-chili peppers (Fig. 8). This earliest described 

channel subtype was initially named as vanilloid receptor 1 (VR1) (82). TRPV1 

are homo-tetramers whose 3D structure resembles that of VOCCs (83). TRPV1 

belongs to the vanilloid-subfamily and is the prototype of other TRPs 

transducing various environmental stresses to cause adaptive responses (74, 

84). TRPV1 is the most extensively investigated TRP channel. In 2010, TRPV1 

gene-, protein-, and functional expression was firstly identified in HCEC (64). 

TRPV1 also can be activated by various activation mechanisms such as 

heating (> 43 °C), hypertonic challenge, lowering pH, endogenous 

cannabinoids, endogenous vanilloids, and pharmacologically via CAP present 

in red pepper extract (Table 1) (85-87). Studies have pointed out that activation 

of TRPV1 receptors induces the release of pro-inflammatory cytokines in 

sensory neurons (88). The results provided evidence that the TRPV1 channel 

is one of the most relevant target mechanisms for developing novel analgesics 

(89). 
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Fig. 8 | Activation of thermo-TRPs by naturally occurring compounds (90, 91). Physically, 
TRPV1 – 4 can be activated by heating, whereas TRPM8 and TRPA1 can be activated by 
cooling. Besides naturally occurring compounds, TRPV1 and TRPV4 can be activated by 
changing the osmolarity. In addition, TRPV1 can be also activated by pH lowering. Reused with 
permission from Annual Reviews. 

 

1.5. Function of cannabinoid receptor subtype 1 (CB1) 
Cannabinoid receptors are a type of GPCR, and they are composed of two 

subtypes, i.e., CB1 and cannabinoid receptor subtype 2 (CB2). Both are mainly 

present in the human brain. In addition, studies have detected CB2 in spleen 

macrophages and other immune cells. CB1 and CB2 also exist on nerves or 

non-neural tissues (92). The CB1 receptor regulates ion channels, thereby 

inducing, for example, the activation of inwardly rectifying K+ channels and the 

inhibition of N-type as well as P/Q-type VOCCs (93). CB1 can be activated by 

specific agonists such as WIN 55,212-2 (94). CB1 also regulates many critical 

physiological processes in different tissues through guanosine-5'-triphosphate 

(GTP)-binding protein, including pain, analgesia, neurotransmitter release, 

control of immune cell function, and regulation of energy homeostasis (95, 96). 

Some studies showed that cannabinoid receptors are abundantly distributed on 

cutaneous nerve fibers and mast cells as cannabinoid receptor agonists can 

suppress inflammation, which provides hints for developing them for use in the 

treatment of injury (97, 98). Some studies also indicated that the cannabinoid 

system offers potential targets for treating diseases (99).  

As early as 1999, the distribution of CB1 was characterized in human eyes. The 
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widespread distribution of CB1 in the anterior tissues of the human eyes and 

retinas indicated that cannabinoids in the human eye can perform different 

physiological functions. CB1 protein expression using immunohistochemistry 

staining was also detected in the ciliary epithelium, trabecular meshwork, 

corneal epithelium and endothelium, ciliary muscle, ciliary body blood vessels, 

Schlemm's canal,  and human retina (Fig. 9) (100).  Several studies identified 

co-expression of TRPV1 and CB1 in HCEP, prompting us to hypothesize that 

CB1 activation reduces TRPV1-induced inflammatory responses. If this 

prediction can be validated, it will be relevant to determine whether CB1 is a 

potential drug target for accelerating corneal epithelium wound healing by 

inhibiting inflammatory responses to injury (Fig. 9) (101-103). Finally, CB1 is 

also expressed in ocular tumors such as uveal melanoma (UM) and 

retinoblastoma (RB) which points to the possibility that they may serve as a 

target to treat these cancerous conditions (104, 105). 

 

  

Fig. 9 | TRP and CB1 expression patterns in corneal tissues and cells (106). This simplified 
scheme describes the localization of TRP subtypes in different corneal tissues. Corneal 
epithelium expresses TRPV1/3/4 (33, 79, 107), TRPM8 (80), TRPC4 (108), and CB1 (101); 
corneal stroma expresses TRPM8 (76) and TRPV1 (77); corneal nerve fibers express TRPV1 
(109), and TRPM8 (81); corneal endothelium expresses TRPV1 – 3 (64), TRPV4 (32), TRPA1 
(26), and TRPM8 (110). Reused with permission from BMC Ophthalmology. 

 

Even if CB1 expression is detected in isolated human corneas, the functional 

role of CB1 in HCE has so far only been described in HCEP (101, 111). Studies 
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have also pointed out that TRPV1 and CB1 are co-expressed and interact 

functionally in other non-ocular tissues (112, 113). Our previous studies showed 

that HCEC also express VOCC channel currents of the L-type (32, 58). 

Furthermore, the functional expression of thermosensitive TRPV1 channel and 

CB1 was confirmed because both CAP and WIN 55,212-2 can induce 

intracellular Ca2+ transients in HCEC (68). Human corneal endothelial cell line 

12 (HCEC-12) is a member of the immortalized heterogenous HCEC population. 

The immortalized HCEC-12 is obtained by transfecting plasmids that encode 

SV40 t- and T- antigens (53, 114-116). Studies revealed that TRPV1 and CB1 

are two potential drug targets for reducing corneal inflammation caused by 

injury. Strategies involving the inhibition of TRPV1 activation induced by CAP 

include reducing the Ca2+ influx signals that are associated with inhibiting 

inflammatory responses and in turn accelerating wound healing outcomes 

(117-120). 

1.6. Nerve growth factor (NGF) 
NGF is a neurotrophic factor which has been extensively studied for its role in 

promoting the growth and survival of sympathetic nerves and peripheral 

sensory cells in mammals (including humans) (121). Animal experiments have 

shown that tissues innervated by peripheral nerves release and express NGF. 

NGF is retrogradely transported by specific receptors, ultimately providing 

protection and functional neuronal integrity (122-124). In recent years, 

numerous studies have supplied evidence of the effect of NGF on a variety of 

non-neurocytes. NGF plays a vital role in many biological activities by regulating 

cell proliferation, and the maintenance of cell survival, migration, function and 

differentiation, as well as the plasticity of the anterior segment (including the 

posterior of the eye) (125). Studies have shown that several growth factors in 

the eye's anterior chamber play potentially important roles in supporting 

endothelial function and survival. Among these factors, NGF is the most 

characterized member of the neurotrophic factor family (126). External use of 

NGF can accelerate tear film production, improve corneal transparency, and 

enhance visual function in dry eye patients. In addition, studies have shown 

that topical NGF treatment can be used to reduce corneal surface damage by 

improving endothelial cell function (127, 128). Studies also showed that NGF is 



27 
 

present in the aqueous humor, its levels increase after eye damage, and it binds 

to cognate receptors expressed by the corneal endothelium (129).  

Further studies have shown that topical administration of NGF eye drops can 

accelerate corneal wound healing and they have anti-inflammatory and 

immunomodulatory effects (130). NGF plays a vital role in ocular surface 

homeostasis and has been extensively studied (29). Among other clinical 

applications whose effectiveness have not yet been evaluated, NGF is a 

potential candidate for use as an ophthalmic therapeutic agent. Turner et al. 

provided the earliest evidence that NGF may play a role in the visual system in 

1979 (131). Finally, further studies indicated that NGF can increase the 

expression of TRPV1 in a variety of neurological diseases through the action of 

tyrosine kinase A (TrkA) (132) (Fig. 10).  

 

 

Fig. 10 | Interactions between TRPV1, NGF and bradykinin receptors in modulating the 
influx of sodium (Na+) and calcium (Ca2+) in nociceptive afferents (60, 132). (A) shows that 
TRPV1 is activated by acid (pH ≤ 5.9), noxious heat (≥ 43 °C), anandamide, and capsaicin 
(CAP). The ligands of guanine nucleotide-binding GPCRs that activate phospholipase C (PLC) 
induce hydrolysis of phosphatidyl 4,5, diphosphate (PIP2), inhibiting the TRPV1 channels in 
neurologic disease. (B) indicates that sensing neuropathic pain depends on protein kinase A 
(PKA) or protein kinase C (PKC) activation inducing the sensitization of TRPV1, 
phosphorylation of nerve growth factor (NGF), increasing TRPV1 expression through the 
tyrosine kinase A (TrkA) receptor (132). Reused with kind permission from Wolters Kluwer 
Health, Inc.  
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1.7. Specific aims of the study 
Based on the previous findings about the electrophysiological characteristics of 

HCEC-12 and primary cultivated HCEC, the following aims were undertaken:  

1. To validate the functional expression of TRPV1 in human corneal 

endothelial cells (HCECs). Specifically, the CAP-induced activation of 

TRPV1 between TRPV1 transfected HCEC-12 (TRPV1-HCEC-12) and its 

normal HCEC-12 counterpart will be compared.  

2. To characterize and compare the functional expression levels of CB1 in 

normal HCEC-12 and TRPV1-HCEC-12. This is done based on evaluating 

the WIN 55,212-2-induced activation of CB1 and the resulting Ca2+ influx 

with and without the CB1 blocker AM251. 

3. To analyze a possible cross talk between TRPV1 and CB1 in HCEC-12. The 

effects will be evaluated of CB1 receptor activity modulation of CAP-induced 

increases in Ca2+ levels. Specifically, WIN 55,212-2 will be used as a 

specific CB1 agonist, and AM251 as a corresponding CB1 antagonist. The 

effects will be determined of TRPV1 channel activation with CAP, or its 

blockage with capsazepine (CPZ), on WIN 55,212-2-induced Ca2+ 

transients.  

4. Although studies have shown that the corneal endothelium expresses NGF 

receptors (126), the mechanism underlying how NGF induces Ca2+  

transients in endothelial cells has not yet been determined. Therefore, the 

NGF-induced Ca2+ increase will be investigated with and without the TRPV1 

channel blocker CPZ to probe for a possible crosstalk between NGF and 

TRPV1 in HCEC-12.  
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2. MATERIALS AND METHODS 

2.1. Materials  
Table 2 . Laboratory reagents  

Article Company 
Calcium chloride Sigma-Aldrich, Darmstadt, Germany 
Sodium chloride Carl Roth GmbH + Co. KG, Germany 
Potassium chloride Merck KGaA, Germany 
Distilled water B.BRAUN Melsungrn AG, Deutschland 
Fetal bovine serum (FBS) Biochrom, Berlin, Germany 
Ethanol Avantor Performance Materials B.V., Netherlands 
Fura-2/AM PromoCell, Heidelberg, Germany 
WIN 55,212-2 CAYMAN CHEMICAL COMPANY, Ann Arbor, Michigan, 

USA 
CAP Sigma-Aldrich, Darmstadt, Germany 
CPZ CAYMAN CHEMICAL COMPANY, Ann Arbor, Michigan, 

USA 
AM251 CAYMAN CHEMICAL COMPANY, Ann Arbor, Michigan, 

USA 
HEPES Carl Roth GmbH + Co. KG, Germany 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Darmstadt, Germany 
Penicillin/streptomycin Biochrom, Berlin, Germany 
Accutase EMD Millipore Corp., USA 
PBS Gibco, Life Technologies Limited, UK 
Cesium chloride Sigma-Aldrich, Darmstadt, Germany 
Dulbecco's modified Eagle 
medium (DMEM) 

Biochrom AG, Berlin, Germany 

Basic fibroblast growth factor 
(bFGF) 

Invitrogen, Life Technologies, Karlsruhe, Germany 

Ham’s nutrient mixture F12 
(HAM's F12) 

Lonza Bioscience, Belgium 

Ascorbic acid Sigma-Aldrich, Germany 
Insulin Sigma-Aldrich, Germany 
Trypsin EDTA Lonza, Basel, Switzerland 

 

2.2. Methods 

2.2.1. Cell culture and preparation of medium 
TRPV1-transduced HCEC-12 (TRPV1-HCEC-12) are obtained by lentiviral 

gene transfection (133). HCEC-12 and TRPV1-HCEC-12 were kindly provided 

by Monika Valtink (Technische Universität Dresden). The cells were cultured in 

a humidified environment at 37°C in an incubator containing 5% CO2. The 

HCEC-12 were grown in sterile-filtered Dulbecco's modified Eagle 

medium/Ham’s nutrient mixture F12 (DMEM/HAM’s F12) 1:1, supplemented 

with sterile-filtered 100 IU/ml penicillin/streptomycin antibiotics and sterile-

filtered 10% fetal bovine serum (FBS) (26, 80, 134, 135). The TRPV1-HCEC-

12 was grown in medium F99 (a 1:1 mixture of HAM’s F12 and Medium 199 
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was sterile filtered), supplemented with 5% FBS (sterile filtered), 20 µg/ml 

ascorbic acid (sterile filtered), 20 µg/ml insulin (sterile filtered), 10 ng/ml human 

recombinant bFGF (sterile filtered), 10 µg/ml puromycin and 100 IU/ml 

penicillin/streptomycin antibiotics (sterile filtered) (136, 137). The cells were 

washed two times with PBS (calcium and magnesium-free). Then, the cells 

were dissociated using accutase, whose activity was stopped with growth 

medium supplemented with serum (32). The cells were centrifuged at 100x g 

and seeded onto 25 cm2 cell culture flasks at a split ratio of 1:10. The cells were 

also plated onto a 12-well plate containing coverslips for fluorescence Ca2+ 

imaging. The medium was changed three times per week (26).  

2.2.2. Cryopreservation and thawing 
Freezing: following the end of an experiment, the cells were frozen. First, the 

HCEC-12 were detached using accutase. DMEM or F99 medium was added to 

terminate the enzymatic reaction, and the cells were suspended with a pipette. 

After that, the cells were centrifuged, and the supernatant was aspirated. Lastly, 

the cell pellet was resuspended in a cold low-temperature medium, i.e., 90% 

serum-free medium, 10% DMSO (v / v). This was frozen at -80 °C at -1 °C/min 

and transferred to liquid nitrogen; the cells were not left at -80 °C longer than 

overnight (138).  

Thawing: the cells were quickly thawed until a small ice clump remained in the 

freezing vial. The contents were transferred from the freezing tube to a pre-

warmed growth medium (in a 15 ml centrifuge tube; then, the medium was 

added to the cells until the tube was nearly filled). The cells were then 

centrifuged at 100x g for 5 minutes. The supernatant was aspirated. Then, the 

cells were resuspended in an appropriate amount of growth medium and 

seeded into a 25 cm2 cell culture flask so that cells could attach to the surface. 

The medium was changed within 24 hours to remove any residual DMSO and 

cell debris (134).  

2.2.3. Intracellular calcium fluorescence imaging  
The calcium imaging experiment was started once the HCEC-12 and TRPV1-

HCEC-12 density had become 80 – 90% confluent on the coverslips in the 

incubator (Fig. 15 A, B). 1 μM Fura-2/AM (Fig. 11) was used to load the cells at 
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37 °C for 20 – 40 minutes in a dark incubator. After incubation, the coverslip 

was rinsed in the bath chamber containing the pre-warmed Ringer-like (control) 

solution (pH 7.4) to terminate Fura-2/AM uptake. The cells adapted to the room 

temperature during this process. The Ringer-like solution contained 150 mM 

NaCl, 1.5 mM CaCl2, 10 mM glucose, 6 mM CsCl, 1 mM MgCl2 and 10 mM 

HEPES (osmolarity ≈ 300 mOsM). In the blocker experiment, the blocker was 

also added to the culture medium and preincubated for 20 minutes. 

 

 

Fig. 11 | The excitation spectrum of 1 mM Fura-2/AM at 20 °C in the indicated Ca2+ 

containing buffers (139). The x-axis shows the range of the excitation wavelength, and the y-
axis shows the fluorescence emission level. At 340 nm excitation, the increase in the 
fluorescence intensity at 510 nm is proportional to the intracellular Ca2+ concentration ([Ca2+]i). 
In contrast, the fluorescence level at 510 nm resulting from excitation at 380 nm increased, 
whereas it declined from excitation at 340 nm when the intracellular Ca2+ decreased at 360 nm, 
the fluorescence level does not change if the intracellular Ca2+ level changes (isosbestic point). 
Reused with permission from Elsevier.  

 

Before the experiment, the cells were routinely tested to determine if the control 

baseline remained unchanged within 10 – 20 minutes. The cells were placed 

on the coverslip in the bath chamber containing the control solution. The 

microscope focus was adjusted, and the cellSens software was started 

(Olympus) (Figs. 12, 15). A few minutes after the experiment had started, 

usually after 4 minutes, an agonist was added into the stationary bath chamber 

with a pipette, using a pump to remove remaining control solution. The solution 

exchange was completed after pipetting three times 3 ml of the medium. This 

experiment was continued for 10 minutes. The same experiment was repeated 
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in the presence of different channel modulators. Previously, the cells had been 

preincubated with the drug for about 20 minutes. The experiments were carried 

out at a room temperature of approximately 18 – 22 °C in a dark room (140). 

Fura-2/AM fluorescence was excited alternately at 340 nm and 380 nm, and 

emission was measured at 510 nm. The exposure times of these two excitation 

wavelengths are not equal (3 sec for 340 nm and 1 sec for 380 nm). Single cells 

could be marked corresponding to the measurement area (region of interest). 

Measurements were repeated at least three times from groups of 5 – 20 single 

cells. Each measurement lasted for 10 minutes, or 15 minutes if applicable. 

Some agonists and antagonists were dissolved in DMSO at concentrations that 

did not exceed 0.1% to avoid any cytotoxic effects during fluorescence 

measurements (141, 142). The results were expressed as mean traces of 

fluorescence ratio (f340/f380) ± SEM and were evaluated using TIDA software (80, 

139). All bar charts were generated using GraphPad Prism version 5 software.  

The graphs were plotted using SigmaPlot software version 12.5 (Systat 

Software, San Jose, CA, USA). 

 

 

Fig. 12 | Fluorescence Ca2+ imaging experimental setup. (A) imaging experimental 
configuration including the photometry setup (a microscope (a), a camera (b)), a pump (c), a 
bath chamber (d), and a PC (e). (B) shows calcium imaging experimental output in progress 
(cellSens software by Olympus). Photos by Huan Luo. 
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2.2.4. Planar patch-clamp technique 
The traditional patch-clamp technique process is relatively complicated and 

requires skilled experimenters since the setup is vibration sensitive. 

Consequently, the obtaining of meaningful results requires dedicated effort, 

which is less suitable for the high-throughput experimentation required for drug 

development. As an alternative, automated parallel patch-clamp 

measurements using microchip technology were applied in this study (143, 144). 

More specifically, a Port-a-Patch setup (Nanion, Munich) was used to acquire 

and evaluate electrophysiological recordings (145). Before starting the 

experiment, a single cell suspension was prepared. At this point, the cell culture 

conditions play a crucial role. Second, intracellular and extracellular solutions 

were prepared, as well as the required agonists and blockers. The electrode 

was chloridized in advance to reduce drift of response signals. The intracellular 

solution (288 mOsmol) was used to measure whole-cell currents. This solution 

contained 10 mM NaCl, 50 mM CsCl, 20 mM EGTA, 10 mM HEPES, and 60 

mM CsF. The pH adjustments to 7.2 were obtained with KOH (288 mOsmol). 

The extracellular solution contained 140 mM NaCl, 5 mM D-glucose 

monohydrate, 10 mM HEPES, 1 mM MgCl2, 4 mM KCl and 2 mM CaCl2, and 

the pH was adjusted to 7.4 with NaOH (298 mOsmol) (146, 147). A seal 

enhancing solution was used to improve cell sealing. This solution consisted of 

80 mM NaCl, 35 mM CaCl2, 3 mM KCl, 5 mM D-glucose monohydrate, 10 mM 

MgCl2, and 10 mM HEPES (Na+-salt), and the pH was controlled to 7.4 (298 

mOsmol). All experiments were performed in an air-conditioned room at room 

temperature (22 °C).  
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Fig. 13 | Light-microscopic image of a HCEC-12 cell suspension. (A) shows a drop of 
HCEC-12 cell suspension of single cells. A single-cell suspension is essential for the patch-
clamp measurements (Scale bar ≈ 100 μm). (B) depicts the same image at a higher 
magnification. Single cells of different sizes are visible under the microscope (lattice spacing 
and scale bar ≈ 100 μm). Photos by Huan Luo. 

 

Accutase was required to prepare cell suspensions. The cells were further 

separated into a single cell solution by rapid suspension with a pipette. The 

accutase reaction was stopped by adding medium containing serum. After 

centrifugation, the cells were slightly diluted with the extracellular solution. 

Before the measurements, a drop of the suspended cell solution was put under 

a microscope to ensure that single cells could be seen, and that the density 

was appropriate (Fig. 13). On a device equipped with the aforementioned 

intracellular and extracellular measuring solution (Nanion solution), 5 

microliters of a single cell suspension were gently pipetted on top of a microchip 

with a small aperture (≈ 1 – 2 µm), having a resistance of a 2.0 – 3.5 MΩ, which 

is equivalent to the resistance of a normal patch pipette (143, 148) (Fig. 14). A 

negative suction is automatically applied by a software-controlled pump to draw 

individual cells onto an orifice on the surface of a microchip (143). Next, the 

negative pressure suction pulse was generated by the software to rupture the 

cell membrane (to break into whole-cell configuration). Additionally, the patch-

clamp amplifier applied sufficient current to compensate for C-fast and C-slow 

capacitance transients and series resistances (144). The mean membrane 

capacitance Cm was 12 ± 1 pF (n = 6) (HCEC-12) and 13 ± 1 pF (n = 10) 

(TRPV1-HCEC-12) and the mean access resistance of the cells was 43 ± 14 

MOhm (n = 6) (HCEC-12) and 31 ± 11 MOhm (n = 10) (TRPV1-HCEC-12), 
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which was calculated using the Patch-Master software. The liquid junction 

potential was always compensated for prior to the experiments (LJ = 4 mV) 

(149). The leak currents were also compensated for using the software. Leak 

currents larger than 100 pA were discarded from evaluation. The whole-cell 

currents were measured every 5 seconds using a voltage step between -60 and 

+130 mV. The holding potential was set to 0 mV to avoid activation of VOCCs. 

The current results were normalized to the cell membrane capacitance to 

evaluate the current density (pA/pF) (150). When using the drugs in stock 

solutions containing DMSO, the DMSO concentration was kept below 0.1% to 

avoid cytotoxic effects. All bar charts were created using GraphPad Prism 

software version 5. All other diagrams were plotted using SigmaPlot version 

12.5 software (Systat Software, San Jose, CA, USA) in conjunction with an 

electrophysiological module (Systat, Bruxton).  

 

 

Fig. 14 | Planar patch-clamp configuration. (A) and (B) show the smallest planar patch-
clamp setup in the world for patch-clamp recordings (photos by Huan Luo). The setup consists 
of an amplifier (a), a personal computer (b), a pump (c), and a microchip unit (d). The pre-
amplifier (head stage) is built into the device. (C) shows a simplified scheme of the measuring 
principle with the microchip unit (143). The resistance of the chip was 2.5 – 3.5 MΩ, which was 
suitable for the corresponding cell size (143). 

 

2.2.5. Statistical analysis 
For paired data, a parametric Student’s t-test was applied if the data passed a 

normality distribution test. Otherwise, the non-parametric Wilcoxon test was 
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applied. For unpaired data, the Student’s t-test was applied if the data were in 

a normal distribution. If the unpaired data did not pass the normality distribution 

test, the non-parametric Mann-Whitney U test was applied. Data were collected 

and processed for statistical analysis using SigmaPlot software Version 12.5 

for Windows (Systat Software, San Jose, California, USA). Statistical analyses 

were generated with GraphPad Prism software version 5.00 for Windows (La 

Jolla, California, USA). In the bar charts, all values appeared as means ± SEM 

(error bars in both directions). Among them, p-values < 0.05 were considered 

to be significant.  

3. RESULTS 

3.1. Cell morphology of normal HCEC-12 and TRPV1-HCEC-12 
Firstly, for HCEC-12, a monolayer is shown of similarly arranged polygonal 

shaped cells of different densities (Fig. 15A). As shown in Figure 15B, normal 

HCEC-12 and TRPV1-HCEC-12 have similar cell sizes and shapes. 

Interestingly, HCEC-12 have differences in their shapes throughout their growth. 

Specifically, cells display variable polygonal (Fig. 16A) and spindle shapes (Fig. 

16B) in different areas of the same medium prior to reaching confluence. Fig. 

15C reveals Fura-2/AM HCEC-12-loaded cells viewed with imaging software. 

Cells were marked for measuring (ROI = region of interest) (Fig. 15).  

 

 

Fig. 15 | Normal HCEC-12 and TRPV1-HCEC-12 cell morphology. (A) Light microscopic 
image of normal HCEC-12. (Scale bar ≈ 100 μm, photo by Huan Luo). (B) Light microscopic 
image of TRPV1-HCEC-12. (Scale bar ≈ 100 μm, photo by Huan Luo). (C) Fluorescence 
microscopic image shows HCEC-12 on a coverslip after loading with Fura-2/AM (510 nm; 
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green-colored by imaging software). Some single cells were outlined by hand to mark regions 
of interest (ROIs) used for optical fluorescence measurements (Scale bar = 20 μm, photo by 
Stefan Mergler). 

 

 

Fig. 16 | Light microscopic images of normal HCEC-12. (A) shows that HCEC-12 are 
dispersed in a regularly arranged monolayer possessing closely interconnected uniform 
polygonal shapes (Scale bar ≈ 100 μm, photo by Stefan Mergler). (B) shows that HCEC-12 can 
also have irregular shapes depending on cell density (Scale bar ≈ 100 μm, photo by Stefan 
Mergler). 

 

3.2. TRPV1 channels in HCEC  

3.2.1. Functional TRPV1 expression in HCEC-12 and in TRPV1-HCEC-12 
Functional TRPV1 expression was confirmed by measuring Ca2+ response 

patterns after the application of the TRPV1 agonist CAP (10 μM) in HCEC-12 

(59). Fig. 17 shows that CAP increased the fluorescence ratio f340/f380 from 

0.1012 ± 0.0001 at 100 s (control) to 0.1146 ± 0.003 at 600 s (n = 9 – 16, p < 

0.005) (Fig. 17A). While the control baseline remained stable (Fig. 17A), these 

increases were all inhibited by the TRPV1 blocker CPZ (10 μM) (n = 9 – 14, *** 

p < 0.005) (Fig. 17B, C). 

Similar responses of large magnitude could be observed in TRPV1- transfected 

HCEC-12 (TRPV1-HCEC-12) (Fig. 18). Specifically, CAP increased the 

fluorescence ratio f340/f380 from 0.1029 ± 0.002 at 100 s (control) to 0.2207 ± 

0.0298 at 400 s (n = 6, ** p < 0.01) (Fig. 18A). These responses were also 

blocked by CPZ (n = 6 – 9, *** p < 0.005) (Fig. 18B, C). Taken together, the 

results demonstrate the functional expression of TRPV1 in normal HCEC-12 as 

well as transduced TRPV1-HCEC-12. Obviously, the CAP-induced TRPV1 
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Ca2+ response in TRPV1-HCEC-12 was at considerably higher levels 

compared to normal HCEC-12, indicating the successful upregulation of the 

functional expression of TRPV1 in the transduced HCEC-12 cells (Fig. 19). 

 

 

Fig. 17 | Functional expression of TRPV1 in normal HCEC-12. CPZ suppressed CAP 
induced Ca2+ increases in HCEC-12. Drug additions were conducted at the times indicated by 
arrows. (A) 10 μM CAP induced increases in the intracellular Ca2+ concentration ([Ca2+]i), 
shown as filled circles (n = 9), while the control group exhibited a constant Ca2+ ratio, shown as 
open circles (n = 16). (B) Except for the presence of 10 μM CPZ, the rest of the conditions are 
the same as those shown in (A). Notably, CPZ significantly inhibited the increase in Ca2+ 
induced by CAP in HCEC-12 (n = 14). (C) Statistical analyses of CAP and CPZ experiments (n 
= 9 – 14). The comparisons of 10 μM CAP (400 s) without blocker vs. control (100 s), 10 μM 
CAP (600 s) without blocker vs. control (100 s), 10 μM CAP (400 s) with 10 μM CPZ vs. control 
(100 s) with 10 μM CPZ, and 10 μM CAP (600 s) with 10 μM CPZ vs. control (100 s) with 10 
μM CPZ were conducted by paired t-test or Wilcoxon test; *** p < 0.005. The comparisons of 
10 μM CAP (400 s) with 10 μM CPZ vs. 10 μM CAP (400 s) without blocker and 10 μM CAP 
(600 s) with 10 μM CPZ vs. 10 μM CAP (600 s) without blocker were conducted with the 
unpaired t-test or Mann-Whitney U test; ###p < 0.005. 

 

 

Fig. 18 | CAP induced increases of intracellular Ca2+ concentration ([Ca2+]i) in transduced 
TRPV1-HCEC-12 cells. The drug application is shown with an arrow. (A) 10 μM CAP induced 
larger increases in [Ca2+]i, shown as filled circles (n = 6), while the control group exhibited a 
constant Ca2+ ratio, shown as open circles (n = 11). (B) Except for the presence of 10 μM CPZ, 
the rest of the conditions are the same as those shown in (A). CPZ significantly inhibited the 
increase in Ca2+ induced by CAP in TRPV1-HCEC-12 (n = 9). (C) Overview of CAP and CPZ 
experiments (n = 6 – 9). Summary comparing the effects of 10 μM CAP (400 s) without blocker 
vs. control (100 s), 10 μM CAP (600 s) without blocker vs. control (100 s), 10 μM CAP (400 s) 
with 10 μM CPZ vs. control (100 s) with 10 μM CPZ, and 10 μM CAP (600 s) with 10 μM CPZ 
vs. control (100 s) with 10 μM CPZ were evaluated with the paired t-test or Wilcoxon test; ** p 
< 0.01; The comparisons of 10 μM CAP (400 s) with 10 μM CPZ vs. 10 μM CAP (400 s) without 
blocker and 10 μM CAP (600 s) with 10 μM CPZ vs. 10 μM CAP (600 s) without blocker were 
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evaluated with the unpaired t-test or Mann-Whitney U test; ## p < 0.01; ### p < 0.005. 

 

 

Fig. 19 | Larger CAP-induced Ca2+ influxes in TRPV1 transduced-HCEC-12 compared to 
normal HCEC-12. Summarized data from Fig. 17 and Fig. 18. Drug additions were conducted 
at the times indicated by the arrows. (A) 10 μM CAP induced rises in the intracellular Ca2+ 
concentration ([Ca2+]i) in TRPV1-HCEC-12 (blue filled circles) that were larger than in HCEC-
12 (n = 6 – 9, orange filled circles). (B)  Summary comparison of CAP effects (n = 6 – 9). 10 
μM CAP (400 s) in HCEC-12 vs. control (100 s) in HCEC-12, 10 μM CAP (600 s) in HCEC-12 
vs. control (100 s) in HCEC-12, 10 μM CAP (400 s) in TRPV1-HCEC-12 vs. control (100 s) in 
TRPV1-HCEC-12, and 10 μM CAP (600 s) in TRPV1-HCEC-12 vs. control (100 s) in TRPV1-
HCEC-12 were evaluated with the paired t-test or Wilcoxon test; ** p < 0.01; *** p < 0.005.  The 
comparisons of 10 μM CAP (400 s) in TRPV1-HCEC-12 vs. 10 μM CAP (400 s) in HCEC-12 
and 10 μM CAP (600 s) in TRPV1-HCEC-12 vs. 10 μM CAP (600 s) in HCEC-12 were 
conducted with the unpaired t-test or Mann-Whitney U test; # p < 0.05; ### p < 0.005. 

 

3.2.2. CAP increased the whole-cell currents in HCEC-12 and in TRPV1-
HCEC-12  
The planar patch-clamp technique was applied to determine the corresponding 

currents underlying TRPV1 activation by CAP. In the whole-cell configuration 

CAP (10 μM) increased the whole-cell currents in HCEC-12 (Fig. 20). Whole-

cell current values are time dependent and vary depending on the imposed 

voltage difference across the seal (Fig. 20A, B). A run-down effect of currents 

was not clearly detected within the first 5 minutes. At the maximum positive and 

negative voltage pulse, 10 μM CAP activated typical TRPV1-like inwardly and 

outwardly rectifying currents in HCEC-12 (Fig. 20B). Specifically, CAP 

increased the inward current density from -21 ± 2 pA/pF (control) to -69 ± 4 

pA/pF (p < 0.05; n = 4). This current was inhibited with CPZ (10 μM) to -26 ± 3 

pA/pF (p < 0.05; n = 4) (Fig. 20C). The CAP outward current density rose from 

243 ± 10 pA/pF (control) to 311 ± 19 pA/pF (p < 0.05; n = 4), while CPZ inhibited 

this rise to 209 ± 11 pA/pF (p < 0.05; n = 4) (Fig. 20C). Consistently, the CAP 
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maximum outward current amplitudes increased from the control 100 % to 126 

± 3% (p <0.05; n = 4), which CPZ suppressed to 86 ± 3% (p < 0.05; n = 4) of 

the baseline value. A similar effect was observed regarding the inward currents. 

The maximal CAP inward current amplitudes increased from the control 100 % 

to -148 ± 15 % (p < 0.01; n = 4), which CPZ suppressed to 78 ± 9 % of the 

baseline value (p < 0.05; n = 4) (Fig. 20D, E).  

In TRPV1-HCEC-12, the CAP inward currents rose from -23 ± 2 pA/pF (control) 

to - 66 ± 8 pA/pF (p < 0.01; n = 11), which CPZ suppressed to -21 ± 2 pA/pF (p 

< 0.01; n = 11) (Fig. 21C). The maximal CAP outward currents increased from 

341 ± 52 pA/pF (control) to 439 ± 57 pA/pF (p < 0.005; n = 11) (Fig. 21C). The 

maximal CAP inward current amplitudes increased from control 100 % to -112 

± 52 % (n = 11; p < 0.005), which CPZ suppressed to 95 ± 12 % (p < 0.05; n = 

7). The maximal CAP outward current amplitudes rose from control 100 % to 

142 ± 9 % (p < 0.005; n = 11), which CPZ suppressed to 81 ± 7 % (n = 7; p < 

0.05) (Fig. 21D, E). Taken together, the functional expression of TRPV1 was 

confirmed in both the HCEC-12 and TRPV1-HCEC-12. 

 

 

Fig. 20 | CAP-induced increases in the whole-cell currents in HCEC-12. CPZ inhibited 
CAP-induced increases of whole-cell currents. (A) Time dependent monitoring of 10 μM CAP-
induced increases in the current density. There were minor fluctuations during the recordings. 
Exposure to 10 μM CPZ suppressed the CAP-induced current increases. (B) Voltage ramp 
current response plots. The current density is displayed before application (marked as A), 
during CAP (10 μM) application (marked as B), and for 10 μM CAP + 10 μM CPZ application 
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(marked as C). (C) Overview of CAP and CPZ patch-clamp experiments (n = 4). Significance 
was evaluated of 10 μM CAP vs. control and 10 μM CAP + 10 μM CPZ vs. 10 μM CAP, which 
were determined with the paired t-test or Wilcoxon test. (D) The maximum negative current 
amplitude caused by a voltage step (from 0 to -60 mV) is expressed as a percentage of the 
control value. In the presence of CPZ, the inward current induced by CAP is significantly 
suppressed (paired t-test). (E) The maximum positive current amplitude caused by a voltage 
step (from 0 to +130 mV) is displayed as a percentage of the control value. In the presence of 
CPZ, the outwardly rectifying currents induced by CAP are significantly suppressed (paired t-
test). *p < 0.05; ** p < 0.01; *** p < 0.005. 

 

 

Fig. 21 | CAP-induced TRPV1 activation in TRPV1-HCEC-12. The CAP elicited whole-cell 
current increases are inhibited by CPZ, a TRPV1 blocker. (A) The time course record of 10 μM 
CAP-induced increase in the current and the 10 μM CPZ-induced decline. (B) A typical record 
contrasting the I-V plots under control conditions (marked as A) with those induced by CAP (10 
μM) (marked as B) and 10 μM CAP + 10 μM CPZ application (marked as C). (C) Overview of 
CAP and CPZ patch-clamp experiments (n = 4).  Comparisons are provided of 10 μM CAP vs. 
control and 10 μM CAP + 10 μM CPZ vs. 10 μM CAP based on the results of the paired t-test 
or Wilcoxon test. (D) The maximum negative current amplitude (from 0 to -60 mV) is displayed 
as a percentage of the control value. In the presence of CPZ, the inward current induced by 
CAP was significantly suppressed (paired t-test). (E) The maximum positive current amplitude 
(from 0 to +130 mV) is displayed as a percentage of the control value. In the presence of CPZ, 
the outwardly rectifying currents induced by CAP are significantly suppressed (paired t-test). * 
p < 0.05; ** p < 0.01; *** p < 0.005. 

 

3.3. Functional CB1 expression in HCEC-12 

3.3.1. CB1 activation induces Ca2+ transients in HCEC-12 and in TRPV1-
HCEC-12 
Functional CB1 expression was identified in HCEP and RB cells as well as in 

UM cells (101, 105, 111). To evaluate CB1 presence in HCEC-12 and in 

TRPV1-HCEC-12, the effects of the selective CB1 agonist and antagonist pair 
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WIN 55,212-2 (10 μM) and AM251 (10 μM), respectively, were determined on 

intracellular Ca2+ levels. WIN 55,212-2 increased the fluorescence ratio (f340/f380) 

from 0.1006 ± 0.0004 at 100 s (control) to 0.1267± 0.0002 at 350 s (p < 0.005; 

n = 41) (Fig. 22A, C), whereas preincubation with the CB1 blocker AM251 

inhibited this increase (Fig. 22B, C). 

As predicted, some of their effects were similar to one another in the HCEC-12 

and in TRPV1-HCEC-12. However, WIN 55,212-2 induced a stable increase in   

Ca2+ response, as compared with a transient response in normal HCEC-12. 

Specifically, the fluorescence ratio (f340/f380) increased from 0.0990 ± 0.0003 at 

100 s (control) to 0.1172 ± 0.0009 at 350 s (p < 0.005; n = 17), which remained 

at a high level (Fig. 23A, C). The CB1 blocker AM251 suppressed this response 

(Fig. 23B, C). Taken together, these responses are indicative of CB1 activation 

that are downstream, leading to changes in intracellular Ca2+ levels, even 

though the underlying mechanisms are unclear. The uncertainty that exists is 

whether CB1 modulates intracellular Ca2+ levels through a Gi alpha subunit (Gi) 

or a Gq alpha subunit (Gq) GPCR (151, 152) (Figs. 22A, 23A). 

 

 

Fig. 22 | Suppression of WIN 55,212-2-induced Ca2+ transients by the CB1 blocker AM251 
in HCEC-12. Drug applications were applied at the indicated time points. (A) WIN 55,212-2 (10 
μM) induced increases in intracellular Ca2+ concentration ([Ca2+]i), shown as filled circles (n = 
41), while the control group exhibited a constant Ca2+ baseline, shown as open circles (n = 11). 
(B) Except for the presence of 10 μM AM251, the conditions are the same as those shown in 
(A). AM251 significantly delayed a WIN 55,212-2-induced increase in Ca2+ in HCEC-12 (n = 
24). (C) Summary of the effects of WIN 55,212-2 and AM251 (n = 24 – 41) in HCEC-12. 
Comparisons are provided of WIN 55,212-2 (350 s) without blocker vs. control (100 s), WIN 
55,212-2 (600 s) without blocker vs. control (100 s), WIN 55,212-2 (350 s) with AM251 vs. 
control (100 s) with AM251, and WIN 55,212-2 (600 s) with AM251 vs. control (100 s) with 
AM251. The significance of changes was evaluated based on the results of the paired t-test or 
Wilcoxon test. The comparisons of WIN 55,212-2 (350 s) with AM251 vs. WIN 55,212-2 (350 
s) without blocker and WIN 55,212-2 (600 s) with AM251 vs. WIN 55,212-2 (600 s) without 
blocker were conducted by unpaired t-test or Mann-Whitney U test. *** p < 0.005; ### p < 0.005. 
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Fig. 23 | AM251 blocked WIN 55,212-2-induced Ca2+ transients in TRPV1-HCEC-12.  (A) In 
TRPV1-HCEC-12, an irreversible Ca2+ increase was initially delayed (n = 17, filled circles). The 
control cells exhibited a constant Ca2+ baseline ratio, shown as open circles (n = 15). Drug 
applications were conducted at the indicated time points. The data are presented as mean ± 
SEM (n = 15 – 17).  (B) Except for the presence of AM251 (10 μM), the conditions are the same 
as those in (A). AM251 again significantly inhibited the WIN 55,212-2-induced increase in Ca2+ 
(n = 22). (C) Summary of the effects of WIN 55,212-2 and AM251 (n = 17 – 22). The 
comparisons of WIN 55,212-2 (350 s) without blocker vs. control (100 s), WIN 55,212-2 (600 s) 
without blocker vs. control (100 s), WIN 55,212-2 (350 s) with AM251 vs. control (100 s) with 
AM251, and WIN 55,212-2 (600 s) with AM251 vs. control (100 s) with AM251 were conducted 
by paired t-test or Wilcoxon test. The comparisons of WIN 55,212-2 (350 s) with AM251 vs. 
WIN 55,212-2 (350 s) without blocker and WIN 55,212-2 (600 s) with AM251 vs. WIN 55,212-
2 (600 s) without blocker were conducted by unpaired t-test or Mann-Whitney U test. *** p < 
0.005; ### p < 0.005. 

 

3.3.2. AM251 inhibits WIN 55,212-2-induced increases in whole-cell 
currents in HCEC-12 and in TRPV1-HCEC-12  
As shown in Fig. 24, WIN 55,212-2 increased the inward currents from -11 ± 2 

pA/pF (control) to -26 ± 4 pA/pF (n = 6; p < 0.05) (Fig. 24C), while AM251 

inhibited this increase to -13 ± 2 pA/pF in HCEC-12 (p < 0.01; n = 6) (Fig. 24C). 

The maximal outward current amplitude rose from control 100 % to 164 ± 9 % 

(p < 0.01; n = 6). AM251 suppressed this current to 114 ± 6 % (p < 0.01; n = 6) 

(Fig. 24E). The maximal inward current amplitude rose from control 100 % to -

97 ± 26 % (p < 0.05; n = 6), which AM251 suppressed to 70 ± 9 % (p < 0.05; n 

= 6) (Fig. 24D).  

Similarly, in TRPV1-HCEC-12, WIN 55,212-2 increased the inward currents 

from -11 ± 1 pA/pF (control) to -26 ± 2 pA/pF (n = 11; p < 0.005) (Fig. 25C), 

whereas AM251 suppressed them to -15 ± 1 pA/pF (n = 7 – 11; p < 0.01) (Fig. 

25C). The outward currents increased from 122 ± 12 pA/pF (control) to 174 ± 

20 pA/pF (n = 11; p < 0.005) (Fig. 25C). The maximal outward current amplitude 

rose from control 100 % to 141 ± 5 % (p < 0.005; n = 11). AM251 suppressed 

these outward currents to 103 ± 4 % (p < 0.01; n = 11 – 7) (Fig. 25E). The 
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maximal inward current amplitude rose from its control of 100 % to -53 ± 12 % 

(n = 11; p < 0.005). AM251 suppressed these inward currents to 74 ± 8 % (p < 

0.005; n = 11 – 7) (Fig. 25D). In summary, the correspondence between the 

aforementioned Ca2+ responses and the underlying changes in ionic currents 

confirm functional CB1 expression in both the HCEC-12 and TRPV1-HCEC-12. 

 

 

Fig. 24 | AM251 suppresses WIN 55,212-2-induced increases in whole-cell currents in 
HCEC-12. (A) WIN 55,212-2 (10 µM) induced time dependent increases in whole-cell currents 
and their reversal by applying 10 μM AM251. (B)   Effects of 10 μM WIN 55,212-2 on changes 
in currents induced by the voltage ramp. The current density is displayed before application 
(marked as A), during WIN 55,212-2 (10 µM) application (marked as B), and for WIN 55,212-2 
+ AM251 (both 10 μM) application (marked as C). (C) Summary of WIN 55,212-2 and AM251 
patch-clamp experiments (n = 6).  Comparisons of the effect of 10 μM WIN 55,212-2 vs. control 
and 10 μM WIN 55,212-2 + 10 μM AM251 vs. 10 μM WIN 55,212-2 on currents were conducted 
by paired t-test or Wilcoxon test. (D) The maximum negative current amplitude caused by the 
voltage step (from 0 to -60 mV) is displayed as a percentage of the control value. In the 
presence of 10 μM AM251, the inward current induced by 10 μM WIN 55,212-2 was significantly 
suppressed (paired t-test). (E) The maximum positive current amplitude caused by the voltage 
step (from 0 to +130 mV) is displayed as a percentage of the control value. In the presence of 
10 μM AM251, the outwardly rectifying currents induced by 10 μM WIN 55,212-2 were 
significantly suppressed (paired t-test). * p < 0.05; ** p < 0.01. 
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Fig. 25 | WIN 55,212-2 increased the whole-cell currents in TRPV1-HCEC-12. (A) Reversal 
by AM251 (10 μM) of the time dependent current increases induced by WIN 55,212-2 (10 µM). 
(B) Typical experimental record of the changes in currents induced by the voltage ramp in the 
presence and absence of 10 μM AM251. The current response behavior is displayed before 
application (marked as A), during WIN 55,212-2 (10 µM) application (marked as B), and after 
10 μM AM251 addition (marked as C). (C) Summary of the effects of WIN 55,212-2 and AM251 
on current patterns (n = 7 – 11). The comparisons of WIN 55,212-2 vs. control and WIN 55,212-
2 + AM251 vs. WIN 55,212-2 were conducted by paired t-test or Wilcoxon test. (D) The 
maximum negative current amplitude caused by the voltage step (from 0 to -60 mV) is displayed 
as a percentage of the control value. In the presence of 10 μM AM251, the inward current 
induced by 10 μM WIN 55,212-2 was significantly suppressed (paired t-test). (E) The maximum 
positive current amplitude caused by the voltage step (from 0 to +130 mV) is displayed as a 
percentage of the control value. In the presence of 10 μM AM251, the outwardly rectifying 
currents induced by 10 μM WIN 55,212-2 were significantly suppressed (paired t-test). ** p < 
0.01; *** p < 0.005. 

 

3.4. Crosstalk between CB1 and TRPV1 in HCEC-12 and TRPV1-HCEC-12 

3.4.1. CB1 activity suppresses CAP-induced TRPV1 activation 
Based on indications of crosstalk between CB1 and TRPV1 in HCEP cells, in 

this set of experiments, it was determined whether CB1 also interacts with 

TRPV1 through crosstalk in HCEC-12. This assessment involved determining 

if the CB1 agonist WIN 55,212-2 alters the magnitude of Ca2+ transients 

induced by activation of TRPV1 with CAP in HCEC-12 cells and TRPV1 HCEC-

12. As shown previously in HCEP, the results shown in Figure 26 indicate that 

WIN 55,212-2 suppressed the CAP-induced Ca2+ transients. This is evident 

since in the presence of WIN 55,212-2, CAP decreased the baseline 

fluorescence ratio f340/f380 from 0.1089 ± 0.0006 (control) to 0.0868 ± 0.0017 at 
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400 s (p < 0.005; n = 9 – 16), and from 0.1146 ± 0.0028 (control) to the lower 

level of 0.0755 ± 0.0034 at 600 s (p < 0.005; n = 9 – 16) (Fig. 26A, B). Similarly, 

in TRPV1 HCEC-12 with WIN 55,212-2, CAP also caused the fluorescence 

ratio f340/f380 to fall from 0.2196 ± 0.0290 to 0.1248 ± 0.0076 at 400 s (p < 0.05; 

n = 6) (Fig. 26C). Taken together, preincubation of the cells with WIN 55,212-2 

abolished the CAP-induced Ca2+ increases by reducing them below their 

baseline levels. 

 

 

Fig. 26 | WIN 55,212-2 suppresses CAP-induced increases in Ca2+ influx in HCEC-12 (A 
and B) and in TRPV1-HCEC-12 (C and D). Drug applications were conducted at the indicated 
time points. (A) During exposure to WIN 55,212-2 (10 μM), CAP (10 μM) induced a decrease 
in the fluorescence ratio f340/f380 than in the absence of this CB1 agonist in HCEC-12. (B) 
Summary of the effects of WIN 55,212-2 (10 μM) on CAP (10 μM) induced Ca2+ transients (n = 
9 – 16) in HCEC-12. The paired t-test or Wilcoxon test evaluated the significance of changes 
induced by CAP (400 s) without WIN 55,212-2 vs. control (100 s), and CAP (600 s) without WIN 
55,212-2 vs. control (100 s). (C) Repeat of the same experiment shown in (A), with TRPV1-
HCEC-12 instead (n = 6). Similarly, WIN 55,212-2 inhibited the CAP-induced response. (D) 
Summary of the effects of 10 μM CAP on Ca2+ transients with or without 10 μM WIN 55,212-2 
(n = 6) in TRPV1-HCEC-12. The paired t-test or Wilcoxon test were used to evaluate the 
significance of the effects of CAP (400 s) without WIN 55,212-2 vs. control (100 s), CAP (600 
s) without WIN 55,212-2 vs. control (100 s). The paired t-test or Mann-Whitney U test were 
used to evaluate the significance of changes in CAP induced Ca2+ transients at 400 s with WIN 
55,212-2 vs. CAP (400 s) without WIN 55,212-2 and CAP (600 s) with WIN 55,212-2 vs. CAP 
(600 s) without WIN 55,212-2. ** p < 0.01; *** p < 0.005; # p < 0.05; ### p < 0.005. 
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3.4.2. TRPV1 modulation changes WIN 55,212-2-induced CB1 activation 
The effects of changes in TRPV1 function on WIN 55,212-2-induced Ca2+ 

transients in normal HCEC-12 were characterized. In the presence of CAP, 

WIN 55,212-2 increased the fluorescence ratio f340/f380 from 0.11351 ± 0.0023 

at 100 s (control) to 0.12779 ± 0.0014 at 400 s (p < 0.005; n = 51 – 41), and 

from 0.09542 ± 0.0035 at 100 s (control) to 0.12479 ± 0.0016 at 600 s (p < 

0.005; n = 51 – 41) (Figs. 22A; 27A, B). Interestingly, a transient decrease of 

the fluorescence ratio was observed at the beginning, followed by a steep 

increase when TRPV1 was blocked with CPZ (Fig. 27). More specifically, the 

fluorescence ratio f340/f380 increased from 0.11351 ± 0.0022 at 100 s (control) 

to 0.12713 ± 0.0020 at 400 s (p < 0.005; n = 41 – 51), and from 0.09542 ± 

0.0035 at 100 s (control) to 0.15462 ± 0.0027 at 600 s (p < 0.005; n = 41 – 57) 

(Figs. 22A; 27C, D). These larger Ca2+ responses induced by WIN 55,212-2 in 

the presence of CPZ than those induced in its absence (c.f., Figs. 22, 24; Fig. 

27A, C) suggest that TRPV1 functions to suppress WIN 55,212-2-induced Ca2+ 

transients. In contrast, a reversal of the WIN 55,212-2 effect was only observed 

if TRPV1 was not modulated in HCEC-12 (Fig. 22A). 

 

 

Fig. 27 | Activation or inhibition of TRPV1 activity alters WIN 55,212-2-induced Ca2+ 

transients in HCEC-12. (A) 10 μM WIN 55,212-2 augmented a 10 μM CAP-induced Ca2+ influx 
(n = 51). (B) Summary of WIN 55,212-2 (10 μM) induced Ca2+ transients with or without CAP 
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(10 μM) (n = 41 - 51) in HCEC-12. The comparisons of WIN 55,212-2 (400 s) without CAP vs. 
control (100 s) and WIN 55,212-2 (600 s) without CAP vs. control (100 s) were conducted by 
paired t-test or Wilcoxon test. The comparisons of WIN 55,212-2 (400 s) with CAP vs. WIN 
55,212-2 (400 s) without CAP and WIN 55,212-2 (600 s) with CAP vs. WIN 55,212-2 (600 s) 
without CAP were conducted by unpaired t-test or Mann-Whitney U test. (C) Shows the same 
experiment as exhibited in (A), but with CPZ instead of CAP (n = 57). The WIN 55,212-2 
response was time delayed, but ultimately markedly increased the intracellular Ca2+ level. (D) 
Summary of WIN 55,212-2 (10 μM) experiments with or without CPZ (10 μM) (n = 41 – 57) in 
HCEC-12. The comparisons of WIN 55,212-2 (400 s) without CPZ vs. control (100 s) and WIN 
55,212-2 (600 s) without CPZ vs. control (100 s) were conducted by paired t-test or Wilcoxon 
test. The comparisons of WIN 55,212-2 (400 s) with CPZ vs. WIN 55,212-2 (400 s) without CPZ 
and WIN 55,212-2 (600 s) with CPZ vs. WIN 55,212-2 (600 s) without CPZ were conducted by 
unpaired t-test or Mann-Whitney U test. *** p < 0.005; ### p < 0.005. 

 

3.5. CAP- and WIN 55,212-2-induced calcium regulation in an external Ca2+ 
free solution 
The effects of WIN 55,212-2 on intracellular Ca2+ levels were determined in a 

Ca2+ free external solution with 1 mM EGTA Ca2+ -free external medium to 

ascertain whether the Ca2+ transients were due to delimited plasma membrane 

CB1 activation or to the release of Ca2+ from intracellular stores. Accordingly, 

Fig. 28A shows that the replacement of the Ca2+ containing medium with the 

aforementioned Ca2+ -free medium caused the signal to immediately fall below 

the baseline level. In a Ca2+ free solution, CAP did not change the fluorescence 

ratio f340/f380, indicating that the CAP-induced rise in Ca2+ influx is solely a result 

of an increase in plasma membrane influx (Figs. 17A, 28B). In contrast, CB1 

activation by WIN 55,212-2 increased intracellular Ca2+ in the Ca2+ free 

condition, indicating that CB1 activation is more complex and dependent on the 

release of Ca2+ from intracellular stores (Figs. 22A, 28D, 28E). 
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Fig. 28 | Different mechanisms of Ca2+ regulation induced by TRPV1 and CB1 activation 
in a Ca2+ free solution. Drug applications were conducted at the indicated times. The data are 
expressed as the mean ± SEM (n = 9 – 42). (A) Substitution of a Ca2+ free condition caused   
intracellular Ca2+ levels (shown as filled circles) to fall (n = 26), while the fluorescence ratio 
f340/f380 ratio (shown as open circles) was invariant in the control group (n = 14). (B) The Ca2+ 
free condition downregulated the fluorescence ratio f340/f380 ratio below the baseline, while 10 
μM CAP supplementation did not change intracellular Ca2+ levels (n = 17). (C) Summary of the 
effects of 10 μM CAP on Ca2+ transient response experiments with or without external Ca2+ (n 
= 9 – 17). The comparisons of 10 μM CAP (450 s, 850 s) with Ca2+ vs. control (150 s, 550 s) 
with Ca2+ and 10 μM CAP (450 s, 850 s) with Ca2+ free vs. control (150 s, 550 s) with Ca2+ free 
were conducted by paired t-test or Wilcoxon test. (D) Shows the same experiment as shown in 
(B), but with WIN 55,212-2 instead of CAP (n = 42). WIN 55,212-2 upregulated the intracellular 
Ca2+ ratio. (E) Summary of the effects of WIN 55,212-2 (10 μM) on CB1-induced Ca2+ transients 
with or without external Ca2+ (n = 41 – 42). The comparisons of 10 μM WIN 55,212-2 (350 s, 
850 s) with Ca2+ vs. control (150 s, 550 s) with Ca2+ and 10 μM WIN 55,212-2 (350 s, 850 s) 
with Ca2+ free vs. control (150 s, 550 s) with Ca2+ free were conducted by paired t-test or 
Wilcoxon test. *** p < 0.005. 

 

3.6. CPZ suppresses NGF-induced Ca2+ influx in HCEC-12 
We determined if NGF induces Ca2+ transients through interacting with TRPV1 

channels in HCEC-12 cells, since such a dependence was described in some 

other tissues (153, 154). Fig. 29A shows that NGF (50 ng/ml) induced an 

increase of the fluorescence ratio f340/f380 from a baseline level of 0.0997 ± 

0.0001 at 100 s (control) to 0.1073 ± 0.0007 at 600 s. This increase in Ca2+ 

influx was inhibited by CPZ to a level even below the baseline at 400 s and 600 

s (p < 0.005; n = 42 – 17) (Figs. 29B, C; 31B). 
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Fig. 29 | CPZ reverses NGF-induced Ca2+ transients in HCEC-12. Drugs were applied at the 
indicated times. The data are shown as mean ± SEM (n = 17 – 42). (A) NGF (50 ng/ml) 
upregulated the Ca2+ level in HCEC-12 at 400 s (n = 42, filled circles). The Ca2+ baseline ratio 
remained invariant in the control cells (shown as open circles) (n = 21). (B) Shows the same 
experiment as exhibited in (A), but with CPZ (10 µM) (n = 17). CPZ clearly inhibited the NGF-
induced rise in Ca2+ influx (n = 17) and instead caused it to decline below the baseline in HCEC-
12. (C) Summary of the effects of NGF on Ca2+ transient responses in the presence and 
absence of CPZ (n = 17 – 42) in HCEC-12. The comparisons of 50 ng/ml NGF (400 s) without 
blocker vs. control (100 s), 50 ng/ml NGF (600 s) without blocker vs. control (100s), 50 ng/ml 
NGF (400s) with 10 μM CPZ vs. control (100s) with 10 μM CPZ, and 50 ng/ml NGF (600 s) with 
10 μM CPZ vs. control (100 s) with 10 μM CPZ were conducted by paired t-test or Wilcoxon 
test. The unpaired t-test or Mann-Whitney U test evaluated the significance of the effects of 50 
ng/ml NGF (400 s) with 10 μM CPZ vs. 50 ng/ml NGF (400 s) without blocker and 50 ng/ml 
NGF (600 s) with 10 μM CPZ vs. 50 ng/ml NGF (600 s) without blocker on Ca2+_ transient 
responses. *** p < 0.005; ### p < 0.005.  
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4. DISCUSSION 

This study is based on previous studies describing the functional roles of TRPs 

such as TRPV1 in HCEC-12. Its prime objective is to broaden our 

understanding of the biology of the corneal endothelium and the role of TRPs 

in non-excitable cells in general (64). In many studies involving the 

improvement of corneal organ culture or corneal endothelial cell transplantation, 

HCEC-12 is a widely accepted and relevant cell model that has been widely 

characterized (36). This relevance was confirmed by demonstrating that the 

properties of TRPM8 are similar to one another in both HCE-12 cells and fresh 

primary cultivated corneal endothelial cells (26). A further approach was to 

confirm the expression of similar responses induced by TRPV1 modulation, as 

shown in Figure 17 and described by Mergler et al. (64). Another study 

documenting the validity of the HCEC-12 model was based on showing that 

TRPV1 protein expression is present in both this cell line and in fresh HCEC 

(64). Therefore, studies employing this model are relevant for characterizing 

the roles of TRP channel activity in maintaining homeostatic control of corneal 

endothelial cell types, regardless of any obvious differences in their phenotypic 

expression and fate (64). Fluorescence calcium imaging and the planar patch-

clamp technique assessed the functional involvement of the TRPV1 channel 

subtypes in mediating homeostatic control of intracellular Ca2+ changes. Both 

of these methods are commonly used for in vitro electrophysiological research 

(143, 155).  

As expected, the CAP-induced activation of TRPV1 led to a larger Ca2+ influx 

in the TRPV1 transfected-HCEC-12 than was the case in normal HCEC-12 (Fig. 

19A). Notably, functional CB1 expression in HCEC-12 was detected for the first 

time by using the specific CB1 agonist WIN 55,212-2. This was evident since 

the specific CB1 agonist WIN 55,212-2 induced Ca2+ transients and increases 

in ionic currents (Fig. 22A, B). Regarding a putative interaction between TRPV1 

and CB1, WIN 55,212-2 suppressed CAP-induced transient increases in Ca2+ 

levels in HCEC-12 (Fig. 26A, B). The ability of CB1 activation by WIN 55,212-2 

to blunt TRPV1 activation of Ca2+ transients induced by CAP was previously 

described in HCEP (101). The induction by WIN 55,212-2 of Ca2+ transients is 
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larger in the presence of CPZ than in its absence (Fig. 27C). This difference 

suggests that blockage of TRPV1 with CPZ suppresses TRPV1-induced 

inhibition of CB1 activation, allowing WIN 55,212-2 to induce a larger increase 

in the Ca2+ transient than in the absence of CPZ. Other results confirmed earlier 

descriptions of NGF-receptor expression in cultured immortalized HCEC (126, 

156, 157). The results of this thesis provide reliable evidence documenting the 

functional expression of NGF, since this cytokine induced Ca2+ transients (Fig. 

29A). Therefore, a possible interaction between corneal endothelial TRPV1 and 

NGF activity was evaluated. As anticipated based on previous results, CPZ 

inhibited the NGF-induced increase in Ca2+ influx (Fig. 29B). These results 

clearly demonstrate a role for NGF in modulating Ca2+ regulation in HCEC. It 

still needs to be investigated whether or not NGF has a protective effect on the 

corneal endothelium. 

4.1. Cell morphology and the HCEC-12 model 
The cell morphology of HCEC-12 and TRPV1-HCEC-12 was compared. In both 

cell lines, the morphology appeared to be similar and formed a regularly 

arranged monolayer structure (Fig. 15A, B). Interestingly, HCEC-12 had 

different cell morphologies during the growth process (Fig. 16A, B). For 

example, the cells at the edges were elongated and had irregular shapes (Figs. 

15B, 16B). Subsequently, the corneal endothelial cells grew continually, and 

after reaching confluence they were arranged in tightly interconnected 

hexagonal arrays, as they are in the normal corneal endothelium (Fig. 16A). In 

TRPV1-HCEC-12, TRPV1 channels are overexpressed through lentiviral gene 

transfer. TRPV1-HCEC-12 exhibit normal morphology without any damage (Fig. 

15A, B). To confirm that lentiviral gene transfer did not affect cell function, 

experiments were performed in parallel with the empty vector and virus 

transfected HCEC-12. It needs to be pointed out that the results in the empty 

vector HCEC-12 were the same as those in the normal HCEC-12. In agreement 

with previous studies, cultured HCEC-12 were morphologically similar to the in 

vivo corneal endothelial cells (Fig. 30) (158, 159). Moreover, the transplantation 

of immortalized HCEC-12 onto the recipient cornea resulted in establishing new 

endothelial layers, which have the same functional and morphological 

characteristics as the natural endothelial layers in the organ culture cornea 
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(160).  Therefore, the HCEC-12 model is generally well established and has 

been successfully used in various studies including corneal organ culture or 

corneal endothelial cell transplantation (161-163). 

 

  

Fig. 30 | Retention of morphological features in in vitro HCEC cultures and in vivo. (A) 
The microscopic image shows that endothelial cells form a normal monolayer as well as 
homogeneous hexagonal and polygonal cell structures. Original magnification in primary 
untransformed HCEC = *110 (164). (B) Light micrograph of the corneal endothelium of a pig 
with similar cell morphological properties (58). Reused with kind permission from Elsevier. 

 

4.2. Functional interactions between TRPV1 and CB1 

4.2.1. Modulation by CB1 of TRPV1 activity 
Documentation of functional TRPV1 expression in HCEC is dependent on 

evaluating the individual and combined influence of CAP and CPZ on 

intracellular Ca2+ levels and the whole-cell currents. According to the results 

obtained in this study (Fig. 17A), CPZ preincubation blocked CAP-induced 

increases in Ca2+ influx (Fig. 17B, C). This result validated functional TRPV1 

expression in HCEC, as described previously (64). In addition, CAP induced 

increases in whole-cell currents (Fig. 20). Although the reversal potential was 
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around 0 mV, which is typical for non-selective cation channel currents, there 

was a large variation in the current response patterns of whole-cell currents in 

the presence of CAP (e.g., compare Fig. 20 with Fig. 21). It is possible that this 

variability is attributable to differences in viability as well as cell differences in 

their passage number. Irrespective of this variability, the CAP-induced Ca2+ 

increases in TRPV1 activation were completely abolished in a Ca2+ -free 

solution (Fig. 28B). This dependence on the presence of Ca2+ in the bathing 

solution for CAP to induce a Ca2+ transient is supportive of known delimited 

plasma membrane TRPV1 channel activity (165). The magnitude of the TRPV1 

channel activation was considerably larger in the TRPV1-HCEC-12 than in the 

non-transfected HCEC-12 cells. This difference confirms a successful 

transduction of HCEC-12 with TRPV1. In addition, these whole-cell currents 

underlying TRPV1 increases in Ca2+ influx were inhibited by CPZ, which also 

validates functional TRPV1 expression (Figs. 17, 18). These results also 

verified that the TRPV1 channels are expressed at different cell passages in 

the HCEC-12, demonstrating a stable cell line.  

In previous studies, Mergler et al. used the same cell type, but at a lower cell 

passage, which may explain slight differences in the calcium response patterns 

and whole-cell current patterns. The relatively slow increase (slope) with CAP 

could be explained as due to the slower delivery by manual pipetting of the drug 

into a stationary bathing solution. TRPV1 expression was also detected in both 

human corneal stromal keratocytes (HCK) and HCEP (33, 76). The current and 

calcium response patterns are comparable to one another. In human corneal 

fibroblasts (HCF), the expression of TRPV1 was also demonstrated, suggesting 

a physiological relevance (77). On the other hand, CPZ is a mixed blocker of 

TRPM8 and TRPV1 (118, 166), and the function of CPZ may be limited 

because functional expression of TRPM8 was also found in HCEC-12 (167). 

Nevertheless, TRPV1 channels were detected in TRPV1-transduced and 

normal HCEC-12, based on the similar responses obtained with the TRPV1 

channel agonist CAP and antagonist CPZ that are customarily used to probe 

for such activity (63).  
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Fig. 31 | Signal transduction model accounting for how CB1 activation blunts CAP-
induced TRPV1 activation. (A) CAP induces larger increases in Ca2+ influx in TRPV1-HCEC-
12 than in normal HCEC-12 (Figs. 17 – 22). (B) WIN 55,212-2-induced CB1 activation 
suppresses CAP-induced increases in Ca2+ influx through TRPV1 channels (Fig. 26). Diagrams 
drawn by Huan Luo. 

 

4.2.2. CB1 functional expression activity in HCEC 
CB1 functional expression was validated based on showing that in the presence 

of WIN 55,212-2, a large increase in Ca2+ influx was detected in HCEC-12 cells. 

This response is similar to those described in several similar studies of corneal 

epithelial cells (111) and also ocular tumor cells (104, 105). The CB1-agonist-

induced Ca2+ influx was clearly suppressed in the presence of AM251. This 

result confirms that CB1 acts as a GPCR modulator of Ca2+ influx through TRPs 

permeable pathways (66) (Figs. 22, 23). These findings are consistent with the 

planar patch-clamp recordings showing that WIN 55,212-2 increased whole-

cell currents (Fig. 24, 25), which corresponds to a study on ocular tumor cells 

(105). CB1 is expressed in a variety of other ocular cell types including tumor 

cells (101, 105, 168). Specifically, CB1 expression was previously described in 

HCEP (101, 111) and HCK (unpublished observation by Mergler et al., 2020) 

as well as in the trabecular meshwork (169). The CB1 activator WIN 55,212-2 

contributes to modulating intracellular Ca2+ regulation in HCEC-12 (152). Some 

studies have shown that direct targeting of CB1 with controlled inactivation 

ligands is a viable method for reducing intraocular pressure (IOP) in mouse 

models and is worthy of further study in other model systems (170). 

Cannabinoid receptors are also present in mouse and human conjunctival cells, 

and some functional responses have shown that CB1 and CB2 stimulation 
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mediate such changes by inhibiting cAMP levels and proliferation, and by 

modulating stress signaling pathways (171). 

4.3. Tentative mechanism accounting for how NGF induces TRPV1 
activation 
NGF increased [Ca2+]i levels in HCEC-12 (Fig. 29A), which validates a NGF 

receptor contribution to intracellular Ca2+ regulation in HCEC-12. NGF 

increased Ca2+ influx induced by TRPV1 activation, since CPZ suppressed the 

NGF-induced increase in Ca2+ influx. Previous studies have shown that NGF 

receptors rapidly increased membrane TRPV1 expression (172). In addition, a 

study suggested that exogenous NGF stimulates the proliferation of both rabbit 

corneal endothelial cells (RCEP) and HCEP (173). Another report described 

that NGF increases pain during wound healing and inhibits nerve remodeling 

and lymphatic degeneration (174). Therefore, these results provide evidence 

suggesting that NGF may also be an activator of TRPV1 in HCEC (Fig. 29A, B), 

as was described in HEK293 (172). 

4.4.  Interplay between NGF and CB1/TRPV1 receptor crosstalk 

4.4.1. WIN 55,212-2 suppresses TRPV1 channel activity 
In primary cultures of sensory neurones from the dorsal root ganglia of neonatal 

rats, exposure to high NGF alters cannabinoid-mediated modulation of TRPV1 

receptor activation (175). Therefore, exposing these cells to high NGF 

concentrations modulates the CB1/TRPV1 receptor crosstalk. The hypothesis 

tested in this part of the thesis was that such an interaction also occurs in non-

excitable cells such as HCEC. Since CB1 and TRPV1 are functionally 

expressed in HCEC, a possible interaction between GPCRs and TRPs was 

initially investigated to probe for the presence of a GPCR-TRP signaling axis in 

HCEC-12 (66).  The results show that WIN 55,212-2, a selective CB1 agonist, 

suppressed CAP-induced transient increases in intracellular Ca2+ levels (Figs. 

26, 31B). A similar result was obtained in HCEP (101, 111). This agreement 

suggests that a receptor crosstalk exists between CB1 and TRPV1. In other 

words, CB1 and TRPV1 interact with one another to suppress Ca2+ transient 

levels induced by either CB1 or TRPV1 activation. Interestingly, the increase 

caused by WIN 55,212-2 was larger than that induced by CAP (Figs. 22A, 17A), 
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which can also be observed in ocular tumor cells isolated from UM and RB (104, 

105). A possible explanation for the larger response to WIN 55,212-2 than CAP 

is that the functional TRPV1 expression is larger in the transduced HCEC-12 

cells than in their non-transduced counterpart. Alternatively, CB1 activation by 

WIN 55,212-2 may also induce upregulation of other Ca2+ permeant pathways. 

As shown in Fig. 28D, WIN 55,212-2 induced cytoplasmic Ca2+ upregulation in 

a Ca2+ free solution. A similar result was also obtained in the aforementioned 

RB cells (104). This agreement suggests that the effect of WIN 55,212-2 is 

more complex than previously understood, and probably connected with store 

depletion and the activation of intracellular Ca2+ releasing channels (ryanodine 

receptor) (176).  

Notably, CB1 colocalization with TRPV1 was determined in the intact mouse 

corneal epithelium and in HCEC (72). Studies on UM cells isolated from 

patients as well as in many uveal cell lines have shown that TRPV1, CB1, and 

TRPM8 channels help control Ca2+ homeostasis (105). Furthermore, studies 

have shown that CB1 agonists (such as WIN 55,212-2) directly inhibit TRPV1 

functional activity through the calcineurin pathway, which constitutes the 

mechanism of action of cannabinoids in peripheral tissues (177). Interestingly, 

previous studies showed a crosstalk between CB1 and TRPV1 in HCEP. 

Specifically, the CB1 agonist WIN 55,212-2 suppressed TRPV1-induced 

inflammatory responses to corneal injury in mouse corneal wound healing 

models (101). This result is consistent with the results of this study, which is 

focused on describing interactions between CB1 and TRPV1, based on 

showing how CB1 activation suppresses CAP-induced increases in Ca2+ influx 

induced by TRPV1 activity. Overall, the present study supports the notion that 

CB1-induced suppression of TRPV1 activity may serve as a novel target in a 

clinical context concerning corneal graft preservation, since CB1 activation may 

suppress TRPV1-induced Ca2+ overload. (Fig. 26A, B). A similar effect was 

observed again in ocular tumor cells. Specifically, the CAP effect was not only 

abolished by WIN 55,212-2 but also caused the Ca2+ trace to fall below the 

baseline (105). This phenomenon was also observed upon activating TRPM8 

with menthol in the presence of BCTC (Fig. 7) (76). A possible explanation may 

be that activation of ATP dependent PMCA pumps led to a continuous calcium 
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outflow when some TRPs or GPCRs were blocked. 

 

 

Fig. 32 | NGF promotes Ca2+ influx through activating TRPV1. (A) NGF-induced TRPV1 

activation (Fig. 29A). (B) Confirmation of TRPV1 involvement in mediating NGF-induced 

increases in Ca2+ influx in HCEC-12 (Fig. 29B). Diagrams drawn by Huan Luo. 

4.4.2. TRPV1 modulation alters CB1-induced Ca2+ transients   
The mechanisms underlying TRPV1 and CB1-induced Ca2+ transients were 

delineated. We obtained evidence that they were different from one another, 

since WIN 55,212-2 induced Ca2+ transients irrespective of the presence or 

absence of CAP. As shown in Figure 22A, WIN 55,212-2 induced Ca2+ 

transients with recovery. The mechanism underlying this response appears to 

be different than the one underlying the Ca2+ transient induced by CAP since 

the WIN 55,212-2-induced transient was larger in the presence of CAP than in 

the absence of CAP (Fig. 27A). Another indication that these underlying 

mechanisms are different from one another is that preincubation with CPZ 

altered WIN 55,212-2-induced Ca2+ transients. At the outset, WIN 55-212-2 
initially induced a slight decrease that was followed by an irreversible 

progressive steep Ca2+ increase (Fig. 27C). In summary, the Ca2+ transients 

induced by TRPV1 and CB1 activation are additive, suggesting different 

triggering mechanisms for their induction. Nevertheless, crosstalk between 

these two pathways is evident since the responses to WIN 55,212-2 are 

affected in different ways that are dependent on TRPV1 activated by CAP. It is 

possible that a portion of the WIN 55,212-2-induced Ca2+ transients may stem 
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from activation of TRPM8 by WIN 55,212-2. Taken together, the CB1/TRPV1 

receptor crosstalk is complex and perhaps condition dependent. Each of these 

receptors mediates control of intracellular Ca2+ levels through unique pathways, 

since selective activation of each of these pathways has additive effects on the 

maximum increase in Ca2+ influx. 

4.4.3. NGF induces increases in Ca2+ influx through crosstalk with TRPV1 
Channels 
NGF contributes to the maintenance of endothelial homeostasis through 

activation of its cognate receptor. Its involvement is based on results showing 

that NGF stimulated proliferation of endothelial cells as well as studies showing 

improved allograft survival (178, 179). Like CAP, NGF increased intracellular 

Ca2+, demonstrating that NGF mediates downstream events by inducing Ca2+ 

transients (Figs. 29A, 32A). In contrast to the WIN 55,212-2 effect, the NGF-

induced Ca2+ transients are smaller than those induced by WIN 55,212-2. 

Notably, CPZ suppressed the NGF-induced Ca2+ influx, indicating a link 

between NGF and TRPV1 (Figs. 29B, 32B), which was also described in 

sensory neurons (154). It remains unknown whether NGF induces TRPV1 

activation directly or indirectly via an intermediate receptor in HCEC-12. 

Nevertheless, it is apparent that NGF-induced Ca2+ transients are dependent 

on TRPV1 activation, since they were eliminated in the presence of CPZ. On 

the other hand, activation of CB1 inhibits NGF-induced sensation in sensory 

neurons (153, 154). It still needs to be investigated whether or not this 

phenomenon also applies to non-excitable cells such as HCEC-12. Previous 

studies demonstrated that other growth factors such as EGF induce 

downstream Ca2+ signaling through TRPC4 transactivation in HCEP (180, 181). 

Mergler et al. confirmed that EGF suppresses hydrogen peroxide-induced Ca2+ 

influx by inhibiting L-type channel activity in cultured HCEC (58). Taken 

together, NGF may be able to modulate Ca2+ regulation via TRPV1 channels.   

4.5. Clinical aspects 

4.5.1. TRPV1 and apoptosis 

Temperature- and pain-sensitive TRPs play an essential role in mediating 

corneal sensation. The cornea, with its complex neuroplexus within the 
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epithelium and stroma, has the highest sensory nerve density in any tissue of 

the human body (176). In contrast, different TRP channel subtypes are also 

expressed in non-excitable cells [reviewed in (72)]. The role of these channels 

is non-classical, since their activation cannot be triggered by imposition of an 

action potential. Nevertheless, TRPV1 activation releases pro-inflammatory 

cytokines via stimulation of MAPK protein kinases in non-excitable corneal 

epithelial cells (73). Therefore, suppression of TRPV1 serves as a potential 

target to improve therapeutic management of ocular pain reduction as well as 

those pain induced by proinflammatory cytokine upregulation (e.g. dry eye 

disease) (182, 183). Some studies have shown that exposure to oxidative 

stress can induce HCEC loss through apoptosis (184).  

The regulation of TRPV1 activity by temperature is the basis of the fundamental 

homeostatic mechanism required to support corneal endothelial function under 

different environmental conditions (64). It is tenable that interactions between 

corneal cell types and nerve fibers are dependent on interactions between TRP 

channel subtypes and resident receptors on neighboring nerve cells. Apoptosis 

may be induced by the activation of linked signaling pathways (185). Mergler et 

al. reviewed studies characterizing changes in ion channel behavior under 

various conditions that may influence the behavior of apoptotic mechanisms 

mediating apoptotic cell losses (186). Such studies have so far indicated that 

prolonged activation of the TRPV1 channel may even lead to neuronal cell 

apoptosis (187). In summary, modulation of TRP activity makes an essential 

contribution to regulating intracellular Ca2+ at levels that are within physiological 

limits. For example, TRPV1 may serve as an effective drug target to block the 

Ca2+ rises from reaching levels that induce apoptotic events. If selective and 

effective TRPV1 blockers can be developed, they may prevent cell losses from 

occurring that are large enough to cause corneal opacification and possibly 

blindness.  

4.5.2. Corneal endothelial cell density (ECD) and Ca2+-dependent cell 
vitality 
Age-dependent losses in corneal endothelial cell density (ECD) that occur 

throughout our lifetime do not compromise corneal transparency until their 
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density falls below a critical level (22). However, these losses can be 

accelerated after various impairments such as surgical trauma and following 

corneal transplantation (160, 163). Mergler et al. indicated that better 

characterization and improved knowledge of ion channel behavior might have 

an impact on improving protocols to suppress declines in ECD, which could 

increase the amount of viable corneal endothelial cells in donor tissue to be 

used for transplantation surgery (58). Achieving such a goal is relevant for 

improving the outcome of this surgical procedure, since measures to slow 

losses in HCE density affect the viability of corneal grafts for longer periods in 

storage (178). Preserving homeostasis of intracellular Ca2+ regulation by 

controlling Ca2+-permeable channel activity plays a vital role in suppressing 

apoptosis (186). HCE cell vitality is likely to be improved by optimizing TRPV 

channel behavior through preserving them under favorable ambient conditions 

(e.g. temperature) (188). Extended periods of exposure to TRPV1 activators 

such as CAP or acidic pH desensitize TRPV1 in a Ca2+-dependent manner. 

This process may be partially modulated by the opposing effects of inhibiting 

channel dephosphorylation with calcineurin and increasing PKA-induced 

channel phosphorylation status by increasing adenylyl cyclase activity.   (189). 

It is known that TRPV1 is upregulated in sight compromising development of 

pterygium (190). The current study demonstrated that NGF increases 

intracellular Ca2+ influx through stimulating TRPV1 channel activity. Taken 

together, NGF combined with endogenous TRP channel modulators in the 

medium may help improve HCEC vitality during corneal storage.   

4.5.3. Challenges in keratoplasty 
Keratoplasty is used to treat patients with vision loss due to endothelial 

dysfunction (164). Although the clarity of the cornea is restored by keratoplasty, 

the problem of limited donor availability still exists (22). It is known that 20% of 

cornea donations must be discarded because of a too low HCE density and too 

many apoptotic cells (191). The density of HCE is a major determinant used to 

identify corneal tissues that are suitable for use in transplantation surgery (192), 

since ECD and survival determine the likelihood of a successful outcome    

(193). Mergler et al. showed that temperature changes could selectively affect 

intracellular calcium regulation by regulating specific temperature-sensitive 
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receptors that are members of the TRP family. Thus, temperature control during 

storage plays a vital role in maintaining the vitality of the stored human cornea 

(29, 194). On the other hand, there is a controversy regarding the optimal 

storage temperature of donor corneas (195-197). However, there are other 

studies suggesting instead that adjusting the environmental storage conditions 

of corneas deemed suitable for use in transplantation surgery possibly   

improves the likelihood of a favorable surgical outcome (58, 198). A recent 

report demonstrated that NGF gene therapy was successful at prolonging 

corneal graft survival in an experimental rat transplantation model (179). 

Therefore, it is conceivable that this therapy improves graft survival by inducing 

cytoprotective effects that reduce losses in corneal cell viability during culture 

(199). 

4.6. Strengths and limitations of the study (biological and technical 
limitations) 
Technically, the strength of this study is that the results using two different 

highly-sensitive functional assays agree with one another, which supports the 

conclusions of this study. In addition, the HCEC-12 cell line is an established 

cell model for HCEC (114), similarly to the HCK cell line, which is used as a 

model for human corneal keratocytes (200). This has been thoroughly 

discussed (26). The suitability of both transformed immortalized cell lines for 

functional studies is confirmed by a correspondence between their 

electrophysiological characteristics and those that were exhibited by primary 

cell cultures or tissue sections (26, 64, 76, 161).  

On the other hand, it is necessary to consider the difference between in vitro 

experiments and the physiologically intact cornea of the human eye. 

Fluorescence calcium imaging and planar patch-clamp recordings play an 

essential role in studying ion channel expression. They have obvious 

advantages, but also some limitations, since the experiments are performed in 

unphysiological conditions. Calcium imaging interpretation needs to consider 

temperature differences between the in vivo condition and the measuring room 

temperature conditions. Technically, the bleaching effect from Fura-2/AM (Fig. 

15C), as well as the interference caused by manual pipetting were sensitive 
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parameters in the experiments. It is experimentally less difficult to perform 

planar patch-clamp recordings rather than conventional patch-clamp 

recordings. However, both approaches require experience in assessing the 

current response patterns of the experimental results (e.g. leak current 

problems are the most relevant issue). In addition, experimental data errors or 

artefacts can be caused by insufficient sealing or hidden leak currents. Fig. 20A 

shows an example of temporary collapsing currents, which could nevertheless 

be evaluated because of the recovery during recording. It is worth noting that 

careful attention to technical details is essential in improving the preservation 

of functional responses.  

4.7. Conclusions 
This study demonstrated a functional interaction between CB1 and TRPV1 

functional activity in HCEC-12 for the first time. The results are consistent with 

those reported in HCEP (101) and also in ocular tumor cells (104, 105), 

indicating that changes in CB1 activity modulate TRP channel behavior in these 

ocular cells. The most interesting finding is that the WIN 55,212-2-induced Ca2+ 

increases were at higher levels than of those using classical CAP-induced Ca2+ 

increases in HCEC-12. This difference suggests a strong triggering effect by 

GPCRs on CB1 and TRPs responses [reviewed in (66)]. Furthermore, NGF 

stimulates the activity of TRPV1, whereas CB1 inhibits TRPV1 activity, 

indicating a complex Ca2+ regulation in HCEC-12. Overall, the results of this 

study and the relevant GPCR-TRP channel axis may contribute to a better 

understanding of HCE Ca2+ regulatory mechanisms. The insights gained may 

be helpful in developing novel strategies for improving corneal graft 

preservation for keratoplasty.  
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