
 

  

Faculteit Farmaceutische, Biomedische en Diergeneeskundige Wetenschappen 

Departement Farmaceutische Wetenschappen 

 

Dry eye syndrome:  

The establishment of an optimized animal model and the 

evaluation of novel treatment options 

Antwerpen - 2017 
 

Proefschrift voorgelegd tot het behalen van de graad van doctor in de 

Farmaceutische Wetenschappen aan de Universiteit Antwerpen te verdedigen 

door 

Cedric JOOSSEN 

 

 

 

 

 

Promotoren: Prof. dr. P. Cos en Prof. dr. L. Maes 

      

 

 



 

 

 

 

 

 

 

 

 

 

© Cedric Joossen. “Dry eye syndrome: The establishment of an optimized 

animal model and the evaluation of novel treatment options” 

 

All rights reserved. No part of this book may be reproduced, stored in a 

retrieval system or transmitted in any form or by any means without the prior 

permission of the holder of the copyright. 

 

ISBN: 9789057285462 

 

Depotnummer: D/2017/12.293/15 

 

Editing and front cover design: Nieuwe Media dienst, University of Antwerp 

 

Cover image: Cosmos: A Spacetime Odyssey
©

 

 

The research described in this thesis was performed at the Laboratory of 

Microbiology, Parasitology and Hygiene (LMPH) of the University of 

Antwerp, Belgium. The study was funded by the IOF-SBO (project ID 29467) 

and the Laboratory of Microbiology, Parasitology and Hygiene. 

  



 

 

MEMBERS OF THE PHD COMMITTEE AND 

EXTERNAL JURY 
 

Members of the PhD-committee, University of Antwerp, Belgium 
 

Prof. Hans De Winter 

Laboratory of Medicinal Chemistry 

 

Prof. Ingrid De Meester 

Laboratory of Medical Biochemistry 

 

Chair of the jury 

 

 

Member the jury 

 

 

Prof. Paul Cos 

Laboratory of Microbiology, Parasitology  

and Hygiene 

 

Promotor 

 

Prof. Louis Maes 

Laboratory of Microbiology, Parasitology  

and Hygiene 

 

 

Promotor 

 

External members of the jury 
 

Prof. Lieve Moons 

Research Group Neural Circuit Development And Regeneration 

Department of Biology 

University of Leuven, Belgium 

 

Prof. Yolande Diebold 

Ocular Surface Research Group 

IOBA-University of Valladolid, Spain 

 

Prof. Carina Koppen 

            Ophthalmology Department 

            University of Antwerp Hospital, Belgium 

 

 

  



 

Table of contents 

List of abbreviations 

1 Introduction ................................................................................................... 1 

2 Theoretical part .............................................................................................. 5 

2.1 The eye: Gross anatomy and function .............................................................. 6 

2.2 The lacrimal functional unit .............................................................................. 7 

2.2.1 The ocular surface ..................................................................................... 7 

2.2.2 The cornea ................................................................................................ 7 

2.2.3 The conjunctiva ......................................................................................... 9 

2.2.4 The lacrimal glands ................................................................................. 11 

2.2.5 The Meibomian glands ........................................................................... 13 

2.2.6 The tear film ............................................................................................ 14 

2.2.7 The innervating network of the lacrimal functional unit ........................ 17 

2.3 Dry eye syndrome: definition, classification and cause ................................. 19 

2.3.1 Definition ................................................................................................ 19 

2.3.2 Classification ........................................................................................... 20 

2.3.3 Other causes and risk factors.................................................................. 23 

2.4 The immune regulation of the ocular surface ................................................ 23 

2.5 The pathogenesis of dry eye........................................................................... 27 

2.6 Current treatment Options ............................................................................. 32 

2.6.1 Artificial tears .......................................................................................... 32 

2.6.2 Cyclosporin A (Restasis®) ......................................................................... 33 

2.6.3 Dexamethasone ...................................................................................... 34 

2.6.4 Lifitegrast (Xiidra©).................................................................................. 35 



 

2.7 Novel treatment options ................................................................................ 35 

2.7.1 Serine proteases ..................................................................................... 35 

2.7.2 Rho kinases ............................................................................................. 42 

2.8 Drug delivery in the eye: limitations .............................................................. 43 

2.9 Alternative eye formulations .......................................................................... 43 

2.9.1 Ophthalmic chitosan inserts ................................................................... 44 

2.9.2 Ophthalmic hydroxypropyl methylcellulose (HPMC) inserts .................. 46 

2.10 Animal models of dry eye ............................................................................... 46 

2.10.1 Botulinum toxin (B) injections in the lacrimal gland(s) ........................... 47 

2.10.2 Scopolamine dry eye models .................................................................. 48 

2.10.3 Benzalkonium chloride as initiator or DES .............................................. 49 

2.10.4 Other ....................................................................................................... 49 

2.10.5 Animal species ........................................................................................ 50 

2.10.6 The difference in lacrimal mechanics between humans and rats .......... 50 

2.11 References ...................................................................................................... 52 

3 Aim .............................................................................................................. 67 

4 Methodologies and optimization of standard techniques ............................ 71 

4.1 Animals and Induction of dry eye: Surgical procedure .................................. 72 

4.2 Tear volume measurements and evaluation of ocular surface damage ........ 73 

4.3 Tear collection ................................................................................................ 75 

4.4 Cytokine analysis in tear fluid: Sample preparation and cytometric bead array

 76 

4.5 Immunohistochemistry .................................................................................. 78 

5 Development, optmization and validation of an animal model for dry eye 

syndrome .......................................................................................................... 79 



 

5.1 Introduction & objective ................................................................................ 80 

5.2 Materials & Methods ...................................................................................... 81 

5.3 Results ............................................................................................................ 85 

5.4 Discussion & Conclusion ................................................................................. 92 

5.5 Acknowledgements ........................................................................................ 95 

5.6 References ...................................................................................................... 96 

6 In vivo evaluation of alternative formulations for the treatment of dry eye 

syndrome .......................................................................................................... 99 

6.1 Introduction and Objective........................................................................... 100 

6.2 Materials & Methods .................................................................................... 101 

6.3 Experimental setup ....................................................................................... 104 

6.4 Results .......................................................................................................... 107 

6.5 Discussion & Conclusion ............................................................................... 113 

6.6 Acknowledgments ........................................................................................ 116 

6.7 References .................................................................................................... 117 

7 The effect of benzalkonium chloride in eye drops on dry eye pathology . 119 

7.1 Introduction & Objective .............................................................................. 120 

7.2 Materials & Methods .................................................................................... 120 

7.3 Experimental setup ....................................................................................... 120 

7.4 Results .......................................................................................................... 122 

7.5 Discussion & Conclusion ............................................................................... 124 

7.6 References .................................................................................................... 125 

8 In vivo evaluation of a Rho kinase inhibitor as treatment for dry eye 

syndrome ........................................................................................................ 127 

8.1 Introduction & Objective .............................................................................. 128 



 

8.2 Materials & Methods .................................................................................... 128 

8.3 Experimental setup ....................................................................................... 128 

8.4 Results .......................................................................................................... 130 

8.5 Discussion & Conclusion ............................................................................... 134 

8.6 References .................................................................................................... 135 

9 In vivo evaluation of A broad range Serine protease inhibitor as  treatment 

for dry eye syndrome ...................................................................................... 137 

9.1 Introduction & objective .............................................................................. 138 

9.2 Materials & Methods .................................................................................... 142 

9.3 Results .......................................................................................................... 149 

9.4 Discussion & Conclusion ............................................................................... 163 

9.5 Acknowledgements ...................................................................................... 168 

9.6 Addendum .................................................................................................... 168 

9.7 References .................................................................................................... 169 

10 Conclusion & future prospects .................................................................. 175 

11 Summary .................................................................................................... 183 

12 Samenvatting ............................................................................................. 187 

13 Acknowledgements ................................................................................... 191 

 

 

 

 

  



 

List of abbreviations 

APC   Antigen presenting cell 

BAC   Benzalkoniumchloride 

BTX   Botulinum toxin 

CAM   Cellular adhesion molecules 

CatG   Cathepsin G 

CBA   Cytometric bead array 

CRO   Contract research organisation  

CyA   Cyclosporin A 

CD4   Cluster of differentiation 4 

CXCL   Chemokine (C-X-C motif) ligand 

DAMP   Danger associated molecular pattern 

DC   Dendritic cell 

DES   Dry eye syndrome 

EFA   Essential fatty acids 

ERK   Extracellular signal-regulated kinase 

FDA   Food and drug administration 

GTP   Guanidin triphosphate 

GPCR   G-coupled protein receptor 

HCE cells  Human corneal epithelial cells 

ICAM-1  Intercellular adhesion molecule-1  

IL-number  Interleukin-number 

IgA   Immunoglobulin A 

IgG   Immunogloblin G 

IFN-φ   Interferon φ 

JNK   c-Jun N-terminal kinases 

KCS   Keratoconjunctivitis Sicca 

KLK   Kallikrein 

LFU   Lacrimal functional unit 



 

MAPK   Mitose activated protein kinase 

MGD   Meibomian gland dysfunction 

MHC   Major histocompatibility complex 

MM   Molecular mass 

MMP   Matrix metalloproteinase 

MO   Micro-organism 

MW   Molecular weight 

NF-AT  cells  Nuclear factor of activated cells 

NF-κβ   Nuclear factor Kappa Beta 

NK cell  Natural killer cell 

RH   Relative humidity 

Rhoa   Ras homolog gene family member A 

ROCK   Rho associated protein kinase 

RPM   Rounds per minute 

PAR   Protease activated receptor 

PBS   Phosphate buffered saline 

PMN   Polymorphonuclear cell 

PRR   Pattern recognition receptor 

SAPK   Stress activated protein kinase 

SNARE  Soluble NSD attachment protein receptor 

TBUT   Tear break up time 

TGF-β   Transforming growth factor beta 

Th cell   T helper cell 

TLR   Toll-like receptor 

TNF   Tumor necrosis factor 

Treg   T-regulatory cell 

uPA   Urokinase-type plasminogen activator 

ZO   Zona occludens 

 



 

 



 

1 
 

1 INTRODUCTION 

 

  



 

2 
 

The eye is arguably our most precious sensory organ. It is self-evident that vision 

plays a crucial role in every-day actions. Therefore, a healthy and properly 

functioning eye is imperative. Apart from visual impairments, ocular pain, 

irritation and dryness can be factors affecting the overall quality of life. A healthy 

ocular surface and stable tear film are prerequisites for optimal functioning of the 

eye. A rising prevalence of ocular surface disorders and dry eye syndrome (DES) 

are registered, primarily in the Western world.
1,2

 Numerous elements, including 

genetic, environmental, diet and life-style related factors affect the stability of the 

tear film and corresponding ocular health. Despite its wide spread use, contact 

lens wear is also a known inducer of dry eye. Aging women represent the largest 

patient group of DES on account of hormonal changes influencing tear film 

composition.
3-6

 One or more of these parameters can lead to an instable tear film, 

tear secretion deficiencies and ultimately to ocular surface disorders or DES. The 

hallmark of these disorders is cellular stress related inflammation.
1
 When the 

stress factors remain, the ocular homeostasis can become deregulated and the 

inflammatory cycle becomes self-perpetuating. This leads to chronic ocular 

discomfort and damage to the ocular surface. Patients of DES often report a 

‘grainy sandy’ feeling, ocular stinging and blurry vision. 

Despite the fact that DES are a common phenomenon, no curative treatment 

currently exists. Artificial tears are most frequently used as treatment for dry eye 

related ocular irritation. They bring temporary relief against ocular stress factors 

and dilute inflammatory mediators, present on the ocular surface and in the tears. 

However, tear substituents do not affect the underlying pathogenesis of dry eye. 

Furthermore, they are ineffective for more severe forms of dry eye.
2,7

 Until 2016, 

only one established, long term, anti-inflammatory treatment for DES existed: 

cyclosporine A (CyA) containing eye drops (Restasis
®). Despite its anti-

inflammatory properties, this treatment is not satisfactory for a lot of patients with 

(severe) dry eyes. Additionally, CyA is not approved in Europe and Australia. In 

july 2016, Lifitegrast (Xiidra
®) – a lymphocyte function-associated antigen 1 
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antagonist, was approved by the Food and drug administration. The overall 

impact of this new drug  has yet to be established in the coming years. Because a 

lot of people are currently affected by DES, new, efficient long term treatments 

present an irrefutable opportunity, both on an economic and medical point of 

view. New treatments should provide long-term relief and should prioritize 

addressing the underlying pathogenesis of dry eye. Discovering a way to counter 

the self-perpetuating inflammatory character of the disorder is key in finding a 

suitable, efficient and sustainable cure.  

References 

1. Stern EM, Schaumburg SC, Pflugfelder C. Stephen: Dry eye as a mucosal 

autoimmune disease. Int. Rev. Immunol. 2013, 32:19-41. 

2. Sullivan DA, Hammit MK, Schaumberg DA, Sullivan BD, Begley GC, et 

al: Report of the TFOS/ARVO symposium on global treatments for dry 

eye disease: An Unmet Need. Ocul. Surf. 2012, 10(2):108-116. 

3. Ding J, Sullivan DA: Aging and dry eye disease. Exp.Geront. 2012, 

47:483-490. 

4. Hykin PG, Bron AJ: Age-related morphological changes in lid margin and 

meibomian gland anatomy. Cornea 1992, 11(4):334-342. 

5. Den S, Shimizu K, Ikeda T, Tsubota K, Shimmura S, Shimazaki J: 

Association between meibomian gland changes and aging, sex or tear 

function. Cornea 2006, 25(6):651-655. 

6. Sullivan DA, Sullivan BD, Evans JE, Schirra F, Yamagami H, et al: 

Androgen deficiency, meibomian gland dysfunction and evaporative dry 

eye. Annals New York Academy of Science 2002, 966:211-222. 

7.  Calonge M: The treatment of dry eye. Surv. Opthalol.2001, 45(2):S227-

239. 
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2.1 THE EYE: GROSS ANATOMY AND FUNCTION 

Several layers make up the eyeball, each with a specific structure and function. 

The outer most layer of the eye includes the sclera, conjunctiva and the cornea 

(Figure 1). 

 

Figure 1: Schematic representation, highlighting the most important structures of the human eye.
A
  

The sclera is the outer, fibrous, protecting layer of the eye. It provides structure to 

the eyeball and resistance to external forces.
1
 The transparent cornea is the clear, 

front surface of the eye. It provides the majority of the eye’s refractive power and 

is responsible for transmission of light into the eye.
2
 Cornea and sclera are both 

avascular. The conjunctiva lines the inside of the eyelids and covers the sclera. It 

helps lubricating the eye by producing mucus and contributes to the ocular 

immune surveillance. Contrary to cornea and sclera, the conjunctiva contains 

blood vessels and lymphatic channels. The middle vascular layer of the eye, the 

uvea, consists of the choroid, ciliary body and the iris.
1
 The choroid, mostly made 

up by connective tissue, provides oxygen and nourishment to the outer layers of 

the retina. The ciliary body is a ring-shaped thickening of tissue that includes the 
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ciliary muscle, which controls the shape of the lens.
1-3

 It produces aqueous 

humour, aids in the resorption and maintenance of the lens zonulas and makes 

accommodation, i.e. the change of optical power, possible. The iris is a circular 

structure in the eye which determines the amount of light that reaches the retina. 

The retina is the inner, light sensitive layer of the eye. Light striking the retina 

initiates a cascade of chemical and electrical events that ultimately trigger nerve 

impulses. These impulses are then sent to the visual centres of the brain through 

fibres of the optic nerve.
4
 The posterior segment is filled with vitreous humour, 

which mainly supplies nourishment to the inner structures of the eye. In the 

anterior segment, the internal cavity is filled with aqueous humour, essential to 

maintain the structural shape of the eye and to provide nourishment for the 

surrounding structures, particularly the cornea and lens.
1,2,4,5

 

2.2 THE LACRIMAL FUNCTIONAL UNIT 

The lacrimal functional unit (LFU) is composed of the lacrimal glands, 

Meibomian glands, the ocular surface and the interconnecting innervation.
2,6

 The 

resulting end product of the LFU is the tear film. 

2.2.1 The ocular surface 

The ocular surface, i.e. the interface between the eye and our environment, 

provides anatomical, physiological and immunological protection and functions 

to maintain optical clarity for the cornea. It comprises the conjunctiva, the corneal 

epithelium and the tear film. An unstable ocular surface, from trauma or disease, 

can lead to various forms of corneal and conjunctival diseases.
6,7

 

2.2.2 The cornea 

The cornea is the central, most outer layer of the eye. It is a transparent, avascular 

tissue, composed of five layers (Figure 2).
1,7 

Corneal transparency is due largely 

to the absence of a nutrient vascular bed and a special arrangement of cells and 

collagenous fibrils in an acid mucopolysaccharide environment. The outer most 
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layer is the corneal epithelium. This layer, usually five to seven cell layers thick, 

is a tight, stratified squamous epithelium, which is continuous with the epithelial 

layer of the bulbar conjunctiva.  

 

Figure 2: Schematic of the 5 corneal layers.
B 

 

The corneal epithelium covers a highly organized, avascular and transparent 

corneal stroma. Tight junctions between neighbouring cells, make up an epithelial 

barrier function. This drastically limits the permeability of the corneal tissue and 

protects the ocular surface against foreign agents.
6,8,9

 Corneal barrier integrity is 

therefore a crucial factor in the maintenance of the homeostasis of the cornea. 

Protein components of intercellular junctions include integral transmembrane 

proteins such as occludin and claudin, membrane associated proteins and 

associated cytoplasmic proteins.
4
 A tight junction that forms a zone around an 

entire cell, joining in with each of the adjacent cells is called a zonula occludens 

(ZO). In these zones, intertwining junctions effectively occlude the ocular 



 

9 
 

surface, forcing substances to pass through the cells, instead of passing in 

between. A zonula adherens is a similar shaped zone, however the adjacent 

plasma membranes are separated, leaving a narrow intercellular space, allowing 

intercellular passage.
4
  

The epithelium and its basement membrane rest on Bowman’s layer, which is a 

modified 10-17 µm thick, acellular membrane of the anterior corneal stroma, 

comprised by collagen fibrils in a random distribution.
2
 The remainder of the 

stroma consists of a parallel arrangement of collagenous lamellae, which are 

largely responsible for corneal transparency.
6
 Corneal cells or keratocytes are 

relatively few and lie between the stromal lamellae. Approximately 90 % of 

corneal volume consists of the stroma. The border of the stroma is made up by 

the 10 µm thick Descemet’s membrane, a basement membrane developed from 

endothelial cells. The corneal endothelium consists of a single layer of flattened 

cuboidal cells, which is permeable to nutrients and aids in corneal hydration.
4,6,8

 

There are no blood vessels in the cornea, excepting fine capillary loops that enter 

from the anterior ciliary vessels. Any other blood vessels found in the cornea are 

pathologic.  

The cornea has the densest sensory innervation of the body, exclusively from 

small-fibre nociceptive neurons.
10

 In addition to their important sensory 

functions, corneal nerves aid ocular surface homeostasis by releasing tropic 

substances and activating brainstem circuits that stimulate reflex tear production 

and blinking.
11

 

2.2.3 The conjunctiva  

The conjunctiva is the mucosal surface of the eye and extends from the 

corneoscleral limbus to the eyelid margins. It covers the sclera up to the limbus 

and is continuous with the corneal epithelium. The conjunctiva can be divided 

into three distinct regions: bulbar, fornix and palpebral (Figure 3).
2
 The bulbar 



 

10 
 

covers the globe and is a non-keratinized, stratified epithelium, with a basement 

membrane and substantia propria below. Mucous-secreting goblet cells constitute 

5-10 % of the bulbar conjunctival epithelial cells.
7
 The conjunctiva of the fornix 

is continuous with the skin and lies between bulbar and palpebral conjunctiva. It 

contains non-keratinized stratified squamous epithelium. This layer also contains 

glands of Krause, accessory lacrimal glands which collectively form an intricate 

duct system and help produce the aqueous component of the tear film. The 

substantia propria of the fornix contains a superficial lymphoid layer, comprised 

of loose connective tissue with a mixture of lymphocytes, mast cells, plasma cells 

and neutrophils. The palpebral conjunctiva lines the inner surfaces of the eyelids 

and extends from the mucocutaneous junction from the fornix. The palpebral 

conjunctiva contains glands of Wolfring, which also are accessory lacrimal 

glands, and goblet cells.
5,6,12

  

In addition to the supportive role of the accessory lacrimal glands, the conjunctiva 

contributes to the stability of the tear film by the production of hydrophilic 

mucins by goblet cells. These mucins, large glycosylated proteins, are critical for 

conjunctival health and are multifunctional in the homeostasis of the ocular 

surface.
13
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Figure 3: The conjunctiva: anatomy.
C

 The palpebral conjunctiva lines the inside of the eyelids (green) and 
merges into the conjunctival fornix (red). The bulbar conjunctiva (yellow) covers the sclera. 

An intact conjunctival epithelium provides an anatomical and immunological 

defence against pathogen invasion. It provides a complex symbiosis between 

innate, adaptive and mucosal immune mechanisms to ensure an integrated 

conjunctival immune system. This conjunctival specific mucosal immune system 

is termed the conjunctival associated lymphoid tissue (CALT). Therefore, the 

conjunctiva is the main contributor in the immunological defence of the ocular 

surface.
14

 

2.2.4 The lacrimal glands 

The primary lacrimal gland is an exocrine gland, composed of small lobules made 

up by many fine tubules. It is located super temporal to the globe  and consists of 

a superior bean-shaped lobe and an inferior lobe which connects to the superior 

conjunctival fornix by a series of excretory ducts
 
(Figure 4).

7
 These ducts, about 

12 in number, open into the conjunctival fornix after transporting the secreted tear 

fluid.
15

 Aqueous tear secretion occurs within the acini of the lacrimal gland and 

contains water, electrolytes and proteins. The main lacrimal gland, which is 

efferent, parasympathetically innervated, functions primarily during reflex tear 
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secretion, whereas the accessory lacrimal glands provide non-reflex, basal tear 

secretion.
2,15,16

 Reflex tearing results in secretion of a relatively large volume of 

tears, which is important in flushing and diluting foreign materials such as debris, 

allergens and toxins from the ocular surface.
7
 

The accessory lacrimal glands of Krause and Wolfring are similar in structure, 

but smaller in size compared to the main lacrimal gland, and located in the 

superior and inferior fornix.  

 

Figure 4: Schematic representation of the location of the human lacrimal gland.
D
  

 

Tears secreted by the main and accessory lacrimal glands flow from the excretory 

ducts over the surface of the conjunctiva along the ciliary margin of the eyelid. 

Blinking then spreads the tear film evenly across the surface of the eye.   
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2.2.5 The Meibomian glands 

The sebaceous Meibomian glands are located within the tarsal plate of the 

eyelids, with 25 glands in the upper lid and 20 in the lower (Figure 5).
 6

 They 

synthetize and release a mixture of lipids and proteins called meibum onto the 

ocular surface. This process is critically important in preventing evaporation, 

maintaining tear film stability and protecting the ocular surface form desiccating 

stress.
17

 A single Meibomian gland is composed of multiple secretory acini that 

are arranged circularly around a central duct.
17

 The acinus is composed of 

secretory meibocytes that differentiate and mature until they become loaded with 

lipids in a hyper mature state, upon which they disintegrate and release the whole 

cell content in a holocrine manner.  

 

Figure 5: Human Meibomian glands in the upper and lower eyelid, employing meibography.
E
  

Meibography is the only clinical in vivo technique to visualize the morphology of the Meibomian glands. 

 

Due to their holocrine nature, Meibomian glands have to undergo constant 

renewal.
18

 The meibum is released through orifices on the eyelid margin. 

Blinking then evenly distributes this oily layer, comprised of waxy esters, sterols, 

cholesterol, polar lipids and fatty acids, to the tear film.
2
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2.2.6 The tear film 

A stable tear film is a prerequisite for good vision. The tear film consists of three 

different layers, which are secretory products of three disparate glands or cells 

(Figure 6). Each has different functions in maintaining a stable tear film. A 

normal functioning tear film is required to maintain clarity of vision and ocular 

health. It provides ocular comfort, mechanical, environmental and immune 

protection and a smooth and powerful refracting surface for clear vision.
6,7

 As the 

cornea is an avascular tissue, the epithelium relies on the tear film to supply 

glucose, electrolytes and growth factors while simultaneously eliminating waste 

and free radicals. The complexity of maintaining a stable tear film includes 

production and secretion of the tear components, redistribution of the tears 

through blinking and drainage of the tears. Disruption of any of the three 

components of this complex regulatory cycle results in tear film instability and 

the associated symptoms of blurred vision and irritation.
7
 

 

 

Figure 6: The layers of the tear film.
F
 The outer lipid layer neighbors the central aqueous layer, which 

merges with the mucin layer close to the cornea. 
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2.2.6.1 The mucin layer 

The mucin layer is located at the interface of the eye and adheres firmly to the 

underlying matrix of epithelial cells by their microvilli. Microvilli on the apical 

surface of the eye interact with membrane-associated mucins that expand into the 

tear film, supporting it and forming a glycocalyx gel.
6,13

 Mucins are produced by 

goblet cells of the conjunctiva and in a lesser extent by corneal and conjunctival 

epithelial cells. Mucins are glycoproteins and contain a protein backbone, rich in 

serines and threonines, which are linked to a wide array of O-linked 

oligosaccharide side chains.
8
 There are two different types of mucins: membrane-

associated and secretory.
19

 Secretory mucins are further divided in gel- and non-

gel-forming.  

Membrane-associated mucins play a central role in the protection of the ocular 

surface from bacterial invasion and adhesion. O-glycans on membrane associated 

mucins provide a rigid structure, which extends 200-500 nm above the ocular 

surface. The hydrophilic character of the O-glycans ensures water binding, 

providing hydration to the eye.
20

 Membrane-bound mucins give lubrication, and 

ensure anti-adhesive properties between corneal epithelial cells and conjunctival 

cells during blinking. Additionally, they contribute to the epithelial barrier, 

restricting bacterial and viral access to the epithelium and participate in cellular 

signalling.  

Similar to membrane-bound mucins, small secretory mucins contribute to the 

hydration, viscosity and lubrication of the ocular surface and prevent the 

colonisation of bacteria. Gel-forming mucins have the same functions as 

membrane-bound and secretory mucins but have the ability to form very large 

structures, which act as barriers. They play a key role in preventing foreign 

objects and pathogens to reach the cells of the ocular surface by trapping them in 

the mucus layer. Blinking then removes them from the ocular surface through the 

nasolacrimal duct.
8
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The mucin layer is connected to the epithelium of the eye, while its hydrophilic 

abilities ensure its also closely linked with the aqueous layer of the tear film. 

Because of his close interaction between the two layers, no distinct interface 

between the aqueous and mucous layer is observable.
8,19

 

2.2.6.2 The aqueous layer  

The middle layer of the tear film is the aqueous layer. It consists mainly of water, 

proteins and electrolytes.
6,12

 This layer contributes approximately 90 % of the 

total tear volume. An overlap between the aqueous and mucin layer, with more 

mucins closer to the ocular surface, is registered. The aqueous component of the 

tear film is composed of  98 % water but also contains water-soluble gases, 

electrolytes (like sodium, potassium, calcium, magnesium, chloride, phosphate, 

and bicarbonate), organic molecules, proteins and live and dead desquamated 

cells. The pH varies from 7.14 to 7.82. Many proteins such as lysozyme, 

betalysin, lactoferrin and immunoglobulins IgA and IgG are present in this layer 

and play a key role in the defence against microbial agents.
12

  

The aqueous layer of the tear film washes away foreign materials, introduced to 

the conjunctiva or cornea. Soluble mucin is also present in this layer, which 

decreases surface tension, enhances the spread and coherence of the aqueous 

layer and contributes to the viscosity of the tear film.
21

 The aqueous layer 

provides nutrients to the avascular cornea, including oxygen, proteins, glucose 

and inorganic salts.
6
  

Aqueous fluid is secreted by the main and accessory lacrimal glands. Most non-

reflex tear production is from the glands of Krause and conjunctiva of the upper 

eye lid and the superior conjunctival fornix.  

2.2.6.3 The lipid layer 

The outermost coating of the tear film is the lipid layer, produced by the 

Meibomian glands in the eyelids. It retards evaporation of the underlying layers, 
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enables a uniform spread of the tear film, provides a smooth optical surface for 

the cornea and lowers ocular surface tension.
6,12,17

 Lipocalins in this layer prevent 

the penetration of sebaceous lipids from the skin that might disrupt the fragile tear 

film stability. The lipid layer of the tear film is structurally orientated in two 

phases: an outer non-polar phase and an inner polar phase at the interface with the 

aqueous layer. The non-polar lipid tails are submerged in the non-polar sublayer, 

while the polar heads interact with the aqueous layer. The posterior aqueous 

interface of the lipid layer consists primarily of polar lipids, including 

phospholipids. Non-polar lipids form the lipid-air interface, including cholesterol 

esters, triglycerides and free fatty acids.
6
 

Secretion of lipids by the Meibomian glands is highly influenced by hormonal 

imbalance such as androgen fluctuations.  

2.2.7 The innervating network of the lacrimal functional unit 

The lacrimal gland is affected by the parasympathetic and sympathetic nervous 

system. Stimuli from the cornea, conjunctiva, optic nerve and brain triggers 

lacrimal gland secretion.
15,22

 Tear production is neurally driven by a reflex loop 

that links the ocular surface, central nervous system stimulation and the glands of 

the ocular surface (Figure 7). Afferent sensory nerves of the cornea and 

conjunctiva synapse with higher-order sensory neurons, autonomic and motor 

efferent nerves in the brainstem. Lacrimal and accessory glands, Meibomian 

glands and conjunctival goblet cells are innervated by autonomic fibres. Motor 

fibres from the facial nerve innervate the Orbicularis oculi muscle and stimulate 

the blink reflex, which distributes tears evenly over the ocular surface
6
. Although 

heavily innervated, the accessory lacrimal glands lack parasympathetic 

innervation and most of the innervation is unidentified.
15
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Figure 7: Schematic representation of the innervating network at the lacrimal functional unit.
 G

  

Various hormones have a distinct influence on tear secretion and –composition. 

Androgens and estrogens modulate lacrimal gland secretion. Androgen 

deficiencies can cause reversible, degenerative changes in lacrimal tissue, 

decrease in tear volume and a decrease in the protein content of the tears.
21  
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2.3 DRY EYE SYNDROME: DEFINITION, CLASSIFICATION AND 

CAUSE 

2.3.1 Definition 

Dry eye syndrome (DES) or  keratoconjunctivitis sicca (KCS) can be broadly 

defined as a group of disorders that affect various components of the lacrimal 

functional unit (LFU), resulting in the dysfunction of the ocular tear film and/or 

the integrity of the ocular surface.
23

 This multifactorial disease exhibits symptoms 

of discomfort, visual disturbance and tear film instability with potential damage 

to the ocular surface, as defined by The International Dry Eye Workshop, 2007.
22

 

Treatment options are very limited and often unsatisfactory.
24

  

 

Figure 8: Clinical manifestations of dry eye.
H
 Patients often report a grainy, sandy feeling and display 

ocular redness. 

In accordance with abnormal tear composition or –production, the ocular surface 

is susceptible to increased levels of stress. Tear film instability causes visual 

disturbance, foreign body effects, tissue damage and loss of ocular function. The 

global prevalence of this multifactorial disease is 17 %. Certain populations such 

as postmenopausal women, contact lens wearers and elderly people are more 

likely to be affected by this disorder.
18,25

 Environmental factors such as airflow, 

extensive use of computer screens and reduced humidity are known to increase 

the chance to evoke this condition. Several commonly used pharmaceutics are 

also known to induce ocular dryness as a side effect.
26,27

 Given the many possible 
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causes and several individual degrees of discomfort it is difficult to 

unambiguously define this disorder.  

2.3.2 Classification 

DES can be broadly classified in two distinct populations: Aqueous deficient dry 

eye and evaporative dry eye.
27,28

 Although the cause of dry eye is different, 

disease progression for both subtypes eventually evolves in similar symptoms and 

an immunologically indistinguishable inflammatory cycle.  

Allergic conjunctivitis is an ocular disorder often incorporated in the term dry eye 

disease. The ocular inflammation is allergen derived, whereas in ‘common’ dry 

eye disease, deficiencies of the tear film composition or volume are the main 

inducers of inflammation and discomfort. Different treatment strategies are in 

order for both disorders. A subgroup of allergic conjunctivitis is seasonal 

conjunctivitis, where ocular inflammation only occurs in certain parts of the year 

and- where pollen are the main inducers of allergic reactions. Because the 

inflammatory cycle is fundamentally different, these allergic subgroups of dry 

eye disease are excluded from this thesis.  

2.3.2.1 Evaporative dry eye 

The hallmark of this subtype of dry eye is excessive evaporation and is mostly 

associated with a deregulation of the lipid layer of the tear film. Increased tear 

evaporation can also be caused by eyelid related diseases, as well as by surface 

alterations due to contact lens wear and metabolic dysfunction of the ocular 

surface epithelia.
6,7

 This form of dry eye isn’t necessarily associated with ocular 

dryness in the sense that often tear volumes are at normal levels. An instable lipid 

layer leads to an increased rate of evaporation of the underlying aqueous layer of 

the tear film. This causes hyperosmolarity of the tear fluid, which increases shear 

and osmotic stress and leads to onset of inflammation at the ocular surface.  
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Meibomian gland dysfunction (MGD) is the main contributor of this type of DES. 

It leads to both decreased secretion and abnormal composition of the tear film 

lipid layer. This can cause Meibomian gland (offrice) blockage and a reduced 

effectiveness of the lipid layer.
29-31

 Obstruction of the Meibomian ducts by 

hyperkeratinisation causes accumulation of meibum within the ductal system. 

Persistent meibum accumulation results in a progressive increase in pressure and 

widening of the ductal system. This may result in acinar atrophy, with a loss of 

meibocytes, and eventually in squamous metaplasia that results in full 

cornification of the epithelia of the ducts and acini.
18

 

Aging is a major risk factor for MGD. Several clinical studies have found a 

significant association between abnormalities in the lid margin or Meibomian 

glands and aging.
18,29-31 

The majority of persons with MGD are women. 

Meibomian gland dysfunction and evaporative dry eye often occur during 

menopause and aging, implicating that hormonal deficit may promote both 

Meibomian gland dysfunction and evaporative dry eye.
31

 Androgens are known 

to control the development, differentiation and lipid production of sebaceous 

glands throughout the body.
32,33

 Additionally, androgens are involved in the 

regulation of numerous pathways of lipid metabolism. Thus, anti-androgen 

pharmaceuticals are associated with an altered lipid profile in the Meibomian 

gland secretions, and an increased risk for MGD.
31,33

 

2.3.2.2 Aqueous deficient dry eye 

This form of dry eye is characterized by reduced lacrimal tear secretion and 

volume by lacrimal acinar destruction or dysfunction.
34

 A reduced aqueous tear 

pool on the ocular surface leads to tear hyperosmolarity and subsequent cellular 

stress. Tear deficiency can be associated with lacrimal disease, lacrimal 

obstruction and reflex block. A major cause for aqueous deficient dry eye is 

Sjögren’s syndrome, i.e. an autoimmune disease that affects millions of people 

and which is associated with an extensive inflammation in lacrimal tissue and an 
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alteration in the expression of cytokines, chemokines, and adhesion molecules.
31

 

The hallmark histopathological feature of Sjögren’s syndrome is a high frequency 

of lymphocytic infiltrates in the lacrimal and salivary glands.
35

 Sjögren’s 

syndrome may be primary (no associated connective tissue disease) or secondary 

(patients with systemic lupus erythematosus or rheumatoid arthritis). Despite 

extensive study of the underlying cause of Sjögren’s syndrome, the pathogenesis 

remains obscure. It is a multifactorial disease in which environmental factors are 

thought to trigger inflammation in individuals with a genetic predisposition to the 

disorder.
25

  

It has been hypothesized that androgen withdrawal, a critical factor in MGD also 

has an influence on aqueous tear output. Androgen deficiencies trigger lacrimal 

gland atrophy and are associated with reduced acinar size, acinar cell necrosis and 

acinar cell degeneration.
31,32

 Androgen deficiency was indeed registered in 

Sjögren’s syndrome, but no direct correlation between androgen deficiency and 

inflammation was observed.
34

  

Observations that estrogens or estrogen-containing oral contraceptives induce 

lacrimal gland regression, hypo secretion, reduced tear volume, tear film 

instability, decreased mucous production, foreign body effects and contact lens 

intolerance have already been reported.
28,36

 Additionally, estrogen replacement 

therapies for menopausal women significantly increase the prevalence of dry eye 

signs and symptoms.
37

  

Insulin also seems to play an important role in maintaining the structure and 

function of the lacrimal gland, as diabetes mellitus leads to a decline in lacrimal 

tissue weight.
34,38

  

Autoimmune diseases, gender, sex steroids and other hormones exert a significant 

influence on the lacrimal gland and play an important role in the pathogenesis of 

aqueous deficient DES.
34
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2.3.3 Other causes and risk factors  

There are many different factors that have the ability to cause dry eye, ranging 

from genetic and environmental factors to the use of drugs and aging. 

Many different types of medication, including antihistamines, antianxiety drugs, 

antidepressants, diuretics, oral steroid use and antiandrogens, have the ability to 

contribute to dry eye. Especially polypharmacy, where the combined effects 

related to the combination of the individual drugs are often misinterpreted, is a 

risk factor for DES.
26

 Even several topical ocular drugs are known to cause or 

aggravate dry eye, including anti-glaucoma medication, antiviral agents, 

preservatives and NSAIDs.
39

 These effects are often underappreciated but should 

be taken into account with patients at risk for dry eye.  

Environmental factors can have a large impact in the pathophysiology of dry eye. 

Tear film instability is a consistent finding in studies that showed an association 

between air pollution and ocular surface damage.
40-42

 Outdoor risk factors include 

exhaust emissions from automobiles and industrial facilities in densely populated 

areas. Indoor environmental conditions involving low humidity, excessive use of 

video display units and high levels of CO2 can be equally threatening to ocular 

surface health.
42

 

Certain nutrients, such as omega-3 and a blend of vitamins, have been found to 

improve the symptoms of DES.
43,44

 Essential fatty acids (EFAs) such as omega-3 

are biologically necessary and must be ingested because they cannot be 

synthetized de novo by the human body.
45

  

2.4 THE IMMUNE REGULATION OF THE OCULAR SURFACE 

The human cornea has a unique immune defence to protect against foreign 

material and microbial pathogens. The cornea must prevent injury to the very 

delicate structures of the eye, as the eye is constantly exposed to potentially 
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harmful materials, including microbes and toxic substances found in the 

environment.
46

 

Characteristic to mucosal tissue, the eye contains a complex immune regulatory 

network designed to limit tissue damage during microbial insults and to maintain 

tolerance to self-antigens and commensal microbes.
14

 The eye contains its own 

local lymphoid tissue, the conjunctiva-associated lymphoid tissue (CALT).
27,47

 

All ocular tissues are connected by the regulated migration of lymphoid cells via 

numerous small vessels.
14

 

The first (mechanic) line of defence against ocular trauma and infection are the 

eyelids, eyelashes, eyebrows and the orbit. Ocular tearing flushes foreign 

particles from the ocular surface and transports immunoglobulins and 

antimicrobial proteins such as lactoferrin, lysozyme and lipocalin to the ocular 

surface.
21

 Tears contain a biochemically complex mixture of factors that are 

produced by the lacrimal glands and ocular surface epithelium and function to 

maintain corneal health.
48

 These include transforming growth factor beta (TGF-

β), tissue inhibitors of matrix metalloproteinases and IL-1 receptor antagonist (IL-

1RA). 

The first immunological line of defence against corneal infection is our innate 

immunity.
49

 This system, present at birth, provides non-specific surveillance.  

Neutrophils protect the corneal epithelium from invasion by many different 

micro-organisms. They move through endothelial cells of the limbal vasculature 

by adhesion to receptors on vascular endothelial cells and play vital roles in the 

phagocytosis of foreign micro-organisms.
46

 

Macrophages, present in the conjunctiva and corneal stroma, have an important 

modulating effects on the T-cell response. They are phagocytic and have antigen 

presenting properties and the ability to secrete inflammatory cytokines.
49
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Natural Killer cells (NK cells) lyse target cells that have lost or express 

insufficient amounts of major histocompatibility complex (MHC) class I 

molecules. Infected cells, anti-body coated cells, undifferentiated and 

dysfunctional cells are all targeted by NK-cells.
46

  

Toll like receptors (TLRs), important molecules associated with innate 

immunity, play a central role in the ability of cells to recognize pathogen-

associated molecular patterns. Triggering TLRs results in the secretion of pro-

inflammatory cytokines and interferons.
50

 TLRs are single, membrane-spanning, 

non-catalytic receptors, expressed in cell types such as dendritic cells and 

macrophages. TLRs recognize structurally conserved molecules, derived from 

microbes and pathogens and activate a corresponding immune cell response. 

Corneal nerves are also important in the innate defence of the cornea. Sensations 

of discomfort and pain may also release neuropeptides (calcitonin gene related 

peptide and substance P) that have the ability to promote IL-8 synthesis, with a 

resultant neutrophil influx.
46

 

There are also multiple non-immune-related cells that have the ability to 

actively and/or passively protect the ocular surface. Corneal epithelial cells and 

keratocytes are capable of secreting cytokines to activate immune defences.
51

 

Interleukin-1 α is stored inside epithelial cells, where it is passively released 

when the cell membrane is ruptured.
46

 IL-1 α acts as a danger associated 

molecular pattern (DAMP) and promotes a pro-inflammatory environment. Under 

the influence of interleukin-1 (IL-1) α and (tumor necrosis factor) TNF- α, 

keratocytes synthesize IL-6 and defensins.  

If innate immunity fails to clear the invading micro-organisms/pathogens, or 

antigens persist, cell-mediated immunity (acquired immunity) helps to bring the 

infection or trauma-related inflammation under control. However, a 

disproportionate or dysfunctional cell-mediated immune response can impair 
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tissue homeostasis and can lead to irreversible tissue destruction and auto-

immunity.  

Production and release of pro-inflammatory cytokines, chemokines and  matrix 

metalloproteinases (MMPs) by the innate immunity and ocular functional cells, 

promotes the activation of immature antigen-presenting cells (APCs), present at 

the ocular surface. Tissue inhibitors of metalloproteinases (TIMPs) keep the 

action of MMPs tightly regulated in a healthy ocular surface.
52

 The activated 

APCs also migrate to the draining lymph nodes under the influence of these pro-

inflammatory cytokines and chemokines. APCs are responsible for priming naïve 

T-cells in the lymphoid compartment, leading to the expansion of autoreactive T 

cells. These T-cells subsequently infiltrate the ocular surface, where they secrete 

additional pro-inflammatory cytokines and have the ability to activate many 

different immune-cell types.
53

 

Different regulatory subsets of T-cells have been suggested to modulate the 

immune response within the ocular surface tissue and lymphoid organs. These T-

regulatory cells (Tregs) contribute to the suppression of auto-reactive lymphocyte 

differentiation and function by secreting TFG-β and IL-10.
24,54

 

The normal cornea expresses soluble vascular endothelial growth factor receptor-

1 and -3 (VEGFR-1), which inhibits VEGF-C and D, potent stimulators of 

lymphangiogenesis.
52

 VEGFR-1, normally present on lymphatic and vascular 

endothelium, is strongly expressed by corneal epithelium and is mechanistically 

responsible for supressing inflammatory corneal (lymph)angiogenesis.
55
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2.5 THE PATHOGENESIS OF DRY EYE 

As already mentioned, tear film dysfunction is the main trigger for ocular dryness 

and non-infective inflammation. Tear dysfunction occurs when the lacrimal LFU 

is no longer able to maintain a stable pre-corneal tear layer. 

Elevated tear film osmolarity is considered one of the central mechanisms of 

ocular surface damage and dry eye. Hyperosmolarity causes significant corneal 

epithelial stress that may result in increased levels of inflammatory mediators.
6
 

Apart from cellular inflammatory mechanisms, tear film abnormalities lead to an 

increase in mechanic friction from the eyelids during blinking. Consequently, 

damage to cornea as a result of these processes leads to diminished corneal 

sensitivity, resulting potentially in a reduced tear output.
11

 

All said mechanisms may compromise ocular surface homeostasis. Acute 

inflammatory episodes, caused by environmental and/or microbial stress, in the 

context of hormone imbalance and/or genetic predisposition, are sufficient to 

break the immunological tolerance and possible transient or long-term alterations 

in the functional integrity of the ocular surface.
24

  

Cellular stress response pathways that trigger an inflammatory response, play a 

central role in DES. These include nuclear factor kappa beta (NF-Kβ) and stress 

activated protein kinase (SAPK) signaling cascades.
24,40

 The SAPKs are 

phospho-relay systems that respond to extracellular stress, cytokines, growth 

factors and osmotic shock. These kinases are members of the mitogen activated 

protein kinase (MAPK) family. Three protein kinases, i.e. extracellular-regulated 

kinase (ERK), c-jun N-terminal kinases (JNK) and p38 are members of this 

family.
6,24,40,45

  

MAPK pathways stimulate the transcription factors NF-κβ and activator protein 

1, initiating the production of pro-inflammatory cytokines, chemokines and 

MMPs. MMPs, and particularly MMP-9, degrade the extracellular matrix of the 
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ocular epithelium and destroy tight junctions between neighboring epithelial 

cells, increasing the permeability of the ocular surface and making it more prone 

to infections.
24,40,56

 Another important pathological finding in dry eye is 

accelerated apoptosis or programmed cell death of the ocular surface and 

glandular epithelium, under the influence of cellular stress.
40

 Cellular stress 

initiates epithelial cytokine production and cell death releases DAMPs into the 

extracellular environment.  

A large number of cytokines, signaling molecules that mediate intercellular 

communication, and chemokines, cytokines that regulate the directed migration 

of immune cells, are released at the ocular surface by ocular epithelial cells, 

which in turn, modulate subsequent events in the response.
27,57

 Virtually all 

nucleated cells at the ocular surface are capable of producing interleukin-1 (IL-1), 

interleukin-6 (IL-6) and Tumor Necrosis factor alpha (TNF-α).
45

 These acute 

response cytokines, amplify inflammation on the ocular surface by activation of 

APCs, promoting expression of adhesion molecules, redistribution of vascular 

endothelial cell adhesion molecules, and facilitating the extravasation of 

inflammatory and immune cells from the limbal vessels. IL-1β and TNF-α also 

upregulate MMP-9 in epithelial cells. The chemokines CXCL9, CXCL10 and 

CXCL11 are elevated in the tear film and ocular surface of patients with DES.
58,59

 

These chemokines are produced in response to interferon gamma (IFN-γ) and 

function as T-cell attractant. These inflammatory mediators, released from 

tissues, may also overstimulate pain fibres, leading to central sensitization and 

sensory  neuropathy, associated with increased levels of neuropeptides such as 

calcitonin-gen related peptide (CGRP) and substance P in the trigeminal 

ganglia.
24

  

Polymorphonuclear cells (PMNs) are the most prominent cell types infiltrating 

in the first hour of the response, followed by macrophages and NK cells.
54,57

 The 

PMNs are attracted to the site of inflammation by various chemokines, with IL-8, 

produced by epithelial cells and keratocytes, the most prominent one. The role of 
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the PMN is to ingest and destroy debris, clearing the way for the reparative, 

fibrotic response. They are equipped with a complement of burst enzymes, 

MMP’s, other proteases, cytokines and antimicrobial peptides such as β-

defensins.
57

   

Accumulation of NK-cells, large granular lymphocytes capable of secreting 

proinflammatory cytokines and killing infected or transformed cells, correlates 

with increased levels of IL-6, IL-23 and IFN-γ in dry eye.
24,45,60

 Beyond APC 

modulation, cytokines produced by NK-cells are linked to tissue pathology. NK-

derived IFN-γ is associated with reduced goblet cell density, altered corneal 

epithelial mucins and squamous metaplasia.
24

 

γ-Δ T cells represent a small subset of T lymphocytes and have been implicated 

in maintaining tissue integrity, defending against pathogens and regulating 

inflammation.
61

  Pathologically, γ-Δ T cells are an important source of IL-17 

during antigen-induced autoimmunity, and are the primary reservoir of IL-17 

before Th17 cells arrive to the ocular surface.
24

  

The pro-inflammatory environment at the ocular surface subsequently promotes 

the activation of immature APCs and induces their migration to the draining 

lymphoid tissue.
45

 Additionally, immature dendritic cells (DC’s) traffic from the 

bone marrow to the peripheral tissues, including the ocular surface, and more in 

particular, the lacrimal glands, conjunctiva and cornea. These immature dendritic 

cells are phagocytically active and take up autoantigens at these sites before 

migration to the spleen and lymph nodes and corresponding antigen presentation 

to naïve T lymphocytes.
35

 APCs, especially resident DCs, provide the 

fundamental link between the innate immune response and development of the 

antigen-specific adaptive response in the regional lymph nodes.
24

 

APCs are responsible for priming naïve T cells in lymphoid tissue and lead to the 

expansion of autoreactive CD4+ helper cells (Th) Th1 and Th17 subsets.
45

 These 
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primed T cells subsequently infiltrate the ocular surface, where they secrete 

additional pro-inflammatory cytokines. Some of these cytokines, like Th1 

secreted IFN-γ, promotes the production of chemokines, chemokine receptors 

and cell adhesion molecules (CAMs) that facilitate the ingress of pathogenic 

immune cells.
45

 Th17 cells secrete IL-17, which induces production of pro-

inflammatory cytokines, chemokines and MMP and recruits neutrophils.
45

 They 

are involved in auto-immunity and tissue inflammation.
55

 

 

Figure 9: Schematic representation of the immune pathogenesis of dry eye.
I
  Stress factors and 

corresponding tear alteration cause cellular stress, which initiates a pro-inflammatory environment and 
protease-induced tissue damage at the ocular surface. The corresponding antigen presenting cell (APC) 
migration to the lymph nodes, promotes the infiltration of Th-cells to the ocular surface. This further 
stimulates inflammatory conditions. If the initial stress factors and tear dysfunction remains, the 
inflammatory cycle becomes self-perpetuating. 

Activation and homing of lymphocytes to the site of inflammation are influenced 

by the expression of two cell surface proteins, lymphocyte function-associated 

antigen 1 ( LFA-1) and intercellular adhesion molecule-1 (ICAM-1). The LFA-

1/ICAM-1 interaction is critical for the adhesion of T cells to the vascular 

epithelium of inflamed tissue and influences diapedesis and migration of these 

adhered lymphocytes to the ocular surface.
14,62
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All these mechanisms combine to form a self-perpetuating inflammatory cycle, 

which leads to auto-immunity at the ocular surface. As tear dysfunction 

continues, stress stimuli at the ocular surface remain present. This continuous 

stimulation of the immune system, combined with genetic predisposed factors, 

results in autoreactive lymphocytes that perpetuate chronic tissue inflammation 

and dysfunction. This aberrant activation of the innate and adaptive immune 

response coordinates the auto-immune response and may alter expression and 

localization of endogenous autoantigens and break peripheral tolerance to 

autoreactive lymphocytes.
24,54,63

 Autoreactive T cells which escape central 

tolerance are activated and targeted to ocular surface tissues to direct a 

pathogenic effect or auto-antibody-mediated tissue destruction.
54

 Apart from 

microbial products, pattern recognition receptors (PRRs) such as TLRs also sense 

endogenous danger signals and DAMPs, produced by damaged or dying cells. 

Overstimulation of these receptors may also contribute to auto-immunity. 

Aberrant TLR signaling and/or overexpression of the B-cell activator factor 

(BAFF) might account for activation of autoreactive B cells in DES. B cells have 

been demonstrated to play a pathogenic role in several autoimmune diseases, 

including Sjögren’s syndrome. They contribute to disease by functioning as 

APCs, cytokine secreting cells or by differentiating in auto-antibody secreting 

plasma cells.
63
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2.6 CURRENT TREATMENT OPTIONS 

Despite the progress made in the recent years regarding the pathophysiology of 

dry eye, there is at present no on- or off-label medication that possesses the 

following characteristics of an ideal DES-agent: 1) good tolerability and long 

term safety, 2) rapid onset of action, 3) targets key steps of the inflammatory 

cycle and 4) treats both signs and symptoms of DES.
64

 

2.6.1 Artificial tears 

Topical artificial tear substituents are the most common treatment for ocular 

surface disorders. A wide variety of different ocular lubricants are available. For 

mild and moderated cases of DES, artificial tears often offer satisfactory relief 

duo to lubrication effects, decreases in tear osmolarity and increased hydration. 

The efficacy of these artificial tears is restricted however. They only offer 

temporary, symptomatic relief and have no anti-inflammatory properties.
24,65

 

Moreover, they have to be instilled multiple times a day for maximum effect. 

Available ocular lubricants differ in viscosity, osmolarity and electrolyte 

composition and concentration. The presence of preservatives, such as 

benzalkonium chloride (BAC), can have a negative effect on tear film stability 

and ocular health, especially with DES-patients. BAC is a surfactant that disrupts 

the tear film and has a potential toxic effect on corneal epithelium.
66

 Therefore, it 

is recommended for DES-patients to use preservative-free eye drops. 

In many studies, patients with dry eyes had clinical improvements both 

immediately after application and in long term usage when employing tear 

replacements. This occurred in both preserved and non-preserved artificial tear 

formulations. The results vary greatly and it was no surprise that each sponsored 

study found the respective company’s artificial tear to be the most effective.
67
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2.6.2 Cyclosporin A (Restasis
®
) 

Cyclosporine A (Restasis
®
) was until 2016 the only FDA approved prescription 

drug available to treat DES. Cyclosporine A (CyA) is a lipophilic drug, derived 

from the fermentation broth of two fungi, Trichoderma polysporum and 

Cylindrocarpon lucidum (Figure 10).
68

 The drug is an immunosuppressant topical 

ophthalmic preparation, which is prescribed in more severe cases of DES. This 

substance is used to inhibit transplant rejection and to treat auto-immune diseases. 

CyA prevents activation and nuclear translocation of cytoplasmic transcription 

factors, required for T-cell activation and cytokine production. It also inhibits the 

activity of the mitochondrial permeability transition pore and subsequent 

cytochrome C-mediated apoptosis.
45

 CyA has the ability to inhibit the function of 

calcineurin, a serine/threonine phosphatase, stimulated during T-cell activation. 

Calcineurin dephosphorylates nuclear factor of activated T cells (NF-AT), 

leading to the transcription of a number of cytokines including IL-2, IL-10 and 

IL-17 and the NF-κβ pathway.
49,69 

 

Figure 10: Chemical structure of cyclosporine A.
J
 This lipophilic drug is an immunosuppressant and used 

to treat auto-immune diseases and transplant rejections. 

 

In 2003, topical 0,05 % CyA (Restasis
®
) oil based drops were approved for the 

treatment of moderate to severe dry eyes. However, using oils and surfactants to 

deliver CyA topically, provides a low drug bioavailability and can cause blurry 
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vision, burning sensation, itching and irritation of the conjunctiva.
70

 Moreover, it 

is indicated solely to increase tear production and not for the treatment of all 

symptoms associated with DES. It has a long onset of action (up to 6 months) and 

has failed to show a significant dose-response.  

2.6.3 Dexamethasone 

Dexamethasone is a topical glucocorticoid, which are potent inhibitors of 

multiple inflammatory pathways (Figure 11). They interfere with transcriptional 

regulators of pro-inflammatory genes.
71

 Glucocorticoids repress transcription of 

many genes encoding pro-inflammatory cytokines, chemokines, cell adhesion 

molecules and key enzymes involved in the initiation or maintenance of the host 

inflammatory response and stimulate lymphocyte apoptosis.
72,73 

 

Figure 11: Chemical structure of dexamethasone.
K
 This glucocorticoid is a potent inhibitor of 

inflammatory pathways.  

Despite their potent anti-inflammatory effect, long term use of topical 

glucocorticoids may increase the risk for the development of infections, glaucoma 

and cataracts.
38,74,75

 Dexamethasone eye drops are therefore only used in 

exacerbations of ocular inflammation during dry eye and aren’t eligible for 

prolonged treatment of DES due to their significant adverse effects.
76
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2.6.4 Lifitegrast (Xiidra
©
) 

Lifitegrast is a small molecule, direct competitive LFA-1 antagonist, mimicking 

the binding epitope of LFA-1 cognate ligand ICAM-1 (Figure 12). It inhibits 

human T-cell binding to human ICAM-1, T-cell activation and corresponding 

cytokine release of IFN-γ, TNF-α, IL-1 α and β, which intensifies and perpetuates 

inflammation in ocular tissues.
77,78

 A 5 % Lifitegrast ophthalmic solution was 

approved in July 2016 by the FDA for the treatment of signs and symptoms of 

dry eye syndrome. This new compound did show promising results in multiple 

randomized, prospective clinical trials.
79-81

 In the coming time, more objective 

studies regarding the efficacy of Lifitegrast will be conducted, as this new drug is 

introduced commercially.  

 

Figure 12: Chemical structure of lifitegrast.
L 
This competitive LFA-1 antagonist was approved in july 2016 

by the FDA for the treatment of dry eye syndrome. 

2.7 NOVEL TREATMENT OPTIONS 

In this section, a selection of new, potential treatment compounds and 

formulations are discussed. In the results section, these compounds and/or 

formulations are evaluated and analysed.  

2.7.1 Serine proteases  

Proteolytic enzymes are essential contributors in several physiological processes 

such as homeostasis, digestion and fertilization. Their key role in the regulation 

of immunological mechanisms, such as immune and inflammatory cell migration 

and activation has been reported.
82
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Proteases are categorized in seven major subcategories, based on the interaction 

of a specific amino residue of the enzyme in attacking the target peptide carboxyl 

group in the proteolytic process: serine proteases, metalloproteinases, aspartic 

proteases, cysteine proteases, threonine proteases, glutamic acid protease and 

asparagine peptide lyases. These proteases are involved in digesting long protein 

chains into shorter fragments by splitting the peptide bonds that link amino acid 

residues. This tightly regulated process is of the utmost importance in health and 

disease.
82,83

  

Almost one-third of all proteases can be classified as serine proteases. They are 

responsible for co-ordinating various physiological functions, including digestion, 

immune response, blood coagulation and reproduction.
83

 The main three 

subfamilies of serine proteases can be distinguished based on their substrate 

selectivity.  

The trypsin-like serine proteases cleave protein substrates after positively charged 

lysine and arginine residues. Chymotrypsin-like serine proteases cleave substrates 

after large hydrophobic residues such as phenylalanine, tyrosine and tryptophan. 

Finally, elastase-like serine proteases cleave substrates after small hydrophobic 

residues such as alanine and valine.
84

 The nucleophilic hydroxyl functionality of 

the Ser amino acid located in the catalytic triad of serine proteases will facilitate 

proteolysis of peptide bonds.
84,85

 

A catalytic triad, consisting of aspartic acid, histidine and serine lies at the base of 

the enzymes catalytic properties. These three amino acids are located relatively 

far from each other on the sequence of the protein. However, due to folding of the 

protein structure, they appear very close to each other in the hearth of the 

enzyme.  Each amino acid in the triad performs a specific task in the process of 

catalysis.
85 
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Serine proteases play a pivotal role in several inflammatory conditions and have  

come in the spotlight as therapeutic targets for many diseases. Some are directly 

and indirectly involved in the development of a pro-inflammatory environment.  

At the laboratory of Medicinal Chemistry (University of Antwerp), novel 

inhibitors for a number of (primarily trypsin-like) serine proteases have been 

developed.  Trypsin-like serine proteases are a large group of proteolytic enzymes 

that reside in the pericellular space or on the cell surface. They regulate multiple 

cellular processes in the context of embryonic development, tissue homeostasis, 

tissue repair, immunity, fertility and more.
85,86

 Specific catalytic functions of this 

type of serine proteases include activation of hormones, growth factors, 

cytokines, signalling receptors, regulation of ion fluxes and regulation of 

paracellular permeability.
85,87

  

Initially, bis(acetamidophenyl guanidinophenylethylphosphonates were used as 

chemical template for this type of serine protease inhibitors. These compounds, as 

described in Joossens J et al
88-90

, were modified towards bis(acetamidophenyl) 

guanidinophenylethyl-phosphonate. This shift corresponded with a significantly 

higher inhibition affinity towards matriptase, tryptase, capthepsin G and makes 

them more useful in the treatment of protease activated receptor (PAR)-related 

disorders. For the chemistry and design of the inhibitors, we refer to Joossens J et 

al.
88-90

 The inhibitory profile of the lead candidate in this thesis, UAMC0050, is 

displayed below (Figure 13). 
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Figure 13: Inhibitory profile of UAMC0050: PIC50 (-log IC50) of target specifity
M

  
Abbreviations: KLK: kallikrein, HNE: Human neutrophil elastase, Fxa: Factor Xa,  
AchE: acetylcholinesterase, FXIIa: factor XIIa, uPA: urokinase plasminogen activator,  
tPA: tissue plasminogen activator, PlKLK: plasmakallikrein. 

 

Serine proteases such as neutrophil elastase, tryptase, matriptase and kallikreins 

(KLK) have the ability to promote inflammatory protein expression and have a 

direct influence on the degradation of extracellular matrix components, loss of 

epithelial barrier function and MMP-9 activation. Because these pathological 

processes also occur in DES derived inflammation, we hypothesised the 

involvement of these serine proteases in this disorder.  

Matriptase is a trypsin-like, transmembrane serine protease that is widely 

expressed in epithelial tissues and by certain leukocyte populations, including 

mast cells. Matriptase and its inhibitor, hepatocyte growth factor activator 

inhibitor, are required for normal epidermal/epithelial barrier function. Matriptase 

is tightly regulated during this process.
91

 Dysregulation of matripase suffices to 

initiate both chronic inflammation and epithelial neoplasia.
92

 Matriptase is 
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synthetized as a zymogen (inactive proenzyme) and only acquires proteolytic 

activity after auto-activation. An interaction between two matriptase zymogen 

molecules leads to proteolytic cleavage of both. A functional linkage between 

matriptase activation and inflammation in numerous skin diseases is registered. 

Because the active form of matriptase is very rapidly processed and removed in 

vivo, active matriptase is difficult to detect.
91

 

Dysregulated kallikrein proteolytic activity has been proposed to be involved in 

inflammatory diseases. KLKs are interesting targets in the broader field of 

immunology, based on their ability to bridge the degradation of the extracellular 

matrix with major functions of the immune system. KLKs also participate in 

autoimmune diseases, allergies, fibrinolysis and apoptosis.
93

 KLKs are expressed 

as inactive zymogens that require activation by other proteases. It has been 

proposed that crosstalk between KLKs and other proteolytic systems, such as 

urokinase plasminogen activator (uPA/uPAR) and MMPs, could contribute to 

enhanced ECM degradation.
93,94

 KLKs can act as autoantigens and a number of 

studies implicate specific KLKs in Sjögren’s syndrome.
95

 Furthermore, KLK13 is 

the major enzyme accounting for activation of the IL-1β precursor. A patent has 

been registered for a KLK13-antibody inhibitor in the treatment of dry eye by 

Stern et al (Allergan) after identifying KLK-13 (and KLK-1) as an autoantigen in 

DES.
54

 

Tryptase is a serine protease related to trypsin, with two main types, α-tryptase 

and β-tryptase. Tryptase is the most abundant of the endopeptidases, stored in the 

secretory granules of basophils and mast cells.
62

 Tryptase is a known activator of 

protease activated receptor 2 (PAR2), which is involved in many inflammatory 

disorders.
6,96,97

 Tryptase-activated-PAR2 induces the expression of MMP-9 in 

human corneal epithelial cells (HCE), and corresponds with a compromised 

epithelial barrier function.
96

 During inflammation, tryptase can stimulate the 

release of granulocyte chemoattractant IL-8 and up-regulate the expression of 



 

40 
 

ICAM-1 on epithelial cells. Furthermore, it induces the expression of mRNA for 

IL-1β.
62,96,98

 

Urokinase plasminogen activator (uPA) mediates the proteolytic cleavage of 

plasminogen to plasmin. Plasmin, a protease with a broad spectrum of activity, is 

able to directly break down components of the extracellular matrix.
90,99

 

Furthermore, plasmin activates several latent MMPs, which further stimulates 

extracellular matrix degradation. uPA and its receptor (uPAR) provide a cell 

surface complex, which exerts pleiotropic functions, influencing the development 

and regulation of innate and adaptive immune responses.
100

 Interestingly, uPA 

also participates in the regulatory mechanism of collagen degradation by 

keratocytes and corneal inflammation. Moreover, it has recently been reported 

that uPA enhances leukocyte infiltration during corneal infiltration and that it is a 

critical component of inflammatory responses in the cornea.
101,102

 uPA is directly 

involved in inflammatory pathways that lead to the production of cytokines by 

corneal fibroblasts.  

Cathepsin G (CatG) is a serine protease with both trypsin-like and 

chymotrypsin-like activities, which is produced and secreted by neutrophils 

together with elastase. Both proteolyse the surrounding tissue during 

inflammation.
103

 CatG is also involved in apoptosis, the proteolytic modification 

of chemokines and cytokines and the direct chemoattraction of T-cells and other 

leukocytes.
104,105

 

As inflammation plays a crucial role in the self-perpetuating pathology of DES, 

serine proteases emerge as a possible therapeutic target due to their multi-

factorial role in multiple pathogenic mechanisms, also present in DES. 
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2.7.1.1  Protease activated receptors 

Protease activated receptors (PARs) are part of a distinctive family of the seven 

transmembrane G protein coupled receptors (GPCRs). They are cleaved at an 

activation site within the N-terminal exodomain by the serine protease family.
97

 

PAR activation has important effects on cytokine production, leukocyte motility, 

adhesion molecule expression and a variety of other physiological and 

pathophysiological functions.
106

 All of the classical hallmarks of inflammation 

have been observed following the activation of PARs in vivo. Four members of 

this receptor family have been identified: PAR1, PAR2, PAR3 and PAR4. 

Human PAR 1, PAR2 and PAR3 are activated by thrombin, PAR 2 is activated 

by trypsin. PAR1 and PAR4 play important roles in haemostasis, while PAR3 is 

required for asymmetric cell division. PAR2 is expressed by smooth muscle cells 

in a variety of tissues, including endothelial and epithelial tissue.
107

 

PAR2 is highly expressed on inflammatory cells and its activation is related to the 

formation of a pro-inflammatory milieu and an inflammatory response.
98

 PAR2 

activation has the possibility to induce MAPK signalling, including ERK 1&2 

and in a lesser extent P38 and JNK. NF-κβ-dependent gene expression of pro-

inflammatory cytokines and the leukocyte adhesion molecule ICAM-1 also is a 

potential pro-inflammatory axis, initiated by PAR2 signalling.
108

 PAR2 is 

activated by serine proteases. For example, human eosinophils express PAR2 and 

are activated by trypsin.
107

 Interestingly, activation of PAR2, by serine proteases 

plays an important role in innate and inflammatory responses of corneal infection 

and inflammation.
97
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2.7.2 Rho kinases 

Rho kinases (ROCK) are small G proteins of the rho family (Rho, Rac and 

Cdc42). They are known to regulate actin-based cytoskeletal structures and 

control the chemotaxis, adhesion, phagocytosis and proliferation of monocytes 

and macrophages.
109

 Rho-kinases are threonine/serine protein kinases that are 

primarily activated via interaction with the small GTP-binding protein RhoA. 

Two isoforms of ROCK, i.e. ROCK1 and ROCK2 have been identified. Both are 

ubiquitously expressed in various human tissues.
110

  

Small GTPases of the Rho family are key regulators of the cytoskeleton. Rho 

proteins act as biochemical switches that regulate diverse cellular functions, 

ranging from morphological changes, cytokinesis and gene expression. It has also 

been suggested that Rho proteins have regulatory functions in immune cell 

populations.
111

 Moreover, accumulating evidence indicates the involvement of 

ROCK-mediated pathways in all stages of the inflammatory process.
112

 

Moreover, general stress stimuli are sensed by Rho family GTPases such as Rho 

and Rac to activate MAPK pathways, which in turn modulate the activity of 

several transcription factors involved in cell death and the expression of pro-

inflammatory mediators.
54

 Fasudil, a potent and specific inhibitor of ROCK 

suppressed the inflammatory response in autoimmune encephalomyelitis by 

inhibiting T-cell proliferation and infiltration of inflammatory cells within the 

central nervous system.
113

 Furthermore, Fasudil effectively inhibited cytokine 

production through inactivation of NF-κβ in a rat model of colitis.
109

 The in vivo 

anti-inflammatory effect of this inhibitor highlighted the involvement of ROCKs 

in inflammation, and the potential of ROCK inhibitors for the treatment of 

inflammatory disorders.   
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2.8 DRUG DELIVERY IN THE EYE: LIMITATIONS 

The bioavailability of ophthalmic drugs is relatively low due to reflex blinking 

and lacrimation, drainage and the barrier function of the cornea and conjunctiva. 

Less than 5 % of topically applied drugs reaches deeper ocular tissues.
114-116

  Due 

to these effects, residence time, penetration and bio-availability of therapeutic 

components on the ocular surface is very limited.
70

 Consequently, frequent 

instillation of highly concentrated solutions is necessary in order to reach 

therapeutic levels, but this may induce systemic side effects and cellular damage 

at the ocular surface. To overcome ocular drug delivery barriers and improve 

ocular bioavailability, various conventional and novel drug delivery systems have 

been developed, including emulsions, inserts, ointments, suspensions, aqueous 

gels, nanoparticles, implants, contact lenses and microneedles.
114

 

2.9 ALTERNATIVE EYE FORMULATIONS 

Ocular drug delivery has been a major challenge for decades. Administration of 

drug solutions with conventional topical formulations are associated with certain 

drawbacks, which initiated the introduction of several different carrier systems 

for ocular drug delivery. Numerous strategies were developed to increase the 

bioavailability of ophthalmic drugs by prolonging the contact time between the 

preparation, drug and the corneal/conjunctival epithelium.
117

  

In the following section two alternative ocular formulations are described. 
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2.9.1  Ophthalmic chitosan inserts 

Different types of ophthalmic inserts exist, based on their solubility. They are 

developed to increase the precorneal residence time and subsequent 

bioavailability. Soluble and biodegradable inserts are preferred to insoluble 

inserts, which have to be removed after drug release. Many natural polymers are 

available for (soluble) ophthalmic inserts, including collagen, gelatine and 

chitosan.  

When sustained drug release cannot be provided by conventional drug 

dissolution, diffusion, or osmotic systems, controlled release by ionic interactions 

is often the only solution. This controlled release can be achieved for cationic 

drugs by using anionic polymeric excipients, such as carboxymethylcellulose or 

alginate. When using anionic drugs, chitosan is the only choice, as its cationic 

character is unique among all other biodegradable polymers.
118,119

 Chitosan is a 

biopolymer, derived from deacetylation of chitin (Figure 14). Due to its cationic 

character, chitosan exhibits mucoadhesive, permeation enhancing and in situ 

gelling properties. Moreover, chitosan has a low toxicity and good ocular 

tolerance, which makes it a promising biomaterial for the design of ocular drug 

delivery systems.
118,120

 Chitosan has the ability to increase cell permeability by 

affecting both paracellular and intracellular pathways of epithelial cells, without 

affecting cell viability.
121

 This effect is contributed to chitosan being able to bind 

tightly to the epithelium and to induce redistribution of skeletal F-actin and the 

protein ZO-1.
122

 Moreover, chitosan-based inserts have a high water uptake and 

corresponding swelling capacity. Hydroxyl and amino groups present in the 

structure of chitosan have the ability to interact with water molecules.
123,124

 These 

properties may improve ocular tolerance and wetting of the ocular surface. 

Drug release in this type of inserts is complex and occurs mainly through matrix 

erosion and the combined effects of entry of the aqueous medium into the 
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polymer matrix, subsequent dissolution of the drug into the medium and drug 

diffusion through the hydrated polymer.
125

 

 

Figure 14: The chemical structure of chitosan.
N
 This biopolymer is derived from the deacetylation of 

chitin. 

An ionic interaction between chitosan’s positively charged amino groups and the 

negatively charged sialic acid residues in mucus has been proposed as the 

mechanism behind mucoadhesion.
126

 Finally, the favourable rheological 

behaviour of chitosan facilitates the retention while it permits easy spreading of 

the formulation due to blinking of the eye. Additionally, chitosan has been 

reported to have a degree of anti-microbial activity.
122

 Although the exact 

mechanism of its anti-microbial activity isn’t fully understood, several models 

have been proposed to elucidate this effect. The most commonly accepted theory 

is the interaction between the positively charged chitin/chitosan molecules and 

the negatively charged microbial cell membranes.
127

 This electrostatic interaction 

results in changes of the properties of the membrane wall permeability and 

promoting osmotic imbalances.
127,128

  

CyA is a known and valuable drug for the treatment of dry eye. However, its 

hydrophobicity and extremely low aqueous solubility results in low concentration 

in the tear film and low corneal permeation.
129

 Hence, chitosan inserts are 

presented as an alternative to conventional CyA eye drops. 
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2.9.2 Ophthalmic hydroxypropyl methylcellulose (HPMC) inserts 

HPMC is a (semi)-synthetic , cellulose-derivative based  polymer and is used in 

many ophthalmic preparations (Figure 15).
130-134 

This molecule is cold-water 

soluble and closely approaches an ideal polymer for film coating.
134

 HPMC is 

safe, biocompatible, stable, has mucoadhesive properties and provides sustained 

drug release in vitro, making it highly suitable for ocular drug delivery.
135

 HPMC 

is often used as a viscosity enhancing agent in formulations. Additionally, its film 

forming properties are interesting for purposes in formulations for tear (film) 

deficiencies. 

HPMC-based bio-erodible inserts with hydrogel-like properties contains a high 

amount of water, which may aid ocular tolerance, especially in tear deficient 

diseases. Drug release from these systems occurs through penetration of the tear 

fluid into the insert and subsequent release of the drug by diffusion. Matrix 

swelling and dissolution of the gel causes erosion of the insert, which is the main 

mechanism of drug release in this system.
136,137

  

 

Figure 15: The chemical structure of HPMC.
O

 This cellulose-derived polymer is often used for its gel-
forming properties. 

2.10 ANIMAL MODELS OF DRY EYE 

To study the complex pathology and the multifactorial origin of DES, several 

animal models for different forms of dry eye have been developed.
138,139

 The 

characteristics and practicability of dry eye models differs considerably and 
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strongly depend on the animal species and induction method. Animal models 

have indeed contributed significantly to our current understanding of DES 

pathogenesis and are necessary to further unravel DES pathophysiology and to 

evaluate novel therapies. However, a lot of these models are time consuming in 

maintaining dry eye, have systemic side effects due to the pharmacological agents 

used, are reversible or fail to simulate the underlying mechanisms of dry eye. In 

addition, several models have not thoroughly been validated or have limited 

evaluation parameters, making them less suitable for drug discovery and 

evaluation.  

Companies or research groups without the necessary equipment or facility to 

perform animal experiments have to turn to Contract Research Organizations 

(CRO’s).  

These CRO’s offer a number of animal models for a broad range of 

disorders/diseases. They are, for dry eye however, often limited to very basic 

evaluation parameters.  

The first goal in this research is to establish an animal model for dry eye which is 

easy to use, preferentially with a single permanent procedure to induce dry eye, a 

minimal in complexity, cost and workload and an easy implementation in 

standard laboratory conditions. 

In the following section, the most commonly used animal models for dry eye will 

be discussed. 

2.10.1 Botulinum toxin (B) injections in the lacrimal gland(s)  

Botulinum toxin (BTX) is produced by Clostridium botulinum. It is a complex 

mixture of high molecular weight proteins, containing botulinum neurotoxin and 

various non-toxic proteins.
140,140

 Botulinum toxins (BTXs) are well known 

exotoxins and blockers of acetylcholine release in neuromuscular and cholinergic 

nerve junctions.
142

 BTXs consist of a disulfide chain-linked heavy and light 
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chain. They are activated when the polypeptide chain is proteolytically cleaved 

into the 100 kD heavy chain and the 50 kD light chain. There are 7 different 

serotypes (A, B, C, D, E, F, G). All these different serotypes inhibit acetylcholine 

release from nerve terminals but their intracellular target proteins, potencies and 

characteristics differ considerably.
140

 

Each serotype of BTX binds to its own unique receptor. After binding, the toxin 

is internalized by receptor-mediated endocytosis and the neurotoxin is 

translocated to the cytosol. The neurotoxin then modifies an intracellular target 

substrate that governs the docking and fusion of acetylcholine containing 

vesicles. These intracellular target proteins are collectively referred to as the 

SNARE complex (soluble NSF-associated protein receptor). Botulinum toxin B 

(BTX-B) cleaves synaptobrevin, a SNARE protein, necessary for the release of 

acetylcholine in the neuro-muscular synaptic cleft.
112,141

 This mechanism of 

action ultimately inhibits the neuronal impulse, necessary for muscle contraction, 

gland secretion or other acetylcholine-related functions.  

For animal models of dry eye, BTX-B was chosen for its superior onset of action 

and area of effect, compared to BTX-A, which is most widely utilized for human 

use.
42

 BTX-B injections for the induction of dry eye, are primarily used with 

mice.
42,43,140

 BTX-B is injected trans-conjunctival, in the intra-orbital lacrimal 

gland. This ensures a decrease in tear production and a corresponding increase in 

ocular surface damage.   

2.10.2 Scopolamine dry eye models 

Scopolamine is an  alkaloid drug with muscarinic antagonist effects. It acts as a 

competitive antagonist at acetylcholine receptors. Systemic administration of 

scopolamine is used in several dry eye animal models.
138,143

 Administration of 

scopolamine comes in many different forms. Transdermal patches, injections or 

subcutaneous osmotic pumps are most commonly used. Same as BTX-B, the 

anticholinergic properties of scopolamine result in tear fluid deficiencies and an 

https://en.wikipedia.org/wiki/Tropane_alkaloid
https://en.wikipedia.org/wiki/Medication
https://en.wikipedia.org/wiki/Muscarinic_antagonist
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increase in ocular surface damage. It is often combined with a decreased 

environmental humidity and/or an airflow as additional stress factor. This is the 

most commonly used and studied animal model for dry eye. 

2.10.3 Benzalkonium chloride as initiator or DES 

Benzalkonium chloride (BAC) is still the most common preservative in 

ophthalmic preparations.  

It is a soluble anti-microbial agent and cationic surfactant.
66

 However, a number 

of experimental and clinical studies have shown that long-term use of topical 

drugs with BAC may induce ocular surface changes, tear film instability, loss of 

goblet cells, inflammation, squamous metaplasia and epithelial apoptosis.
144

 Due 

to these findings, topical BAC administration was employed as inducer for 

experimental dry eye in animal models. In these models, BAC has to be 

administered multiple times a day.
145

 

2.10.4 Other 

Many different (gene) knock out models exist. These animal models are very 

effective at exploring the role of a certain gene or expression product in the 

initiation, progression or prevention of dry eye. They are, however, not available 

for routine dry eye experiments, because of the cost and limited availability. 

Moreover, they are mostly used to the study a certain aspect of dry eye, rather 

than mimicking the whole disorder. 

Several infectious models for ocular inflammation are available. Because the 

immunological cascade in these model is fundamentally different from dry eye, 

they are not to be considered for DES.  

A variety of surgical methods are described, ranging from cauterization and 

exorbital gland removal to preganglionic parasympathetic denervation. The latter 

results in increased corneal fluorescein staining, reduced tear break up time 

(TBUT) and goblet cell density.
146

 The surgical procedure is much more complex 
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and time consuming compared to cauterization and exorbital gland removal 

however. Multiple animal species have been employed in cauterization models, 

including monkeys and rabbits.
138,139

 

The surgical removal of the exorbital lacrimal gland to obtain a tear-deficient dry 

eye model, has been employed to induce dry eye.
147,148

 Lacrimal gland excision 

has also been combined with burning of the bulbar conjunctiva with 50% 

trichloroacetic acid to obtain a model of severe dry eye.
149

 For ethical notions, 

ocular burning is not considered in this thesis. 

Environmental dry eye models are also available. In these models, a controlled-

environment chamber (CEC), where temperature, humidity and airflow are 

monitored and regulated, is the inducer of dry eye. This model, decreased tear 

secretion, increased corneal fluorescein staining and a reduced goblet cell density 

was also reported.
150,151

 Often, airflow or reduced humidity are additional stress 

factors in other dry eye models.  

2.10.5 Animal species 

A variety of different animal species are employed to create animal models for 

dry eye, including mice, rats, rabbits, dogs and primates.
138,139

  

Due to the large ocular surface (accessibility) and longer lifespan, rabbits and 

dogs are most suitable for evaluation of signs of dry eye. On the other hand, using 

rodents, has several advantages, such as easier handling, reduced costs, fewer 

prerequisites for housing and maintenance and better availability of reagents. The 

downsides are low sample volumes and small ocular dimensions to study clinical 

dry eye signs.  

2.10.6 The difference in lacrimal mechanics between humans and rats  

It is described that the characteristics of rodent and human reflex blinking are 

qualitatively similar.
152-154

 Moreover, basal ganglia modulation of trigeminal 

blinking is identical in primates and rats.
155,156

 However, the inter blink interval 
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(IBI) of rats has been reported to be approximately 12.6 seconds, while humans 

average 4.3 seconds.
157

 The estimated tear film thickness of the rat is 

approximately four times that of humans i.e. between 11-12 µm for rats and 3 µm 

for humans.
158

 An increased thickness implies a stronger tear film stability and 

explains the difference in IBI. A reduced blinking frequency might insinuate that 

washout of topically applied drugs is lower in rats. This in turn would suggest 

that the residence time is increased and topically applied preparations remain 

longer at the ocular surface. However, when eye drops are applied to the eye, 

reflex blinking is automatically enabled, which could lessen this effect. 

It is difficult to unambiguously adjudicate the influence of lacrimal differences 

between humans and rats. However, rats and mice are the most studied and used 

animals in pharmaceutical research. Despite the fact that findings in these animal 

models cannot literally be extrapolated to humans, it does provide a valuable tool 

to obtain a first proof of concept.  
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3 AIM 
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Dry eye syndrome (DES) is a very common disorder, that affects a relatively 

large portion of the population. It is associated with tear film dysfunction, which 

leads to ocular surface inflammation, corresponding cellular damage, irritation, 

photophobia and potential loss of function. There are many potential causes for 

DES, including contact lens wear, computer use, and environmental and genetic 

factors. Because of the self-perpetuating and complex nature of this disorder, 

treatment options are limited and very often unsatisfactory.  

Different animal models have been developed for this disorder, each with their 

own characteristics, advantages and disadvantages. A lot of animal species and 

different induction methods are commonly used. These animal models have 

contributed significantly in our understanding of DES. However, many of them 

are labor and cost-intensive, have limited evaluation parameters and/or have not 

been thoroughly validated. Moreover, there is a need for standardized, easy-to-

implement animal models, suitable for fast and effective drug evaluation. 

The first objective of this study is the development and optimization of a 

robust animal model (Figure 16). Several methods for the induction of dry eye 

will be evaluated in Chapter 5. Preferably, a single, permanent procedure will be 

employed. The animal model must be robust, easy to handle and cost and labor –

efficient. The induction method and animal species that best fit these 

prerequisites will be selected and relevant evaluation parameters will be 

implemented, including important inflammatory markers. Subsequently, this 

model will be validated with two known anti-inflammatory agents, cyclosporine 

and dexamethasone.  

After optimization, the model will be employed to evaluate the potential of 

different treatments for dry eye disease and ocular inflammation, including novel 

drug vehicles and compounds.  

The ocular residence time of therapeutics is very limited because of dilution and 

flush out by (reflex) tears. Moreover, tight junctions between neighboring corneal 
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cells greatly limits penetration of bioactive molecules to the inner layers of the 

ocular surface. To improve ocular residence time and subsequent penetration to 

ocular tissue, chitosan-based ocular inserts and HPMC-based ocular gels are 

presented as an alternative to conventional eye drops in Chapter 6. In a 

collaboration with the Laboratory of Pharmaceutical Technology and 

Biopharmacy, chitosan-based inserts will be tested as a vehicle for cyclosporin A 

and aqueous HPMC-based ocular gel will be loaded with dexamethasone. Both 

formulations will be evaluated in vivo and the ocular tolerance of both 

formulations and potential to treat dry eye will be evaluated in vivo.  

The preservative benzalkonium chloride (BAC) is still routinely used in ocular 

formulations and eye care products, despite reports of its potential toxicity for 

ocular surface cells and tear film disruptive characteristics. For people with DES, 

this might be an additional risk factor. An ocular formulation with and without  

BAC will be tested in the dry eye animal model in Chapter 7.  

Two different types of compounds will be evaluated in vivo as potential 

treatment of dry eye syndrome. Through a collaboration with a company, a rho 

kinase inhibitor will be evaluated in Chapter 8. Additionally,  serine protease 

inhibitors, developed in-house by the laboratory of Medicinal Chemistry at the 

University of Antwerp will be investigated in Chapter 9.  

The main focus in this thesis will be the selection and evaluation of the serine 

protease inhibitors. Subsequently, the aim is to prove the involvement of the 

serine proteases and protease activated receptor 2 (PAR2) in the inflammatory 

cascade, i.e. characteristic of DES. Prior to extensive experiments with multiple 

evaluation parameters, a small exploratory in vivo experiment will be conducted 

to select the most potent inhibitor from three different candidates. After selection, 

the best inhibitor will be extensively investigated in vivo. Care will be taken to try 

to elucidate the mechanism of action behind the effects of the inhibitor. Through 

target validation and expanding the amount of evaluation parameters we aim to 
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prove the involvement of said targets and the potential of the inhibitor on dry eye 

pathology. 

  

Figure 16: Schematic of the workflow of the results section in this thesis [LMPH, University of Antwerp]. 
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4 METHODOLOGIES AND OPTIMIZATION OF 

STANDARD TECHNIQUES 
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In this part of the thesis, methodologies are described in detail to avoid the 

recurrence of this section in every chapter. 

4.1 ANIMALS AND INDUCTION OF DRY EYE: SURGICAL 

PROCEDURE 

Female Wistar rats (200-300 g, Janvier, Roubaix, France) were kept under 

standard pathogen-free conditions. Husbandry conditions: room temperature 20-

25 °C, humidity 50-60 % and a day-night cycle of 12h light/12h dark. Food and 

water were available ad libitum. All in vivo manipulations were approved by the 

Animal Ethical Committee of the University of Antwerp  (2013-67). 

To remove the exorbital lacrimal gland, animals were anesthetized with an 

intraperitoneal injection of 25 mg/kg ketamine (Anesketin
®
, Eurovet, Bladel, 

Netherlands) and 2.5 mg/kg xylazine (Rompun
®
, Bayer, Leverkusen, Germany) 

in a 1:3 solution with phosphate buffered saline (PBS) (Gibco
®
 by 

LifeTechnologies Europe, Gent, Belgium).  

The exorbital lacrimal gland is located subcutaneously, on top of the masseter 

muscle and inferior to the nervus ophthalmicus. The animals fur was removed 

locally, using a scalpel (No 5) after wetting with 70 % ethanol. Afterwards, the 

area of interest was cleaned with iso-Betadine
®
 dermicum (Meda Pharma, 

Brussels, Belgium) 

To remove the gland, a small incision was made in the skin 10 mm in front of and 

inferior to the tragus below the right ear. The exorbital lacrimal gland can be 

located easily due to its relatively large size and  location just under the skin.  

The exorbital lacrimal gland was then removed by careful excision using a 

forceps and scalpel (No 5). Subsequently, the wound was cleaned and any 

residual tissue removed. After surgery, the wound was stitched, disinfected with 

Astrexine
®
 (Pierre Fabre Sante, Brussels, Belgium) and post-operative analgesia 

was administered using Temgesic
®
 [0.03 mg] (Reckitt Benckiser Healthcare, 
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Hull, UK). During recovery, animals were placed under a heat lamp and special 

care was taken to shield the eyes from extensive heat and light. To reduce the 

chance of post-operational complications, enrofloxacin (Baytril
®
 Bayer, 

Germany) was administered orally for 5 consecutive days [1 ml Baytril
®
 / 

drinking bottle]. 

4.2 TEAR VOLUME MEASUREMENTS AND EVALUATION OF 

OCULAR SURFACE DAMAGE 

Prior to analysis, animals were sedated with 5 % isoflurane, followed by a 

maintenance dose of 2 %. A phenol red thread (Zone Quick
®
, Menicon Co. Ltd, 

Nagoya, Japan) was placed in the lateral cantus of the conjunctival fornix for 15 

seconds. Absorption of tear fluid results in a color shift from yellow to red and 

tear distance was measured in millimeters, using a pair of forceps to straighten 

the thread (Figure 17).  

 

Figure 17: Measuring phenol red thread after tear absorption [LMPH, University of Antwerp]. Tear 
absorption causes the color of the thread to shift from yellow to red. 

The animals were placed in a darkened room and 1 µl of sodium-fluorescein (1 

%, Sigma-Aldrich, Seelze, Germany) in PBS was administered topically to the 

surface of the eye. To avoid false positives, eyes were rinsed twice after one 

minute with 4 µl PBS and excess fluorescein was removed by placing filter paper 
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in the lateral cantus of the eye. The eye was photographed with a microscopic 

lens (Photo adapter 1.0 MC 80 DX – Axiovert 25 CA, Carl Zeiss AB, Göttingen, 

Germany) in a darkened room under cobalt blue light. 

Using the Oxford fluorescein grading scale, scores from 0 to 5 were given to each 

eye, depending on ocular staining intensity (Figure 18). Semi-quantitative scoring 

was done in a blind manner by three independent observers. Subsequently, mean 

values were calculated. 

 

Figure 18: Upper left: Control eye after fluorescein staining; Lower left: Dry eye after fluorescein staining; 
[LMPH, University of Antwerp]. Right: Oxford fluorescein grading scale. [American Academy of 
Ophthalmology]. The staining pattern is proportional to dry eye severity and ocular surface damage. 

  



 

75 
 

4.3 TEAR COLLECTION 

Tear collection with rodents is a technically difficult procedure and multiple 

methods have been described, ranging from using absorbent material and eye 

washings to the use of capillaries.  

When using absorbent materials, tear fluid is susceptible to evaporation. 

Furthermore, extraction of the fluid from the absorbent material is difficult and 

leads to sample-loss. Eye washings, where PBS is applied topically on the ocular 

surface, followed by fluid collection, leads to unknown dilution factors.  

For these reasons, the use of capillaries (10 µl Blaubrand
® 

Intramark, Wertheim, 

Germany) were preferred in this thesis.  

However, working with rodents (with DES) yields very low tear volumes and the 

capillary force is often not large enough to capture enough fluid. To circumvent 

these difficulties, capillaries were connected to a syringe by flexible tubing 

(Figure 19). This system was not used to collect tears through suction, but rather 

as a tool to slightly increase the negative pressure enough for adequate collection. 

As said, a very light pressure on the plunger, without actually moving it, is 

enough to capture satisfactory amounts of fluid.  

 

Figure 19: Syringe connected to capillary by flexible tubing for tear collection [LMPH, University of 
Antwerp]. 
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The capillary was very carefully inserted into the cul-the-sac and the inner corner 

of the eye, with care taken not to touch the eye itself. Fire branded 10 µl 

capillaries were used. Immediately after tear collection, capillaries were closed 

off with wax (both ends) and stored at -80°C.  

4.4 CYTOKINE ANALYSIS IN TEAR FLUID: SAMPLE 

PREPARATION AND CYTOMETRIC BEAD ARRAY 

Prior to analysis, capillaries were thawed and both closed ends were cut off. The 

capillaries were then transferred to a 1.5 ml Eppendorf tube, inside a 50 ml tube 

and centrifuged for one minute at 1250 RPM.  

To avoid the fluid re-entering the capillary after centrifugation, capillaries were 

put in a pipette tip of 200 µl, inside the 1.5 µl Eppendorf tube.  

The tear fluid was then pooled per group and per time-point. Alternatively, tear 

fluid is pooled per animal, regardless of time point, depending on the 

experimental setup. The standard protocol from BD Biosciences for CBA has was 

miniaturized due to the limited amount of tear fluid available after tear collection. 

The sample volume (after dilution) of each well during the assay was altered from 

45 to 15 µl.  

In the following section, all reagents were used as provided in the BD CBA flex 

sets and mouse/rat soluble master buffer kit (Rat IL-1α and TNF-α CBA flex sets, 

BD Biosciences, Erembodegem Belgium). 

3 µl tear fluid per sample was transferred to a 1.5 ml Eppendorf tube and diluted 

to 15 µl with assay diluent. TNF-α and IL-α standard pellets were dissolved in 4 

ml assay diluent and left to rest for 15 minutes (this was used as the highest 

standard with a concentration of 10000 pg/ml). A serial dilution (1:2) was started 

by mixing 500 µl of the highest standard with 500 µl assay diluent. This 

procedure was repeated until a dilution of 1:256 (with a concentration of 40 

pg/ml) was achieved. Assay diluent functioned as blank.  
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The capture bead reagent was made by diluting the capture bead stock 1:25 with 

capture bead diluent, according to the total number of samples and standard. 25 

µl of capture bead reagent was added to all samples and standards and incubated 

for one hour.  

The detection bead reagent was prepared in the same manner as the capture bead 

reagent. 25 µl of detection reagent was added to all samples and standards and the 

mixture was incubated for two hours. 

1 ml of washing buffer was added to all samples and standards, followed by 

centrifugation at 1250 RPM for 5 minutes. Supernatant was removed and 150 µl 

of washing buffer was added to all samples and standards. Subsequently, the 

mixture was reconstituted and added to a 96-well plate for flow-cytometric 

analysis (FACS calibur, BD Biosciences). 

Note: A single experiment with 4 to 5 animals per group requires pooling of tear 

fluid, which extrapolates to the absence of standard deviations in flow cytometric 

cytokine analysis. 

Experiments conducted only once do not provide standard deviations for flow 

cytometric analysis. This is due to the small sample volume. It does however, 

generate mean concentrations for each group per time point. Together with the 

other evaluation parameters, this indicates the potential of the preparation against 

DES. When a compound or formulation performs adequately, follow-up 

experiments generate more data and allow inter-experimental standard deviations 

for cytokine analysis.   
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4.5 IMMUNOHISTOCHEMISTRY 

T-cell infiltration in the palpebral conjunctiva was analyzed 

immunohistochemically. Eyelids were excised, and frozen in optimal cutting 

temperature (OCT, TissueTek
®
, Sakura

®
 Finetek Inc., Torrance, USA). 

Histological sections (12 µm) were transferred to poly-L-lysine coated slides and 

incubated with 0.05 % thimerosal, 0.01 % NaN3, 0.1 % bovine serum albumin, 1 

% triton-X100 and 10 % normal horse Serum in PBS. The samples were 

incubated with anti-CD3 primary antibody (Abcam, Cambridge, UK) followed by 

goat anti-rabbit CyTM3 or goat-anti rabbit FITC (Jackson ImmunoResearch 

Europe Ltd, Suffolk, UK). A nuclear counterstaining was applied using 4′,6-

diamidino-2-phenylindole (DAPI, LifeTechnologies Europe, Gent, Belgium). All 

slides were analyzed using a Zeiss observer Z1 AX10 fluorescence microscope 

(Carl Zeiss AB, Göttingen, Germany). 
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5 DEVELOPMENT, OPTMIZATION AND 

VALIDATION OF AN ANIMAL MODEL FOR 

DRY EYE SYNDROME 
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5.1 INTRODUCTION & OBJECTIVE 

To study the complex pathology and the multifactorial origin of DES, several 

animal models for different forms of dry eye have been developed.
1-4

 The 

characteristics and practicability of dry eye models differ considerably and 

strongly depend on the animal species and induction method.
3-4

 Animal models 

have indeed contributed significantly to our current understanding of DES 

pathogenesis and are necessary to further unravel DES pathophysiology and to 

evaluate novel therapies. However, a lot of these models are time consuming in 

maintaining dry eye,  are reversible or fail to simulate the underlying mechanisms 

of dry eye.
5 

In addition, several models have not been thoroughly validated or 

have limited evaluation parameters, making them in our opinion less suitable for 

drug discovery and evaluation.  

Selection of induction method and animal species 

A preliminary study was performed to investigate the potential of several 

experimental methods to induce dry eye. A literature search was conducted to 

identify the most common and relevant strategies. Subsequently, small-scale 

experiments were conducted to evaluate these methods. The main prerequisites 

for the implementation of the animal model were reproducibility, robustness, 

work- load, animal wellbeing and cost. Preferably, the induction method was a 

single procedure with no to little follow up to induce dry eye.  
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Optimization and validation of a surgical and robust dry eye rat model  

The final DES induction method of choice was the surgical removal of the 

exorbital lacrimal gland to obtain a tear-deficient dry eye model as already 

described in several animals
6
, including the rat.

7-8
 However, it was necessary to 

further optimize and validate this model for optimal use in drug discovery. Apart 

from standard tear volume measurements, fluorescein staining and histological 

analysis, several clinically relevant evaluation parameters were included. For 

example, T-cell infiltration in the conjunctiva has been proven to be one of the 

driving forces in the self-perpetuating inflammatory cycle of dry eye.
2,9,10 

Hence, 

immunohistochemical analysis of CD3
+
 cells in palpebral conjunctiva was 

assessed. Furthermore, key inflammatory cytokines in tear fluid (IL-1α and TNF-

α) and MMP-9 expression in the cornea, all or which play a key role in dry eye 

pathogenesis, were evaluated.
2, 11-14

 

5.2 MATERIALS & METHODS 

Animals 

 

Female Wistar rats (200-300 g) and female Swiss mice (Janvier, Roubaix, 

France) were kept under standard pathogen-free conditions. Husbandry 

conditions: room temperature 20-25 °C, humidity 50-60 % and a day-night cycle 

of 12 h light/12 h dark. Food and water were available ad libitum. All in vivo 

manipulations were approved by the Animal Ethical Committee of the University 

of Antwerp  (2013-67). 

Animals were anesthetized with an intraperitoneal injection of 25 mg/kg 

ketamine (Anesketin
®
, Eurovet, Bladel, Netherlands) and 2.5 mg/kg xylazine 

(Rompun
®
, Bayer, Leverkusen, Germany) for all dry eye induction 

manipulations. Routine manipulations (tear collection, fluorescein staining) were 

performed after induction with 5 % isoflurane (Halocarbon
®
, New Jersey, USA), 

followed by a maintenance dosage of 1.5 %. 
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Botulinum toxin A/B injections (mouse-rat) 

 

100 µl Botulinum toxin A/B (Neurobloc, Eisai Limited UK) 100 mU, diluted 

with phosphate buffered saline (PBS, Gibco
®
 by LifeTechnologies Europe, Gent 

Belgium) was injected in the intra-orbital lacrimal gland through trans 

conjunctival injections using a 29G syringe (BD ultrafine, BD Biosciences, 

Erembodegem Belgium). The procedure was conducted using a surgical 

microscope (Zeiss, Germany). 

Scopolamine (rat) 

 

Transdermal scopolamine patches 1.5 mg (Novartis, Vilvoorde, Belgium) were 

applied to the upper part of the tail. In a follow-up experiment, the patch was 

placed between the shoulders of the rat, after shaving the designated area. 

Cauterization of the exobital gland ducts (lacrimal cord) (rat) 

The duct system of the right exorbital lacrimal gland was cauterized after a small 

incision 15 mm in front of and inferior to the tragus below the right ear, using a 

micro cauterization pen (Fine Science Tools, Heidelberg, Germany). The 

procedure was conducted using a surgical microscope (Zeiss, Oberkochen, 

Germany). 

Surgical induction of dry eye: removal of the exorbital lacrimal gland 

See section methodologies (Chapter 4). 

Anti-inflammatory drugs 

Restasis
® (2.5 µl 2x/day during 28 days, 0,05 % cyclosporine A, Allergan, Irvine, 

USA), the only FDA-approved anti-inflammatory treatment for DES and 

Monofree
®
 (2.5 µl, 4x/day for 14 days, 1 mg/ml dexamethasone, Théa, Wetteren, 

Belgium), a potent anti-inflammatory corticosteroid, were utilized to treat DES 

derived ocular inflammation. Restasis
® or Monofree

®
 was administered directly 
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onto the ocular surface using a pipette. Use of dexamethasone eye drops was 

restricted to 14 days to avoid side effects. 

Measurement of aqueous tear production  

See section methodologies (Chapter 4). 

Evaluation of ocular surface damage by fluorescein staining 

See section methodologies (Chapter 4). 

Tear collection  

See section methodologies (Chapter 4). 

Tear fluid analysis 

See section methodologies (Chapter 4). 

Immunohistochemistry  

See section methodologies (Chapter 4). 

RNA preparation and qRT-PCR 

Total RNA from cornea and palpebral conjunctiva was isolated using the 

RNeasy
®
 Plus Mini Kit (Qiagen, Venlo, The Netherlands). cDNA was obtained 

by the AccuScript Hi-Fi Reverse Transcriptase kit (Agilent Technologies Europe, 

Boeblingen, Germany) following the manufacturer’s instructions. Expression of 

MMP-9 relative to the endogenous reference gene GAPDH (glyceraldehyde 3-

phosphate dehydrogenase) was determined using TaqMan
®

 gene expression 

assays (Applied Biosystems™, California, USA). RT-PCR reactions were set up 

in triplicate and were performed on a StepOnePlusTM Real-Time PCR system 

(Applied Biosystems, California, USA). Amplification conditions consisted of 10 

minutes at 95°C, 40 cycles of 30 seconds at 95°C and 60 seconds at 60°C. 
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Statistical evaluation 

Statistical analysis was performed with GraphPad using non-parametric tests. 

Different experimental groups were compared by a One way ANOVA test. Only 

when p-values ≤ 0.05 were obtained, post-hoc pairwise comparisons by means of 

Mann Whitney U test was performed. *p<0.05, **p<0.01, ***p<0.001.  

Experimental design 

Selection of induction method and animal species 

10 female Swiss mice and 5 female Wistar rats were used to test ocular surface 

evaluation, tear volume measurements and tear collection. Afterwards, 4 Wistar 

rats were used to test each different dry eye induction method. Prior to the start of 

those experiments, ocular staining scores and tear volume were evaluated. After 

induction of dry eye, the animals were monitored during 24 days and tear volume 

and corneal tissue damage were evaluated twice a week. 

Optimization and validation of a surgical and robust dry eye rat model  

Prior to the start of the experiment, ocular staining scores, tear volume and tear 

fluid were obtained. Tear fluid and corneal tissue damage were evaluated once a 

week. Animals were treated with CyA (Restasis
®) for 4 consecutive weeks 

(2x/day) or dexamethasone for 2 weeks (4x/day). Mean values of 5 dry eye 

experiments (with 5 animals per group for each experiment) and 2 

dexamethasone and CyA
 
treatment experiments (with 5 animals per group for 

each experiment) ± SEM are displayed in the results section below.  

Control: The left eye of every animal in all experimental groups 

functioned as control. 

Dry eye: Removal of the right exorbital lacrimal gland. Animals 

receive  no treatment.  
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CyA: Removal of the right exorbital lacrimal gland. Animals 

received  CyA  2  times a day.  

Dexamethasone: Removal of the right exorbital lacrimal gland. Animals 

received dexamethasone eye drops 4 times a day.  

5.3 RESULTS 

Selection of induction method and animal species 

Because of the limited sample size and investigative nature of these experiments, 

only the main conclusions will be elaborated in this section. In these experiments, 

tear volume and ocular surface damage were the only evaluation parameters. 

Animals 

Tear collection using mice yielded unsatisfactory amounts of tear fluid (<1 µl). 

Undiluted tear fluid was preferred to tear fluid washings to avoid unknown 

dilution factors. Additionally, small ocular dimensions presented technical 

difficulties regarding ocular surface evaluation and tissue collection. 

Subsequently, Wistar rats were preferred to Swiss mice in the following 

experiments. 

Botulinum toxin (BTX) A/B injections (mouse-rat) 

BTX-B injections are described in literature for induction of DES in mice.
5,15,16

 

For rats however, this method is not described. An initial test with BTX-B 

injections did not yield an efficient tear reduction in rats (less than 20 %). 

Callaway et al concluded that rats are less susceptible to BTX-B due to a 

mutation in synaptobrevin, reducing the anticholinergic effect of BTX-B.
17
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Therefore, BTX-A was used as an alternative in rats. However, a very high 

degree of variability in tear volume reduction and subsequent tissue damage 

scoring was observed. The trans conjunctival injections into the orbit of the eye to 

reach the intra-oribtal lacrimal gland proved to be technically difficult. The high 

degree of variability might have been caused by variation in the exact site of 

injection.  

BTX-A injections in the exorbital lacrimal gland did not result in significant 

changes in tear volume, possibly due to its greater size, compared to the intra 

orbital lacrimal gland. 

Scopolamine (rat) 

 

As could be expected, rats proved very ingenious in removing the transdermal 

patch from their tails. This technique is described in mice however.
18,19

 

One of the only places rats can’t reach with their claws or teeth is between the 

shoulders, hence placing the patch there was the next logical alternative. Visual 

discomfort for the animal however, disqualified this method for further use. 

Cauterization  of the exobital gland ducts (lacrimal cord) (rat) 

Comparable to the BTX-A injections, a high degree of variability in tear 

reduction was observed when employing this technique. In literature, the duct 

system of the exorbital gland of the rat is described as a lacrimal cord, consisting 

of multiple ducts with assorted neurovascular structures, all of which are 

ensheathed in abundant connective tissue.
20,21

 Therefore, incomplete cauterization 

of all different lacrimal ducts might be the main reason for the variation observed 

in this experiment. 
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Optimization and validation of a surgical and robust dry eye rat model  

Tear volume 

Removal of the exorbital lacrimal gland resulted in a significant tear volume 

reduction of approximately 50 % compared to control eyes. Treatment with CyA 

or dexamethasone displayed no significant effect on tear secretion compared to 

untreated dry eyes (Figure 20). 
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Figure 20: Tear volume of control eyes, untreated dry eyes and CyA (4 weeks) and dexamethasone (2 
weeks) treated eyes. Data represent mean values ± SEM. *p<0.05, **p<0.01, ***p<0.001. 5 repeats dry 
eye experiments, 2 repeats CyA (4 weeks) and dexamethasone (2 weeks); (N=5 per experiment). 

Evaluation of ocular surface damage 

To evaluate the effect of exorbital lacrimal gland removal on corneal surface 

damage, control eyes and dry eyes were stained with Na-fluorescein once a week 

(Figure 21 and 22). Animals treated with Restasis® or dexamethasone showed a 

decrease in ocular surface damage compared to untreated dry eyes, however this 

was only significant for CyA (Figure 22). 
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Figure 21: Fluorescein staining of the ocular surface.  
Left: Untreated dry eye, 21 days post induction. Right: Control eye, 21 days post induction. 
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Figure 22: Fluorescein staining of control eyes, untreated dry eyes and CyA (4 weeks) and 
Dexamethasone (2 weeks) treated eyes. Data represent mean values ± SEM. *p<0.05, **p<0.01, 
***p<0.001. 5 repeats dry eye experiments, 2 repeats CyA (4 weeks) and dexamethasone (2 weeks); (N=5 
per experiment). 
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Elevated levels of pro-inflammatory cytokines 

To demonstrate the inflammatory nature of the dry eye model, pro-inflammatory 

cytokines were measured in tear fluid of control and dry eye induced animals 

(Figure 23 and 24).  
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Figure 23: Mean overall IL-1α and TNF-α concentrations [pg/ml] of control eyes, untreated dry eyes and 
CyA (4 weeks) and Dexamethasone (2 weeks) treated eyes. Data represent mean values ± SEM. *p<0.05, 
**p<0.01, ***p<0.001. 5 repeats dry eye experiments, 2 repeats CyA (4 weeks) and dexamethasone (2 
weeks); (N=1 pool of 5 animals per experiment). 
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Figure 24: IL-1α and TNF-α concentrations [pg/ml] of control eyes, untreated dry eyes and CyA (4 weeks) 
and Dexamethasone (2 weeks) treated eyes in relation to time. Data represent mean values ± SEM.  5 
repeats dry eye experiments, 2 repeats CyA (4 weeks) and dexamethasone (2 weeks); (N=1 pool of 5 
animals per experiment). 
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Both TNF-α and IL-1α concentrations were significantly elevated in untreated 

dry eyes compared to control eyes over the course of the experiment (Figure 24).  

Elevated levels of both cytokines were observed from week one onwards (Figure 

23). Treatment with CyA and dexamethasone reduced TNF-α and IL-1α levels 

significantly (Figure 23 and 24).   

CD3+ cell infiltration in palpebral conjunctiva 

 

Figure 25: CD3+ cell infiltration (red) and DAPI stained nuclei (blue) in palpebral conjunctiva. 
A: Untreated control;  B: Untreated dry eye; C: CyA D: dexamethasone. 
Magnification x200. 
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Untreated dry eyes exhibited dense areas of CD3
+
 cell populations (81 CD3

+
 

cells/500 cells counted) in palpebral conjunctival tissue compared to control, CyA 

and dexamethasone treated eyes  (<8 CD3
+
 cells/500 cells counted - Figure 6 A, 

B, C, D) (Figure 25).  

MMP-9 expression in the cornea 

Compared to control eyes, a 6-fold increase in MMP-9 expression (mRNA), a 

prominent biomarker for dry eye, was observed in corneas from untreated dry 

eyes. Treatment with CyA and dexamethasone effectively reduced MMP-9 

expression (Figure 26). 
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Figure 26: 6 fold increase of MMP-9 mRNA  in cornea’s from dry eyes, compared to CyA and 
dexamethasone treated animals and control. Data represents mean values ±SEM; N=10. 
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5.4 DISCUSSION & CONCLUSION 

To elucidate the pathogenesis of dry eye and to evaluate novel potential 

treatments for DES, standardized, validated, robust and user friendly animal 

models for dry eye disease are a major added value in this type of research.  

Multiple methods for tear collection have been described.
22,23

 Because rodents 

yield low tear sample volumes, eye fluid washings are generally taken instead of 

undiluted tear fluid. Although tear collection using eye washings is easier and 

yields higher volumes, this method complicates the determination of exact protein 

concentrations. Furthermore, small volumes are highly susceptible to evaporation, 

even for very limited periods of time. For these reasons, capillaries are preferred 

to the use of absorbent material. Their use in combination with a very weak 

negative pressure results in the collection of satisfactory volumes of undiluted 

tear fluid. Multiplex assays such as CBA, require just a fraction of the volume for 

the detection of multiple analytes in comparison to conventional techniques (e.g. 

ELISA). Due to volume restrictions, duplicates are not possible for rats with DES 

with only 5 animals per group. Increasing the number of animals per group makes 

it possible to include duplicates. In this study, control tear fluid has very low inter 

and intra assay variability (<10 %). High variation (20-40 %) in interleukin levels 

is registered in DES-induced animals. Fluctuations in interleukin levels are well 

known and the influence of reflex tearing during tear collection cannot be 

underestimated. These limitations are also observed in human patient studies
24

. A 

very clear difference (at least 300 %) between control tear fluid and tear fluid 

from (untreated) DES-induced rats is always observed however, which facilitates 

the evaluation of potential treatments.  

Apart from different animal species, many different strategies exist for the 

induction of dry eye. Topical administration of benzalkonium chloride (BAC) or 

other chemicals have a toxic effect on the ocular surface.
25

 However, Chen et al 

demonstrated that BAC can also impair the whole cornea without occurrence of 
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dry eye. Furthermore, the direct toxic effect on the whole cornea should be taken 

into account if BAC is used to establish an animal dry eye model.
25

 In our 

opinion ocular inflammation and tissue damage should develop as a result of tear 

film deficiencies or reduced tear secretion, rather than exposure to irritating 

chemicals. Topical applications of DES-inducing agents may also interfere with 

topical treatments, especially as BAC is administered multiple times a day.
25-26

 

More clinically relevant options for the induction of dry eye include 

anticholinergic treatments such as scopolamine or trans-conjunctival botulinum 

toxin (BTX) B injections. Single BTX-B injections provide a state of dry eye for 

at least four weeks.
27

 This induction method is less suitable for rats because of a 

mutation in synaptobrevin, reducing the anticholinergic effect of BTX.
17

 

Scopolamine injections are another option, but a systemic effect and intensive 

follow-up remains an issue as injections are needed three times a day.
27,28

 Several 

knock-out models are also available, each with different specific causes of dry 

eye. These models are an added value to demonstrate the mechanistic 

involvement of certain genes and their related expression products in the dry eye 

pathogenesis. They are, however, less suitable for routine evaluation of novel 

compounds, due to their high cost and limited availability and because they 

usually fail to represent the DES pathology as a whole.
5
  

Our experiments concluded that cauterization of the exorbital lacrimal duct and 

BTX-injections, described in this chapter, were deemed ineffective due to high 

degrees of variability in inducing dry eye. The adherence of transdermal 

scopolamine patches on the tail proved difficult with rats and placing them 

between the shoulders caused the animals discomfort.  

The most commonly used animals to mimic a variety of different 

pathophysiological mechanisms for the induction of dry eye include: mice, 

rabbits and dogs. Due to the large ocular surface (accessibility) and longer 

lifespan, rabbits and dogs are most suitable for evaluation of signs of dry eye. On 

the other hand, using rodents, has several advantages, such as easier handling, 
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reduced costs, fewer prerequisites for housing and maintenance and better 

availability of reagents. The downsides are low sample volumes and small ocular 

dimensions to study clinical dry eye signs. Greater ocular dimension and tear 

volume made rats superior in this type of research, in comparison to mice. 

Surgical Induction of DES in this study is fast, permanent and no follow up is 

needed. Removal of the extraorbital lacrimal gland results in a significant 

reduction in tear secretion, resulting in an increase in ocular surface damage and 

an elevation of inflammatory markers in tear fluid, suggesting reduced tear 

volume is sufficient to excite ongoing activity of moisture-sensitive corneal 

afferent fibres that increase during ocular surface dryness.
29

 Removal of the 

exorbital lacrimal gland may interfere with the study of potential tear secretion 

stimulating agents. The intra orbital and accessory lacrimal glands may be 

sufficient to register an increase in tear secretion. This, however has to be 

investigated further. We are aware that this dry eye model mimics tear deficient 

dry eye and are currently investigating a similar model for evaporative dry eye.  

In this study, mRNA analysis revealed a 6-fold increase in MMP-9 in corneas 

from dry eye groups in comparison to control eyes. Furthermore, an increase in 

CD3
+
 cell infiltration in the palpebral conjunctiva was observed in untreated dry 

eye. Human clinical studies confirm conjunctival CD3
+
 cell infiltration and 

elevated IL-1α and TNF-α levels in tear fluid.
10-12

 MMP-9 is also a major human 

biomarker for DES and plays a pival role in dry eye pathogenesis.
14,30,31

 These 

findings confirm the clinical relevance of this animal model.  

This surgical method of DES induction has been immunologically evaluated in 

mice
32

, but to improve clinical monitoring and to obtain larger sample volumes, 

female Wistar rats were selected as animals of choice.
33

 For model validation, the 

animals were treated with two established anti-inflammatory agents, e.g. 

cyclosporine A (Restasis
®)

 and dexamethasone. CyA and dexamethasone eye 

drops displayed anti-inflammatory properties and significantly reduced IL-1α and 
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TNF-α concentrations in tear fluid. Moreover, both treatments reduced MMP-9 

expression in the cornea. Fluorescein staining, for the detection of ocular surface 

damage, was significantly diminished. Few to no CD3
+
 cell infiltration was 

observed in the two treatment groups. Depending on the area of research, 

additional targets, detectable with qRT-PCR, immunohistochemistry and tear 

fluid analysis, could be easily implemented.  

This animal model strived to be as robust and low-maintenance as possible. 

Immunologically relevant evaluation parameters were included and the model 

was validated with the two most commonly known anti-inflammatory treatments 

for dry eye. Due to the fast induction and onset of ocular damage and 

inflammation, this model can be used for the quick evaluation of potential 

therapeutic compounds or preparations for DES and other related ocular 

inflammatory disorders. 
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6 IN VIVO EVALUATION OF ALTERNATIVE 

FORMULATIONS FOR THE TREATMENT OF 

DRY EYE SYNDROME  
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6.1 INTRODUCTION AND OBJECTIVE 

The bioavailability of bioactive molecules through conventional topical 

application of eye drops is low due to corneal barrier function and lacrimation.
1-3

 

Ocular inserts and gels present an opportunity to increase the residence time and 

bioavailability of these drugs.  

The objective of the following experiments was to test 2 alternative formulations 

as a potential vehicle for the treatment of DES. 

Chitosan inserts loaded with cyclosporine A (CyA) 

The potential of a chitosan-based insert, loaded with CyA was evaluated and 

compared to conventional CyA eye drops (Restasis
®
). Ocular tolerance, tear IL-

1α concentrations, tear volume and ocular surface damage were evaluated. 

Aqueous HPMC-based gel loaded with dexamethasone 

The potential therapeutic effect of an aqueous gel, loaded with dexamethasone (-

sodium phosphate) on dry eye pathology was evaluated and compared to an 

aqueous solution containing dexamethasone. The ocular tolerance of the gel itself 

has also been investigated. In this experiment, tear cytokine concentrations (IL-1α 

and TNF-α), tear volume and ocular surface damage were evaluated. Instead of 

pooling tear fluid from animals from the same group per time point, tear fluid 

from individual animals was pooled, regardless of time point. This way, mean 

values of each treatment on every animal were reported.  
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6.2 MATERIALS & METHODS 

Animal model and evaluation parameters  

See section methodologies (Chapter 4). 

Insertion of the inserts 

Both the chitosan inserts and HMPC-gel were administered under anesthesia 

(isoflurane, 2 %), using a forceps, in the cul-the-sac of the lower eyelid. Before 

administration, the chitosan inserts were wetted with PBS (Life Technologies 

Europe, Gent Belgium).   

Preparation of the formulation 

Chitosan inserts 

The preparation of the chitosan films was performed by Kris Hermans of the 

laboratory of Pharmaceutical Technology and Bio-pharmacy. 

The films were prepared using the solvent casting evaporation technique. Low 

molecular weight (MM<200000 g/mol) chitosan glutamate (Brook Chemical 

limited, Shangai, China) solutions (1-2 %) were prepared in distilled water at 

room temperature, employing a magnet stirrer. 0.2 % 2-hydroxylpropyl-β-

cyclodextrin (HP-β-CD) (MW1380) (Sigma-Aldrich, Stenheim Germany) was 

added to the solution during this process. Glycerol, a plasticizer (Sigma 

Chemical, St. Luis USA), was included in a concentration of 10 %, relative to 

chitosan glutamate in order to produce flexible films and to protect the film 

during storage. CyA (MW 1203) (Brook Chemical Limited, Shangai China) was 

dissolved in 96 % ethanol (Fraver Laboratory, Kontich Belgium) and added to the 

solution, resulting in a 0.26 % (w/w) drug concentration. The solution was then 

ultrasonicated for 120 seconds at 30 % amplitude and 20 W (Branson digital 

sonifier 450-D, Danbury USA) to disperse CyA homogeneously. Subsequently, 

films were cast by pouring 5 g of the suspension into polystyrene dishes, 
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followed by drying at room temperature for 48h. Films were then stored in a 

desiccator at 20°C and 60 % RH. Blank films were prepared analogous to the 

process described above, without the addition of CyA. 

Circular chitosan discs with a diameter of 3 mm and an approximate thickness of 

0,5 mm were obtained using a hole puncher.  

Aqueous HPMC-based gel 

The gel casting technique of the formulation, described and tested in this chapter 

is described in detail in Everaert et al, 2015 (Figure 27).
4
 The preparation of the 

HPMC gel was performed by Arnout Everaert of the laboratory of 

Pharmaceutical Technology and Bio-pharmacy. 

 

Figure 27:  Schematic of the production process of the ocular gel. 

 

In short, a solution of 20 % Hydroxypropylmethylcellulose (HPMC) (Colorcon, 

Datford UK) was prepared by adding HPMC powder to purified water at 90°C. 

Gycerol was added to obtain a percentage of 0.8 %.  
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The dispersion was stirred and heated continuously using a magnetic stirrer 

(VWR, VMS-C7-2, IKA, Staufen Germany). The solution was then casted in rod-

shaped PVC-blisters using an analytical balance (Mettler Toledo AB135-S, 

Greifensee Switzerland) and cooled down to room temperature. Subsequently, the 

polymer solution was exposed to air at room temperature to allow evaporation of 

water from the polymer matrix. The drying progress took up to three days at room 

temperature to reach a theoretical 100 % HPMC percentage. Subsequently, the 

aqueous drug solution (0 mg/ml, 2 mg/ml or 5 mg/ml) dexamethasone sodium 

phosphate (Sigma-Aldrich Seelze, Germany) in PBS (Sigma-Aldrich Seelze, 

Germany) was added to the dried polymer matrix for rehydration.  

 

Figure 28: Rod shaped gel after rehydration with a sodium fluorescein solution. 

 

After adding the drug solution, the blisters were stored at 2°C and protected from 

atmospheric conditions to allow rehydration. 

Immediately before use in the animal model, ± 4 mg of the gel was  accurately 

weighed on an analytical balance (Mettler Toledo AB135-S, Greifensee 

Switzerland), placed between two sterile plastic discs and wrapped in parafilm to 

await administration. 
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6.3 EXPERIMENTAL SETUP 

Chitosan inserts 

Prior to the start of the experiment, ocular staining scores, tear volume and tear 

fluid were obtained. Directly after induction of dry eye, animals were treated 

daily for 22 consecutive days. CyA loaded chitosan inserts were administered  in 

the cul-the-sac once a day. Untreated and Restasis
®
 treated animals were included 

in this experiment.  Every group consisted of 5 animals, 20 animals in total. 

During this experiment, tear fluid was collected per time point and pooled from 

animals in the same treatment group. All other evaluation parameters were also 

investigated in relation to time. Experimental inserts were administered daily 

between 8.30 - 9.30. CyA eye drops were administered twice a day between 8.30 

- 9.30 and 15.30 - 16.30. Tear collection occurred every Monday, tear volume 

measurements and ocular surface evaluation every Friday. 

Control: The left eye of every animal in all experimental groups 

functioned as control. 

Dry eye: Removal of the right exorbital lacrimal gland. Animals 

received  no treatment.  

CyA Restasis
®
: Removal of the right exorbital lacrimal gland. Animals 

received  CyA eye drops 2  times a day.  

CyA Chitosan: Removal of the right exorbital lacrimal gland. Animals 

received CyA loaded chitosan insert 2 times a day.  
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Aqueous HPMC-based gels 

Prior to the start of the experiment, ocular staining scores, tear volume and tear 

fluid were obtained. Directly after induction of dry eye, animals were treated 

daily for 12 consecutive days. The inserts were administered two times a day and 

compared to dexamethasone eye drops (4 times/day). Untreated dry eye and two 

vehicle treated groups (vehicle dexamethasone eye drops and vehicle ocular gel – 

4 and 2 times a day respectively) were included. Every group consisted of 4 

animals, 20 animals in total. 

Contrary to the chitosan experiment, tear fluid was pooled per animal, regardless 

of the time point to obtain mean values per animal over the course of the 

experiment. This methodology was also used for tear volume and ocular surface 

evaluation.  

To objectively evaluate the efficacy of the ocular gels, results were compared to 1 

mg/ml dexamethasone eye drops in regular phosphate buffered saline (PBS), 

without any additives. Two different concentrations of dexamethasone in the 

ocular gels were evaluated: 2 times a single prescribed dose and 5 times a 

single prescribed dose of 1 mg/ml, both extrapolated (based on average weight) 

to rodent use. Blank loaded gels and PBS were used as the two vehicle groups. 

Dexamethasone loaded inserts and vehicle solutions were administered in a blind 

manner.  Experimental inserts, dexamethasone and vehicle were administered 

daily between 8.30 - 9.30, and 15.30 - 16.30. Tear collection occurred every 

Monday, Wednesday and Friday morning. Tear volume measurements and ocular 

surface evaluation occurred every Thursday. 
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Control: The left eye of every animal in all experimental groups 

functioned as control. 

Dry eye: Removal of the right exorbital lacrimal gland. Animals 

received  no treatment. 

5x: Removal of the right exorbital lacrimal gland. Animals 

received an insert containing 5x a single dose of 1mg/ml 

dexamethasone 2 times a day.  

2x: Removal of the right exorbital lacrimal gland. Animals 

received an insert containing 2x a single dose of 1 mg/ml 

dexamethasone 2 times a day.  

Dexa eye drops Removal of the right exorbital lacrimal gland. Animals 

received dexamethasone eye drops 4 times a day. 

Vehicle insert: Removal of the right exorbital lacrimal gland. Animals 

received blank inserts 2 times a day.  

Sham control Healthy animals which received blanc inserts 2 times a day 

in preliminary study. 
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6.4 RESULTS 

Chitosan inserts 

Tear volume 
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Figure 29: Mean tear volume values ± SD in relation to time for control, untreated dry eye, CyA treated 
and chitosan treated animals. N=5. 

Mean tear volumes for the chitosan treated group were generally lower than 

untreated and Restasis
®

 treated animals (Figure 29). The main reason for this 

effect could be the water absorbing properties of the chitosan film. To lower this 

effect the films were dipped in sterile PBS before administration. This, however, 

did not prevent the film from absorbing more moisture during its residence time 

in the eye.  

Fluorescein score 

Due to additional water absorption in a tear deficient eye, the chitosan films 

seemed to increase ocular friction. Hence higher fluorescein scores were 

registered in early stages of the experiment. This effect seems to stagnate and was 

followed by a slight decline in corneal staining (Figure 30).  
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Figure 30: Mean fluorescein scores ± SD of control, untreated dry eye, Restasis® and chitosan treated 
animals in relation to time. N=5. 

IL-1α concentration in tear fluid 

IL-1α levels of the chitosan treated groups were clearly lower than untreated dry 

eye groups. Even after 14 days IL-1α levels were considerably low in comparison 

to untreated animals (Figure 31). Initially, application of the inserts seemed to 

correspond with a distinct anti-inflammatory effect. 
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Figure 31: Mean IL-1α concentrations in relation to time of control, untreated dry eye, Restasis® and 
chitosan treated animals. N=1 pool from 5 animals. 
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At day 21 however, considerably higher IL-1α levels were observed compared to 

untreated dry eye. This suggests that irritation and mechanical friction of the 

inserts had a negative effect on ocular health as dry eye severity progressed. 

Aqueous HPMC-based gels 

Tear volume 

 

Figure 32:  Mean tear volumes of every animal in the corresponding treatment group, versus untreated 
dry eye and control. 

 

No significant change in tear volume between all inserts-treated groups and 

untreated dry eye was registered (Figure 32). Animals, treated with 

dexamethasone eye drops had the highest overall tear volume.  
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Fluorescein score 

 

Figure 33: Mean fluorescein scores of every animal in the corresponding treatment group versus control 
and untreated dry eye. 

 

Results for gels, loaded with 5 x dexamethasone did not statistically differ from 

untreated dry eye. Gels loaded with 2 x dexamethasone showed a positive effect 

on tissue damage scores, however these results did not statistically differ from 

vehicle treated animals. Dexamethasone eye drops had no effect on ocular tissue 

damage scores (Figure 33). One animal, treated with dexamethasone eye drops, 

developed an ocular lesion and was excluded from the graph. 
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IL-1 α concentrations in tear fluid 

 

Figure 34: Mean IL-1 α concentrations of every animal in the corresponding treatment-group versus 
control and untreated dry eye. 

 

Interestingly, both the 2 x and 5 x dexamethasone gels showed no positive effect 

on IL-1 α concentrations and the results did not statistically differ from the 

vehicle. Moreover, all gel-treated groups displayed a slight increase of IL-1 α 

levels in the tear fluid, compared to untreated dry eye. Dexamethasone eye drops 

reduced IL-1 α levels in tear fluid (Figure 34).  

While mean tear volumes (measured using phenol red thread) seemingly were not 

affected in animals treated with ocular gels (Figure 32), it must be noted that tear 

collection using capillaries yielded significantly lower tear volumes in this group. 

For flow cytometry, 3 µl of pooled tear fluid from the same animal was used in 
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the corresponding analysis. For gel-treated animals, half of the pooled samples 

after 5 tear collections had a tear volume lower than 3 µl. For these animals, 2.2 - 

2.6 µl tear fluid was used in the subsequent flow cytometric analysis, employing 

a different dilution factor in comparison to the rest of the animals in this 

experiment. Other treatment groups and even untreated dry eye animals did not 

display this effect. 

TNF-α concentrations in tear fluid 

 

Figure 35: Mean TNF- α concentrations of every animal in the corresponding treatment-group versus 
control and untreated dry eye. 

 

Similar to IL-1 α concentrations, TNF-α levels in tear fluid showed no significant 

improvement in all gel-treated groups (Figure 35). Treatment with conventional 

dexamethasone eye drops did show a slight improvement. 
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6.5 DISCUSSION & CONCLUSION 

There are many ways in which an ocular insert or gel are advantageous in 

comparison to conventional eye drops. There are, however, many caveats to 

overcome in obtaining disease-specific optimal formulations. Ocular inserts can 

improve the residence time of compounds at the ocular surface.
1-3,5-7

 However, 

during this time, therapeutic dosing should be able to be maintained. Another 

matter that needs to be investigated is the burden of the physical insert on ocular 

health. 

Chitosan inserts 

Dry chitosan-based inserts with strong water absorption properties seemed not 

suitable for treatment of aqueous deficient dry eye. The CyA loaded inserts 

initially retarded ocular inflammation, but this effect did not differ from 

conventional CyA eye drops. Possible irritation and dryness resulting from the 

water-absorbing properties of the insert, corresponded with higher tissue damage 

scores and lower tear volumes. Moreover, the rigid nature of the insert interfered 

with good ocular tolerance. This effect might be extra pronounced in aqueous-

deficient dry eye. Potentially, the inserts might be better suited for treatment of 

other ocular diseases, where tear deficiency is not an issue. 

Preliminary short term studies on healthy animals, prior to this experiment, 

showed an acceptable ocular tolerance to the inserts [data not shown]. Moreover, 

smaller dimensions of the film, without losing therapeutic dosing at the ocular 

surface, might improve ocular tolerance. In another study, where chitosan films, 

loaded with timolol maleate (TM) were compared to commercial 0,5 % TM eye 

drops in a ocular normotensive albino rabbits,  results showed no statistical 

difference between both formulations on intraocular pressure. However, no signs 

of ocular discomfort and irritation were examined with slit-lamp biomicroscopy.
5
 

This animal model employed larger, not tear-deficient animals, suggesting that 
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smaller dimension of the gel, relative to the animal and healthy lacrimation might 

be sufficient for acceptable ocular tolerance 

Other research, employing chitosan films containing 0,3 % ofloxacin in healthy 

rabbits, showed an increase in bioavailability of ofloxacin compared to 

conventional ofloxacin eye drops. This was measured in tear fluid trough high 

pressure liquid chromatography-elektrospray ionization tandem mass 

spectrometry (HPLC-ESI-MS/MS).
6
 However, no info was given on the ocular 

tolerance and composition of the chitosan films.  

Multiple studies showed the potential of chitosan in ocular formulations and 

provided evidence of increased corneal residence time and prolonged drug 

release.
3,5-8

 However, in these experiments, chitosan was used in micro-

emulsions, nanoparticles, gels or solutions. The clinical applicability of these 

aqueous formulations is greater in comparison to the dry, rigid form of the 

chitosan insert, tested in this experiment. 

Aqueous HPMC-based gels 

At least 17 hours after application of the inserts, experimental evaluation 

parameters were investigated (last daily application: 4pm – next first evaluation: 

9 am). After 17 hours, no residual inserts were observed in the animals. No 

significant difference in tear volume was registered after this period of time. 

When the gel is administered to the cul-the-sac of the eye, it attracts water. It 

would be logical to assume that initially the gel absorbs fluid and this process 

could locally dehydrate the ocular surface.  Eventually, when more tear fluid 

reaches the eye, the gel could act as a tool which traps moisture at the ocular 

surface, which is gradually released through erosion. When the gel is fully 

dissolved, this effect would wear off. However no effect on residual tear volume 

was observed in the phenol-red thread test, possibly due to the significant amount 

of time between administration of the gel and tear volume measurements. 
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The 5x dexamethasone-loaded gels had no effect on ocular tissue damage, 

compared to untreated dry eyes. The 2x dexamethasone gels and vehicle 

displayed lower tissue damage scores, suggesting a potential lubrication-based 

positive effect of this formulation in dry eye. As we can see in the dexamethasone 

eye drops-treated group, dexamethasone (in lower concentration) itself had close 

to no effect on tissue damage. This may imply that local, increased levels of 

dexamethasone for a prolonged time might cause additional tissue damage. 

Compared to untreated dry eye, application of the gels did not correspond with 

more tissue damage, indicating little ocular discomfort or irritation. In this 

experiment however, they also did not offer any significant improvement. Note: 

A control group in which no insert was instilled, but in which every action of 

inserting the gel was mimicked, displayed no effect whatsoever [data not shown]. 

There was no statistically significant positive or negative effect of all inserts on 

inflammatory cytokines in tear fluid. While this might be due to the small sample 

size, a slight elevation of IL-1α concentrations was observed in all gel-treated 

animals.  

Drug release in this type of gel is directly proportional with erosion of the gel. 

This could indicate that dissolution of the gel, and corresponding release of 

dexamethasone, is too slow, implying an incomplete therapeutic dosing of 

dexamethasone at the ocular surface. Another option is that the anti-inflammatory 

effect of dexamethasone is equal to the ocular discomfort and potential irritation 

of the gel. This option seems less evident, as there were 3 different concentrations 

of dexamethasone loaded inserts (0, 2x, 5x) and no distinct differences between 

cytokine concentrations. Another possibility is that cytokine concentrations in 

collected tear fluid from animals, treated with ocular gels was more concentrated 

due to the water absorbing properties of the gel, as seen in the observation that 

tear collection was more difficult with this treatment  
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Preliminary experiments with Sodium-fluorescein loaded gels showed fluorescein 

in the tear film and the ocular surface after a very limited amount of time (<1 

hour). The molecular weight of dexamethasone sodium phosphate is significantly 

higher (516 g/mol) than Sodium-fluorescein (376 g/mol), which might influence 

distribution through diffusion. Additionally, very low concentrations of  sodium 

fluorescein are visual under cobalt blue light and trace amounts of the dye at the 

edge of the insert might be enough for visualization. 

Another potential reason for the inefficiency of the gels (and in lesser extent the 

chitosan inserts) might be the actual residence time in the eye. It was not possible 

to be 100 % sure that the gels remained in the eye of the animals until it was fully 

dissolved. In a preliminary study some animals did lose their insert/gel in less 

than an hour, but generally it could be assumed the gel/insert did remain in the 

eye for more than 2 hours. The small dimensions and transparency of the gel 

made it impossible to retrieve or find the inserts in the animal cage. 

Reducing the dimensions of the gel, proportional to human use, could decrease 

potential discomfort of the insert and improve the actual residence time of the gel 

in the cul-the-sac. For the insert to be more effective in this model, a greater 

dissolution speed of the gel and subsequent faster release of the bioactive 

molecule is to be contemplated. 
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7 THE EFFECT OF BENZALKONIUM 

CHLORIDE IN EYE DROPS ON DRY EYE 

PATHOLOGY 
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7.1 INTRODUCTION & OBJECTIVE 

Benzalkonium chloride (BAC) is still the most commonly used preservative in 

ocular products, despite reports of its negative effects on ocular surface health. In 

the following experiment, eye drops with BAC were evaluated in vivo, using a 

surgical animal model of dry eye to investigate whether BAC aggravates dry eye 

signs. The effect of BAC on dry eye pathology will be compared to untreated dry 

eye, control, and vehicle treated animals. The following evaluation parameters 

were included in this experiment: tissue damage (fluorescein score), tear volume, 

IL-1α and TNF-α concentration in the tear fluid. 

7.2 MATERIALS & METHODS 

Animal model and evaluation parameters 

See section methodologies  (Chapter 4). 

Formulations 

Product [mg] Vehicle + BAC Vehicle 

Boric acid   20.0 20.0 

Edetate disodium salt  1.00 1.00 

Polyvinylpyrrolidone  25.0 25.0 

BAC  1.00 / 

Distilled water  ad 1.00 ml ad 1.00 ml 

 

7.3 EXPERIMENTAL SETUP 

Prior the start of the experiment, ocular staining scores, tear volume and tear fluid 

were obtained. Directly after induction of dry eye, animals were treated daily for 

14 consecutive days. BAC containing eye drops or vehicle (eye drops without 

BAC) were administered topically at a frequency of two times a day. Untreated 

animals with DES and healthy control animals were included in this experiment.  

Every group consisted of 5 animals, i.e. 20 animals in total. 
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All treatments were administered in a blind manner (color-coded). BAC 

containing eye drops and vehicle were administered daily between 8.30 - 9.30, 

and 15.30 - 16.30. Tear collection occurred every Monday and Friday morning. 

Control: The left eye of every animal in all experimental groups 

functioned as control. 

Dry eye: Removal of the right exorbital lacrimal gland. Animals 

received  no treatment.  

Vehicle: Removal of the right exorbital lacrimal gland. Animals 

received  vehicle 2  times a day.  

Vehicle + BAC: Removal of the right exorbital lacrimal gland. Animals 

received vehicle + BAC 2 times a day.  
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7.4 RESULTS  

Tear volume 
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Figure 36: Mean tear volume values ± SD in relation to time for control, untreated dry eye, vehicle and 
vehicle+BAC treated animals. N=5. 

Fluorescein score 
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Figure 37: Mean fluorescein scores ± SD of control, untreated dry eye, vehicle and vehicle+BAC treated 
animals in relation to time. N=5. 
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No significant effect of BAC on tear volume was observed in this experiment 

(Figure 36). However, ocular surface damage appeared to increase when the 

preservative was added to the vehicle (Figure 37). 

IL-1α concentration in tear fluid 

The presence of BAC in the vehicle drastically increased IL-1α and TNF-α 

concentrations in tear fluid from rats with DES (Figure 38 & 39). Mean 

concentrations of both cytokines were higher than in untreated dry eye, indicating 

a toxic effect of BAC on ocular surface health. Vehicle treated animals displayed 

a slight reduction in ocular surface damage and a considerable positive effect on 

tear cytokine concentrations. It must be noted that although the BAC-containing 

product performed significantly worse compared to the vehicle, BAC eye drops 

only moderately increased dry eye signs compared to untreated dry eye when 

applied twice a day.  
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Figure 38: Mean IL-1α concentrations  in relation to time of control, untreated dry eye, vehicle and 
vehicle+BAC treated animals. N=1 pool from 5 animals. 
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TNF-α concentration in tear fluid 
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Figure 39: Mean IL-1α concentrations in relation to time of control, untreated dry eye, vehicle and 
vehicle+BAC treated animals. N=1 pool from 5 animals. 

7.5 DISCUSSION & CONCLUSION 

Even in this short-term study, BAC had a negative effect on ocular surface health 

in the animal model, as it aggravated signs of dry eye. The effect of BAC 

coincided with the positive lubrication effects, observed in vehicle treated 

animals. The effect of BAC on the ocular surface of healthy rabbits has already 

been reported.
1
 It is useful however, to highlight the detrimental effect of BAC as 

a preservative in ocular formulations for DES, as observed in this study. Tear 

substituents are often the first therapy for dry eye complaints and can be 

prescribed without the consultation of an ophthalmologist. A lot of tear 

substituents and contact lens fluids still contain BAC or similar preservatives. 

Studies have concluded that BAC is still used in more than 70 % of ophthalmic 

drugs.
2-4

 Taking into account that many people using contact lenses have dry eye 

complaints, the influence of these preservatives must not be underestimated. Even 

preservatives with few local complications might become problematic during 

long term, repeated dosing of topical medication.
4
 Although there are many 

different alternatives, unfortunately, the level of anti-microbial activity is largely 
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inversely proportional to its compatibility with the ocular surface.
4
 Since 

formulations employing less toxic preservatives are newer, there are no generic 

alternatives, rendering them more expensive. For people with ocular surface 

complaints, only single-use eye drops, sterilized using sterilization techniques 

that do not involve chemicals, are totally risk free. However, the absence of 

preservatives correlates with technical difficulties regarding dosing and shelf life, 

as a single eye drop has a volume of approximately 50 µl. Evidently, packaging 

eye-drops for single or daily use is material and cost inefficient.  

It is clear that people with ocular surface problems have to avoid  BAC-

containing products. 

7.6 REFERENCES 

1. Chen W, Li Z, Hu J, Zhang Z, Chen L et al: Corneal alterations induced 

by topical application of benzalkonium chloride in rabbit. PlosOne 2011, 

6(10):e26103. 

2. Ryan G, Fain JM, Lovelace C, Gelotte KM: Effectiveness of ophthalmic 

solution preservatives: a comparison of latanoprost with 0,02% 

benzalkonium chloride and travoprost with the sofZia preservative system. 

BMC Ophthalmology 2011, 11(8). 

3. Kaur IP, Lal S, Rana C, Kakkar S, Singh H: Ocular preservatives: 

associated risks and newer options. Cutan Ocul. Tox. 2009, 28(3):93-103. 

4. Elmer YT: Balancing antimicrobial efficacy and toxicity of currently 

available ophthalmic preservatives. Saudi J. Ophthalmol. 2014, 28(3):182-

187.  



 

126 
 

  



 

127 
 

8 IN VIVO EVALUATION OF A RHO KINASE 

INHIBITOR AS TREATMENT FOR DRY EYE 

SYNDROME 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This experiment was conducted as a fee-for-service for a company. The name of 

the company and inhibitor are confidential and not disclosed in this study. 
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8.1 INTRODUCTION & OBJECTIVE 

Rho kinase inhibitors have been intensively studied as potential treatment in 

multiple disorders, including ocular diseases.
1-7

 As Rho-kinases have been 

reported to be involved in many different inflammatory mechanisms, Rho-kinase 

inhibitors have been presented as potential treatment for inflammation-related 

conditions.
1-7

 The objective of this experiment was to evaluate the potential 

therapeutic effect of a Rho kinase inhibitor on dry eye pathology. The following 

evaluation parameters were included in this study: tear volume, ocular surface 

damage, IL-1α and TNF-α concentrations in tear fluid and CD3+ cell infiltration 

in the palpebral conjunctiva. 

8.2 MATERIALS & METHODS 

Animal model and evaluation parameters 

See section methodologies (Chapter 4). 

Formulation and vehicle 

Confidential. 

8.3 EXPERIMENTAL SETUP 

Prior to induction, ocular staining scores, tear volume and tear fluid were 

obtained. Directly after induction of dry eye, animals were treated daily for 24 

consecutive days. Y, the rho kinase inhibitor, was administered topically at a 

frequency of three (TID) or two times (BID) a day. Restasis
®
 (CyA) was used as 

positive control (two times/day). Vehicle was used as negative control (three 

times/day). Every group consisted of 5 animals, 25 animals in total.  
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All treatments were administered in a blind manner (color-coded).  Experimental 

eye drops (BID) and CyA were administered daily between 8.30 - 9.30 and 15.30 

- 16.30. Experimental eye drops (TID) and vehicle were administered daily 

between 8.30 - 9.30, 11.30-12.30 and 15.30 - 16.30. Tear collection occurred 

every Monday, Wednesday and Friday morning. 

 

Control: The left eye of every animal in all experimental groups 

functioned as control. 

CyA: Removal of the right exorbital lacrimal gland. Animals 

received  CyA 2  times a day.  

Y TID: Removal of the right exorbital lacrimal gland. Animals 

received compound Y 3 times a day.  

Y BID: Removal of the right exorbital lacrimal gland. Animals 

received compound Y 2 times a day. 

Vehicle: Removal of the right exorbital lacrimal gland. Animals 

received vehicle 3 times a day. 

 

At the request of the client, two different treatments were included at the expense 

of an untreated dry eye group. As an internal reference, data from untreated 

animals with DES from the following chapter has been included in the graphs 

(shaded blue bars), labeled ‘dry eye’. This data was generated from 4 

experiments, totaling 18 animals. 
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8.4 RESULTS 

Tear volume 

No significant positive effect of any treatment on tear volume was observed in 

comparison to untreated dry eye. At day 23, tear volumes appeared slightly 

higher compared to untreated dry eye. However, no difference between vehicle, 

positive control and the compound (BID and TID) was observed (Figure 40). 
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Figure 40: Mean tear volume ± SD of control, untreated dry eye, CyA, vehicle and Y (BID) and (TID) 
treated animals in relation to time. N=5 for every group except dry eye where N=18 over 4 experiments. 

Tissue damage 

Before day 9, no differentiation between the different treatments and untreated 

dry eye was registered. After 16 and 23 days, compound Y BID and vehicle 

treated animals displayed lower fluorescein scores, compared to untreated dry 

eye, CyA and Y TID (Figure 41). It is remarkable that the compound 

administered twice a day lowered fluorescein scores more than when it was 

administered three times a day. 
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Figure 41:  Mean fluorescein scores ± SD of control, untreated dry eye, CyA, vehicle and Y (BID) and (TID) 
treated animals in relation to time. N=5 for every group except dry eye where N=18 over4 experiments. 

 

IL-1α  

Similar to the results of ocular surface damage, vehicle and compound Y BID had 

the lowest overall IL-1α and TNF-α concentrations. Vehicle and Y BID treated 

animals displayed similar cytokine concentrations (Figure 42 & 43). These 

indications lead to the conclusion that the compound does not have any 

significant positive effect. Moreover, as treatment with compound Y (TID) 

corresponded with increased cytokine concentrations, a potential negative effect 

of the compound was observed when used in at a higher dosage. 
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Figure 42:  Mean IL-1α concentrations in relation to time of control, dry eye, CyA, vehicle, Y (BID) and Y 
(TID) treated animals. N=1 pool from 5 animals for every group except dry eye where N=4 pools ±SD from 
18 animals over 4 experiments. 

 

TNF-α 
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Figure 43: Mean TNF-α concentrations ± SD in relation to time of control, dry eye, CyA, vehicle, Y (BID) 
and Y (TID) treated animals. N=1 pool from 5 animals for every group except dry eye where N=4 pools 
±SD from 18 animals over 4 experiments. 
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CD3+ cell infiltration 

Few CD3+ cells were observed in control tissue (A). CyA successfully lowered 

CD3+ cell infiltration in the palpebral conjunctiva (C). Significantly more CD3+ 

cells were detected in compound Y TID treated animals (B) compared to control 

(A), CyA (C)  and compound Y BID (D) treated animals (Figure 44). These 

results confirm previous observations regarding tissue damage and cytokine 

concentrations. Vehicle treated animals displayed similar CD3+ staining to (D), 

Y BID [data not shown]. 

 

Figure 44: CD3+ cell infiltration (red) and DAPI stained nuclei (blue) in palpebral conjunctiva. 

A: control;  B: Y TID; C: CyA D: Y BID Magnification x200. 
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8.5 DISCUSSION & CONCLUSION 

Treatment with Compound Y (BID) did not differ from vehicle-treated animals 

(TID), indicating small to no effect from the compound itself. Treatment with the 

same compound three times a day (TID) had a minor effect on all parameters. 

Moreover, no difference between untreated dry eye and compound Y (TID) was 

observed regarding ocular tissue damage. When looking at CD3+ cell infiltration, 

more positive cells were found in comparison to vehicle and compound Y (TID) 

treated animals, suggesting a potential negative effect of the inhibitor at higher 

doses.  

The latter lead us to conclude that this compound was not suitable for the 

treatment of ocular surface diseases. Whether these results were linked to Rho-

kinase inhibition in experimental dry eye, or chemical toxicity from the 

compound itself, could not be investigated in this study. The chemical structure 

of the inhibitor was confidential and could not be compared to known Rho kinase 

inhibitors. 

Several Rho-kinase inhibitors are being investigated as potential treatment for 

ocular diseases, primarily for treating glaucoma and corneal endothelial disease.
1-

4
  Additionally, Rho kinases have been connected to cardiovascular disorders, 

hypertension, cancer, asthma, neuronal degeneration and more.
5-7

 Relevant to this 

thesis, Rho kinases have also been reported to be involved in inflammation and 

T-cell regulation. Moreover, Rho kinase inhibitors have shown anti-inflammatory 

effects in vivo.
7-11

 The latter cannot be confirmed in this experiment with this 

particular inhibitor. 
 

Unwanted side effects, employing this type of inhibitors have been reported in 

literature and include ocular hyperemia and subconjunctival hemorrhage.
2,3

 These 

effects have not been observed in this study.  
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However, as both symptoms correlate with ocular redness, they are difficult to 

observe in albino (Wistar) rats. It has also been reported that (in higher 

concentrations) Rho kinase inhibitors could inhibit other serine-threonine 

kinases.
7
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9 IN VIVO EVALUATION OF A BROAD RANGE 

SERINE PROTEASE INHIBITOR AS  

TREATMENT FOR DRY EYE SYNDROME 
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9.1 INTRODUCTION & OBJECTIVE 

Dry eye syndrome (DES) or keratoconjunctivitis sicca (KCS) is a multifactorial 

disorder that exhibits symptoms of discomfort, visual disturbance and tear film 

instability with potential damage to the ocular surface, as defined by The 

International Dry Eye Workshop, 2007.
1
 DES is strongly related with age but the 

prevalence in the younger population is rising due to increased contact lens wear, 

spending more time using computers and smartphones, low air quality and low 

humidity.
2-3

 DES-derived eye irritation, photophobia, blurred and fluctuating 

vison can have a severe negative impact on the patients’ quality of life. Various 

components of the lacrimal functional unit can be affected, resulting in the 

dysfunction of the ocular tear film. DES is classified in two major types: (a) tear-

deficient dry eye and (b) evaporative dry eye.
3
 Both forms of DES lead to 

osmotic/cellular stress at the ocular surface. This initiates deregulation of ocular 

surface homeostasis and the establishment of a pro-inflammatory environment. 

Exposure of ocular epithelial cells to elevated tear osmolarity and mechanical 

stress activates stress-associated inflammatory pathways, such as mitogen-

activated protein kinase (MAPK) and particularly p38 and c-Jun N-terminal 

kinases (JNK), together with the activation of Nuclear factor Kappa Beta (NF-

κβ).
3-8

 Activation of these pathways results in the transcription of stress related 

genes, including inflammatory cytokines such as tumor necrosis factor (TNF)-α, 

Interleukin (IL)-1 and IL-6, as well as matrix metalloproteinases (MMPs), 

chemokines and intracellular adhesion molecules (ICAMs).
3,7,9,10

 All these 

inflammatory mediators promote the activation of immature antigen presenting 

cells (APCs) and induce their migration to draining lymph nodes. APCs are 

responsible for priming naïve T cells in lymphoid tissue and lead to the expansion 

of autoreactive CD4+ helper cells (Th) Th1 and Th17 subsets. These primed T 

cells subsequently infiltrate the ocular surface, where they secrete additional pro-

inflammatory cytokines.
3,4,11

 Some of these cytokines, like IFN-γ, promote the 

production of chemokines, chemokine receptors and cell adhesion molecules 
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(CAMs) that facilitate the ingress of pathogenic immune cells.
12

 MMPs such as 

MMP-9 degrade the extracellular matrix and destroy tight junctions between 

corneal epithelial cells, impairing ocular surface integrity and facilitating 

inflammatory cell infiltration.
3,13,14

 Thus, chronic tear film dysfunction leads to a 

self-perpetuating inflammatory cycle which affects the integrity of the ocular 

surface and ocular function.   

Artificial tear substituents are the most commonly applied therapy for dry eye and 

mild forms of ocular inflammation. Despite bringing momentary relief by dilution 

of the inflammatory markers present in the tear fluid and briefly lowering tear 

osmolarity, artificial tears have no anti-inflammatory properties and do not 

address the underlying pathogenesis of DES. Until recently, Cyclosporin A 

(CyA) (Restasis
®

) was the only long term FDA-approved local anti-inflammatory 

treatment for DES. CyA is a fungal derived immune-suppressive peptide.
15

 

Although CyA has been proven to decrease DES-symptoms in patients, it has also 

been reported that a relatively large percentage of patients have an incomplete 

response to cyclosporine A or have significant side effects.
15

 In July 2016, 

Lifitegrast (Xiidra
®

), a small molecule competitive (LFA-1)  antagonist was 

approved by the FDA for the treatment of DES. This new compound did show 

promising results in multiple randomized, prospective clinical trials.
16,17

 Finally, 

topical corticosteroids, potent anti-inflammatory agents, are only suitable for 

short periods of time during exacerbations of inflammation and therefore not 

suitable for the long-term treatment of DES.
18

 

Serine proteases play a pivotal role in several inflammatory conditions and have 

come under the spotlight as therapeutic targets for many diseases.
19-28

 They have 

the ability to promote inflammatory protein expression and have a direct 

influence on the degradation of extracellular matrix components, loss of epithelial 

barrier function and MMP-9 activation.
19-23
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Because these pathological processes also occur in DES-associated inflammation, 

we hypothesize the involvement of certain serine proteases in this disorder. 

Recent publications confirm the upregulation of protease activated receptor 2 

(PAR2) in ocular diseases, including DES.
24

 PAR2 is highly expressed on 

inflammatory cells and its activation is related to the formation of a pro-

inflammatory milieu and an inflammatory response.
25

 PAR2 is expressed on 

endothelial and epithelial cells and can regulate cellular activity. PAR2 activation 

has the possibility to induce MAPK signaling, including extracellular signal-

regulated kinases (ERK)-1 & 2 and in a lesser extent P38 and JNK. NF-κβ-

dependent gene expression of pro-inflammatory cytokines and the leukocyte 

adhesion molecule ICAM-1, are also initiated by PAR2 signalling.
26

 

Interestingly, activation of PAR2 by serine proteases, plays an important role in 

innate and inflammatory responses of corneal infection and inflammation.
24

 It has 

been reported that the serine protease inhibitor A3K has promising experimental 

in vivo results in a mouse and rabbit model for dry eye.
27,28

 In addition, KLK13 

has also recently been discovered as a potential target for DES.
28

 

Diphenyl phosphonates are a standard template for the design and synthesis of 

irreversible small molecule serine protease inhibitors. The selectivity profile of 

this type of compounds can be modified by incorporating different chemical 

building blocks or peptidic tails. To obtain a different inhibitory profile and a 

more pronounced effect, bis(acetamidophenyl) guanidinophenylethylphosphonate 

compounds were developed at the laboratory of Medicinal Chemistry at the 

University of Antwerp. Bis(acetamidophenyl) guanidino-

phenylethylphosphonates were found to be more potent matriptase, tryptase, 

cathepsin G and PAR- inhibitors in comparison to diphenyl 

guanidinophenylethylphosphonates. All of these target enzymes are known to 

activate PAR2. 

For the chemistry and design of these inhibitors, we refer to Joossens et al.
30

 

Several trypsin-like serine proteases such as kallikreins, trypsin, tryptase, 
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thrombin, cathepsin G, matriptase and urokinase-type plasminogen activator 

(uPA) are known to activate the PARs and are directly or indirectly involved in 

several inflammatory and extracellular matrix degrading processes.
19,30-38

 Hence, 

we hypothesized that a multi-target approach is necessary to successfully inhibit 

several PAR-activating enzymes simultaneously. Several inhibitors were 

developed, including UAMC0050, a serine protease inhibitor with a well-known 

selectivity profile (Figure 45). As PAR2 and its activating serine proteases are 

active throughout the body, this multi-target, irreversible serine protease inhibitor 

was developed for local, topical use in low concentrations. After safety, efficacy 

and cytotoxic studies (IC50 <50 nM and CC50/IC50 >100), this compound was 

evaluated in a rat model for ocular inflammation.
2
  

 

Figure 45 - Left: Chemical structure of UAMC0050. Right: Inhibitory profile of UAMC0050 – Lab of 
medicinal chemistry, University of Antwerp, 2016. PIC50 (-log IC50) of target specifity

M
  

Abbreviations: KLK: kallikrein, HNE: Human neutrophil elastase, Fxa: Factor Xa,  
AchE: acetylcholinesterase, FXIIa: factor XIIa, uPA: urokinase plasminogen activator,  
tPA: tissue plasminogen activator, PlKLK: plasmakallikrein. 
 

Because of the high prevalence of DES, new, efficient long term treatments 

present an irrefutable opportunity, both on an economic and medical point of 

view. New treatments should provide long-term relief and should prioritize 

addressing the underlying pathogenesis of dry eye.  
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Discovering a way to counter the self-perpetuating inflammatory character of the 

disorder is key in finding an efficient, sustainable cure. 

9.2 MATERIALS & METHODS 

Animals 

 

Female Wistar rats (200-300 g, Janvier, Roubaix, France) were kept under 

standard pathogen-free conditions. Husbandry conditions: room temperature 20-

25 °C, humidity 50-60 % and a day-night cycle of 12 h light/12 h dark. Food and 

water were available ad libitum. All in vivo manipulations were approved by the 

Animal Ethical Committee of the University of Antwerp  (2013-67) and are in 

accordance to the ARRIVE guidelines for the use of animals in ophthalmic and 

vision research.  

Anesthesia 

 

See section methodologies (Chapter 4). 

Induction of dry eye 

 

See section methodologies (Chapter 4). 

Tear collection and measurement of aqueous tear production  
 

See section methodologies (Chapter 4). 

Evaluation of ocular surface damage by fluorescein staining 

 

See section methodologies (Chapter 4). 

Tear fluid analysis 

 

See section methodologies (Chapter 4). 

  

http://www.arvo.org/About_ARVO/Policies/Statement_for_the_Use_of_Animals_in_Ophthalmic_and_Visual_Research/
http://www.arvo.org/About_ARVO/Policies/Statement_for_the_Use_of_Animals_in_Ophthalmic_and_Visual_Research/
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Tissue collection and preservation 

 

At the end of the experiment, animals were sacrificed by gradual CO2 overdose. 

Immediately after death, the cornea and palpebral and bulbar conjunctiva were 

removed and stored in the appropriate manner. For qRT-PCR, tissue was placed 

in RNA-later
®
 (Sigma-Aldrich, Seelze, Germany) and stored at -80°C until RNA-

extraction and subsequent RT-PCR-analysis. For immunohistochemistry, tissues 

were fixed in 4 % paraformaldehyde for 24 hours. The tissue was then transferred 

to a cryostat, frozen in optical cutting temperature (OCT) (Tissuetek
®
, USA) and 

stored at -80°C. 

qRT-PCR 

 

Total RNA from cornea and palpebral + bulbar conjunctiva was isolated using the 

RNeasy
®
 Plus Mini Kit (Qiagen, Venlo, The Netherlands). cDNA was generated 

during the qRT-PCR analysis, using SENSIFAST
TM HI-ROX onestep PCR kit. 

Expression of PAR2, tryptase α/β, matriptase uPAR, IL-1α and IL-17a, relative to 

the endogenous reference genes ACTB (actine beta) and GAPDH 

(glyceraldehyde 3-phosphate dehydrogenase) was determined using TaqMan
®

 

gene expression assays (Applied Biosystems
™

, California, USA). (All primers 

from LifeTechnologies Europe, Gent, Belgium). qRT-PCR reactions were set up 

in triplicate and were performed on a StepOnePlusTM Real-Time PCR system 

(Applied Biosystems, California, USA). Amplification conditions consisted of 12 

minutes at 45°C (reverse transcription), 2 minutes at 95°C, 44 cycles of 20 

seconds at 95°C and 30 seconds at 60°C. 

Immunohistochemistry 

 

See section methodologies (Chapter 4). The amount of CD3 or CD45 positive 

cells were counted per 500 DAPI-stained cellsusing ImageJ freeware. 

Representative images were selected. 
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Zymography 

 

Sample preparation and gel zymography were executed as described in De Groef 

et al, 2015.
39

 In short, samples and rat plasma + equilibrating buffer containing 

0.5 M NaCl, 10 mM CaCl2 and 0.01 % Tween-20 in Tris-buffered saline (TBS), 

were incubated with gelatin-conjugated sepharose beads (gelatin sepharose 4B, 

GE Healthcare Europe, Belgium) for 20 minutes at room temperature for affinity 

precipitation. The beads were rinsed and the gelatinases were eluted with 20 µl 

zymogram loading buffer (Novex tris glycine SDS sample buffer, Life 

technologies, Belgium) after which 15 µl rat plasma was loaded on the 

electrophoresis gel. 

Ten µl of cell culture medium of HT1080 fibrosarcoma cells plus 5 µl sample 

buffer, was used as positive control. Five µl tear samples were diluted with 5 µl 

RNase-free water and 5 µl sample buffer. Ten µl molecular weights marker 

(ProSieve color protein marker, Lonza Switzerland) was included in the 

zymography. 

Samples were loaded on a 10 % gelatin gel (Life Technologies Europe, Belgium) 

and ran for 90 minutes at 125 V with Tris-glycine SDS running buffer (Novex
TM

, 

Thermofisher, USA). The gels were subsequently incubated in zymogram 

renaturing buffer (Novex
TM

, Thermofisher, USA), rinsed in zymogram 

developing buffer (Novex
TM

, Thermofisher, USA) and incubated for 2 days at 

37°C. After staining with Coomassie blue, gels were destained for 2 hours and 

imaged, using the ChemiDoc
®
 MP imaging system (Biorad, Belgium) and 

processed using Image lab
®
 (Biorad, Belgium) software. 

Preliminary study PAR-activation 

HEK293t cells were plated in growth medium overnight. 4-8.10
4
 cells were used 

per plating volume of 100 µl per well. After incubation, growth medium was 

removed and a Fluoreforte
®
 calcium assay kit (Enzo, Farmingdale USA) was 
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used, following the manufacturers protocol. In short, the dye-loading solution was 

added to each well containing cells and incubated at room temperature for 1 hour. 

Subsequently, the calcium-flux assay was run by monitoring the fluorescence at 

Ex=490 nm/Em=525, using a Flexstation
®
 3 multi-mode microplate reader 

(Molecular devices, Silicon valley USA). 

The analysis was performed on regular HEK293t cells and HEK293t cells 

exposed to tear fluid from control, untreated dry eye, vehicle treated and 

UAMC0050 treated animals to investigate the Ca
2+

 response and related PAR1 

and PAR2 activation. Said response was also monitored with cells, incubated 

with YM-254890 (Wako chemicals GmbH, Germany), a Gαq inhibitor, as 

PAR1&2 uses the Gαq pathway (negative control). Additionally, PAR1 

activating peptide and thrombin were used as positive control.  

Statistical analysis 

 

Tear volume, ocular surface damage, tear interleukin concentrations 

 

These parameters were statistically evaluated by Prof. Erik Fransen (StatUa). 

 

The change of the respective parameter over time, and the influence of the 

treatments, was modelled using linear mixed models. Concentration was entered 

as dependent variable. Baseline concentration, treatment and time (categorical) 

were entered as independent variables, plus the interaction between time and 

treatment. This latter term models whether the difference (in concentration) 

between the treatments, is equal across time points.  

If there was no interaction between time points and treatment, a statistical 

evaluation of the mean effect of a treatment on the duration of the whole 

experiment was possible. If there was an interaction between time points and 

treatments, meaning the effect of the treatment is different for each time point, no 

universal statement was possible. If the latter was the case, statistics were only 

applied per time point. 
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Subsequently, the dataset was split to study the main effects of time and treatment 

separately. The data were split by time point. Within each time point, we 

analyzed if there was a significant difference in concentration between the 

treatments using a one-way ANOVA. In case the effect of treatment was 

significant, we carried out a post-hoc analysis with Tukey correction for multiple 

testing. 

The data were split by treatment. Within each treatment, a test for a significant 

difference in concentration between time points using a linear mixed model was 

conducted. In case the effect of time was significant, a post-hoc analysis with 

Tukey correction for multiple testing was carried out. 

qRT-PCR and immunohistochemistry 

Statistical analysis was performed with GraphPad using non-parametric tests. 

Different experimental groups were compared by a One way ANOVA test. Only 

when p-values ≤ 0.05 were obtained, post-hoc pairwise comparisons by means of 

Mann Whitney U was performed. *p<0.05, **p<0.01, ***p<0.001.  

Experimental design 

Prior to the main experiment, three different compounds (0.5mM) were evaluated 

in a preliminary study. UAMC1169 and UAMC0050 are Bis(acetamidophenyl) 

guanidino-phenylethylphosphonates, UAMC1162 a diphenyl 

guanidinophenylethylphosphonate. The latter shows significantly less inhibition 

towards tryptase, and matriptase, compared to the Bis(acetamidophenyl) 

guanidino-phenylethylphosphonate analogues and is expected to be less effective. 

In this preliminary study, ocular surface damage and tear volume were the only 

evaluation parameters. No complex statistical analysis was performed on this data 

due to the small sample size (N=5). 

Following the preliminary study, the most potent inhibitor (UAMC0050) was 

selected for further in vivo testing in 4 different experiments, totaling 18 
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animals. In these experiments, tear volume and corneal tissue damage were 

evaluated once a week. Tear collection occurred twice a week. Animals were 

treated with CyA (2x/day), UAMC0050/vehicle (2x/day) for 24 consecutive days. 

Mean values of 4 experiments (with 4-6 animals per group for each experiment) ± 

SD are displayed in the results section below. All preparations were administered 

in a blind manner (color coded).  

An additional 24-day experiment, employing untreated dry eye, control, vehicle 

and UAMC0050 treated animals (with N=6 for each group), was conducted to 

obtain tear samples for zymography and the preliminary study regarding PAR-

activation. In this experiment, tear sampling occurred three times a week and 

fluorescein staining and tear volume measurements were excluded. 

Formulations 

Product [mg] UAMC0050 UAMC1162 UAMC1162 Vehicle 

Boric acid   20.0 20.0 20.0 20.0 

Edetate disodium salt  1.00 1.00 1.00 1.00 

Polyvinylpyrrolidone  25.0 25.0 25.0 25.0 

Compound 3.48 2.52 3.09 / 

Distilled water  ad 1.00 ml ad 1.00 ml ad 1.00 ml ad 1.00 ml 

 

Compound selection 

Control: The left eye of every animal in all experimental groups 

functioned as control. 

Dry eye: Removal of the right exorbital lacrimal gland. Animals 

received  no treatment.  

CyA: Removal of the right exorbital lacrimal gland. Animals 

received  CyA 2  times a day.  
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UAMC1162 Removal of the right exorbital lacrimal gland. Animals 

received UAMC1162 1 at 5 mM 2 times a day.  

UAMC1169 Removal of the right exorbital lacrimal gland. Animals 

received UAMC1169 2 at 5 mM 2 times a day. 

UAMC0050: Removal of the right exorbital lacrimal gland. Animals 

received UAMC0050 at 5 mM 2 times a day.  

Vehicle: Removal of the right exorbital lacrimal gland. Animals 

received vehicle 2 times a day.  

Evaluation of UAMC0050  

Control: The left eye of every animal in all experimental groups 

functions as control. 

Dry eye: Removal of the right exorbital lacrimal gland. Animals 

received  no treatment.  

CyA: Removal of the right exorbital lacrimal gland. Animals 

received  CyA 2  times a day. 

UAMC0050 5mM: Removal of the right exorbital lacrimal gland. Animals 

received UAMC0050 at 5 mM 2 times a day.  

UAMC0050 0.5mM: Removal of the right exorbital lacrimal gland. Animals 

received UAMC0050 at 0.5 mM 2 times a day.  

Vehicle: Removal of the right exorbital lacrimal gland. Animals 

received vehicle 2 times a day.  
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9.3 RESULTS 

Part one: Compound selection 

 

In this section, three inhibitors (UAMC1162, UAMC1169 and UAMC0050)  with 

two different chemical profiles were evaluated. UAMC1162 is a diphenyl 

guanidinophenylethylphosphnate, UAMC1169 and UAMC0050 are 

bis(acetamidophenyl) guanidine phenylethylphosphonates. The chemical 

structure and inhibition profile of UAMC1162 and UAMC1169 are given in the 

addendum (Page 173) of this chapter (Figure 60 and Table 5). 

Tear volume 
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Figure 46: Tear volume of control eyes, untreated dry eyes,  CyA, vehicle and UAMC1162, UAMC1169 and 
UAMC0050 (5mM) treated eyes. Data represent mean values ± SD (N=5).  

Fluorescein score 

 

UAMC1169 and UAMC0050 treated animals displayed the lowest overall tissue 

damage scores. Additionally UAMC0050 had higher endpoint values for tear 

volume (Figure 46 & 47). Because UAMC0050 (slightly) outperformed 

UAMC1169, UAMC0050 was selected as inhibitor of choice in the following 

experiments.  
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Figure 47: Fluorescein staining of control eyes, untreated dry eyes, CyA, vehicle and and UAMC1162, 
UAMC1169 and UAMC0050 (5 mM) treated eyes (23days). Data represent mean values ± SD (N=5).  

This preliminary study demonstrated better in vivo effects of the 

Bis(acetamidophenyl) guanidino-phenylethylphosphonate compounds 

(UAMC1169 and UAMC0050) in comparison to the diphenyl 

guanidinophenylethylphosphonate (UAMC1162), as hypothesized regarding the 

inhibitory profile. In the following sections, UAMC0050 will be evaluated on dry 

eye pathology, employing a set of relevant evaluation parameters. 

Part two: Evaluation of UAMC0050  

 

Tear volume 

A significant tear volume reduction of approximately 50 %  was observed in dry 

eyes compared to control eyes (p<0.001). Although a positive trend was observed 

for CyA and UAMC0050, these results were not statistically significant (Figure 

48). 
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Figure 48: Tear volume of control eyes, untreated dry eyes,  CyA, vehicle and UAMC0050 treated eyes. 
Data represent mean values ± SD of 4 experiments (N=18 over 4 experiments), except for UAMC0050 0.5 
mM, where N=5 (1 experiment).  

Fluorescein score 
 

No significant effect on tissue damage was registered before 9 days. After this 

period of time, UAMC0050 5 mM treated animals had the lowest overall 

fluorescein (tissue damage) scores of all treatments and was the only treatment 

with a statistically significant effect (p<0.001) for every time point ≥ 9 days 

(Figure 49). Initially, UAMC0050 0.5 mM had a statistically significant effect on 

ocular surface damage. This effect declined after 23 days of treatment indicating 

a strong dose-depended effect. CyA and vehicle treated animals displayed no 

significant effect on ocular surface damage (Figure 49). Additionally, a 

statistically significant difference in ocular surface damage between UAMC0050 

and vehicle treated animals was registered for every time point after two days (at 

day 9 p=0.024, day 16 p=0.002 and at day 23 p<0,001). 
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Figure 
49: Fluorescein staining of control eyes, untreated dry eyes CyA, vehicle and UAMC0050 5mM and 
0.5mM treated eyes (23days). Data represent mean values ± SD of 4 experiments (N=18 over 4 
experiments), except for UAMC0050 0.5 mM, where N=5 (1 experiment).   

Levels of pro-inflammatory cytokines in tear fluid 

 

In every separate experiment, tear fluid was pooled per time point for all  

treatment groups (N=1). Therefore mean overall values were calculated in order 

to make a general statistical statement about the different treatments over the 

course of the experiment. 

 

IL-1 α 

 

From 7 days on, an apparent difference in 5 mM UAM00C50-treated and vehicle 

and CyA treated animals was observed, highlighting the potential of UAMC0050. 

UAMC0050-treated animals had the lowest overall IL-1α concentrations on every 

time point. A distinct vehicle-effect was also observed, indicating that ocular 

wetting does lower IL-1α levels compared to untreated dry eye in this animal 

model (Figure 50). This effect was not statistically relevant however.  

Mean overall IL-1α concentrations indicated a statistically significant effect for 

UAMC0050 5 mM treated animals (p<0.001). Although lowering IL-1α 

concentrations compared to untreated dry eye, vehicle, UAMC0050 0.5 mM and 

CyA had no statistically relevant effect (Figure 51).  
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Figure 50: IL-1α concentration [pg/ml] in relation to time of control eyes, untreated dry eyes, CyA, vehicle 
and UAMC0050 0.5 and 5 mM treated eyes. Data represent mean values  ± SD of 4 experiments, where N 
in every experiment was 1 pool from 4-5 animals except for UAMC 0.5mM, where N=1 pool from 1 
experiment, using 5 animals. 
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Figure 51: Overall IL-1α concentration [pg/ml] of control eyes, untreated dry eyes, CyA, vehicle and 
UAMC0050 0.5 and 5 mM treated eyes. Data represent mean values  ± SD of 4 experiments, where N in 
every experiment was 1 pool from 4-5 animals except for UAMC 0.5mM, where N=1 pool from 1 
experiment, using 5 animals. 
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TNF-α  

 

The effect of the different treatments was more pronounced on TNF-α in the early 

stages of the experiment, compared to IL-1α (Figure 52). 5 mM UAMC0050-

treated animals had the lowest overall TNF-α concentration (Figure 53). CyA 

(p=0.003), vehicle (p=0.002) and UAMC0050 (p<0.001) all had a statistically 

significant effect on overall tear TNF-α concentrations. Remarkably, although 

treatment with UAM00C50 showed the lowest overall TNF-α levels, vehicle 

treated animals also displayed significantly reduced interleukin concentrations. 

Interestingly, tear substituents (vehicle) succeeded in lowering cytokine 

concentrations, while they were not efficient at lowering ocular surface damage. 

This suggests that they might be less efficient as long term treatment and 

subsequent dry eye progression.  
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Figure 52: TNF-α concentration [pg/ml] in relation to time of control eyes, untreated dry eyes, CyA, 
vehicle and UAMC0050 0.5 and 5 mM treated eyes. Data represent mean values  ± SD of 4 experiments, 
where N in every experiment was 1 pool from 4-5 animals except for UAMC 0.5mM, where N=1 pool 
from 1 experiment, using 5 animals. 
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Figure 53:  Overall TNF-α concentration [pg/ml] of control eyes, untreated dry eyes, CyA, vehicle and 
UAMC0050 0.5 and 5 mM treated eyes. Data represent mean values  ± SD of 4 experiments, where N in 
every experiment was 1 pool from 4-5 animals except for UAMC 0.5mM, where N=1 pool from 1 
experiment, using 5 animals. 
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Immunohistochemistry 

 

CD3 

 

Very few CD3+ cells were observed in conjunctival tissue of control eyes (A). 

Untreated (B) (p=0.008) and vehicle treated (C) (0.004) animals with DES 

displayed distinctively more cells of this type, whereas UAMC0050 treated 

animals (D) had substantially less CD3+ cells present (no statistical difference 

from control tissue) (Figure 54, Table 1).  

 

Figure 54: CD3 cell infiltration in palpebral conjunctival tissue of A: healthy control, B: Untreated dry eye, 
C: Vehicle treated and D: UAMC0050 treated animals. 8 animals per group were immunohistochemically 
evaluated and representative images of the respective groups were selected. Blue: Nuclear counterstain 
(DAPI), Pink: CD3+ cells. Magnification x 200. 

Control Dry eye UAMC0050 Vehicle 

1.80 ± 2.71 30.1 ± 3.03** 7.40 ± 4.08 27.3 ± 3.30* 
 
Tabel 1: Mean CD3+ cell count ±SD per 500 DAPI stained cells in palpebral conjunctival tissue from 
untreated rats with dry eye, control animals and UAMC0050 and vehicle treated animals *: p<0.05 **: 
p<0.01 versus control. 



 

157 
 

A statistically significant difference in CD3+ cell count between UAMC0050 

treated animals and vehicle treated animals (p=0.035) was registered. 

 

CD45 

CD45+ cells were present, but scarce in control tissue (A). A lot of CD45+ cells 

were observed in untreated dry eyes (B) (p< 0.001) and vehicle treated eyes 

(p=0.001) (C). UAMC0050 treated eyes (D) still exhibited an intermediate 

number of CD45+ cells (p=0.003) compared to control (Figure 55, Table 2). 

However, a statistically significant difference in CD45+ cell count between 

UAMC0050 and vehicle treated eyes was observed (p=0.017).  

 

Figure 55: CD45 cell infiltration in palpebral conjunctival tissue of A: healthy control, B: Untreated dry 
eye, C: Vehicle treated and D: UAMC0050 treated animals. 8 animals per group were 
immunohistochemically evaluated and representative images of the respective groups were selected. 
Blue: Nuclear counterstain (DAPI), Red: CD45+ cells. Magnification x 200. 
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Control Dry eye UAMC0050 Vehicle 

2.42 ± 3.29 47.71 ± 9.87*** 21.57 ± 15.20** 45.33 ± 8.47** 
 
Tabel 2: Mean CD45+ cell count ±SD per 500 DAPI stained cells in palpebral conjunctival tissue from 
untreated rats with dry eye, control animals and UAMC0050 and vehicle treated animals *: p<0.05 **: 
p<0.01 ***: p<0.001 versus control. 

 

qRT-PCR 

Palpebral + bulbar conjunctiva 

 

The expression of a number of relevant serine proteases and inflammatory 

cytokines was investigated in samples of palpebral and conjunctival tissue. Both 

inflammatory expression products (IL-1α, and IL17a with p=0.030 and p=0.004) 

were upregulated in untreated dry eye, compared to control. Interestingly, both 

UAMC0050 and vehicle treated animals expressed less IL-1α, despite the 

observation of substantially less active IL-1α in tear fluid from UAMC0050 

treated animals, compared to vehicle treated animals. The expression of IL-17a 

was also significantly increased in untreated dry eye. Treatment with UAMC0050 

lowered expression of IL17a (Table 3). However, this effect did not statistically 

differ from the vehicle. Expression of uPAR (p=0.032), and tryptase (p=0.026) 

was significantly increased in conjunctival tissue of animals with DES. Treatment 

with UAMC0050 or vehicle did not have an effect on expression of these genes. 

PAR2 tended to increase in conjunctival tissue but this was not statistically 

significant. Matriptase did not seem to have an increased expression during DES 

in conjunctival tissue. 
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Target Control Dry eye UAMC0050 Vehicle 

IL-1α 1.00 ± 0.29 1.50 ± 0.49* 0.95 ± 0.43 0.96 ± 0.24 

IL-17a 1.00 ± 1.38 4.12 ± 2.20** 0.21 ± 1.50 0.50 ± 1.70 

Tryptase 1.00 ± 0.55 1.62 ± 0.44* 1.61 ± 0.64 1.66 ± 0.52* 

Matriptase 1.00 ± 0.10 0.98 ± 0.15 1.01 ± 0.21 1.11 ± 0.29 

PAR2 1.00 ± 0.06 1.18 ± 0.39 1.10 ± 0.20 1.05 ± 0.26 

uPAR 1.00 ± 0.35 1.40 ± 0.32* 1.80 ± 0.16** 2.83 ± 0.25** 
 
Tabel 3: Mean expression of target gene to endogenous control (GAPDH and ACTB) ±SD, relative to 
control. N=8, comparative qRT-PCR. *: p<0.05 **: p<0.01 versus control. 

Cornea 
 

Only the expression of serine proteases was investigated in corneal tissue, as 

conjunctival tissue was deemed more relevant for the expression of inflammatory 

markers. Expression of all serine proteases was increased in untreated dry eye, 

with the greatest effect on tryptase (p=0.036). In contrast to conjunctival tissue, 

corneal tissue of untreated dry eye displayed a significant increase in PAR2 

expression (p=0.033). uPAR expression was increased in corneal tissue, but this 

result was only statistically significant for UAMC0050 treated animals. Tissue of 

UAMC0050 and vehicle treated animals showed no decline in expression of these 

genes, compared to untreated animals (Table 4). It did however, suggest the 

involvement of said serine proteases in DES in this animal model. It must be 

noted in these results that UAMC0050 is not expected to have an influence on the 

expression of serine proteases, as UAMC0050 inhibits protein activity, rather 

than expression. 

Target Control Dry eye UAMC0050 Vehicle 

Tryptase 1.00 ± 0.50 1.59 ± 0.52* 1.58 ± 0.75 2.68 ± 1.01** 

Matriptase 1.00 ± 0.19 1.15 ± 0.16 0.89 ± 0.25 0.91 ± 0.23 

PAR2 1.00 ± 0.27 1.28  ± 0.19* 1.22 ± 0.21 1.23 ± 0.15 

uPAR 1.00 ± 0.47 1.22 ± 0.52 1.65 ± 0.40* 1.47 ± 0.45 
 
Tabel 4: Mean expression of target gene to endogenous control (GAPDH and ACTB) ±SD, relative to 
control. N=8, comparative qRT-PCR *: p<0.05 **: p<0.01 versus control. 
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Gelatin zymography 

An accumulation of pro-MMP-9 could be clearly observed in tear fluid from rats 

with dry eye, treated with UAMC0050 (Figure 56). This provides evidence that 

through trypsin-like serine protease inhibition, activation of (pro)MMP-9 is also 

blocked. Active MMP-9 was found in untreated dry eye and vehicle treated dry 

eye, but was not present in control and UAMC0050 treated samples. 

Additionally, the presence of pro-MMP-2 was increased in tear samples from all 

animals with dry eye (treated and not treated), compared to the control. 

 

Figure 56: Gel zymography of RP:rat plasma, CTR1-2:healthy control tear fluid, DE: tear fluid from 
untreated rats with dry eye), VH (tear fluid from rats with dry eye treated with vehicle), UAMC: tear fluid 
from rats with dry eye treated with UAMC0050, HT1080: medium from Human HT1080 cells. 5 µl sample 
loaded per lane. Samples from 1 pool of 6 animals for each group.  

This experiment was conducted at the laboratory of Prof. Lieve Moons of the 

Neural Circuit Development And Regeneration Research Group. The assay was 

performed by Dr. Kim Lemmens and Lut Noterdaeme. 
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Preliminary study protease activated receptor (PAR)-activation  

Positive control 

Exposure to thrombin and PAR-activating peptide (PAR-AP) clearly resulted in a 

Ca
2+

 response in HEK293t cells. Incubation of the cells with the Gαq inhibitor 

YM-254890 inhibited this signal (Figure 57). 
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Figure 57: Relative fluorescence units in relation to time [seconds] of the Ca
2+

 response of HEK293t cells, 
exposed thrombin and PAR-AP in presence and absence of inhibitor YM-254890. 

Dry eye versus control 

Tear fluid from untreated rats with dry eye triggered a clear Ca
2+

 response from 

the HEK293t cells, which was absent in control tear fluid (Figure 58).  

Incubation of the cells with the Gαq inhibitor YM-254890 resulted in the 

inhibition of this response, implying the mechanism of action was indeed PAR-

activation.  
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Figure 58: Relative fluorescence units in relation to time [seconds] of the Ca
2+

 response of HEK293t cells, 
exposed to tear fluid from control rats and untreated dry eye rats in presence and absence of inhibitor 
YM-254890. 

UAMC0050 vs vehicle 

Interestingly, an increase in PAR-activity, observed through a Ca
2+

response was 

reported in tear fluid from UAMC0050-treated rats. It was not possible to 

distinguish between activation of PAR1 and PAR2 is this study. Tear-fluid from 

vehicle treated rats displayed a similar response on HEK293t cells, compared to 

tear fluid from untreated rats (Figure 59).  
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Figure 59: Relative fluorescence units in relation to time [seconds] of the Ca
2+

 response of HEK293t cells, 
exposed to tear fluid from rats with dry eye treated with UAMC and vehicle, in presence and absence of 
inhibitor YM-254890. 

This experiment was conducted at the Laboratory of Prof. Bart Landuyt of the 

Research Group of Functional Genomics and Proteomics. The assay was 

performed by Zjef Nackaerts. 

 

9.4 DISCUSSION & CONCLUSION 

Related to our Western lifestyle and increase in ocular stress factors, a growing 

number of dry eye patients are registered. Presumably, the prevalence of this 

disorder will only continue to rise. The corresponding loss in quality of life can 

have a great impact on a personal and professional level. Treatment options for 

DES are very limited and especially for severe DES-patients there is a lack of 

efficient, long-term treatments. Continued research for novel treatments therefore 

remains indispensable.  

During this research, no statistically significant effect of any treatment on tear 

volume was registered. The nature of the induction method in this animal model, 
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i.e. the removal of the exorbital lacrimal gland, might be the reason for this effect. 

A positive trend of UAMC0050 on tear volume was observed however. The 

evaluation of this compound on another, non-aqueous-tear deficient dry eye 

model, might elucidate this effect further. 

In four consecutive experiments, UAMC0050 at 5 mM was the best overall 

treatment compared to the positive control CyA and the vehicle. UAMC0050 

(5mM) treated animals were the only group with a statistically significant effect 

on tissue damage scores, starting from 9 days after the start of the experiment. 

Additionally, a significant difference in tissue damage scores was observed 

between UAMC0050 (5mM) and vehicle treated animals. UAMC0050 (5mM) 

was the only treatment with a  statistically significant effect on both cytokines 

(IL-1α and TNF-α), measured in the tear fluid. No statistically significant 

difference in mean tear cytokine concentrations between UAMC0050 (5mM) and 

vehicle treated animals was observed however. 

This distinct vehicle effect was only significant for TNF-α. This implies that tear 

substituents do succeed in lowering inflammatory markers in tear fluid. This 

effect did not extrapolate to reducing ocular surface damage, inflammatory cell 

infiltration in ocular tissue and MMP-9 activity in the tear fluid, in contrast to 

UAMC0050. This suggests that the vehicle effect is predominantly due to 

dilution.  

Treatment with UAMC0050 at 0.5 mM also had a positive effect on the 

evaluation parameters, but this effect declined after 3 weeks. This dose-dependent 

effect provides further evidence of the efficacy of the compound. 

Infiltration of both CD3+ and CD45+ cells was observed in tissue of animals with 

DES. Treatment with UAMC0050 (5mM) corresponded with a statistically 

relevant decline in inflammatory cells, in comparison to vehicle treated and 

untreated animals. This effect was most pronounced for CD3+ positive cells. 

Neutrophils are known to secrete a number of PAR2-activating serine proteases, 
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responsible for extracellular matrix degradation and the promotion of an 

inflammatory milieu.
40,41

 If the PAR2 response and subsequent downstream 

inflammatory impulse is inhibited, then the extracellular effects from serine 

proteases, secreted from neutrophils and other cell types, might be less severe. 

Furthermore, if through PAR2 inhibition, the initial inflammatory response of 

innate cells and proteases is reduced, less CD3+ T-cells are expected to be 

recruited to the inflamed tissue. Although not specifically investigated in this 

study, mast cells might contribute to the CD45+ cells. Mast cells are known to 

secrete tryptase and to activate PAR2 in inflammatory conditions.
41

 These cells, 

initially only thought to contribute to allergic-inflammation, are now known for 

their effects in non-allergic inflammation. Moreover,  mast cells secrete TNF-α 

and can act as APCs to recruit T-cells. 
42-44

 

In untreated animals with dry eye, an increased IL-17a and IL-1 α expression and 

CD3+ infiltration was reported. Treatment with UAMC0050 (5mM) decreased 

these effects, suggesting an effect of the inhibitor on the recruitment and presence 

of Th17 cells. It has already been demonstrated that PAR2 signaling promotes 

DC trafficking to the lymph nodes and subsequent T-cell activation.
45

 The 

observation of reduced IL-1α and TNF-α concentrations in tear fluid from 

UAMC0050 treated rats might directly contribute to the presence of less 

immunocompetent cells in ocular tissue. This was demonstrated in the 

immunohistochemical analysis of conjunctival tissue and the preservation of 

ocular surface health through Na-fluorescein staining. The latter might be 

correlated with reduced serine protease and MMP-9 activity. Protecting the ocular 

surface from extracellular matrix degradation, cellular damage and subsequent 

cytokine production, can lead to a less severe inflammatory response. This could 

lower levels of cytokines, secreted by epithelial cells and the subsequent influx of 

inflammatory cells as observed in this study.   

An elevated gene expression of tryptase was observed in animals with dry eyes in 

both conjunctival and corneal tissue. Treatment with UAMC0050 did not lower 
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the expression of this protein. UAMC0050 inhibited the activity of tryptase 

however, and did not have an influence on the expression of this protein. The 

same rationale could be used for PAR2 and uPAR. Both target genes displayed a 

slight elevation in expression in both tissues of animals with DES. Treatment 

with vehicle or UAMC0050 did not alter their expression. This in contrast with 

IL-1α and IL17a, where treatment did have an influence on expression of these 

targets. This is further proof that UAMC0050 inhibits targets, responsible for the 

upregulation of both proteins. No increase of the expression of matriptase was 

reported. 

The accumulation of pro-MMP-9 in tear fluid from rats with dry eye and treated 

with UAMC0050, suggests MMP-9 activation is a potential target for the 

inhibitor. In untreated dry eye and vehicle treated dry eye, no Pro-MMP-9 

accumulation was registered. Moreover, in these samples, active MMP-9 was 

observed, while this was not the case for control tear fluid and tear fluid from 

rats, treated with UAMC0050. Active MMP-9 activity was rather low in the dry 

eye and vehicle-treated samples. Low sample volume and the fact that MMPs can 

be cleared very rapidly
46 

might be the reason for the low amounts. 

A Ca
2+

 response was observed in HEK293t cells, exposed to tear fluid from 

untreated rats with dry eye but not with tear fluid from healthy rats. This suggests 

the involvement of protease activated receptors in experimental dry eye. The 

observation that tear fluid from UAMC0050-treated rats gave a significantly 

greater response is more difficult to elucidate however. HEK293t cells express 

both PAR1 and PAR2.
47

 Activation of both PARs was indistinguishable in this 

(preliminary) experimental setup. To clarify the increased PAR response in tear 

fluid from UAMC0050-treated rats, additional experiments have to be conducted 

in cell types where only one PAR receptor is active. Recent studies suggest that 

PAR1 and PAR2 exist in close proximity on the cell surface and can signal 

together during vascular inflammation.
48,49

 Moreover, PAR1-PAR2 association 

was shown in animal models and revealed that PAR1 and PAR2 can signal as an 
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entwined pair.
49,50

 This indicates that protease-receptor complexes are regulated 

entities that give rise to complex signaling phenotypes depending on the 

inflammatory state of the cell.
47

 It has been suggested that the signaling outputs 

of PAR1 and PAR2 are entwined and function as a functional unit in 

inflammatory conditions.
48

 Moreover, transactivation between PAR1 and PAR2 

has been demonstrated.
51,52

 PAR1 and PAR2 can physically and functionally link 

to overlapping and distinct profiles of G proteins to differentially regulate 

downstream signaling pathways and cell physiology.
50

 It has been indicated that 

the pattern of G protein coupling of PAR2 strongly depends on the cellular model 

considered, since differences can be due to factors such as receptor density, 

availability of G proteins and other interacting proteins.
53

 This highlights the need 

for further research in additional relevant cell types. Interestingly, it has been 

reported that PARs can be activated in many different ‘non-canonical’ pathways. 

Neutrophil elastase has been shown to activate PAR2 signaling which stimulates 

the MAPK pathway, without triggering an elevation in intracellular calcium 

levels as caused by ‘canonical’ trypsin exposed-PAR2.
54

 Moreover, a growing 

number of proteases have been identified that cleave PARs at divergent sites to 

activate distinct signaling pathways, referred to as biased signaling. Signaling 

bias may account for the divergent actions of proteases and PARs.
55

 Recently, 

PARs have been suggested to influence a wide spectrum of proteases in different 

patho-physiological conditions, rather than mediating the actions of a few 

proteases as previously thougth.
55

 The possibility that tear fluid from UAMC0050 

treated rats contains more Gαq-activating products, resulting in an increased Ca
2+

 

response, suggests an unknown mechanism which has to be investigated further.  

The vehicle effect observed in this study can be attributed to dilution of the 

inflammatory markers of the residual tear fluid. Primarily because the vehicle 

effect in this study is most pronounced on cytokine concentration in the tears.  

However, in this study, the last administration of eye drops and tear collection are 

at least 14 hours apart. The application of artificial tears two times a day, starting 
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from the moment dry eye is induced, might be initially able to retard the onset of 

ocular inflammation. Especially when taking into account there were only 23 

days between induction of dry eye and the end of the experiment. Moreover, in 

all experiments relative humidity, which is directly proportional to tear film 

stability, was kept constant at 50 %. It might be possible that these vehicle effects 

are less pronounced in long-term experiments and subsequent dry eye 

progression. Finally, it has to be considered that the vehicle (eye drops), in 

contrast to vehicles for other diseases, by itself has a therapeutic effect by dilution 

and lubrication. 

All pathways and cell types involved in this research need to be investigated 

further in depth. Nevertheless, a proof of concept is provided for trypsin-like 

serine protease inhibitors as a potential treatment for DES and ocular 

inflammation. Ultimately, the results of this research suggest the involvement of 

these serine proteases in DES and ocular inflammation. 
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Figure 60: Left: chemical structure of UAMC1169, Right: chemical structure of UAMC1162. 

Target UAMC1162 UAMC1169 UAMC0050 

uPA 0.004 0.003 0.002 

tPA >2.5 >2.5 >2.5 

thrombin > 2.5 2.5 0.257 

plasmin > 2.5 >2.5 >2.5 

tryptase 0.093 0.003 0.005 

Cathepsin G 0.329 0.061 0.120 

matriptase 0.082 0.008 0.003 

KLK1 > 2.5 >2.5 >2.5 

KLK2 >2.5 0,315 0,115 

KLK4 0.009 0.026 0.002 

KLK8 0.028 0.013 0.002 

FXIIa >2.5 3,14 1.61 

HNE >2.5 >2.5 >2.5 

 

Tabel 5: Inhibition profile (IC50 values in µM) of UAMC1162, UAMC1169 and UAMC0050. 
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10 CONCLUSION & FUTURE PROSPECTS 
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Several methods of induction of dry eye were evaluated and led to the 

development of a surgical animal model for dry eye syndrome (DES) in 

Chapter 5. This animal model is suitable for a fast and easy evaluation of novel 

formulations and compounds to treat DES. The implementation of several, 

relevant inflammatory evaluation parameters, in addition to the standard criteria, 

allowed for an effective screening of the novel treatments on the most crucial 

aspects of DES. The absence of pharmaceutical agents to induce dry eye greatly 

reduced the workload, cost, possible side effects and potential interference with 

topical treatments.  

As evaporative dry eye makes up a large percentage of all forms of dry eye,  an 

animal model of evaporative dry eye would be an added value. Testing new 

compounds or formulations in both models would increase the clinical relevance 

of the research. Valuable information could be gathered on possible differences 

between treatment induced effects in both forms of dry eye. As all research in this 

thesis was conducted on Wistar rats, including more animal species/models for 

dry eye would increase the scientific relevance of our findings.  

To improve the residence time of ocular drugs, two different types of 

formulations for ocular use were evaluated in vivo in Chapter 6.  

Chitosan is an interesting molecule with a lot of potential in multiple biomedical 

areas. Theoretically, it is an ideal vehicle to improve the residence time of 

difficult to dissolve hydrophobic substances such as CyA at the ocular surface. 

However, in its dry, water absorbing form, its use seemed limited in aqueous 

deficient forms of dry eye. Absorption of the limited amount of residual tear fluid 

correlated with reduced tear volume, increased ocular friction, irritation and 

ocular surface damage.  

In other animal models of ocular inflammation, where tear volume isn’t 

drastically reduced, this type of formulation might yield better results. Aqueous 

solutions or hydrated inserts with chitosan as a viscosity and bio-availability -
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enhancing product, might reap the benefits of chitosan, without the adverse effect 

of tear absorption and corresponding ocular dehydration.   

Aqueous gels are a viable alternative to dry inserts for use in tear deficient dry 

eye. The HPMC-based gel displayed good ocular tolerance, with no signs of 

irritation or discomfort. The (dexamethasone loaded) gels did not offer any 

improvement on dry eye signs however. To obtain optimal efficacy, the 

dissolution speed of the gel and subsequent release of dexamethasone should 

potentially be altered. Reduction of the percentage of HMPC in this preparation 

may also lower tear fluid uptake by the gel, which might be beneficial in tear-

deficient dry eye. We concluded that this preparation showed potential as a 

vehicle for the treatment of dry eye. However, more in vivo research is needed to 

optimize the formulation for use in this model. 

The relation between the half-life of the gel and subsequent degradation speed, 

where the latter is directly proportional to dosing of bioactive molecules in this 

type of gel, is of great importance and must be further examined. From a galenic 

point of view, the gel needs to remain at the ocular surface for a prolonged period 

of time. However, as the half-life of the gel increases, the distribution of bioactive 

molecules decreases. In this study, the bioactive molecule may not have reached 

therapeutic levels. This hypothesis can be tested in the future by reducing the gels 

residence time and HPMC concentration and increasing the distribution speed of 

the pharmacon. Moreover, drug-permeation enhancing agents such as 

cyclodextrins could be introduced to the formulation to improve drug efficacy.  

We confirmed that the use of BAC as a preservative in ocular formulations is 

incompatible for use in patients with dry eye in Chapter 7. Moreover, to avoid 

the risk of developing DES, BAC should not be used in any product intended for 

ocular use, as is currently still the case. Patients and medical practitioners should 

be made more aware of the dangers regarding preservatives in ocular 

formulations. 



 

178 
 

The experiment using the rho-kinase inhibitor in Chapter 8 clearly indicated 

that this compound was not suited for the treatment of DES. Moreover, at higher 

dosage, the compound appeared to have a negative effect, by increasing cytokine 

concentrations, tissue damage and CD3+ cell infiltration compared to vehicle 

treated animals. The question whether inhibiting rho-kinases in this model had 

unwanted side-effects or the compound itself was toxic, cannot be answered and 

requires follow-up research. 

The serine protease inhibitor UAMC0050, described in Chapter 9 was able to 

effectively improve dry eye signs in our animal model. In four different (masked) 

experiments, UAMC0050 displayed a superior effect on dry eye parameters, 

compared to vehicle and untreated animals and outperformed cylosporin A 

(Restasis
®
). Tissue damage scores, interleukin concentration in tear fluid and 

CD3+ and CD45+ cell infiltration were all significantly improved after treatment 

with UAMC0050. Moreover, tear fluid from rats with DES, treated with 

UAMC0050 displayed an accumulation of pro-MMP-9 and reduced levels of 

active MMP-9, compared to untreated dry eye and vehicle treated animals. 

Interestingly, this suggests the involvement of specific trypsin-like serine 

proteases and PAR2 activation in ocular inflammation in our animal model. The 

upregulation of several serine protease genes in ocular tissue from animals with 

DES, provides further proof for this theory. Increased PAR-activity, through 

PAR-activated Ca
2+

influx, was observed in HEK293t cells, exposed to tear fluid 

from untreated rats with dry eye, compared to control. This again indicates the 

involvement of PARs in dry eye. However, tear fluid from rats with dry eye and 

treated with UAMC0050 gave a greater Ca
2+

response. An unknown mechanism 

was potentially responsible for this observation and needs to be investigated 

further. More research in different PAR-expressing cell types, exposed to PAR-

activating stimuli, in absence and presence of UAMC0050 might elucidate the 

observations of this preliminary study. Evidently, the potential association of 

PAR1 and PAR2, as described in recent literature, must also be investigated. 
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In conclusion, proof of concept was acquired for the involvement of trypsin-like 

serine proteases in ocular inflammation, employing an optimized animal model of 

dry eye. 

The next logical step would be testing the compound in another animal model of 

dry eye/ocular inflammation, preferably by another laboratory. Evidence was 

found for the presence and involvement of certain serine proteases and PAR in 

the ocular inflammatory pathology. The exact pathways and different 

mechanisms involved in this process remain partly unknown and require follow-

up research. The use of many, single target serine protease inhibitors could 

potentially elucidate the role of relevant, individual serine proteases in ocular 

inflammation and PAR-activation. 

It would be interesting to expand the number of evaluation parameters to 

investigate the potential role of more cytokines, proteases and pathways, involved 

in ocular inflammation.  

A patient study needs to be conducted to examine whether the findings in our 

animal model for dry eye can be extrapolated to human ocular inflammation and 

DES. A patient study, in collaboration with the University of Antwerp hospital 

has been submitted and accepted, and sample collection has been started. The 

goal of this study is to collect tear fluid from human dry eye patients to: 1) 

compare the cytokine profile in tears from rats with experimental dry eye and 

human dry eye patients, 2): investigate whether evidence can be found of trypsin-

like serine proteases and PAR-activation in human (dry eye) tear samples. 

One of the most limiting factors in this research was sample/tissue collection. 

Undiluted tear samples in animals with dry eye have a volume of 0.2-1 µl. 

Without pooling, these volumes are insufficient for analysis. Working with non-

aqueous tear deficient animals would greatly increase tear volume. Furthermore, 

using larger animals (e.g. rabbits) would make it possible to avoid the need of 

pooling samples. Regarding tear collection, an experiment with 5 animals per 
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group provides enough tear volume for one cytometric bead array analysis. 

However, every additional parameter requiring tears, including zymography and 

activity assays, demand a separate in vivo experiment (with a duration of 24 days 

+ preparation and end-point analysis). 

Similar reasoning can be applied for ocular tissue collection. For immune 

histochemical purposes, small tissue samples are not an issue. For qRT-PCR 

analysis however, RNA-yields per cornea or conjunctiva are low. The 

concentration of the extracted RNA varies between 30 and 200 ng/µl, with most 

samples around 50-70 ng/µl in a volume of 30 µl. The starting RNA 

concentrations for qRT-PCR is set on 50 ng/µl and 4 µl RNA per sample is 

needed. Testing 2 PCR targets in triplicate, including concentration 

determination, consumes the whole sample. To test for 6 PCR targets alone, 3 

experiments of 24 days, excluding pre-operative testing are needed to obtain 

enough sample. This is without taking into account that some tissue needs to be 

reserved for immune histochemical analysis.  

A vehicle effect was observed in multiple experiments in this thesis. The impact 

of the different vehicles (tear drops) was most pronounced on cytokine 

concentrations in tear fluid, with a less pronounced effect on ocular tissue 

damage. Dilution of the inflammatory markers of the residual tear fluid may be 

the cause for this observation. At least 14 hours are between the last 

administration of eye drops and tear collection however. Hence, it does not seem 

plausible that only (direct) dilution could the reason for this effect. The 

application of artificial tears two times a day, starting at the moment dry eye is 

induced, might be able to retard the onset of ocular inflammation. In aqueous 

deficient dry eye, when tear osmolarity strongly increases and the concentration 

of inflammatory markers rises, flushing of the eye twice a day using tear 

substituents might be enough to observe a positive effect. Especially when taking 

into account that there are only 24 days between induction of dry eye and the end 

of the experiment. In all our experiments RH was kept constant at 50%. As 
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humidity is directly correlated to tear film stability, it is plausible that the 

combined effects of artificial tears and increased humidity slows the disease 

progression. It might be possible that these vehicle effects are less pronounced in 

long-term dry eye experiments. Reducing humidity will lead to lower tear volume 

and thus hamper its collection. Finally, it has to be considered that the vehicle 

(eye drops), in contrast to vehicles for other diseases, has a therapeutic effect by 

dilution and lubrication by itself.  

Although total protein measurements did not show any significant differences in 

total protein content, it is logical to assume that removal of the exorbital lacrimal 

gland potentially alters tear composition. This aspect has not been investigated. 

Proteomics of the tear film would help to elucidate this issue. 
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11 SUMMARY 
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Dry eye syndrome (DES) is a common disorder with a rising prevalence. 

Dysfunction of the tear film leads to disruption of ocular surface homeostasis and 

initiates chronic ocular inflammation. Many different factors can trigger tear 

disruption and subsequent ocular surface abnormalities, including hormonal 

changes, contact lens wear, environmental factors, ocular surgery, medication and 

more. Despite the large amount of people affected by this disorder, treatment 

options are limited and often unsatisfactory. 

Many different animal models are described to study the pathogenesis of dry eye 

and to evaluate novel treatment options. These models often employ dry eye 

inducing agents which a) potentially interfere with topical delivery of treatments 

b) require labour intensive follow up c) have systemic side effects d) do not 

mimic the pathogenesis of dry eye. Additionally, most of these models have a 

limited set of evaluation parameters that can be routinely used for in depth study 

of the pathogenesis of dry eye and the effect of new treatments on said 

parameters. In this work, a surgical animal model for dry has been optimized and 

validated and relevant immunological parameters have been implemented. 

Subsequently, this animal model was employed to study different ocular 

formulations and potential therapeutic compounds for the treatment of DES and 

ocular inflammation.  

The bioavailability of bioactive molecules through conventional topical 

application of eye drops is low due to corneal barrier function and lacrimation. 

Ocular inserts and gels present an opportunity to increase the residence time and 

bioavailability of these drugs. In vivo evaluation of chitosan inserts, loaded with 

Cyclosporin A, concluded that chitosan-based inserts in its dry, rigid form, are 

not suitable for tear deficient dry eye. The moisture absorbing properties of the 

insert coincided with residual tear volume and ocular tolerance.  

A HPMC-based aqueous gel was presented as an alternative formulation and 

loaded with dexamethasone sodium phosphate. This formulation displayed 
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adequate ocular tolerance. However, no significant effect of the inserts on dry eye 

parameters was registered. A normal dexamethasone sodium phosphate solution, 

administered as eye drops, did lower ocular cytokine concentration, suggesting 

that the dissolution speed of the gel was to slow for the bioactive molecule to 

reach therapeutic levels at the ocular surface. 

Benzalkonium chloride, a common preservative in ocular products, was shown 

to aggravate dry eye signs, highlighting the need to exclude this chemical from 

eye care products.  

Through a collaboration with a company, a confidential rho-kinase inhibitor 

was evaluated in the animal model. The inhibitor did not show any improvement 

on any evaluation parameter in comparison to the vehicle.  

The broad range trypsin-like serine protease inhibitor UAMC0050 showed an 

in vivo statistically significant improvement on ocular surface damage. Moreover,  

treatment with UAMC0050 significantly lowered tear cytokine concentrations 

and resulted in a significant decrease of CD3+ and CD45+ cell populations in 

conjunctival tissue. Additionally, an accumulation of pro-MMP-9 and decreased 

levels of active MMP-9 in tear fluid from UAMC0050 treated rats was observed, 

compared to untreated and vehicle treated animals. In multiple experiments this 

inhibitor confirmed its potency and outperformed the positive control cyclosporin 

A (Restasis
®
). This, together with the observation of an elevated expression of 

trypsin-like serine proteases in ocular tissue, suggest an important role of these 

serine proteases in the pathogenesis of dry eye in the animal model employed in 

this study.  
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12 SAMENVATTING 
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Het droge ogen syndroom is een veel voorkomende aandoening met een stijgende 

prevalentie. Disfunctie van de traanfilm verstoort de homeostase van het oculaire 

oppervlak, wat aanleiding geeft tot chronische oculaire inflammatie. 

Verschillende factoren kunnen de stabiliteit van de traanfilm negatief 

beïnvloeden, o.a. hormonale veranderingen, het dragen van lenzen, 

omgevingsfactoren, oogheelkundige ingrepen en medicatie. Ondanks het stijgend 

aantal patiënten die lijden aan deze aandoening, zijn de huidige 

behandelingsmogelijkheden vaak ontoereikend. 

Veel verschillende diermodellen die de pathogenese van droge ogen bestuderen 

zijn beschikbaar. Deze modellen gebruiken vaak oog-inflammatie inducerende 

stoffen die a) kunnen interfereren met topicale toediening van geneesmiddelen b) 

arbeidsintensieve opvolging vereisen c) systemische nevenwerkingen hebben d) 

de pathogenese van droge ogen niet benaderen. Veel van deze modellen hebben 

slechts een beperkt aantal parameters die routinematig gebruikt kunnen worden 

voor de evaluatie van nieuwe behandelingen. In dit werk werd een chirurgisch 

diermodel geoptimaliseerd, gevalideerd en werden relevante immunologische 

parameters geïmplementeerd. Vervolgens werd dit diermodel aangewend om 

verschillende oculaire formulaties en potentiële therapeutische stoffen te 

evalueren.  

De bio-beschikbaarheid van bioactieve moleculen na conventionele toediening 

van oogdruppels is erg laag door lacrimatie en de natuurlijke barrière-functie van 

het oogepitheel. Oculaire inserten en gelen bieden de mogelijkheid om de 

verblijftijd en bio-beschikbaarheid van geneesmiddelen op het oculaire oppervlak 

te verhogen. In vivo evaluatie van chitosan inserten, opgeladen met cyclosporine 

A, concludeerde dat de inserten in hun huidige, droge toedieningsvorm, niet 

geschikt zijn voor de behandeling van traan-deficiënte droge ogen. De vocht-

absorberende eigenschappen van het insert leidden tot een slechte oculaire 

tolerantie en een verlaagd traanvolume.  
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Een HPMC-afgeleide waterige gel, opgeladen met dexamethasone, werd getest 

als een alternatieve formulatie. Hoewel deze gel een goede oculaire tolerantie 

vertoonde, was er geen significant effect op het ziektebeeld. Behandeling met 

conventionele dexamethasone oogdruppels leidde wel tot een daling van de 

inflammatoire parameters in de traanfilm. Dit wees erop dat de 

degradatiesnelheid, en de corresponderende vrijstelling van dexamethasone uit de 

gel, te laag was om een therapeutisch effect te krijgen. 

In confidentiële samenwerking met een extern bedrijf werd een Rho-kinase 

inhibitor geëvalueerd in het diermodel. Deze inhibitor vertoonde geen 

verbeteringen tegenover het vehicle. 

Een breed-spectrum trypsine-achtige serine protease inhibitor, UAMC0050, 

vertoonde in vivo een statistisch significante verbetering op oculaire 

weefselschade. Behandeling met deze inhibitor verlaagde bovendien de 

inflammatoire parameters in het traanvocht significant, wat resulteerde in een 

verminderde influx van inflammatoire cellen in het epitheel van de conjunctiva. 

Behandeling met UAMC0050 leidde ook tot een accumulatie van pro-MMP-9 en 

een daling van actief MMP-9, een belangrijke biomerker voor droge ogen, in het 

traanvocht. In verschillende opeenvolgende experimenten werd het positief effect 

van UAMC0050 bevestigd. Ook de observatie van een verhoogde trypsine-

achtige serine protease activiteit in oculair weefsel, leidde tot de suggestie dat 

serine proteasen een belangrijke rol kunnen spelen in deze aandoening.  
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