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ABSTRACT 
Background: The cornea is the outermost transparent layer of the eye and it is 
responsible for the majority of the eye’s total focusing power. Keratocytes are the 
resident cells of the corneal stroma and their function is to produce extracellular matrix 
components and to take part in corneal healing after injury, which may occur due to 
trauma, infection or surgery. The process of corneal wound healing is complex. Shortly, 
keratocytes adjacent to the corneal wound undergo apoptosis and remaining cells start 
the process of proliferation and migration in order to close the wound. Next, an influx of 
inflammatory cells such as macrophages and neutrophils occurs in order to clear the 
cornea from cellular debris. The final stage of the healing process restores the quiescent 
state of keratocytes and remodels any disordered extracellular matrix components, 
leading to a healthy, transparent cornea. However, when the process of corneal wound 
healing is incomplete or disturbed, corneal scarring may occur, which can lead to 
significantly impaired vision. Despite extensive research on corneal wound healing, 
corneal scarring remains a major cause of preventable blindness. The healing process is 
dependent on various cytokines and growth factors. However, it is possible that also 
other signal substances are involved. Substance P (SP) is a neuropeptide well known for 
its role in pain perception. It has been shown that SP can also be produced by non-
neuronal cells, including cells of the cornea, and that it can have vast effects on 
physiological functions, including immune cell activity, and cellular processes, such as 
cell migration, proliferation, and production of proinflammatory cytokines. Similarly, 
acetylcholine (ACh), a classical neurotransmitter, has also been reported to be produced 
by non-neuronal cells, including corneal epithelium, and to be involved in cell 
proliferation, angiogenesis, cell migration, apoptosis, and collagen gene expression.  

In the studies of this thesis, it is hypothesized that neuropeptides and 
neurotransmitters are produced by human keratocytes and that this production is 
increased in response to corneal injury. Moreover, it is hypothesized that the non-
neuronal SP and ACh produced by injured keratocytes participate in corneal wound 
healing by enhancing keratocyte migration and proliferation, and/or by decreasing 
keratocyte apoptosis. The aims of this thesis project were to test these hypotheses and to 
study the underlying inter- and intracellular mechanisms of the effects of SP and ACh 
on keratocytes.  

Results: Cultured primary cells of the human corneal stroma expressed keratocyte 
markers (keratocan, lumican, CD34, and ALDH), the tachykinins SP and NKA, 
catecholamines (adrenaline, noradrenaline and dopamine), ACh, and glutamate. 
Moreover, the cells expressed neurokinin-1 and -2 receptors (NK-1R and NK-2R), 
dopamine receptor D2, muscarinic ACh receptors (mAChRs) M1, M3, M4 and M5, and 
NDMAR1 glutamate receptor. Significant differences were observed between 
expression profiles in cultured keratocytes obtained from central and peripheral cornea. 
Such differences could also be seen between keratocytes cultured under various serum 
concentrations. Expression and secretion of SP in cultured keratocytes was increased in 
response to injury in vitro. SP enhanced migration of cultured keratocytes through 
stimulation of its preferred receptor, the NK-1R, and activation of the 
phosphatidylinositide 3-kinase and Rac1/RhoA pathway and subsequent actin 
cytoskeleton reorganization and formation of focal adhesion points. Moreover, SP 
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stimulation led to upregulated expression of the proinflammatory and chemotactic 
cytokine interleukin-8 (IL-8), which also contributed significantly to SP-enhanced 
keratocyte migration and to attracting neutrophils. ACh enhanced keratocyte 
proliferation in vitro at low concentrations and this stimulation was mediated through 
activation of mAChRs and activation of MAPK signalling. Moreover, ACh stimulation 
led to upregulation of two proliferation markers: PCNA and Ki-67. ACh was also able 
to protect cultured keratocytes from Fas-induced apoptosis, even at low concentrations. 
Activation of mAChRs was necessary for this latter process to occur. ACh reduced 
caspases 3/7 activation in Fas-treated keratocytes. Inhibition of the PKB/Akt pathway 
revealed that its activation is essential for mediating the anti-apoptotic effect of ACh in 
keratocytes. 

Conclusions: This thesis shows that human keratocytes express an array of 
neuropeptides (SP, NKA) and neurotransmitters (ACh, adrenaline, noradrenaline, 
dopamine and glutamate), and their receptors, and that stimulation of NK-1R by SP and 
stimulation of mAChRs by ACh lead to keratocyte cellular processes that are known to 
be involved in corneal wound healing. Specifically, SP enhances keratocyte migration 
through upregulation of IL-8, ACh enhances keratocyte proliferation through activation 
of the MAPK signalling pathway, and ACh is able to protect keratocytes from apoptosis 
by activation of the PKB/Akt pathway. Taken together, these findings suggest that both 
SP and ACh, if entered at the proper stage, could be beneficial for corneal wound 
healing. 
 
 
 

  



 
Marta Słoniecka, 2015 
 
 

 

viii 
 

ABBREVATIONS 
ACh                  Acetylcholine 
AChE Acetylcholinesterase 
ALDH Aldehyde dehydrogenase 
ALK Anterior lamellar keratoplasty 
AMD Age-related macular degeneration 
BMP Bone morphogenic protein 
BrdU 5-bromo-2'-deoxyuridine 
BSA Bovine serum albumin 
CCT Central corneal thickness 
cDNA Complementary DNA 
ChAT Choline acetyltransferase 
CSSC Corneal stromal stem cells 
DMEM/F-12 Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 
ECM Extracellular matrix 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
ERK1/2 Extracellular signal-regulated kinases 1 and 2 
FBS Foetal bovine serum 
FGF Fibroblast growth factor 
FoxO Forkhead boxO 
GPCR G protein-coupled receptor 
HRP Horseradish peroxidase 
IAP Inhibitor of apoptosis protein 
IL-1 Interleukin-1 
IL-8 Interleukin-8 
JNK/SAPK C-Jun N-terminal kinase/stress-activated protein kinase 
kDa kilo Dalton 
KSP Keratan sulfate proteoglycan 
LDH Lactate dehydrogenase 
MAPK Mitogen-activated protein kinase 
MCP-1 Monocyte Chemoattractant Protein-1  
MSC Mesenchymal stem cells 
mRNA Messenger ribonucleic acid 
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium 
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 
NK-1R Neurokinin-1 receptor 
NK-2R Neurokinin-2 receptor 
NK-3R Neurokinin-3 receptor 
NKA Neurokinin A 
NKB Neurokinin B 
P-Akt Phosphorylated Akt 
PARP Poly (ADP-ribose) polymerase 
PBS Phosphate buffered saline 
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BACKGROUND  

Human cornea 
The cornea is the eye's outermost layer. It is the transparent, dome-shaped surface that 
covers the front part of the eye (Fig. 1).  
 
 

 
 

Figure 1. Human eye. 
 
 
The cornea is clear and seems to lack substance, but it is actually composed of highly 
organized proteins (mostly collagen fibrils) and cells. The cornea has no blood vessels; 
therefore it receives nourishment and protection against infection from other sources, 
such as tears and anterior chamber fluid. However, the cornea in one of the most 
innervated organs in the human body. Most of the corneal nerve fibres are derived from 
the ophthalmic branch of the trigeminal nerve and are sensory nerve fibres (1).The 
central corneal thickness (CCT) is approximately 520µm at the central part and 
increases towards the periphery where it can reach 650µm (1). The part of the cornea 
which joins the opaque sclera is called the limbus and it is thought that the collagen 
fibrils which cross this region are continuous, but morphologically altered (2). The main 
function of the cornea is to refract the light and to protect the eye from injuries and 
infections. In humans, the refractive power of the cornea is approximately 46 diopters 
(3).  

The cornea can be divided in to five morphological and three functional layers (2) 
(Fig. 2). The functional layers of the cornea are (starting from the outside): 
1. The epithelium comprises 5-7 layers of stratified squamous epithelium held together 
by tight junctions, and is attached to the basement membrane (2). The main role of the 
epithelium is to form an effective barrier against fluid loss and to protect the cornea 
from pathogen invasion. The epithelium continuous renewal and shedding of cells into 
the environment impedes progress of pathogens into the relatively immunologically 
deficient corneal stroma and helps to keep normal vision (4, 5).  
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2. The stroma is an organized, dense, avascular connective tissue comprising of 
collagen fibrils (mostly collagen I and V) and proteoglycans (mostly decorin and 
lumican), and resident cells called keratocytes (2). As it constitutes 90 percent of the 
corneal thickness, it is the principal structural and optical component in the cornea, in 
which tight control of collagen fibrils plays the main role in maintaining corneal 
transparency (6-8). The highly organized and parallel collagen fibrils and proteoglycans 
are arranged into lamellae, the basic mechano/anatomical unit of the stroma with a size 
varying from 0.5µm wide and 0.3µm thick to 200µm wide and 2.5µm thick (9). 
Situated between the lamellae are the keratocytes, which are sparsely distributed, 
quiescent cells of mesenchymal-derived origin which main function is to keep the 
cornea transparent, produce extracellular matrix (ECM) components, and repair the 
stroma if injured (10).  
3. The endothelium is a 4-6µm thick monolayer of cells arranged in a hexagonal mosaic 
which is situated atop of a basement membrane called Descemet’s membrane (2). The 
main function of this layer is to control nutrition and hydration of cornea (11).  
 
 

 
 

Figure 2. Cross section of human cornea. 
 
 
As mentioned above, the cornea consists of five morphological layers, which include 
the aforementioned epithelium, stroma, and endothelium, and two additional layers (2): 

Bowman’s layer is an acellular and non-regenerating layer located between the 
corneal epithelium and the stroma, and is composed of randomly oriented collagen 
fibrils (12). It is not certain what the role of this layer is. It seems that it might have no 
critical function in corneal physiology, as it is commonly destroyed in corneal diseases 
(13).  

Descemet’s membrane is situated between the corneal stroma and the endothelium. 
It is composed of collagen VIII fibrils and secreted by the endothelium (14). Damage 
caused to this layer can result in several diseases, including hereditary Fuch’s 
dystrophy, which affects both endothelium and Descemet’s membrane (15). 
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Keratocytes 
The resident cells of the corneal stroma are quiescent, neural-crest derived 
mesenchymal cells. They are sparsely situated in the stroma, but form an intercellular 
network through communicating with each other by long dendritic processes (16). One 
of the main functions of keratocytes is to contribute to corneal transparency through 
synthesis, secretion and control of ECM components such as collagens types I, V and 
VI (17), keratan sulfate proteoglycans (KSPs; keratocan, lumican and mimecan), which 
are cornea specific (18), as well as crystallins (such as aldehyde dehydrogenase, ALDH) 
(19). Additionally, keratocytes are key players in cornea healing processes. Upon injury, 
they undergo either apoptosis or lose their quiescence, and acquire an activated repair 
phenotype. During the healing process, the keratocytes will properly regenerate the 
cornea. However, sometimes they induce fibrotic scar formation, which is detrimental 
to the normally transparent cornea (20), see further sections on scaring.  

Markers for keratocytes  
There are a number of markers specific for keratocytes in the stroma which help to 
assess whether primary cells grown in vitro, are quiescent keratocytes: 
- Keratocan (50 kDa) and lumican (46 kDa), are KSPs belonging to a family of small 
leucine-rich proteoglycans (SLRPs). They are at least an order of magnitude more 
abundant in the cornea than the keratan sulfates found in other tissues (21). Keratocan is 
involved in corneal transparency and in controlling thickness of the cornea, whereas 
lumican is involved in organization of collagen fibrils, corneal transparency and corneal 
repair (22). Expression of both keratocan and lumican is decreased in keratocytes that 
have acquired repair phenotype after injury (18).  
- CD34 (90-120 kDa) is widely recognized as hematopoietic stem cell marker (23). 
Therefore, it is not a cornea specific marker but it is specific for quiescent keratocytes 
within the cornea. In the cornea, CD34 functions as an adhesion molecule, helping 
keratocytes to stay anchored in the stroma (24). In healthy human corneas, most 
keratocytes are positive for CD34, however activated keratocytes in injured or diseased 
corneas lose it (25).  
- ALDH (55 kDa) belongs to the crystallin family and its major function is to contribute 
to corneal transparency (19). As with CD34, ALDH is not specific for the cornea but 
within the cornea it is specific for quiescent keratocytes. Activated keratocytes lose 
ALDH expression (26).  

Wound healing 
Normal wound healing is a biological process that consists of four precisely and highly 
programmed phases: haemostasis, inflammation, proliferation, and remodelling (27). 
For successful wound healing, all four phases must occur in the right sequence and 
time. This process is best studied in the skin, therefore this section will discuss wound 
healing in general mainly based on the findings in the skin. In the next section, corneal 
stromal wound healing will be discussed more specifically.  
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Wounds can be classified according to various criteria; here they will be classified 
according to their time frame and healing. Acute wounds can be acquired as a result of 
traumatic loss of tissue or a surgical procedure. They repair themselves in an orderly 
and timely manner leading to a functional and anatomical restoration (28, 29). Chronic 
wounds fail to progress through the normal stages of wound healing and they cannot be 
repaired as acute wounds. The healing process is incomplete and disturbed by infection, 
necrosis or excess of inflammatory cytokines. Such wounds can arise from various 
causes, such as for instance burns (30, 31).  
The four phases of normal wound healing are: 
1. Haemostasis –a rapid event that starts with vascular constriction and clot formation. 
Transforming growth factor-β (TGF-β), platelet-derived growth factor (PDGF), 
fibroblast growth factor (FGF), epidermal growth factor (EGF), and other cytokines are 
released by the clot and surrounding tissue which attract inflammatory cells to the 
wound (27).  
2. Inflammation – characterized by infiltration of neutrophils which clear the wound 
area of microbes and cellular debris, and macrophages which get rid of apoptotic cells 
and stimulate keratinocytes (cells of the skin), fibroblasts and angiogenesis to promote 
tissue regeneration. Infiltration of T-lymphocytes occurs at late stage of proliferative 
and early remodelling phase (27, 32-35). 
3. Proliferation – characterized by epithelial proliferation and migration to the wound 
site (re-epithelialization). Fibroblasts and endothelial cells are the most prominent cell 
types. Fibroblasts are responsible for producing collagen and other components of the 
ECM (27, 33). 
4. Remodelling – the last phase, which can last for years, restores the normal 
architecture of the tissue. Moreover, myofibroblasts (contractile fibroblasts) that appear 
in the wound mediate physical contraction of the wound (27, 33).  

Corneal stromal wound healing 
Injury of the cornea can arise due to trauma, infection, ulceration or chronic 
inflammation (36). It is necessary for the corneal stroma to heal properly as any 
irregularity or dysregulation might cause scarring of the cornea which might lead to loss 
of vision. Corneal wound healing is a complex process in which cytokines mediate 
interactions between epithelial, stromal and endothelial cells, corneal nerves, lacrimal 
glands, tear film and immune cells (37, 38).  

The healing process starts in response to an epithelial insult, which leads to a release 
of multiple cytokines, including IL-1, TNF-alpha (39), bone morphogenic proteins 
(BMP) 2 and 4, EGF and platelet-derived growth factor (40). These cytokines, together 
with others found in tears, trigger various responses in keratocytes, corneal nerves and 
immune cells (37, 41).  

The epithelial wound healing can be divided into three phases. In the first phase, 
epithelial cells migrate to cover the wound. During the second phase, cells adjacent to 
the wound proliferate to repopulate the wound area. In the final third phase, the 
basement membrane is re-synthesized and connections between epithelial cells are re-
established, resulting in restoration of normal functions (37).  

The corneal stromal wound healing is similar to the normal skin wound healing and 
it occurs in phases. In the initial phase, the keratocytes which surround the wound 
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undergo apoptosis, leaving a zone devoid of cells (42) and initiating the healing 
response. Keratocyte apoptosis is caused by different cytokines, such as interleukin-1 
(IL-1), which are released from the injured epithelial cells, and diffuse to the stroma 
from the tear fluid (39, 43). In the proliferative phase, the keratocytes in the proximity 
of the wound start to proliferate in order to repopulate the area. Moreover, the 
keratocytes migrate towards the wound in order to repopulate it and to produce ECM 
components (44, 45). In the final phase, the remodelling phase, the stroma restores its 
normal function. Myofibroblasts – differentiated activated keratocytes which generate 
high contractile forces – might also occur in the wound and their presence is dependent 
on the wound type (44). If the healing process is successful, the corneal stroma will 
restore its transparency and proper vision will be maintained.  

Corneal scarring/opacity 
Scar tissue is characterized by abnormal alignment of collagen fibrils. The impact of 
scar tissue formation in the cornea is of much greater importance than in most other 
tissues. This is due to the fact that alignment of collagen fibrils is critical for corneal 
transparency and therefore vision (46, 47). Scarring of the cornea can occur due to 
infection, inflammation, diseases, or chemicals entering the eye. Structural changes of 
collagen and proteoglycans alter the normally well-organized matrix resulting in a 
decrease of corneal transparency. Corneal scar tissue is hazy and less elastic (48). 
Scarring occurs due to dysregulation of the normal wound healing processes. Failure to 
control any of the corneal wound healing steps – such as proliferation and migration of 
keratocytes (cf. next section), their differentiation, production of ECM,  or production 
of various substances by keratocytes and epithelium – will result in corneal scarring (49, 
50). Corneal opacity is the fourth cause of blindness globally (5.1% of all unilateral 
blindness in the world), after cataract, glaucoma and age-related macular degeneration 
(AMD) (51). The risk factors associated with corneal opacities are: vitamin A 
deficiency (xerophthalmia), infections (for example trachoma or herpes simplex virus) 
and resulting ulcers, trauma to the eye, keratoconus, congenital corneal abnormalities, 
and also contact lenses if worn for a long time, especially overnight (51, 52). Corneal 
opacity may also occur after eye surgeries such as cataract surgery (53) and be caused 
by corneal oedema (swelling) (54). There are 1.5 to 2.0 million new cases of unilateral 
blindness every year reported, due to trauma to the eye and corneal ulceration (51).  

Treatment of corneal scars depends on the most likely cause of the scarring and how 
severe the scarring is. Treatments might include eye drops with antibiotics or steroids, 
or oral medication (51). However, these treatments only affect the primary cause of the 
scarring, i.e., infection and/or inflammation – in best case preventing scarring, although 
rarely satisfactory – but not the scar itself. In the case of superficial scars, excimer laser 
is used with  good results (55), as well as anterior lamellar keratoplasty (ALK), which 
replaces only the front part of the cornea (56). The only curative treatment available for 
a fully developed scar throughout the depth of the cornea, is full-thickness corneal 
transplantation, i.e. penetrating kertoplasty (PKP) (51). However, there is a shortage of 
donor corneas. Therefore, other treatments are needed. Artificial corneas, i.e. cell-free 
recombinant human collagen scaffolds, have been developed and transplanted into 
humans by ALK, and they show promising results (57, 58). 
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Cellular processes involved in wound healing 

Migration 
Cell migration plays a crucial role in diverse biological processes, in both normal 
physiology and disease. It is crucial for embryonic development, immune response, 
wound healing, and tumour formation and metastasis (59). The migration process 
begins with the formation of membrane protrusions or extensions called lamellipodia 
and filopodia (Figure 3), which extend primarily around the migrating cell front 
(leading edge). This cell polarization (formation of leading edge) involves activation of 
many signalling proteins such as phosphatidylinositol 3-kinase (PI3K) (60). 
Lamellipodia are flat and broad structures, whereas filopodia are needle-like, thin 
projections. These membrane protrusions do not include any cellular organelles and are 
mostly associated with actin polymerization and stabilized by formation of focal 
adhesions (59). Focal adhesions are points over which the migrating cells move and are 
composed of integrin receptors, actin filaments and other proteins associated with 
migration. Release from its focal adhesion points results in a net displacement of the 
migrating cell (61). Members of the Ras family of GTP-binding proteins, namely cdc42, 
Rac1 and RhoA, play a major role in cell migration. They initiate formation of 
lamellipodia, filopodia, stress fibres and focal adhesions. Cdc42 regulates formation of 
filopodia (62), activation of Rac leads to membrane ruffling and formation of 
lamellipodia (63), and RhoA regulates formation of focal adhesions and actin stress 
fibres (64).  
 
 

 
 

Figure 3. Filopodia and lamellipodia in migrating cell. 
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Migration may be mediated by chemoattractant cytokines called chemokines, which 
bind to G protein-coupled receptors and are involved in cell movement and activation. 
The process is called chemotaxis and is responsible for mobilization and deployment of 
immune cells to sites of infection. It is also important for T-cell, B-cell and dendritic 
cell interactions and the development of the immune system (65, 66). Interleukin-8 (IL-
8) is a chemokine that primarily attracts neutrophils and triggers various cellular 
processes, such as host defence against bacterial infections, through activation of two 
chemokine receptors: CXCR1 and CXCR2 (67). However, IL-8 is also able to induce 
migration in other cell types. It has been shown that IL-8 increases migration of human 
keratinocytes (68), human endothelial cells (69), and human T-cells (70). 

Proliferation 
Cell proliferation is the process that results in an increase in the number of cells and is 
defined by the balance between cell divisions and cell death (or differentiation). Cell 
division can be divided into two stages: mitosis (M), in which the chromosomes in a 
nucleus are separated into two identical sets of chromosomes, and interphase, in which 
cells grow in size and prepare for another mitosis. Mitosis includes the following stages: 
prophase (chromatin condensation), metaphase (the chromosomes align at the 
metaphase plate), anaphase (chromosomes are split to sister chromatids), and telophase 
(chromatin decondensation). Mitosis if followed by division of the cell body 
(cytokinesis). The interphase consists of G1 phase during which the cell prepares for 
new DNA synthesis, S phase in which replication of DNA occurs and G2 phase during 
which the cell prepares for mitosis (71). The process of proliferation is very complex 
and is primarily regulated by external stimuli such as growth factors, cytokines, 
mitogens, and hormones. One of the signalling pathways involved in cell proliferation is 
the mitogen-activated protein kinases (MAPK) pathway. Three MAPK families have 
been characterized in mammalian cells: the classical MAPK (Erk1/2), C-Jun N-terminal 
kinase/stress-activated protein kinase (JNK-SAPK), and p38 kinase. They are involved 
in transducing signals in processes of cell proliferation, differentiation, inflammation, 
and apoptosis (72). In general, the extracellular stimuli interact with receptors, such as 
receptor tyrosine kinases (RTKs), G protein-coupled receptors (GPCRs) and epidermal 
growth factor receptor (EGFR), and trigger a signalling cascade which results in 
phosphorylation (activation) of the MAPKs (73). Activation of Erk1/2 – the best 
characterized MAPK, which during resting conditions is stationed in the cytoplasm – 
leads to its translocation to the nucleus where it regulates the activation of cell cycle 
regulatory transcription factors (73). Aside from regulating the cell proliferation 
process, Erk1/2 has been implicated in other cellular processes such as promotion of 
cell survival (74).  

Apoptosis and anti-apoptotic effect 
Apoptosis is a form of programmed cell death that results in the elimination of 
individual cells while leaving the surrounding tissue intact. It can occur either to 
preserve cell population or as a defence mechanism, such as an immune response or 
when cells become damaged (75). Apoptosis can be triggered by binding of a ligand to 
a receptor, such as Fas and TNF (tumour necrosis factor) receptors. Apoptosis causes 
distinct morphological changes in the apoptotic cell. In the beginning of the process, the 
most prominent changes are cell shrinkage, and pyknosis which is a result of chromatin 
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condensation (76). Afterwards, blebbing of the plasma membrane occurs and apoptotic 
bodies are formed, which subsequently are phagocytosed by macrophages or other 
phagocytic cells (77). The mechanism of apoptosis is best characterized with Fas 
ligand/Fas receptor and TNF-α/TNFR1 models. Binding of the ligands to the receptors 
causes recruitment of adapter proteins containing death domains and subsequent 
activation of procaspase-8 (78). Caspases are intracellular proteases that propagate 
apoptosis, proliferation and inflammation. The conserved mechanism of caspase 
activation is tightly controlled by the cell and once activated, caspases execute 
proteolysis of downstream substrates (79). In apoptosis, caspase-3, caspase-6 and 
caspase-7 function as effector caspases. They are activated by initiator caspases 
(caspase-8, caspase-9, or caspase-10), and they cleave a variety of substrates, such as 
poly ADP ribose polymerase (PARP), activate endonucleases, which results in 
chromatin condensation, and induce cytoskeletal reorganization and disintegration of 
the cell (80, 81). The Fas pathway can also induce apoptotic mitochondrial events. 
Mitochondrial damage caused by induction of the Fas pathway is due to the cleavage of 
Bid, a BH3 domain-containing proapoptotic Bcl2 family member, by caspase-8. Full 
length BID is localized in the cytosol, whereas the truncated (cleaved) BID is 
translocated to the mitochondria, which causes release of cytochrome c and cell death 
(82).  

The cell is capable of stopping already induced apoptosis and promotes cell survival. 
One of the ways to do that is to engage the inhibitor of apoptosis proteins (IAPs). They 
are a family of caspase inhibitors that specifically inhibit caspase-3, caspase-7 and 
caspase-9, thereby inhibiting apoptosis (83). The best characterized IAP is X-linked IAP 
(XIAP) (84). It binds and inhibits caspase-3, caspase-7 and caspase-9, but does not 
inhibit caspase-8 (84). The function of IAPs is inhibited by a mitochondrial protein 
called Smac/DIABLO, which is released together with cytochrome c from disrupted 
mitochondria. It binds to IAPs, therefore inhibiting their function (85). Another 
mechanism of regulating apoptosis is activation of phosphatidylinositol 3-kinase (PI3K) 
and its downstream target, the serine/threonine protein kinase B (PKB)/Akt pathway. 
Akt activation leads to phosphorylation of the pro-apoptotic protein BAD which results 
in its inactivation (86). Moreover, Akt directly inhibits activity of caspase-9 by 
phosphorylating it (87). Akt has been reported to also phosphorylate Forkhead box O 
(FoxO; transcription factors involved in cell proliferation and differentiation) and 
inhibit its transcriptional function, resulting in cell survival and growth (88).   

Neuropeptides and 
neurotransmitters of interest 

Substance P 
In a recent study on the rabbit cornea, it has been shown that the neuropeptide substance 
P (SP) is induced after injury and can accelerate corneal wound healing after alkali burn 
(89). SP is a tachykinin belonging to a family of neuropeptides that share a specific 
amino-terminal sequence (90), and it has been well studied by our group in Umeå for its 
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role in another connective tissue disease/injury (tendinosis) (91-94). SP was first 
discovered by von Euler and Gaddum in 1931. It is composed of 11 amino acids. Other 
members of the same family of tachykinins include: neurokinin A (NKA), neuropeptide 
K, neuropeptide-γ, and neurokinin B (NKB). SP is encoded by the pre-protachykinin A 
(PPT-A) gene, also called TAC1. The PPT-A gene can express four distinct forms of 
mRNA through means of alternative splicing. The β and γ forms encode for both SP and 
NKA, whereas the α and δ forms encode only SP (95). Effects of tachykinins are 
mediated by activation of at least three specific receptors, neurokinin-1 receptor (NK-
1R), NK-2R and NK-3R, which are glycoproteins and members of the superfamily of 
guanine nucleotide binding-coupled receptors interacting with G-proteins (96). The NK-
1R is the preferred receptor of SP, NK-2R of NKA and NK-3R of NKB. However, at 
high concentrations, each tachykinin can activate each of the receptors (97).  

The human NK-1R consists of 407 amino acids. Upon SP binding, the receptor is 
rapidly internalized leading to desensitization of cells to SP signalling (98). Stimulation 
of NK-1R leads to activation of phospholipase C (PLC) and subsequent activation of 
protein kinase C (PKC) and mobilization of intracellular calcium (99).  

SP has historically mostly been associated with the nervous system where it plays a 
role in, for example, nociception (100), stress (101) and vomiting (102). However the 
sources and roles of SP are much beyond that. SP has been found in inflammatory cells, 
such as macrophages, lymphocytes and dendritic cells (103-105), as well as in the 
primary collagen synthesizing cells of muscle tendons, the tenocytes (94). SP mRNA 
has furthermore been found to be expressed in cultured human corneal epithelial cells 
and keratocytes, and moreover to be secreted by the same cells (106). SP has a 
proliferative effect on a broad spectrum of cells. It promotes proliferation in tenocytes 
(93), smooth muscle cells (107), fibroblasts (108), and endothelial cells (109). SP 
furthermore causes vasodilation and alters vascular permeability, therefore facilitating 
influx of immune cells (110). It can induce chemotaxis of various immune cells, such as 
neutrophils (111) and monocytes (112), and stimulate synthesis of chemotactic IL-8 in 
human corneal epithelial cells (113). Moreover, it regulates expression of adhesion 
molecules in neutrophils (such as CD11 a and b) (114) and has been shown to sensitize 
rabbit and murine corneal epithelial cells to induction of migration by various biological 
agents such as interleukin-6 (115, 116).  

As mentioned earlier, SP has been reported to be present in human tenocytes (94) 
and to regulate the proliferation of these cells (93). SP has furthermore been shown to 
decrease Fas-induced and TNF-induced apoptosis of human tenocytes (91, 92). Corneal 
stroma shares similar morphology with muscle tendons. They are both made of collagen 
fibres among which the resident cells can be found. As in the cornea, tenocytes (the 
resident cells of tendons) produce and maintain the ECM and form intercellular 
attachments to communicate with each other. Moreover, SP has been reported to 
accelerate development of hypercellularity and angiogenesis, which are hallmarks of 
tendinosis, a degeneration of the tendon’s collagen resembling scar formation and 
caused by failed tendon healing (117).  
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Figure 4. Synthesis of substance P and related peptides. 
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Acetylcholine 
Acetylcholine (ACh) is a classical neurotransmitter, present both in prokaryotes and 
eukaryotes, that has been shown to facilitate corneal epithelial wound healing in rats 
(118). Neurotransmitters are endogenous substances that transmit signals from one 
neuron to another neuron, muscle or glands. They are synthesized by enzymes from 
easily-available precursors, such as amino acids. ACh is synthesized in cholinergic 
neurons from choline and acetyl-CoA by an enzyme called choline acetyltransferase 
(ChAT). ACh binds to two kinds of receptors: nicotinic acetylcholine receptors 
(nAChRs) and muscarinic ACh receptors (mAChRs). Stimulation of nAChRs, which 
are ion channels, regulates neurotransmitter release in the central nervous system, and 
can thereby influence processes such as arousal, sleep, fatigue, pain processing and 
hunger (119, 120). mAChRs are G protein-coupled receptors and are composed of five 
receptor subtypes (M1, M2, M3, M4, and M5). mAChRs are involved in a tremendous 
amount of processes in the human body (e.g., control of cognitive functions, control of 
heart rate, sweating), and therefore abnormal signalling by these receptors has been 
implicated in many diseases, including Alzheimer’s disease (121) and other 
neurodegenerative diseases(122). ACh is also present in non-neuronal cells, such as 
keratinocytes of the skin (123, 124), epithelial (125) and endothelial cells (126), tendons 
cells (127), and lymphocytes (128). nAChRs and mAChRs have also been expressed 
outside the nervous system. They have been found in most cell types, e.g., in 
keratinocytes, melanocytes and immune cells (129). Interestingly, mAChRs have been 
reported to be expressed in human corneal epithelium and endothelium (130). 
Moreover, ACh, ChAT, acetylcholinesterase (AChE; the ACh degrading enzyme), 
mAChRs, and nAChRs have also been found on both mRNA and protein levels in 
immortalized human corneal epithelial cells (131). Non-neuronal ACh regulates a 
variety of cellular processes including cell proliferation, apoptosis and neuronal 
differentiation (132). Activation of mAChRs protects cells from apoptotic effects of 
DNA damage and oxidative stress (133) and blocks caspase activation (134). Activation 
of M2 and M3 subtypes of mAChRs results in increase of proliferation in embryonal 
carcinoma cells (135). Additionally, data on ACh signaling in human corneal epithelial 
cells suggest that ACh is involved in their migration, as stimulation of ACh receptors 
led to upregulation of integrin and cadherin molecules expression, which are involved in 
epithelialization, an important step of epithelial wound healing (131).  

Catecholamines and glutamate 
Catecholamines are neurotransmitters which include adrenaline, noradrenaline and 
dopamine. They are synthesized from phenylalanine and tyrosine in a process catalysed 
by few enzymes, one of them being tyrosine hydroxylase (TH), which is the rate-
limiting one. Catecholamines are mainly produced by chromaffin cells and 
postganglionic fibres. Noradrenaline and dopamine act as both neuromodulators in the 
nervous system and as hormones in the blood. Catecholamines are responsible for the 
fight-or-flight response. Adrenaline and noradrenaline act through α (α1 and α2) and β 
(β1 and β2) adrenoceptors (adrenergic receptors) in target cells whereas dopamine acts 
through its D1 (D1 and D5) and D2 (D2, D3 and D4) classes of receptors (136). Blocking 
of adrenergic receptors has been found to be beneficial for wound re-epithelialization in 
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human keratinocytes (137). Moreover, influx of catecholamines into the wound altered 
neutrophil trafficking and impaired wound healing in mice (138).  

Glutamate is a non-essential amino acid and a neurotransmitter, and is one of the 
key players in cellular metabolism. Glutamate acts through two types of receptors: 
ionotropic and metabotropic. One of the best characterized glutamate receptor is the 
ionotropic NMDA receptor (NMDAR) (136). Glutamate is released to the cornea in 
response to a stimulus and glutamate receptors such as NMDAR are present in intact rat 
cornea (139). Glutamate has been found to enhance wound healing in primary human 
keratinocytes (140), and, in another study, it has been shown that mice fed with 
glutamate free diets displayed delayed cutaneous wound healing (141).   
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HYPOTHESES AND AIMS 
 
In these studies, we hypothesize that neuropeptides and neurotransmitters are produced 
by human keratocytes and that this production is increased in response to corneal injury. 
Moreover, we hypothesize that these non-neuronal neuropeptides and neurotransmitters 
regulate keratocyte functions in important processes involved in corneal wound healing, 
such as migration, proliferation and apoptosis. 
 
 
The specific aims were to: 

 determine whether cultured primary human corneal stromal cells have 
keratocyte phenotype (I) 

 assess endogenous intracellular and secreted levels, and receptor expression 
profiles, in keratocytes in vitro of (I): 

- substance P (SP) 

- neurokinin A (NKA) 

- acetylcholine (ACh) 

- catecholamines (adrenaline, noradrenaline, dopamine) 

- glutamate 

 assess expression profile differences between central and peripheral 
keratocytes (I) 

 study whether SP and ACh production by keratocytes in vitro is increased by 
injury (II) 

 study the potential role of SP on keratocyte migration and proliferation in vitro 
and to explore underlying mechanisms (II) 

 study the effect of ACh on keratocyte migration and proliferation in vitro and 
to elucidate underlying mechanisms (III) 

 test whether SP and/or ACh are able to protect cultured keratocytes from Fas-
induced cell death and to explore the mechanisms underlying this process (IV) 
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MATERIAL AND METHODS  

In vitro culture of primary 
keratocytes  

Collection of human corneas 
Healthy human corneas were delivered from the cornea biobank at the University 
Hospital of Umeå, Sweden. The corneas were obtained from deceased individuals who 
had chosen, when alive, to donate their corneas post-mortem for transplantation and 
research purposes. The whole healthy donor cornea was delivered to the laboratory for 
research purpose in case it was not used for transplantation. If the corneas were used for 
transplantation, transplantation graft leftovers were spared and used for study purposes. 
In this latter case, the limbal part (the corneo-scleral ring) and/or the anterior or 
posterior central lamella of the healthy donor cornea were delivered. Delivered material 
was anonymized before deliverance and accompanied only with data of sex and age. 
The Regional Ethical Review Board in Umeå reviewed the study and determined it to 
be exempt from the requirement for approval (2010-373-31M). The study was 
performed according to the principles of the Declaration of Helsinki. 

Isolation of keratocytes 
In order to remove epithelial and endothelial cells, the surface of the cornea was scraped 
with a sterile scalpel. The cornea was kept in Hanks’ Balanced Salt Solution (HBSS). 
The central part of the cornea was then separated from its peripheral part (part of the 
cornea adjacent to the sclera, containing limbal part and small paralimbal part) with a 
scalpel, minced to small pieces and digested in 2mg/ml collagenase (Clostridopeptidase 
A) diluted in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-
12) supplemented with 2% Foetal Bovine Serum (FBS) and 1% penicillin-streptomycin 
(referred to as 2% DMEM/F-12), overnight at 37ºC. The samples were then transferred 
to Petri dishes and cultured in 2% DMEM/F-12 until the cells were visible and became 
confluent (~ 1 week). Medium was replaced every second day. Confluent cells were 
detached with 0.05% Trypsin-EDTA and split into T175 culture flask in 1:2 ratio. Cells 
were passaged until passage 2 and then frozen and stored in liquid nitrogen.  

Keratocyte culture 
Keratocytes from central (Papers I, II, III and IV) and peripheral (Paper I) cornea were 
used in this study. Culturing of the keratocytes was done in T175 culture flasks and its 
purpose was to increase the cell numbers for experiments. The purpose of this thesis 
was to study keratocytes. Therefore, to maintain keratocyte phenotype, and still retain 
their proliferative capacity (Figure 5), the cells were cultured in 2% DMEM/F12. If the 
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medium was supplemented with higher amount of FBS (such as 10%), the keratocytes 
transformed into fibroblasts and become activated (142). Cells cultured in 2% 
DMEM/F12 had a proper keratocyte phenotype: they expressed markers such as 
keratocan, lumican, ALDH and CD34. The phenotype of cultured cells is delineated in 
Paper I.  
 

 
 
Figure 5. Proliferation of central (left) and peripheral (right) keratocytes in medium supplemented 
either with 2% or 10% FBS. Both central and peripheral keratocytes grown in medium 
supplemented with 2% FBS are able to proliferate substantially. 

Keratocyte treatments 
For all the experiments, keratocytes were seeded into culture dishes of desired size in 
DMEM/F12 medium supplemented with 0.1% FBS (in order to decrease keratocytes 
metabolism; unless stated otherwise in the papers) and allowed to adhere for 24h. 
Afterwards, medium was replaced with fresh medium containing 0.1% FBS with or 
without (controls) treatment substances. Specific sources and product numbers of the 
substances used can be found in the referred original papers (I-IV).  

Substance P  
Cells were treated with two concentrations of SP: 10-7M and 10-5M for times specified 
in Paper II. 

L-733,060 
A selective NK-1R antagonist was used to block the SP receptor in order to assess 
whether its activation is crucial for SP induced mechanisms (Paper II).  

Two concentrations of L-733,060 were used: 10-7M and 10-6M. Cells were treated 
with the antagonist for 30 minutes at 37ºC prior to SP treatment and throughout the 
duration of the experiment. 
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Wortmannin 
Wortmannin is a fungal metabolite and is a potent, selective and irreversible inhibitor of 
phosphatidylinositol 3-kinase (PI3K). It was used to assess whether PI3K is necessary 
for SP enhanced migration. 

100nM wortmannin was used to treat the cells for 1h at 37ºC prior to SP treatment 
and throughout the experiment duration.  

IL-8 
Recombinant human IL-8 was used to test whether it is able to induce keratocyte 
migration. Cells were treated with various concentrations of IL-8: 0.25ng/ml, 0.5ng/ml, 
0.75ng/ml, 1ng/ml, 10ng/ml, 50ng/ml, and 100ng/ml. Cells were treated with IL-8 for 
time points specified in Paper II. 

IL-8 neutralizing antibody 
To confirm involvement of IL-8 in SP enhanced keratocyte migration, cells were first 
treated with SP. 8h after treatment, the IL-8 neutralizing antibody was added at a 
concentration of 3μg/ml and cells were incubated for specified time points. This 
treatment was used in scratch assay and transwell migration assay, in which 
supernatants collected from treated cells served as chemoattractant (Paper II).  

CXCR1 and CXCR2 blocking antibodies 
CXCR1 and CXCR2 – the two IL-8 receptors – were blocked in order to further 
confirm IL-8 involvement in SP enhanced migration. Cells were treated with 2μg/ml of 
each of the antibodies for 1h at 37ºC. Afterwards, keratocytes were subjected to 
transwell migration assay, in which supernatant collected from cells treated with SP was 
used as a chemoattractant (Paper II). 

Isotype controls 
Normal rabbit IgG antibody and mouse IgG2A antibody were used as negative controls 
in order to measure the level of non-specific background signal caused by the IL-8 
neutralizing antibody and the CXCR1 and CXCR2 blocking antibodies. 3μg/ml of 
normal rabbit IgG was used as a control for the IL-8 neutralizing antibody, and 2μg/ml 
of mouse IgG2A antibody was used as a control for the CXCR1 and CXCR2 blocking 
antibodies. The treatment with isotype controls followed the protocol of the respective 
antibody.  

Acetylcholine 
Cells were treated with the following concentrations of ACh: 10-8M, 10-7M, and 10-6M 
for time points specified in Papers III and IV. 
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Atropine 
Atropine, a competitive and non-selective antagonist of mAChRs, was used to test 
whether ACh enhanced proliferation (Paper III) and ACh anti-apoptotic effects (Paper 
IV) are mediated through mAChRs. 
Two concentrations of atropine were used: 10-6M and 10-5M. Cells were treated with the 
antagonist for 30 minutes at 37ºC prior to ACh treatment and throughout the experiment 
duration. 

Mecamylamine 
This non-competitive and non-selective antagonist of ACh nicotinic receptors was used 
to test whether the ACh enhanced proliferation (Paper III) and the ACh anti-apoptotic 
effect (Paper IV) are mediated through nicotinic receptors. Two concentrations of 
mecamylamine were used: 100nM and 1μM. Cells were treated with the antagonist for 
30 minutes at 37ºC prior to ACh treatment and throughout the experiment duration. 

PD98059 
A potent and selective inhibitor of MAP kinase kinase (MEK) was used to assess 
whether activation of Erk1/2 is essential for ACh enhanced proliferation (Paper III). 
25μM of the inhibitor was used to treat cells for 1h at 37ºC prior to ACh treatment and 
throughout the experiment duration. 

Fas ligand 
A mediator of apoptotic cell death was used in Paper IV in order to induce apoptosis in 
keratocytes. 250ng/ml of Fas ligand was used to treat the cells for time points specified 
in Paper IV. 

Akt inhibitor V 
The selective and reversible Akt inhibitor V (also called triciribine), which inhibits 
phosphorylation/activation of Akt, was used to test whether Akt 
phosphorylation/activation is crucial for the ACh anti-apoptotic effect in Paper IV. 
40μM of the inhibitor was used to treat cells for 1h at 37ºC prior to ACh treatment and 
throughout the experiment duration. 
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Methods of analysis 

Neuropeptides, neurotransmitters and 
cytokines measurements 

Competitive ELISA 
Intracellular and secreted levels of SP, NKA, adrenaline, noradrenaline, and dopamine 
were measured by competitive ELISA (enzyme-linked immunosorbent assay). Both 
supernatants and cell lysates of 24h keratocyte culture were used for quantification. In 
this type of ELISA, the microplate is coated with a secondary antibody. The secondary 
antibody can bind to the Fc fragment of the primary antibody. Next, the primary 
antibody’s Fab fragment will be competitively bound by both biotinylated peptide and 
peptide standard or the peptide of interest in the samples. The uncompeted (bound) 
biotinylated peptide then interacts with streptavidin-horseradish peroxidase (SA-HRP) 
which will catalyse a colour development reaction. The intensity can be measured at 
absorbance of 450nm with a micro-plate reader. The intensity of the colour signal is 
directly proportional to the amount of biotinylated peptide-SA-HRP complex and 
inversely proportional to the amount of the peptide in standard or samples. A detailed 
protocol of measurements of neuropeptides and neurotransmitters can be found in Paper 
I section ‘Materials and Methods’.  

Sandwich ELISA 
Secreted IL-8 concentration after SP treatments was measured by sandwich ELISA. In 
this type of ELISA, a surface of a microplate is coated by a capture antibody. Next, any 
unspecific binding sites on the surface are blocked with a blocking solution. Samples 
containing the antigen of interest are added to the plate and captured by the antibody. 
Next, a specific antibody that binds to the antigen of interest is added. After incubation, 
another antibody, a detection antibody, is added. Finally, a substrate solution is added to 
produce a colour reaction. The intensity of the colour can be measured at absorbance of 
450nm (with a reference wavelength set to 540nm which is directly proportional to the 
amount of the antigen of interest in the samples. A detailed protocol of IL-8 ELISA can 
be found in Paper II section ‘Materials and Methods’. 

Colorimetric and fluorometric assays 

Glutamate assay 
The glutamate assay was used to measure free intracellular or secreted glutamate levels 
in keratocyte cultured for 24h. This assay consists of a specific enzyme mix which 
recognizes glutamate and leads to proportional colour development. The glutamate 
amount can be measured at absorbance of 450nm with a micro-plate reader. A detailed 
protocol can be found in Paper I section ‘Materials and Methods’. 
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Acetylcholine assay 
The Amplex® Red Acetylcholine/Acetylcholinesterase Assay was used to assess 
intracellular and secreted levels of ACh in keratocytes cultured for 24h. In this assay, 
acetylcholinesterase (AChE) converts the ACh substrate to choline. Next, choline 
oxidase oxidizes choline to betaine and H2O2, the latter of which reacts with specific 
Amplex Red reagent and generates highly fluorescent product resorufin which can be 
then measured with a micro-plate reader at excitation in the range of 530–560nm and 
emission detection at ~590nm.  

Immunohistochemistry 
Immunohistochemistry was used in Paper I in order to delineate the expression of 
neuropeptides, neurotransmitters, and their receptors in human corneas. A detailed 
protocol of the immunohistochemistry methods can be found in Paper I section 
‘Materials and Methods’.  

Immunocytochemistry 
Immunocytochemistry was used in Paper I, II and III. In Paper I it was used in order to 
assess expression of neuropeptides, neurotransmitters, and their receptors in cultured 
primary keratocytes. In Paper II, immunocytochemistry was used to monitor formation 
of focal adhesion points and cytoskeleton changes in SP treated keratocytes. In Paper 
III, it was used to study the expression of the proliferation marker Ki-67 after ACh 
treatment. Detailed protocols of the immunocytochemistry method can be found in 
Paper I, Paper II and Paper III section Materials and Methods.  
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Table 1. Primary antibodies used for immunohistochemistry (Paper I) and immunocytochemistry 
 

Antigen Type Dilution Paper 

Keratocan rabbit 1:50 I 

α-SMA rabbit 1:50 I 

Lumican mouse 1:50 I 

CD31 mouse 1:50 I 

SP rabbit 1:50 I 

NK-2R rabbit 1:100 I 

NK-1R goat 1:100 I 

mAChR M1 rabbit 1:100 I 

mAChR M2 rabbit 1:100 I 

mAChR M3 rabbit 1:100 I 

mAChR M4 rabbit 1:100 I 

mAChR M5 rabbit 1:100 I 

TH rabbit 1:50 I 

Glutamate rabbit 1:100 I 

NKA rabbit 1:100 I 

ChAT rabbit 1:100 I 

NMDAR1 mouse 1:250 I 

α1 adrenergic 
receptor (ADRA1) 

rabbit 1:500 I 

β2 adrenergic 
receptor (ADRB2) 

rabbit 1:250 I 

Dopamine D2 
Receptor (DRD2) 

goat 1:250 I  

CD45 rabbit 1:500 I 

Vinculin mouse 1:400 II 

BODIPY®FL 
phallacidin 

N/A 1:30 II 

Ki-67 mouse 1:200 III 
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Table 2. Secondary antibodies used for immunohistochemistry (Paper I) and 
immunocytochemistry 
 

Secondary antibody Dilution Paper 

Alexa Fluor 488, donkey anti-goat 1:300 I 

TRITC-conjugated rabbit anti-mouse 1:20 I, II, III 

TRITC-conjugated swine anti-rabbit 1:40 I 

 

Migration 

Scratch assay 
The scratch assay was used in order to test whether SP and ACh production is increased 
after wound injury, and whether SP and/or ACh enhance keratocyte migration after 
wound injury. Keratocytes were seeded in 6 well plates and allowed to adhere for 24h. 
Next, the bottom of the well was scratched with a 200μl pipette tip, creating a wound.  

For assessing SP production, supernatant was collected 8h and 24h after scratch 
injury, and SP secretion was measured with competitive SP ELISA. Moreover, cells 
were lysed 8h after scratch injury to assess expression of TAC1 (SP and NKA) and 
TACR1 (NK-1R) genes.  

For assessing ACh production, supernatant was collected 8h and 24h after scratch 
injury, and ACh secretion was measured with Amplex® Red 
Acetylcholine/Acetylcholinesterase Assay. 

In case of assessing migration, cells were either left untreated or they were treated 
with various substances. Pictures of the wounds were taken and cells were counted 
inside the wound at times 0, 8h, 24h, and 48h (Figure 6). Migration rate was calculated. 
A detailed protocol of the assay and treatments can be found in Paper II section 
‘Material and Methods’.  
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Figure 6. Schematic drawing of the steps of scratch assay. 
 
 
 
 

Chemotaxis (transwell migration assay) 
CytoSelect™ 24-Well Cell Migration Assay (transwell migration assay) was used to 
assess SP effect on keratocyte chemotaxis, involvement of PI3K in this process, and 
role of IL-8 in keratocyte chemotaxis. Migratory cells (keratocytes or neutrophils) were 
placed in an insert with a membrane. Two different sizes of membrane were used: 3μm 
for neutrophils and 8μm for keratocytes. A supernatant collected from SP treated 
keratocytes (with measured concentration of IL-8) or fresh medium containing SP were 
used as chemoattractants. Cells were allowed to migrate through the membrane for 18h. 
Next, cells that did not migrate were removed and migratory cells were stained with 
fluorescent dye and quantified with a plate reader at excitation at 480nm and emission 
at 520nm (Figure 7). Detailed protocol of the assay can be found in Paper II section 
‘Material and Methods’.  
 



 
Neuropeptides and neurotransmitters in keratocytes 

 
 

23 
 

 
 

Figure 7. Schematic drawing of the transwell migration assay. 

Proliferation 

MTS assay 
The CellTiter 96 Aqueous One Solution Assay was used to assess ACh enhanced 
proliferation in Paper III, and possible effect of SP on keratocyte proliferation. The 
assay contains a tetrazolium compound, MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, and an electron coupling 
reagent, phenazine ethosulfate (PES). The MTS compound is reduced by cells into a 
coloured formazan product which is soluble in tissue culture medium and it can be 
measured at absorbance of 490nm with a micro-plate reader. Its quantity is directly 
proportional to the number of living cells in culture.  

In this study, 2x103 cells/well were seeded in a 96 well plate, left to adhere for 24h 
and treated with ACh, atropine, mecamylamine,  PD98059, or SP. A detailed protocol 
can be found in Paper III, section ‘Materials and Methods’.  

BrdU incorporation ELISA 
Cell Proliferation ELISA, BrdU assay, was used to assess ACh enhanced proliferation 
in Paper III. The assay is based on detection of 5-bromo-2'-deoxyuridine (BrdU) into 
the genomic DNA of actively proliferating cells. Cells are labelled with BrdU for 24h. 
During this time BrdU is incorporated in place of thymidine into the DNA of 
proliferating cells. Next, the cells are fixed, and the DNA is denatured. Anti-BrdU-POD 
antibody is added and bound by BrdU incorporated into the newly synthesized DNA. 
Proliferating cells are detected by addition of substrate and quantified by measuring the 
absorbance at 370nm (with a reference wavelength at 492nm) with a micro-plate reader. 
In this study, 3x103 keratocytes were seeded into a 96 well plate, left to adhere for 24h 
and treated with ACh, atropine, mecamylamine or PD98059. A detailed protocol can be 
found in Paper III, section ‘Materials and Methods’.  
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Apoptosis 

Cell Death Detection ELISA 
This immunoassay was used to determine apoptosis in keratocytes after Fas-induced 
death (Paper IV). The assay is based on the quantitative sandwich ELISA using 
antibodies directed against DNA and histones. During apoptosis, endogenous 
endonuclease is activated and it cleaves double-stranded DNA at internucleosomal 
linker regions, generating mono- and oligonucleosomes with intact histones. The 
cytoplasm of the dying cells is enriched in these mono- and oligonucleosomes as the 
process of DNA cleavage occurs several hours before breakdown of the cellular 
membrane. An anti-histone antibody binds to nucleosomes via their histones, whereas 
anti-DNA-peroxidase binds to the DNA part of the nucleosomes. The amount of 
peroxidase which is retained in the immunocomplex is then measured at absorbance of 
405nm (with a reference wavelength at 492nm) with a micro-plate reader. A detailed 
protocol of the experiments can be found in Paper IV section ‘Material and Methods’. 

Caspase 3 and 7 activity 
Caspase-Glo® 3/7 Assay is a luminescent assay and it was used to measure activity of 
caspase 3 and caspase 7 in keratocytes after Fas-induced death (Paper IV). Moreover, 
the assay was used to assess if SP and ACh are able to decrease caspase 3 and caspase 7 
activities after Fas-induced death. The assay contains a proluminogenic caspase-3/7 
substrate with a tetrapeptide sequence DEVD. If the caspase 3/7 are active, the substrate 
is cleaved and a luminescent signal is produced. The luminescent signal is proportional 
to the amount of caspase activity present in the cells and can be read with a micro-plate 
reader. A detailed protocol of the experiments can be found in Paper IV section 
‘Material and Methods’. 

Lactate Dehydrogenase (LDH) assay 
The CytoTox 96® Non-Radioactive Cytotoxicity (LDH) Assay is a colorimetric assay 
that measures the amount of cytosolic enzyme (lactate dehydrogenase) that is released 
from cells upon their lysis (e.g., during apoptosis). The LDH release is presented as 
percentage of cells’ total LDH content in untreated cells. It was used to assess whether 
SP is able to protect keratocytes from Fas-induced apoptosis. 8,000 keratocytes were 
seeded into 96 well plates and treated as described in ‘Treatments’ section above. LDH 
was measured at absorbance of 490nm with micro-plate reader 24h after treatments.   

Western blot 
Western blot analysis and subsequent densitometry analysis were performed to detect 
and quantify expression of proteins in untreated or treated keratocytes. Detailed 
protocols of western blot experiments are given in Paper I, Paper II, Paper III and Paper 
IV section ‘Materials and Methods’.  
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Table 3. Primary antibodies used for western blot analysis 
 

Antigen Type Dilution Paper 

Keratocan rabbit 1:200 I 

Lumican mouse 1:200 I 

CD34 rabbit 1:200 I 

ALDH rabbit 1:500 I 

Procollagen I (Pro-COL1A1) goat 1:200 I 

Collagen I (COL1A1) rabbit 1:500 I 

NK-1R mouse 1:100 I, II 

NK-2R rabbit 1:100 I 

TH rabbit 1:200 I 

Dopamine D2 Receptor (DRD2) goat 1:500 I 

mAChR M1 rabbit 1:200 I 

mAChR M3 rabbit 1:200 I 

mAChR M4 rabbit 1:200 I 

mAChR M5 rabbit 1:200 I 

NMDAR1 mouse 1:500 I 

RhoA rabbit 1:1000 II 

SAPK/JNK rabbit 1:1000 II 

p-SAPK/JNK rabbit 1:1000 II 

NF-κB rabbit 1:1000 II 

p- NF-κB rabbit 1:1000 II 

CXCR1 mouse 1:500 II 

CXCR2 rabbit 1:500 II 

Rac1 mouse 1:500 II 

PCNA mouse 1:1000 III 

Ki-67 mouse 1:1000 III 

p-Erk1/2 rabbit 1:1000 III 

β-actin rabbit 1:1000 I, II, III, IV 
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Table 4. Secondary antibodies used for western blot analysis 
 

Secondary antibody Dilution Paper 

Goat anti-rabbit IgG HRP-linked  1:2000 I, II, III, IV 

Horse anti-mouse IgG HRP-linked 1:2000 I, II, III, IV 

Donkey anti-goat IgG HRP-linked 1:2000 I 

 

RT-qPCR 
In order to determine gene expression in untreated and treated keratocytes, RNA was 
isolated using RNeasy Mini Kit. RNA was then reverse transcribed into cDNA, and 
TaqMan® Gene Expression Assays were used to assess gene expression. Expression of 
genes of interest was normalized to the expression of 18S housekeeping gene. Detailed 
protocols of the experiments can be found in Paper I and Paper II section ‘Materials and 
Methods’. 
 
Table 5. Gene expression assays 
 

Gene Paper 

ADRA1B – Adrenergic Receptor, Alpha 1b I 

ADRB2 – Adrenergic Receptor, Beta 2 I 

CHRM1 – Cholinergic Receptor, Muscarinic 1 I 

CHRM2 – Cholinergic Receptor, Muscarinic 2 I 

CHRM3 – Cholinergic Receptor, Muscarinic 3 I 

CHRM4 – Cholinergic Receptor, Muscarinic 4 I 

CHRM5 – Cholinergic Receptor, Muscarinic 5 I 

DDC – Dopa Decarboxylase I 

DRD2 – Dopamine Receptor D2 I 

GLS - Glutaminase I 

GOT – Glutamic-Oxaloacetic Transaminase I 

TAC1 – Tachykinin, Precursor 1 I, II 

TACR1 – Tachykinin Receptor 1 I, II 

TACR2 - Tachykinin Receptor 2 I 

IL-8 – Interleukin-8 II 
 

  



 
Neuropeptides and neurotransmitters in keratocytes 

 
 

27 
 

Statistics 
Statistical calculations were performed using GraphPad Prism5 software. Statistical 
significance was predetermined at p<0.05. Normal distribution of the data was assumed 
and parametric methods were used in all statistical tests.  

The results are presented as means and the distribution of data is indicated with 
standard deviation, which describes how spread out the set of values is around the mean 
of that set. 

All experiments were successfully performed at least 3 times. (i.e., at least three 
separate experiments were performed with cells isolated from different patients). All 
samples were prepared in triplicates. 

Independent samples t-test 

This test was applied in order to compare whether two groups have different mean 
values.  

One-way ANOVA with Bonferroni post hoc test 

This test was used to determine whether there are any differences between the means of 
three or more independent groups. To identify differences between samples and to allow 
for multiple comparisons, the Bonferroni post hoc test was used.  

Two-way ANOVA with Bonferroni post hoc test 
Whereas one-way ANOVA test measures significant effects of one factor only, two-
way ANOVA measures the effects of two factors simultaneously. For example, when an 
experiment is defined by two parameters, such as treatment and time point, the two-way 
ANOVA is able to assess both treatment and time in the same test, and to test whether 
there is an interaction between parameters. To identify differences between samples and 
to allow for multiple comparisons, the Bonferroni post hoc test was used.  
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RESULTS 

Characterization of isolated 
keratocytes  
The cells in culture presented an elongated shape in culture, as seen in the vimentin 
staining (Figure 8). Keratocyte markers – keratocan, lumican, CD34 and aldehyde 
dehydrogenase (ALDH) – were all expressed in cultured keratocytes (Fig I:1B). 
Additionally, the cultured keratocytes expressed no marker of myofibroblasts (α-SMA), 
no endothelial marker (CD31) and no CD45, which is common marker of bone marrow-
derived cells (Figure 9).  
 

 
 

Figure 8. Vimentin immunostaining of cultured keratocytes. 
 
 
 

 
 

Figure 9. Expression of α-SMA and CD31 in corneal sections and cultured keratocytes (left): 
Immunostaining showed almost no positive reaction for α-SMA in corneal sections and a very 
weak reaction in cultured keratocytes. Corneal stroma did not express the endothelial marker 
CD31, and no endothelial contamination was observed in the cultured cells.  
Expression of CD45 in cultured keratocytes compared to positive control (right): Cultured 
keratocytes did not express CD45 (western blot). 



 
Neuropeptides and neurotransmitters in keratocytes 

 
 

29 
 

Effect of culture conditions and keratocyte 
origin on expression of keratocyte markers 
Keratocytes isolated from central and peripheral parts of cornea grown in two culturing 
conditions, DMEM/F12 medium supplemented with either 2% or no (0%) bovine serum 
albumin (BSA), were compared. Central keratocytes grown in 0% FBS medium showed 
higher expression of keratocan than central keratocytes grown in 2% FBS medium. 
However, peripheral keratocytes cultured in 2% FBS medium expressed more keratocan 
than peripheral keratocytes cultured in 0% FBS medium. When comparing central and 
peripheral keratocytes, central keratocytes expressed more keratocan when cultured in 
0% FBS medium, but peripheral keratocytes expressed higher amount of keratocan 
when cultured in 2% FBS medium. Lumican expression showed no differences between 
cells cultured in 2% or 0% FBS medium, for both central and peripheral keratocytes. Its 
expression was higher in peripheral keratocytes. CD45 marker was expressed more 
abundantly in keratocytes cultured in 2% FBS medium (both central and peripheral). 
Moreover, peripheral keratocytes expressed more CD45 than central keratocytes when 
grown in 2% FBS medium. There were no differences between central and peripheral 
keratocytes grown in 0% FBS medium. In peripheral keratocytes, expression of ALDH 
was higher in cells grown in 2% FBS medium and no differences were found between 
central keratocytes. Peripheral keratocytes expressed more ALDH than central 
keratocytes when grown in 2% FBS medium. However no differences were found when 
comparing peripheral and central keratocytes grown in 0% FBS medium (Fig I: 1B).  

Presence of neuropeptides and 
neurotransmitters in cultured 
keratocytes and keratocytes in 
corneal sections 

SP and NKA 
SP, its preferred receptor NK-1R, NKA, and its preferred receptor NK-2R were 
expressed in cornea sections and cultured keratocytes (Fig I: 2C and D, respectively). 
Both SP and NKA were secreted from cultured keratocytes, but only SP was found 
intracellularly (Fig I: 2A and B). Again, keratocytes isolated from central and peripheral 
parts of cornea grown in two culturing conditions, DMEM/F12 medium supplemented 
with either 2% or no (0%) BSA, were compared. No differences were found in 
intracellular levels of SP. Levels of secreted SP were higher in central keratocytes 
grown in 2% FBS medium when compared to central keratocytes grown in 0% FBS 
medium and to peripheral keratocytes grown in 2% FBS medium (Fig I: 2A). 
Expression of NK-1R showed the same pattern as secreted SP (Fig I: 2E). There were 
no differences in levels of intracellular SP. NKA was found only in secreted form and 
its levels were higher in central cells grown in 2% FBS medium when compared to 
central cells grown in 0% FBS medium. (Fig I: 2B). NK-2R was expressed at higher 
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levels in central keratocytes grown in 2% FBS medium both when compared to central 
cells grown in 0% FBS medium and when compared to peripheral keratocytes grown in 
0% FBS (Fig I: 2F).  

Catecholamines 
Keratocytes isolated from central and peripheral parts of cornea grown in two culturing 
conditions, DMEM/F12 medium supplemented with either 2% or no (0%) BSA, were 
compared. Tyrosine hydroxylase (TH), an enzyme involved in synthesis of 
catecholamines was present in both corneal sections and cultured keratocytes. 
Expression of TH was higher in both central and peripheral keratocytes grown in 2% 
FBS medium when compared to keratocytes grown in 0% FBS. Moreover, central 
keratocytes grown in 2% FBS medium expressed more TH than peripheral keratocytes 
grown under same conditions (Fig I: 3D). Adrenaline, noradrenaline and dopamine were 
found in both secreted and intracellular forms. Levels of secreted adrenaline were 
higher in peripheral keratocytes. There were no differences in adrenaline secretion 
between keratocytes grown in 2% and 0% FBS medium. Intracellular adrenaline was 
found to be higher in central keratocytes grown in 2% FBS medium when compared to 
central keratocytes grown in 0% FBS medium and peripheral keratocytes grown in 2% 
FBS medium. Intracellular adrenaline levels in central keratocytes grown in 0% FBS 
medium were lower than in peripheral keratocytes grown in 0% FBS (Fig I: 3A). 
Secreted noradrenaline was found in higher concentrations in peripheral keratocytes 
grown in 0% FBS when compared to central keratocytes grown under the same 
conditions. No differences were found for intracellular levels of noradrenaline (Fig I: 
3B). There were no differences between secreted levels of dopamine. Intracellular 
dopamine was higher in central keratocytes in keratocytes grown under both 2% and 0% 
FBS medium conditions (Fig I: 3C). Adrenergic receptors ADRA1 and ADRB2 were 
expressed in corneal sections, however they were not found in cultured keratocytes (Fig 
I: 3E). Dopamine receptor DRD2 was expressed in both corneal sections and cultured 
keratocytes. Its expression was higher in central keratocytes grown in 2% FBS medium 
when compared to central keratocytes grown in 0% FBS medium and peripheral 
keratocytes grown in 2% FBS medium (Fig I: 3F).  

Acetylcholine 
The ACh synthesizing enzyme choline acetyltransferase (ChAT) was expressed in both 
corneal sections and cultured keratocytes (Fig I: 4B). ACh was found in secreted and 
intracellular form in keratocyte cultures. No differences in ACh levels (neither secreted 
nor intracellular) were found between central and peripheral keratocytes or between the 
two culturing conditions (Fig I: 4A). Keratocytes in corneal sections expressed M3, M4 
and M5 mAChRs. M1 and M2 receptors were absent in corneal sections. Keratocytes in 
culture expressed M1, M3, M4 and M5 receptors. M2 receptor was not expressed (Fig I: 
4C). Expression of M1 receptor was higher in central keratocytes grown in 0% FBS 
medium than in central keratocytes grown in 2% FBS medium and peripheral 
keratocytes grown in 0% FBS medium. Central keratocytes grown in 0% FBS medium 
expressed less M1 receptor than peripheral keratocytes grown under same conditions. 
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Expression of M3 receptor was higher in keratocytes grown in 2% FBS medium than in 
keratocytes grown in 0% FBS medium (for both central and peripheral keratocytes) and 
M3 receptor was expressed in higher levels in central keratocytes when compared to 
peripheral keratocytes. Expression of M4 receptor was higher in central keratocytes 
grown in 2% FBS medium when compared to peripheral keratocytes grown under the 
same conditions. M5 receptor expression was higher in central keratocytes grown in 0% 
FBS medium than in peripheral keratocytes grown in 0% FBS medium. Peripheral 
keratocytes grown in 2% FBS medium expressed more M5 receptor than central 
keratocytes grown under same conditions and peripheral keratocytes grown in 0% FBS 
medium (Fig. I: 4D).  

Glutamate 
Glutamate expression was found in both keratocytes in corneal sections and in cultured 
keratocytes (Fig I: 5B). Concentration of secreted glutamate was found to be higher in 
keratocytes grown in 0% FBS medium (for both central and peripheral keratocytes) than 
in 2% medium. Intracellular levels of glutamate were higher in peripheral keratocytes 
grown in 2% FBS when compared to peripheral keratocytes grown in 0% FBS medium 
(Fig I: 5A). Glutamate receptor NMDAR1 was expressed in both keratocytes in corneal 
sections and in cultured keratocytes (Fig I: 5C). Expression of NMDAR1 was found to 
be higher in keratocytes grown in 2% FBS medium (for both central and peripheral 
keratocytes) and in central keratocytes grown in 0% FBS medium when compared to 
peripheral keratocytes grown under same conditions (Fig I: 5D).  

SP and ACh expression in the 
keratocytes after scratch injury  
Scratch injury of cultured keratocytes increased SP (TAC1) and the preferred SP 
receptor NK-1R (TACR1) gene expression at 8h after injury (Fig. II: 1A). SP secretion 
and expression of NK-1R protein (at 8h and 24h after scratch injury) were also 
increased (Fig. II: 1B and C).  

ACh secretion after scratch injury to cultured keratocytes did not increase. 

Role of SP in the processes of 
corneal wound healing 
The role of SP was assessed in the following corneal wound healing processes: 
- proliferation 
- migration (also production of chemotactic substances) 
- protection against apoptosis 
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Proliferation 
SP had no effect on keratocyte proliferation. As seen in Figure 10, none of the SP 
concentrations used (10-7M and 10-5M) affected keratocyte viability, as assessed by 
MTS assay, at any time point measured.  
 
 

 
 

Figure 10. Viability of keratocytes after SP treatment 
 

Migration 
SP increased keratocyte migration in a dose dependent manner after treatment in a 
scratch model and transwell migration model, and this increased migration was 
dependent on activation of NK-1R (Fig. II: 2A and B). Cytoskeleton changes, like 
occurrence of stress fibres, spike-like filopodia and formation of lamellipodium at the 
leading edge of keratocytes, could be observed after SP treatment. Moreover, focal 
adhesion points could be observed in keratocytes treated with SP (Fig. II: 3). Expression 
of Rac1 and RhoA, the two proteins involved in regulation of cytoskeleton changes, was 
upregulated after stimulation of keratocytes with SP (Fig. II: 4A). PI3K, the kinase 
needed for successful migration, was necessary for SP triggered upregulation of Rac1 
and RhoA, and it was crucial for SP enhanced migration (Fig. II: 4A, B and C). SP 
increased expression of the IL-8 gene (with a peak expression at 6h after treatment) in a 
dose dependent manner through activation of both the SAPK/JNK and NF-κB pathways 
(Fig. II: 5A, B and C). Moreover, SP stimulation led to a dose dependent increase in 
secretion of IL-8 (Fig II: 5D). The SP-increased IL-8 secretion was dependent on 
activation of NK-1R (Fig. II: 5E). The IL-8 that was secreted by keratocytes after SP 
stimulation increased migration of keratocytes. This was determined by the use of an 
IL-8 neutralizing antibody in both scratch assay and transwell migration assay after 8h 
of SP treatment. Migration of keratocytes was significantly lower when the IL-8 
neutralizing antibody was used (Fig. II: 6A and C). Additionally, IL-8 receptors 
CXCR1 and CXCR2 on keratocytes were blocked by blocking antibodies, and the 
keratocyte migration in the transwell migration assay was then observed. Blocking 



 
Neuropeptides and neurotransmitters in keratocytes 

 
 

33 
 

CXCR1 and CXCR2 receptors led to decreased keratocyte migration (Fig. II: 6D). 
Lastly, as IL-8 induces neutrophil chemotaxis, we tested if either SP or the IL-8 
secreted due to SP treatment is able to attract neutrophils. The supernatant containing 
IL-8 secreted after SP stimulation was able to attract neutrophils (Fig. II: 7A), but SP 
alone did not cause neutrophil chemotaxis (Fig. II: 7B).  

Anti-apoptotic effect 
SP showed no protection against Fas-induced apoptosis. SP (at concentrations 10-7M 
and 10-5M) was not able to decrease the Fas-induced activity of caspase 3/7 in 
keratocytes (Figure 11).  SP (10-5M) was also not able to decrease the release of LDH 
from keratocytes treated with Fas ligand (Figure 12).  
 

 

 
 

Figure 11. Activity of caspase 3/7 after 8h of treatment with Fas ligand and SP. 
 
 

 
 

Figure 12. LDH release from keratocytes after 24h of treatment with Fas ligand and SP. The 
amount of released LDH is presented as percentage of cells’ total LDH content in untreated cells. 
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Role of ACh in the processes of 
corneal wound healing 
The role of ACh was assessed in the following corneal wound healing processes: 
- proliferation 
- migration (also production of chemotactic substances) 
- protection against apoptosis 

Proliferation 
ACh enhanced keratocyte proliferation as could be observed after treating cells with 
various concentrations of the substance, and then assessed with MTS assay and BrdU 
ELISA. ACh at concentrations 10-8M and 10-7M had a proliferative effect on 
keratocytes. However, higher concentration (10-6M) did not have such effect (Fig III: 1). 
This proliferative effect of ACh was accomplished through activation of mAChRs 
rather than nAChRs (Fig. III: 2). Moreover, ACh upregulated expression of two 
proliferation markers: PCNA and Ki-67, and this expression was also dependent on 
activation of mAChRs (Fig. III: 3). Lastly, ACh stimulation led to phosphorylation of 
Erk1/2 kinase and this step was necessary for ACh to enhance keratocyte proliferation 
(Fig. III: 4).  

Moreover, as 10-6M ACh did not enhance keratocyte proliferation, we tested 
whether downregulation of mAChRs might play a role. mAChR  M3 was downregulated 
when keratocytes were treated with 10-6M ACh. Other concentrations (10-8M and 10-

7M) did not affect expression of M3 receptor (Figure 13). Additionally, as ACh 
treatment did not cause a robust enhancement of keratocyte proliferation, we tested 
whether removal of keratocytes from collagen matrix had an effect on expression of 
muscarinic receptors. The results showed that expression of mAChRs M1, M3 and M5 
were downregulated when keratocytes were grown on standard polystyrene dishes when 
compared to keratocytes grown in dishes coated with collagen I. mAChR M4 expression 
remained unchanged (Figure 14).  
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Figure 13. Densitometric analysis of mAChR M3 expression in keratocytes after ACh treatment. 
 
 
 
 

 
 
Figure 14. Densitometric analysis of expression of mAChRs in keratocytes grown on collagen 
coated dishes versus on polystyrene coated dishes. 
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Migration 
ACh had no effect on keratocyte migration. As seen in Figure 15, ACh did not increase 
migration of keratocytes towards the wound injury. ACh treatment (10-8M and 10-6M) 
did not result in secretion of chemotactic IL-8 (Figure 16). 
 

 

 
 

Figure 15. Analysis of migration of keratocytes towards the wound after 24h of ACh treatment. 
 

 

 
 

Figure 16. IL-8 secretion after 24h of treatment with ACh. 
 

Anti-apoptotic effect 
ACh (10-8M and 10-7M) decreased the apoptotic effect of Fas. Higher concentration of 
ACh (10-6M) also showed a decrease, however it was not significant (Fig. IV: 1A). 
Blocking of mAChRs diminished the protective effect of ACh, suggesting involvement 
of these receptors in in this process (Fig. IV: 1B). ACh was able to decrease caspase 3/7 
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activity after Fas apoptosis induction (Fig. IV: 2A). Again, mAChRs were involved in 
this process (Fig. IV: 2B). ACh protective effect was abolished when phosphorylation 
of Akt kinase was inhibited, suggesting that activation of Akt is crucial for ACh 
protection against apoptosis (Fig. IV: 3).  
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DISCUSSION 
 
Up to this date, there are very few studies on the role of neurotransmitters or 
neuropeptides in corneal wound healing. Moreover, their endogenous expression and 
expression after injury or infection in the cornea remains an unexplored field. However, 
studies have been emerging and suggesting important role of these substances in various 
processes of wound healing (89, 113, 115, 116, 131). Most of these studies have been 
performed in corneal epithelium. Therefore, there is a need for studying the corneal 
stroma, since improper stromal healing might result in impaired vision or even loss 
thereof. The results of this thesis have shown that both SP and ACh might play a role in 
corneal stromal wound healing processes.  

Methodological aspects  

Phenotype of cultured primary stromal cells 
There are many factors, such as culture conditions, stiffness of the support, and 
concentration of cells, which can alter the phenotype of cells cultured in vitro (143, 
144). One of the main factors influencing the phenotype of cultured corneal stromal 
cells in vitro is FBS when added to the culture medium. FBS is known to activate 
keratocytes, resulting in a loss of their markers and quiescent state, and transforming 
them into repair phenotypes (145). Therefore, reducing the concentration of FBS, or 
omitting it entirely, should maintain keratocyte phenotype. Addition of insulin to the 
culture media has also been shown to maintain keratocyte phenotype (146). Studies on 
the role of keratocytes in corneal wound healing focus mostly on activated keratocytes 
grown in medium containing 10% FBS (147, 148). However, we wanted to study the 
role of neuropeptides and neurotransmitters in cells as close to quiescent keratocytes in 
vivo as possible, in order to assess whether the substances of interest are able to induce 
keratocytes to be more physiologically active – perhaps even turn them to completely 
activated stage – and whether they are able to trigger keratocytes to perform tasks of 
wound healing. Therefore, in this study, cultured corneal stroma cells were cultured in 
medium containing only 2% FBS during their isolation and propagation, and 0.1% FBS 
for the experiments. We hypothesized that 2% FBS would maintain the keratocyte 
phenotype in cultured corneal stroma cells, but still allow them to proliferate in order to 
expand the culture within reasonable time frame. Indeed, cultured stromal cells 
expressed keratocyte markers. Keratocan and lumican, the two keratan sulfates specific 
for keratocytes, were expressed abundantly under both culturing conditions. 
Interestingly, expression of ALDH, the crystallin contributing to corneal transparency, 
was expressed in low amounts and its expression level did not differ between central 
keratocytes grown in 0.1% FBS or 2% FBS. In peripheral keratocytes, its expression 
was higher in keratocytes grown in 2% FBS. CD34, another marker of keratocytes, was 
also expressed. Surprisingly, CD34 was expressed at higher levels in cells grown in 2% 
FBS than in cells grown in 0.1% FBS. The reason for that might be that CD34 
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expression could be sensitive to environment change, i.e. the keratocytes might have 
reacted to the sudden change of FBS concentration by lowering its expression, and 
perhaps at later time point CD34  would start to be expressed at higher levels in 
keratocytes cultured in 0.1% FBS. CD34 and ALDH are expressed in other tissues/cells 
of the body. However, within the cornea they are specifically expressed by quiescent 
keratocytes (19, 23, 26). The expression of these markers confirms the keratocyte 
phenotype of the cultured cells, as it has been shown that in the case of activated 
keratocytes, the cells lose such expression (18, 25, 26). Taken together, under the 
conditions used in this study, the cultured stromal cells present and maintain keratocyte 
phenotype, and are therefore suitable for the aims set for this study.  

Another issue which should be mentioned is that removing the keratocytes from 
their collagen matrices in the corneal stroma might also alter their phenotype. We have 
shown that culturing keratocytes on collagen I coated dishes, mimicking collagen in the 
stroma, results in lower expression of mAChRs. It would be worthwhile to study 
expression of other receptors (such as nAChRs or NK-1R) or production of SP and 
ACh, in keratocytes grown on collagen and compare it to keratocytes grown on standard 
dishes. One could speculate that culturing keratocytes on collagen is beneficial, mimics 
their natural environment, and better maintains their phenotype. However, as will be 
discussed in the next section, it does not seem to be the case, since keratocytes grown 
on collagen produce substances which should not be produced (or produced but at lower 
concentrations). Therefore, one should compare different conditions (such as FBS 
concentration or type of culture dishes used) and, based on results and available 
literature, make a choice which condition to use for further studies. Based on our 
observations, one could consider using collagen coated plates for studying expression of 
receptors on keratocytes and polystyrene plates for functional studies.  

Issue of relatively high IL-8 secretion by 
resting keratocytes 
IL-8 is a chemokine that attracts neutrophils to the site of injury or infection. One of its 
well-known features is the variation in it production levels (149). Normally, secreted 
IL-8 is barely measurable in cells that have not been stimulated. However, some stimuli 
such as TNF or IL-1 are able to upregulate IL-8 by more than 100-fold (150, 151), 
whereas other stimuli, such as epidermal growth factor (EGF) or certain types of 
bacteria, trigger only five- to ten-fold increase in IL-8 secretion (152, 153). The very 
low amount of IL-8 found in unstimulated cells is caused by both repression of its 
transcription and very unstable mRNA (149). The keratocytes in this study secreted 
high amounts of (or at least easily detectable) IL-8. We have tried to address this issue 
but so far the reason for it remains unknown. There is no data on IL-8 levels in healthy 
corneas in vivo. One study on IL-8 levels in tear fluid in healthy humans showed that 
IL-8 concentrations can vary between 148-414 pg/ml (154). IL-8 levels in the cultures 
of keratocytes in the present study were not dependent on the passage number of the 
cells, but IL-8 was cumulated in the supernatants over time. Hence, the IL-8 
concentrations ranged from approximately 100 pg/ml in supernatants collected 8h after 
medium change, to over 1,500 pg/ml in supernatants collected 72h after medium 
change. One possible reason for high IL-8 secretion in control keratocytes is that they 
might have been activated. However, as discussed in the previous section, the 
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keratocytes used in this study were not activated and presented a typical keratocyte 
phenotype. Another possibility is that the medium used, containing high concentration 
of glucose, could affect the keratocyte phenotype and physiology. Therefore we have 
compared IL-8 secretion in keratocytes grown in medium with high concentration of 
glucose (the one used throughout this study; 3,151 mg/L of glucose) with those grown 
in medium with low concentration of glucose (1 mg/L). We could observe a decrease of 
IL-8 secretion from keratocytes grown in low glucose concentration medium, although 
it was not significant. As discussed previously, removal of keratocytes from their 
collagen matrix might affect their normal function. We have performed experiments 
with keratocytes grown on collagen I coated dishes and compared the IL-8 secretion to 
secretion of IL-8 from keratocytes grown on standard polystyrene dishes. Moreover, we 
have included the high/low glucose concentration media. Unexpectedly, keratocytes 
grown on collagen coated dishes secreted almost twice as much IL-8 (both for high and 
low glucose concentration media), as compared to those grown on standard dishes. 
Thus, the reason for the relatively high IL-8 secretion in resting keratocytes remains 
unknown. Perhaps the small amount of IL-8 that is present in the beginning of cell 
culturing somehow enhances IL-8 production and secretion in the dish through a 
positive loop (155), or the small amount of IL-8 present later on, activates keratocytes, 
making them produce more IL-8. Maybe the mechanism that represses IL-8 gene 
transcription, or the stability of its mRNA, is altered in these cells. Therefore, it would 
be of interest to further study this phenomenon. Monitoring keratocyte markers and 
morphology in unstimulated cells over time could possibly answer some questions. 
Additionally, comparing the pathways involved in aforementioned regulation of IL-8 
gene transcription and mRNA stability in different cell types might also shed light on 
this.  

Expression of neuropeptides and 
neurotransmitters by keratocytes 
Our results showed that human keratocytes express and secrete a variety of 
neuropeptides and neurotransmitters. Moreover, the keratocytes also express the 
corresponding neuropeptide and neurotransmitter receptors, which might make them 
susceptible to their activation and subsequent signalling. We have also tested whether 
expression of these substances and receptors differs between keratocytes derived from 
central and peripheral cornea; the latter including the limbus and the most adjacent 
stroma. These two parts of the corneal stroma might have different properties as it has 
been shown that the limbus contains corneal stromal stem cells (CSSCs), which most 
probably are mesenchymal stem cells (MSCs) (156, 157). The expression profiles of the 
neuropeptides/neurotransmitters differed between central and peripheral keratocytes in 
only few cases and there was no general pattern of expression.  

We have also tested whether FBS concentration in the medium affects the 
expression patterns. Again, there were differences in expression between keratocytes 
cultured in medium containing 2% FBS and those in medium with 0% FBS. However, 
there was no regular pattern, except for secretion of glutamate. Keratocytes cultured in 
medium containing 0% FBS secreted 3 times more glutamate than keratocytes grown in 
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medium containing 2% FBS (in both central and peripheral keratocytes). It would be 
interesting to study this neurotransmitter in keratocytes to explore its possible role in the 
activation of keratocytes. The studied neuropeptides and neurotransmitters have been 
implicated in various cellular process such as angiogenesis (158, 159), proliferation 
(160, 161), migration (161, 162), and inflammatory response (162). Hence, they all 
might be of interest in further studies of corneal wound healing.  

Possible role of SP in corneal wound 
healing 
SP levels have been previously reported to increase after injury in the cornea of rabbits 
(89). Our study reports that SP concentration increases in human keratocytes after 
injury, implicating that it might play a potential role in either promoting normal wound 
healing or disturbing it. Expression of NK-1R , the SP preferred receptor is also 
upregulated after injury of  keratocytes suggesting that the keratocytes might react to the 
SP they have produced and secreted. SP has been reported to enhance proliferation of 
(93), and also to have an anti-apoptotic effect in (91, 92) tenocytes, i.e. the primary 
collagen producing cells in muscle tendons. However, SP does not elicit such processes 
in keratocytes in the studies presented here. Therefore, SP is not likely to affect the 
initial phase of the corneal wound healing, which is the apoptosis of keratocytes 
adjacent to the wound, nor will it affect the proliferation step in the following 
proliferative phase. On the other hand, in accordance with previous studies showing that 
SP increases migration and facilitates wound healing in corneal epithelium (115, 116, 
163, 164), our data show that SP also increases migration of keratocytes. Hence, SP 
might play a role in the migration step of the proliferative phase in the wound healing 
cascade. In the wound, SP could promote the migration of keratocytes in the 
surroundings of the wound in order to repopulate it, close it, and produce new ECM. 
The migratory effect of SP was transduced through the preferred SP receptor, NK-1R, 
and driven by the PI3K pathway leading to activation of proteins responsible for 
executing the cell movement. SP enhanced keratocyte migration not only directly, but 
also through stimulating keratocytes to produce and secrete proinflammatory IL-8. 
Other studies have previously reported that SP stimulates production of IL-8 in human 
colonic epithelial cells (165), human astrocytoma cells (166), and human corneal 
epithelial cells (113). No such studies have been documented for the corneal stroma yet. 
The mechanism behind the SP induced IL-8 production in this study was not, as 
previously reported, through stabilization of IL-8 mRNA by SP (113, 166), but rather 
through activation of two signalling pathways SAPK/JNK and NF-κB which lead to 
transcription of the IL-8 gene. The stabilization of IL-8 mRNA is not essential for 
successful IL-8 production but activation of the NF-κB pathway is. Furthermore, in 
order to have significant increase in IL-8 production, the NF-κB pathway and one other 
pathway need to by active (149). Stabilization of IL-8 mRNA and activation of the 
SAPK/JNK and NF-κB pathways together, will lead to the most profound IL-8 
production (149). In our study, SP increases IL-8 secretion significantly; however, it is 
not a robust response. Perhaps this phenomenon can be explained with the fact that SP 
does not stabilize IL-8 mRNA, as shown in our study. Recombinant IL-8 enhanced 
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migration of keratocytes in our study, however it was not as effective as SP or 
supernatants collected from cells treated with SP. We suggest that when cells are 
stimulated with SP, the keratocytes produce other factors, not only IL-8, and that these 
factors can contribute to SP enhanced migration. In fact, we have found that at least two 
other cytokines are produced after SP treatment, namely MCP-1 (Monocyte 
Chemoattractant Protein-1) and RANTES (Regulated on Activation, Normal T Cell 
Expressed and Secreted) (data not shown in the current study).  

Our studies have shown that SP leads to enhanced production and secretion of IL-8, 
which significantly contributes to keratocyte migration. The main function of IL-8 is to 
attract neutrophils. Our results have shown that supernatant collected from keratocytes 
treated with SP, which contains IL-8 secreted due to SP treatment, attracts human 
neutrophils Neutrophils are polymorphonuclear immune cells that usually are the first to 
arrive at the site of inflammation in order to eliminate pathogens (167). Neutrophils can 
exhibit healing characteristics and are one of the major cell types involved in the 
inflammation phase of wound healing (168). They remove dead cells and bacteria 
clearing the wound site for rebuilding, therefore they are important in wound 
debridement (167). Neutrophils produce antimicrobial substances and proteases that 
help to kill pathogens. Moreover, the proteases, such as MMP-9, are able to degrade 
components of the ECM and to promote angiogenesis, which has been shown to occur 
in the cornea (169). They also facilitate recruitment of monocytes and macrophages into 
inflamed tissues through release of proteins such as azurocidin and cathepsin G (167). 
After performing their function at the wound site, neutrophils undergo apoptosis. The 
recruited monocytes and macrophages phagocytose apoptotic neutrophils and other cells 
in the inflamed tissue. Hence, the neutrophils promote their own removal contributing 
to the resolution of inflammation and promoting wound healing (170). However, there 
are also downsides of neutrophil recruitment to the wound site. Excessive recruitment of 
neutrophils, or  accumulation of apoptotic neutrophils due to malfunctioning  neutrophil 
apoptosis or reduced phagocytosis by macrophages lead to prolonged inflammation and 
it might contribute to development of chronic wounds (171, 172). Moreover, the 
proteases and other substances released by neutrophils to kill pathogens can damage 
host tissues, impair collagen deposition and reduce wound strength (168). Excessive 
amount of proteases can destroy too much of the ECM making it unsuitable for 
migrating cells and enlarging the area of the wound. More tissue damage will occur and 
persistent inflammation will develop resulting in non-healing chronic wounds (168).  

In conclusion, the IL-8 secreted by keratocytes after SP stimulation, and the 
following neutrophil recruitment, under normal circumstances of proper wound healing 
might be beneficial for the cornea. However, if, for example, SP triggers an excessive 
production of IL-8, the corneal healing might not resolve and/or result in scarring.  
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Possible role of ACh in corneal 
wound healing 
Activation of mAChRs has been linked to anti-apoptotic effect (133, 134), proliferation 
(135), and migration (131) in different cell types. In this study, we have shown that 
human keratocytes produce ACh and that ACh elicits proliferative and anti-apoptotic 
effects in keratocytes through activation of mAChRs, but that it does not enhance their 
migration. Apoptosis of keratocytes is the earliest stromal change after corneal injury. 
Therefore, apoptosis can be considered as an initiator of corneal wound healing and it 
could result in diminished keratocyte activation during the healing process (173). 
Another role of keratocyte apoptosis is, in case of pathogen (bacteria or virus) invasion, 
to stop the spread of the infection.   

Fas ligand expression is not detected in keratocytes of unwounded cornea (174). 
When IL-1 is released from corneal epithelium after injury, it stimulates keratocytes to 
express Fas ligand, thus triggering autocrine suicide of keratocytes expressing the Fas 
receptor (175). Therefore, the model we have used in our study of ACh anti-apoptotic 
effect in keratocytes is relevant.  

Research on keratocyte apoptosis has become very important because an 
unintentional death of keratocytes occurs after scraping of the epithelium in preparation 
for excimer laser photorefractive keratectomy (PRK) and other corneal surgical 
procedures (176, 177). Control of keratocyte apoptosis would most probably result in 
interference with the onset of the wound healing process, rather than modulation of its 
later events (173). Therefore, research has been focused on finding ways to reduce or 
prevent keratocyte apoptosis and the subsequent activation of keratocytes (173). Several 
findings have reported possible substances which could inhibit keratocyte death. For 
example, elemental zinc has been shown to inhibit keratocyte apoptosis after epithelial 
injury (178), and caspase inhibitor z-VAD decreased keratocyte apoptosis when applied 
to corneal surface shortly before surgery (173). There are no studies showing if reduced 
keratocyte apoptosis has an effect on stromal healing and/or the transparency-opacity 
after corneal surgeries. Therefore, it would be of interest to study these processes.  

ACh enhanced keratocyte proliferation in our studies; therefore it might play a role 
in the proliferative phase of the wound healing process. When controlled, proliferation 
of keratocytes adjacent to the wound is necessary for proper wound healing, as it will, 
together with the process of migration, repopulate the area of the wound. Moreover, 
proliferation and migration will assure that there will be substantial production of new 
components of the ECM resulting in healing of the wound. However, if excessive 
proliferation will occur, the corneal stroma might become hypercellular. This might 
result in aberrant collagen production and arrangement in the stromal matrix leading to 
scar tissue deposition and visual impairment (179). 

Taken together, our data suggest that ACh might have a positive effect on corneal 
wound healing, meaning it will promote a normal healing response re-establish a 
healthy and transparent cornea.  
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Possible clinical implications 
Data presented in this work might have potential clinical implications. Corneal opacities 
are the fourth cause of blindness globally, with 1.5 to 2.0 million new cases of unilateral 
blindness every year reported due to trauma to the eye and corneal ulceration (51). Up 
to this date, transplantation surgery of the cornea is the only curative treatment for deep 
stromal scars (51). However, there is a shortage of donor corneas, and there is a risk for 
complications, such as graft rejection, which forces patients to long-time use of 
medications and frequent visits to eye clinics. Therefore, access to corneal 
transplantation is limited even in the developed countries. In undeveloped countries, the 
surgery is usually not even available, thus new ways of prevention and treatment would 
be of great impact. 

The results of the studies of this thesis might in the future lead to the development of 
new therapies using locally/topically administered substances and thereby decrease the 
need for invasive surgical treatments. Neuropeptides and neurotransmitters (or their 
analogs) which in this and following studies are proven to promote normal corneal 
healing, could be administered to prevent, reduce or perhaps even reverse, corneal 
scarring. On the other hand, neuropeptides and neurotransmitters which have been 
shown to interfere with normal wound healing, contributing to corneal scarring, could 
be blocked by inactivation of their receptors with antagonists. Nowadays, blockers 
and/or agonists of ACh, SP, and catecholamines are being used clinically for other 
purposes in various conditions. For example, in the case of the eye, the mAChR agonist 
atropine is used in pupil dilating eye drops, and adrenenoreceptors antagonists, as well 
as cholinergic agonists, are common topical drugs in the treatment of glaucoma. As for 
SP and neurokinin receptors, receptor antagonists are being tested for use in treating 
visceral hyperalgesia (180).    

Based on the results of this study, one could speculate that both SP and ACh might 
have a positive effect on proper corneal wound healing. ACh might contribute to 
controlling the whole process of wound healing due to its anti-apoptotic effect. Both SP, 
with its migration enhancing properties, and ACh, with its positive effect on keratocyte 
proliferation, could help with rebuilding the population of keratocytes and with closure 
of the wound. Keeping the right number of keratocytes, and resulting wound closure, 
will assure that keratocytes will rebuild the ECM and preserve/restore corneal 
transparency. However, if not controlled, or whether too high concentrations of these 
two substances will be used, hypercellularity might occur, which may lead to 
overproduction and dysregulation of ECM which in turn, as a result, could cause 
scarring and loss of vision.  
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CONCLUSIONS 
 
In conclusion, these studies on neuropeptides, neurotransmitters and their roles in 
processes of corneal wound healing show that: 
 

 Isolated human corneal stroma cells cultured in vitro express keratocyte 
markers, and can therefore be considered to have a keratocyte phenotype 
suitable for functional/experimental studies on keratocyte involvement in 
corneal wound healing. 
 

 Keratocytes express an array of neuropeptides (SP, NKA) and 
neurotransmitters (ACh, adrenaline, noradrenaline, dopamine and glutamate), 
and also their corresponding receptors. 
 

 Upon injury, SP gene expression, SP production/secretion, and expression of 
the preferred SP receptor, NK-1R, are upregulated in keratocytes in vitro. 
 

 SP enhances keratocyte migration in vitro through NK-1R, PI3K, upregulation 
of Rac1 and RhoA, and production of chemotactic IL-8.  
Moreover, SP produced by keratocytes attracts neutrophils via IL-8. 
 

 ACh enhances keratocyte proliferation in vitro through activation of mAChRs 
and of the Erk1/2 signalling pathway. 
 

 ACh partially protects cultured keratocytes from Fas-induced apoptosis by 
activating mAChRs and Akt kinase. 

 
 
The overall conclusion is that human keratocytes produce neuropeptides and 
neurotransmitters endogenously and in response to injury, and that these substances 
affect keratocytes in the processes involved in corneal wound healing. 
Neuropeptides/neurotransmitters might thus contribute, if tightly controlled, to proper 
healing of the cornea, possibly resulting in decreased formation of scarring and a 
restored, healthy, transparent cornea.   
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