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CHARACTERIZATION OF  
MEMBRANE ASSOCIATED MUCINS IN OCULAR SURFACE DISEASE  

 
ANNA ABLAMOWICZ 

 
VISION SCIENCE 

 
ABSTRACT  

 Mucins on the ocular surface are found in the tear film and are attached to corneal 

and conjunctival epithelial cells on the eye. The bulbar conjunctiva of the ocular surface 

can be divided into four anatomical regions: temporal, superior, nasal, and inferior. The 

palpebral conjunctiva is the epithelial layer of the inner surfaces of the upper and lower 

eyelids. In the tears, mucins provide lubrication of the ocular surface through formation of 

a hydrophilic gel. The primary mucin in the tear film is MUC5AC which is secreted by 

goblet cells that are located in varying densities within the bulbar conjunctiva. On the apical 

surface of the eye, membrane associated mucins (MAMs) form a protective barrier known 

as the glycocalyx. The highly O-glycosylated MAMs in the glycocalyx create a hydrophilic 

surface that attracts the tear film. The MAMs identified on the human ocular surface in the 

superficial cell layers, represented by “MUC” followed by a number representing order of 

discovery, are MUC1, MUC4, and MUC16. These mucins are expressed and secreted by 

the corneal and conjunctival epithelial cells. Galectin-3, a β-galactoside binding lectin, 

recognizes the carbohydrate galactose found on MUC1 and MUC16 and colocalizes with 

these MAMs in the glycocalyx. Galectin-3 is an essential component of the glycocalyx as 

without it, barrier function is impeded.  

 In dry eye disease, inflammation is a core mechanism that can have negative 

consequences on the ocular surface. Chronic inflammation can lead to damage to the 

epithelial cells and tear film instability resulting in poor ocular surface hydration. 
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Reduction of goblet cells and reduced MUC5AC are potential contributing factors to dry 

eye disease. The glycocalyx and glycosylation of the MAMs may also be negatively 

impacted such that the glycocalyx becomes disrupted.  

 The primary purpose of this research was to investigate expression of MAMs in the 

regions of the bulbar conjunctiva and the palpebral conjunctiva of the upper eyelid. In 

addition, the secondary goal of this research was to develop an affinity assay for in vivo 

use on human tear samples that would enable researchers to evaluate the affinity of the 

interaction of MUC16 and galectin-3.     

 

 

 

 

 

 

 

 

 

 

Keywords: membrane associated mucin (MAM), dry eye disease, glycocalyx, MUC16, 
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INTRODUCTION 

Definition and Classification of Dry Eye Disease 

Dry eye was first defined by the National Eye Institute (NEI)/Industry working group on 

Clinical Trials in Dry Eye in 1995 which stated that dry eye “is a disorder of the tear film 

due to tear deficiency or excessive tear evaporation which causes damage to the inter-

palpebral ocular surface and is associated with symptoms of ocular discomfort.”1 At the 

time, the term ‘dry eye’ referred to conditions that affected the ocular surface and/or the 

tear film; it was considered a disorder, rather than a syndrome or a disease, as a clear 

consensus was not formed on criteria necessary for diagnosis nor classification, and 

etiology was uncertain. In 2006, a report was published by a Delphi panel consisting of 

international specialists to put forth treatment recommendations and a new term, 

‘dysfunctional tear syndrome,’ was proposed by the group.2 As research expanded into this 

field, subsequent revisions to the definition as well as diagnosis and treatment guidelines 

were published. The 2007 International Dry Eye Workshop (DEWS) published by the Tear 

Film and Ocular Surface Society (TFOS) put forth a new definition that included the effects 

of dry eye; it stated that dry eye “is a multifactorial disease of the tears and ocular surface 

that results in symptoms of discomfort, visual disturbance, and tear film instability with 

potential damage to the ocular surface. It is accompanied by increased osmolarity of the 

tear film and inflammation of the ocular surface.”3 Of particular note here is the statement 

of dry eye as a disease process with many associated factors resulting in not only symptoms 
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experienced by the afflicted patient, but with the potential to damage the ocular surface, 

possibly through an inflammatory process. Most recently, TFOS published the DEWS II 

report in 2017 to once again update the definition, etiology, and management options of 

dry eye disease.4 This new definition states that dry eye “is a multifactorial disease of the 

ocular surface characterized by a loss of homeostasis of the tear film, and accompanied by 

ocular symptoms, in which tear film instability and hyperosmolarity, ocular surface 

inflammation and damage, and neurosensory abnormalities play etiological roles.” 

Along with the definition of dry eye disease (DED) established in 1995 by the NEI/Industry 

working group, a classification scheme was published. This early scheme named two 

classifications for dry eye: tear deficient and evaporative. Intrinsic and extrinsic factors 

that may contribute to the disease, such as cicatricial pemphigoid (a group of rare chronic 

autoimmune blistering diseases), contact lens wear, and rheumatoid arthritis, were 

identified as well. As research progressed and the tear film structure was better understood, 

‘tear deficient’ was redefined as ‘aqueous deficient’ in the TFOS DEWS report in 2007.3 

This report maintained, however, both classifications of dry eye: aqueous deficient and 

evaporative. As seen in Figure 1, both intrinsic and extrinsic factors are clearly listed for 

the evaporative form of the disease and a box was included listing some environmental 

factors as well. 
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 This classification scheme suggests an exclusivity between aqueous deficient and 

evaporative dry eye; however, this is not a true reflection of what occurs clinically as most 

often patients present with signs of both types of the disease. The report does acknowledge 

overlap of the categories, but this is not apparent in the diagram. Therefore, the TFOS 

DEWS II report revised this classification scheme to make it clear that the subtypes of dry 

eye are continuous with one another and are not mutually distinct (Figure 2).5 

Fig. 1. Major etiological causes of dry eye. 
Note: From “The definition and classification of dry eye disease: report of the Definition and 
Classification Subcommittee of the International Dry Eye WorkShop (2007)” by M. A. Lemp 
et al., 2007, Ocular Surface, 5:2, p. 77. Copyright 2007 by the Ocular Surface. Reprinted 
with permission. 
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Epidemiology 

In 1997, an early prevalence based study was conducted on 2,500 Americans aged 65 years 

or older.6 The authors concluded that 14.5% were symptomatic for dry eye and an 

estimated 4.3 million Americans experience dry eye symptoms. In 2007, the DEWS report 

reviewed epidemiological studies conducted up to that time and stated the prevalence of 

dry eye in those over the age of 50 ranged from 5 to 30%.7 The relatively large range 

reported may be due to poor standardization of disease definition and classification and 

variety of severity of disease. The National Health and Wellness Survey, a 2013 survey of 

Fig. 2. Classification of dry eye disease (DED). 
Note: From “TFOS DEWS II Definition and Classification Report” by J. P. Craig et al., 
2017, Ocular Surface, 15, p. 281. Copyright 2017 by the Ocular Surface. Reprinted with 
permission. 
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75,000 participants, estimated that 6.8% of the adult population in the United States 

(around 16.4 million people) could be diagnosed with dry eye disease.8 Overall, prevalence 

of the disease is greater in older populations, especially over the age of 75 years, and 

women have a higher prevalence than men.6   

As the definition suggests, dry eye is a multifactorial disease. Since the publication of the 

2007 DEWS Report, more robust population-based studies have been conducted to better 

understand risk factors for the disease. Differences in study design and population 

characteristics influence the consistency of certain factors being considered definitive risk 

factors, and so these risk factors can be classified as either non-modifiable or modifiable 

consistent or probable factors; consistent, non-modifiable risk factors include age, sex, and 

Asian race.9,10 Most studies report an increase in dry eye prevalence with older age, 

especially in females.11,12 Controlling for both sex and age, those of Asian descent are at a 

higher risk for the development of DED compared to Caucasians.13-15 Other non-

modifiable consistent risk factors include meibomian gland dysfunction, connective tissue 

disease, and Sjögren’s syndrome.16,17 While other conditions such as diabetes, thyroid 

disease, psychiatric conditions, and rosacea have been reported in some studies as risk 

factors, these probable factors have not been consistently validated.18 Use of computers 

and other electronic devices with visual displays has increased over the years, and is 

considered a modifiable risk factor for DED.19 When using these devices, it is thought that 

a reduced frequency of blinking contributes to increased tear evaporation and symptoms of 

dryness.20,21 Studies show that the prevalence of DED can be up to five times higher in 

contact lens wearers, and contact lens wearers often report more eye dryness than non-lens 

wearers.10,22 Contact lenses, when placed on the surface of the eye, can disrupt the tear film 
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and natural ocular environment.23,24 Other risk factors include medication use 

(antihistamines, antidepressants, anxiolytics, isotretinoin), hormone replacement therapy, 

refractive surgery, and environmental exposures such as pollution and low humidity.25-28  

One of the most common reasons for patients to seek medical eye care is symptoms of 

dryness on the ocular surface.29 Given that the population worldwide is aging and that age 

is a consistent risk factor for the disease, the incidence of DED is expected to increase.30,31 

Left untreated, it is hypothesized that once the inciting factor(s) have initiated the cycle of 

DED, the ocular surface activates compensatory mechanisms through an inflammatory 

cascade, and if not subsequently controlled, can lead to permanent damage of cells and loss 

of the compensatory response.32  

 

The Ocular Surface 

The TFOS DEWS I and II reports define the ocular surface as consisting of structures of 

the eye, adnexa, and ocular glands.3,5 Therefore, the ocular surface consists of the cornea 

and conjunctiva, as well as the adnexal structures, the eyelids and eyelashes. Further, the 

tear film, main and accessory lacrimal glands, and meibomian glands also comprise the 

ocular surface. The purpose of the ocular surface is to maintain clarity of the cornea so that 

light can pass through to the retina relatively unobstructed.33 Thus, cells in the ocular 

surface regulate hydration of the cornea and conjunctiva, provide defenses against bacterial 

infection, and some protection against trauma.33  
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Cornea 

Contributing two-thirds of the refractive power of the eye, the cornea is an avascular, 

transparent tissue on the outer surface of the globe.34 It serves as a structural barrier and 

protects the eye from infection.35 The cornea is composed of collagen, epithelial cells, 

keratocyes, and endothelial cells. The endothelium is the innermost layer of the cornea with 

the superficial epithelial layer consisting of non-keratinized, stratified squamous cells.35 

The epithelial cells of the cornea have a lifespan cycle of 7-10 days and so the epithelial 

layer undergoes cell regeneration.36 The apical epithelial cells express and secrete 

membrane associated mucins that are anchored to the cell membranes and extend into the 

tear film.37 These mucins form a glycocalyx that protect the cornea and provide a 

hydrophilic surface over which the tear film can spread evenly (see section on Mucins for 

detail).38  

 

Conjunctiva and Goblet Cells  

The conjunctiva is composed of a non-keratinized, epithelial layer of mostly stratified 

squamous epithelial cells and specialized cells called goblet cells.39 It functions to protect 

and lubricate the eye. The three main regions of the conjunctiva are the 1) bulbar 

conjunctiva, which covers the anterior sclera, 2) palpebral conjunctiva, which lines the 

inner surfaces of the eyelids, and 3) conjunctival fornices, the loose folds in the regions 

connecting the palpebral conjunctiva to the bulbar conjunctiva.39 The squamous epithelial 

cells of the conjunctiva also express and secrete membrane associated mucins, similar to 

the corneal epithelial cells, that form a glycocalyx.38   

Goblet cells appear solo or in clusters amongst the stratified squamous epithelial cells.40 
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Goblet cells are most numerous in the regions near the fornices as well as in the inferior 

and medial conjunctiva.41,42 Goblet cells decrease in number away from these regions, 

although they have been recently detected in the palpebral conjunctiva of the lid wiper 

region.43 Goblet cells are filled with a large, secretory mucin, MUC5AC, which is capable 

of forming gels.44 They also contain other glycoproteins such as peroxidase, trefoil 

peptides, and defensins that are secreted into the tear film.45-47 

 

Meibomian Glands  

The meibomian glands are found in parallel in both the upper and lower eyelids throughout 

the length of the tarsal plates, the firm, dense connective tissue region in the eyelids (Figure 

3).48 There are approximately 30 to 40 meibomian glands in the upper eyelid and 20 to 30 

in the lower eyelid.49 These glands are modified sebaceous, holocrine glands consisting of 

clusters of secretory acini arranged circularly around a central duct.50 The openings to the 

glands are found in a row along the lid margin posterior to the eyelashes. Meibomian glands 

secrete an oily substance of lipids into the tear film known as meibum.49 The glands are 

distinctly innervated with parasympathetic, sympathetic, and sensory nerves.51 However, 

the nerve fibers around the meibomian gland secretory acini primarily respond to 

parasympathetic stimulation.52  
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Lacrimal Glands 

The main lacrimal glands are located in the right and left superolateral orbits, and each has 

an orbital and palpebral lobe, where the palpebral lobe is in front of the bulbar 

conjunctiva.53 Each gland averages 20 mm in length and 12 mm in width.53 The lacrimal 

gland is an exocrine gland with secretory acini and ducts that drain aqueous fluid onto the 

surface of the eye to form the primary component of the tear film.54 Innervation of the 

gland consist of nerve fibers originating from the trigeminal and facial nerves, with 

sympathetic innervation from the superior cervical ganglion.55 Dense parasympathetic 

innervation of the lacrimal glands regulates basal secretion of aqueous fluid.56 When the 

ocular surface is stimulated through sensory nerves found in the cornea and conjunctiva, 

reflex tearing from the lacrimal glands is triggered. The lacrimal glands also secrete 

important proteins in response to hormonal and neural regulation, most of which are 

Fig. 3. Anatomical diagram showing meibomian glands and lacrimal gland.  
Note: From the National Eye Institute Photos and Images catalog which is source of free 
audiovisuals. 
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antibacterial and antiviral, including lactoferrin, lysozyme, peroxidase, and group II 

secretory phospholipase A2.57 Other proteins secreted by the lacrimal gland are involved 

in the immunological response of the ocular surface and include IgG, IgM, IgA, and IgE.58 

 

Tear Film 

In 1946, the earliest tear film model was described as having three layers by Wolff: outer 

lipid layer, middle aqueous layer, and inner mucin layer.59 Nearly fifty years later, in 1994, 

Doane stated that this three layer model was an oversimplification and that the mucins were 

incorporated throughout the aqueous layer instead of being stratified into a separate layer.60 

He reported that the density of mucins seemed to be thickest at the surface of the epithelial 

cells.60 Currently, the aqueous and mucin layers are thought of as a mucoaqueous gel with 

an increasing gradient of mucin concentration from the anterior tear film to the epithelial 

cell surfaces (Figure 4).61,62  

The outer lipid layer is formed by secretion of meibum, from the meibomian glands.48 

Meibum consists of 95% nonpolar lipids, primarily wax and cholesterol esters along with 

a small amount of triglycerides; the remaining 5% are polar lipids (O-acyl-ω-hydroxy-fatty 

acid and phospholipids).63,64 The function of the lipid layer is to slow the evaporation rate 

of tears from the surface of the eye and thus stabilize the tear film.65 The lipid layer also 

contributes to providing a smooth optical surface to promote optical clarity.66,67 

Hyperkeratinization of the ducts within the meibomian glands resulting in obstruction of 
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the gland orifices and atrophy of the secretory acini is a mechanism proposed in meibomian 

gland dysfunction (MGD), a disorder of the ocular surface that can lead to dry eye 

disease.68 The approximate thickness of the lipid layer is around 42 nanometers.69 When 

using reflection spectra to estimate the tear film thickness, initial studies estimated  the 

thickness to be around 3 µm; more recent studies using ultrahigh resolution OCT confirm 

a thickness range of 2-5.5 µm over the cornea. 70,71  

The aqueous fluid of the tears is primarily secreted by the lacrimal glands.53 The lacrimal 

ducts open into the superior conjunctival fornix primarily, with a few ducts from the 

palpebral lobe emptying into the lower fornix.72 The accessory lacrimal glands, the 

Wolfring glands and the Krause glands, open to the palpebral conjunctival surface and 

Fig. 4. Tear film structure showing mucins in the aqueous and glycocalyx.  
Note: From “Role of Mucins in the Function of the Corneal and Conjunctival Epithelia” by I. 
K. Gipson and P. Argüeso, 2003, Int Rev Cytol, 231, p. 18. Copyright 2003 by Int Rev Cytol. 
Reprinted with permission. 
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contribute 5% to the aqueous component of the tear film.53,73 In addition to secreting 

aqueous, these glands also secrete growth factors, hormones, electrolytes, 

immunoglobulins, cytokines, lysozyme, and lactoferrin.61 Understanding the protein 

content of the tears, or the tear proteome, may be a promising approach to discovering tear 

biomarkers for diagnosis of ocular surface diseases, including dry eye. Early techniques 

using gel-based methods and mass spectrometry led to the discovery of approximately 491 

different tear proteins by de Souza et al.74 Subsequent studies using chromatography with 

more advanced mass spectrometry led to the discovery of more than 1500 different tear 

proteins by Zhou et al. and also by Aass et al.75,76 Despite these large numbers, a small 

group of proteins represents roughly 80-90% of the total tear proteome and includes 

lipocalin, lactoferrin, secretory IgA, lysozyme, and serum albumin.77 The protein 

concentration of the tear film is estimated to range between 4-6 µg/µl.78,79 Mucin 

glycoproteins are also found in the tear film; MUC5AC, as mentioned previously, is the 

major secreted mucin in the aqueous fluid. While truncated forms of membrane associated 

mucins have been found in the tears, these mucins are primarily anchored to the epithelium 

which accounts for the relative increase in density of mucins in the tear film towards the 

anterior surface of the eye (see more in the Mucins section below). 61,80 To assist in 

regulating the viscosity of mucin secretions, trefoil factor family (TFF) peptides secreted 

by both the lacrimal gland (TFF1 and TFF3) and goblet cells (TFF1 and TFF3) provide 

this biological function.81    

The lacrimal gland is innervated with both sympathetic and parasympathetic nerves found 

close to the acinar cells.82 Stimulation of the gland is through the trigeminal nerve that 

innervates the cornea.82 Studies have determined that different types of tears, depending on 
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stimulation, can have varied compositions and differences in protein concentrations.83-85 

Basal tears are secreted during normal resting times to lubricate the eye at an approximate 

rate of 3.4 µl/min with an average tear volume of approximately 7 µl.86 Upon stimulation 

of the ocular surface, reflex tears are produced, whereas emotions, like sadness, can 

stimulate emotional tears. Tears that lubricate the eyes during sleep and collected 

immediately upon awakening are closed-eye tears. Concentration of proteins such as 

lactoferrin, lysozyme, and lipocalin-1 do not change significantly in basal, reflex, and 

closed-eye tears; however, concentration of protein immunoglobulin-A is lowest in reflex 

tears and highest in closed-eye tears.87-89 Because of the differences in composition in the 

different types of tears, the method used to collect tears for research can influence the 

results obtained.90 To collect primarily basal tears, a microcapillary tube is placed in the 

lower tear meniscus to draw tears into the lumen of the glass tube which causes minimal 

reflex tearing.91,92 A Schirmer’s strip or sponge can be used to collect tears through 

absorption; however, a mixture of basal and reflex tears will be collected that can alter the 

proteins collected.93 The flush method, instillation of saline onto the ocular surface prior to 

collection with a microcapillary tube, can be used to collect tears in patients with a low tear 

volume, such as those with dry eye disease, although a dilute tear sample is collected.94 

Tears are secreted and spread over the ocular surface through the process of blinking. As 

the eye is closed, fresh aqueous from the lacrimal gland mixed with mucin from goblet 

cells in the tarsal region of the eyelid is deposited onto the surface of the eye.95 The action 

of the eyelids during a blink stimulates secretion of meibum oil from the meibomian glands 

that forms the lipid layer.96 As the eye is opened after a blink, lipid from the lower meniscus 

spreads upward over the mucoaqueous layer.97,98  Between blinking, the tear film thins, 
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primarily due to evaporation, and is re-established again with a blink.99,100 Tears drain 

through the puncta, openings on the nasal portion of the upper and lower eyelids, and out 

through the nasolacrimal drainage canals.101 The turnover and replenishment of the tear 

film facilitates removal of debris, shed epithelial cells, microorganisms, and other 

unwanted cells and molecules.102 

 

Pathophysiology and Mechanisms in Dry Eye Disease 

The tear film and its constituents maintain hydration of the ocular surface. Tears are 

continuously being secreted primarily by the lacrimal glands. When the eye is open, the 

tear film evaporates which exposes the eye to desiccating stress.103 However, sensory 

impulses from thermoreceptors in the cornea signal and regulate tear secretion in response 

to dryness to maintain homeostasis.104,105 These homeostatic mechanisms fail in dry eye 

disease causing a quantitative or qualitative deficiency of tears leading to tear film 

instability, poor hydration of the ocular surface, hyperosmolar stress, and increased friction 

resulting in mechanical irritation on the eye. These events trigger a cycle of inflammation 

and can cause damage to the ocular surface that are characteristic of dry eye disease.106 

As discussed earlier, there are two predominant etiologies of dry eye disease, aqueous 

deficient and evaporative, both of which result in reduced tear volume on the ocular 

surface. However, these forms are non-mutually exclusive so there is often overlap of both 

types seen in patients.3,5 In aqueous deficient dry eye, there is a significant reduction in the 

thickness of the tear film due to insufficient secretion of aqueous fluid primarily from the 

lacrimal gland. A severe form, known as Sjögren’s syndrome dry eye, is an autoimmune 
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disorder that affects the lacrimal and salivary gland, leading to gland destruction, dry eye, 

and dry mouth.107 Non-Sjögren’s syndrome dry eye exists without the autoimmune 

component where the lacrimal gland is deficient in secretion of tears. Evaporative dry eye 

disease occurs due to increased rates of evaporation of the tear film, presumed due to a 

dysfunction in the lipid layer of the tear film. This can be due to eyelid disorders such as 

meibomian gland dysfunction or related to mucin deficiency on the ocular surface.108   

 

Hyperosmolarity and Inflammation 

Tear hyperosmolarity is a result of reduced tear volume on the ocular surface in both 

aqueous deficient and evaporative dry eye disease.109 The resultant osmotic stress triggers 

release of inflammatory mediators and proteases onto the surface of the eye. Specifically, 

mitogen-activated protein kinase (MAPK)-signaling pathways become activated in 

response to osmotic stress; these pathways regulate cornified envelope precursor proteins 

that if expressed, can lead to cell death of corneal epithelial cells.110 As corneal epithelial 

cells become damaged and apoptose, the epithelial barrier becomes disrupted and further 

amplifies the inflammatory response. Inflammatory cells recruited to the eye release 

inflammatory mediators such as matrix metalloproteinase-9 (MMP-9), IFN-γ, TNF-α, and 

IL-7 into the tear film which can further damage epithelial cells and goblet cells.111 In 

particular, increased levels of MMP-9 has been reported in tears from dry eye subjects and 

shown to be correlated with severity of the disease.112,113  

 



16 
 

Mechanical Damage  

Another factor in the cycle of dry eye disease is increased friction between the eyelid and 

ocular surface as a result of insufficient lubrication.62 Lubrication between two apposed 

surfaces affects the degree of friction during motion. In dry eye disease, tear volume is 

reduced due to high evaporation and/or reduced secretion resulting in poor lubrication.114 

This is further exasperated with loss of gel-forming mucin because of damage to goblet 

cells. Increased friction may account for dry eye symptoms experienced by patients and 

can subsequently lead to damage seen in lid wiper epitheliopathy (LWE).115 The lid wiper 

is the area of the upper eyelid that contacts the globe during blinking and facilitates 

spreading of the tear film. Goblet cells have been detected in this region that presumably 

provide lubrication between these surfaces.43 The upper eyelid can be everted during 

clinical examination and any damage to the palpebral conjunctiva epithelium can be 

observed using diagnostic, temporary dyes such as sodium fluorescein and lissamine green. 

Both the horizontal length and sagittal width are evaluated for the amount of staining that 

is presumed to indicate damaged cells and has been termed LWE.116      

 

Diagnosing Dry Eye Disease 

Dry eye disease can lead to discomfort and other symptoms that causes the afflicted to seek 

a diagnosis and treatment. A comprehensive examination that includes patient history, 

external examination of the ocular surface and eyelids, assessment of quality and quantity 

of the tear film, and evaluation of wetting defects and damage to the eye is performed to 

determine if a patient should be diagnosed with dry eye disease. Patients may complain of 

a variety of symptoms including eye irritation, gritty or foreign body sensation, tearing, 
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photophobia, burning, stinging, and/or pain. These complaints may be accompanied by 

intermittent blurry vision that improves after a blink. Diagnostic tests to examine the 

patient for signs of dry eye disease are performed to distinguish between mimicking 

conditions, such as ocular allergies, so that an appropriate treatment plan can be formed.117 

Guidelines for diagnosing dry eye disease were initially published by the DEWS report in 

2007 and refined in the most recent DEWS II report ten years later.118 As there is no gold 

standard biomarker to diagnose dry eye, a battery of testing is performed, where the 

sequence of testing follows from least invasive to most invasive in order to obtain valid 

results. Then, the results of the tests are compared to threshold sensitivity values to assist 

in classifying and diagnosing a patient with dry eye disease. It is important to note that 

often signs and symptoms are uncorrelated, so it is possible for a patient to have symptoms 

of the disease yet minimal to no signs present.119  

During clinical examination, a thorough patient history, including systemic conditions and 

medications, is obtained and symptoms elucidated either through direct questioning during 

patient history or using a validated questionnaire such as the Ocular Surface Disease Index 

(OSDI).120 Determination of risk factors including environmental factors, contact lens 

wear, smoking, medications, etc. can also guide the diagnosis process. If screening with a 

questionnaire confirms that patient may have dry eye disease, or if there is a symptom 

complaint, testing tear film stability through tear break up time, performing ocular surface 

staining assessment including the cornea, conjunctiva, and lid margin, and measuring tear 

film osmolarity then follows.118 If at least one of these tests is positive for dry eye and 

symptoms are present, then a diagnosis of dry eye disease should be made.   
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Tear film stability can be assessed by measuring the interval of time between a complete 

blink and the appearance of a break in the tear film indicating evaporation of the tears.121,122 

Sodium fluorescein is traditionally used to enhance visibility of the tear film. It is instilled 

onto the surface of the eye by wetting a strip impregnated with sodium fluorescein and 

touching the wetted portion with dye to the ocular surface. The tear film is then observed 

for dry areas or dark spots. Because the stability of the tears can be influenced by instilling 

sodium fluorescein, a non-invasive tear film breakup time can be obtained using devices 

that observe specular reflection of a grid from the tear film.123,124 Tear volume on the eye 

may be reduced in dry eye disease (aqueous deficient dry eye); therefore, techniques have 

been developed to semi-quantify and evaluate tear volume in vivo. The most direct 

approach is evaluating the tear meniscus height that rests on the lower lid margin.125,126 The 

majority of tear film fluid can be found within the menisci and measurement of the height, 

using a slit lamp or specialized device, can be utilized to determine whether there is 

adequate or deficient tear volume.127 The cutoff value for dry eye disease is a height of less 

than 0.2 mm.128,129 The phenol red thread test and the Schirmer strip can indirectly measure 

tear volume by examining the amount of wetting on a thread or strip of filter paper in a 

period of time.130 

Ocular surface staining can be observed in many ocular diseases, including dry eye disease, 

and temporary dyes are used extensively to diagnosis and monitor these conditions. Sodium 

fluorescein, lissamine green, and rose bengal are the most commonly used clinical dyes. 

Sodium fluorescein is used to assess the cornea; the presence of staining is thought to occur 

due to compromised integrity of the epithelial cells which may be due to defective tight 

junctions or glycocalyx.131 However, there is some evidence to show that weak 
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fluorescence or staining can also occur in healthy epithelial cells.132 Rose bengal is 

typically not used clinically due to increased stinging and discomfort upon instillation; 

however, it has been used in vitro to demonstrate staining of epithelial cells lacking 

MUC16 (a mucin in the glycocalyx) and dead cells.133 Lissamine green is better tolerated 

by patients, and is thought to stain epithelial cells with damaged cell membranes.134,135 

Lissamine green can also be utilized to assess the portion of the palpebral conjunctiva, the 

lid wiper, that contacts the ocular globe during blinking. Lid wiper epitheliopathy, or 

staining on the upper eyelid lid wiper region, is proposed to indicate mechanical irritation 

and damage to epithelial cells due to increased friction during blinking as a result of 

reduced lubrication on the ocular surface.116,136,137 Grading systems exist that can guide 

clinicians in assessing the severity of staining on both the cornea and conjunctival surfaces, 

which may provide an indication of severity of dry eye disease.138  

Hyperosmolarity of the tear film is a hallmark characteristic of dry eye disease and 

considered a central mechanism for ocular surface damage in the disease.5 While 

historically measuring tear film osmolarity was limited to using laboratory instruments that 

required a large volume of tears or specialist expertise, newer instruments designed for 

clinical application requiring a smaller volume of tears have been developed.139-141 An early 

study by Tomlinson et al. in 2006 defined the tear hyperosmolarity threshold to be 316 

mOsmol/L.142  A later study conducted by Lemp et al. in 2011 determined 308 mOsm/L to 

be the most sensitive threshold between normal and mild dry eye subjects while 315 

mOsm/L was the most specific threshold.143 Suzuki et al. demonstrated that tear osmolarity 

increases with disease severity and could be used as a biomarker.144 A study by Sullivan et 

al. attempted to determine threshold values for normal, mild/moderate, and severe dry eye 
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disease; the results of the study concluded that normal, mild/moderate, and severe dry eye 

osmolarity values were 302 mOsm/L, 315 mOsm/L, and 336 mOsm/L respectively.145 

 

Treating Dry Eye Disease 

Dry eye disease is a chronic condition; however, treatment strategies include targeting the 

tear film through supplementation, conservation, or increasing production, and treatment 

of the accompanying inflammation of the ocular surface and/or eyelids. Both the 

underlying causes of the disease and severity are considered when initiating an appropriate 

treatment with a goal of restoring ocular surface homeostasis. If it is found that the patient 

has aqueous deficient dry eye, where the tear volume is reduced, then tear supplements, or 

artificial tear solutions, are typically used as a first line treatment.146 147 

 

Tear Supplements 

Production of tear supplements, or artificial tear solutions, has progressed through several 

formulary generations to prolong retention time, enhance lubrication, and target specific 

tear film abnormalities. Tear supplements vary in viscosity, osmolarity, pH, and 

preservatives. As high osmolarity is associated with DED, most artificial tears are 

formulated to be isotonic or hypo-osmolar. Because chronic exposure of the ocular surface 

to certain preservatives may induce toxicity and adverse changes to the ocular surface, 

preservative-free single or multi dose tear supplements are commonly prescribed.148 Lipid-

based tear drops, or emulsions, more closely mimic the natural tears and are often used in 

patients that have high evaporation rates of the tear film.149 These drops are an alternative 
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to water-based tear supplements and believed to target the tear film lipid layer in an attempt 

to restore normal evaporation rates of the tear film.150   

 

Tear Conservation  

Treatments may also promote hydration of the ocular surface through conservation of the 

tears. This can be accomplished either by decreasing the evaporation rate of the tears or 

obstructing outflow. Certain tear formulations, as mentioned, target the lipid layer of the 

tears to slow the evaporation of the tear film. Non-therapeutic options may consist of using 

goggles, humidifiers, and moisture chambers.151 Tears may also be conserved by 

obstructing tear outflow through occlusion of the punctal drainage system using collagen 

or silicone hydrogel punctal plugs inserted into the upper and/or lower puncta of the eyelids 

that are either absorbable or non-absorbable.152 The puncta may also be surgically closed 

permanently using thermal cauterization.153 

 

Tear Stimulation 

Agents that induce secretion as a mechanism of action are known as secretagogues.154 

Topical secretagogues used on the ocular surface stimulate aqueous or mucin secretion. 

While not available currently in the United States, two topical secretagogue formulations 

for treatment of DED are 3% diquafosol sodium ophthalmic solution and 2% rebamipide 

ophthalmic suspension.155,156 Diquafosol is a P2Y2 receptor agonist that functions to 

stimulate aqueous and mucin secretion from the goblet cells and conjunctival epithelial 

cells.157 Rebamipide is a mucin secretagogue and promotes production of mucin 
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glycoproteins MUC1, MUC4, and MUC16 in human corneal epithelial cells.158 It functions 

through signaling of epidermal growth factors to stimulate expression of these mucins. 

Tear stimulation may also be achieved through intranasal neurostimulation of the 

nasolacrimal reflex. A hand-held device with prongs inserted into the nasal cavities has 

been developed that delivers electrical currents to stimulate tear production.159 

 

Lid Abnormalities 

Lid hygiene treatments are often prescribed to manage a variety of lid conditions that can 

contribute to dry eye. Inflamed eyelid margins and flaking/crusting on the eye lashes are 

signs of a condition known as blepharitis.160 Blepharitis can cause symptoms of itching and 

burning and can perpetuate the dry eye cycle. Lid hygiene typically involves lid scrubs 

using mild baby shampoo, or specially formulated lid cleansing products such as a scrub, 

wipe, foam, or solution.161 Patients with obstructive meibomian gland dysfunction are often 

prescribed a regimen of warm compress application to closed eyelids. Meibum secretions 

in patients with meibomian gland dysfunction have been shown to have a higher melting 

point leading to stagnation and obstruction of the glands.162 As the heat is transferred to the 

eyelids, the additional warming of meibum within the eyelids is thought to melt the meibum 

and promote secretion from the glands.  

  

Anti-Inflammatory Therapy with Corticosteroids 

Inflammation on the ocular surface can be activated through ocular surface damage from 

desiccating stress in DED. Topical corticosteroids can reduce inflammation and reduce 
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both signs and symptoms of DED.163 Often, treatment is initiated with corticosteroids 

followed by tear conservation with punctal plugs.164 Elevated intraocular pressure is a 

potential adverse side effect of certain formulations and/or long-term use along with 

increased risk of cataract formation.165  

 

Non-Glucocorticoid Immunomodulators 

Relatively few immunomodulatory drugs for DED exist. Cyclosporine A is an 

immunosuppressive agent used systemically to improve the success of post-transplantation 

patient care and reduce the chance of transplant rejection.166 Cyclosporine A is capable of 

suppressing lymphocyte function and has been used to orally treat autoimmune diseases 

such as rheumatoid arthritis and inflammatory bowel disease.167,168 Its mechanism of action 

is to inhibit interleukin 2 (IL-2) activation of lymphocytes; later, it was found that it can 

inhibit apoptosis of cells and has anti-inflammatory properties.169,170 Topically, 0.05% 

cyclosporine (CsA) ophthalmic emulsion was approved for treatment of moderate to severe 

DED in 2003 in the United States.171 It has been shown to reduce markers of inflammation 

in the tear film and conjunctival epithelium of dry eye patients, including proinflammatory 

cytokine IL-6, and reduce tear osmolarity.172,173 In addition, molecular markers of 

apoptosis, including CD40, were reduced in the conjunctival epithelium of dry eye patients 

demonstrating its ability to have anti-apoptotic effects on the ocular surface.174,175 

Tacrolimus, a macrolide with immunomodulatory activity, has a similar mechanism of 

action to cyclosporine through inhibition of lymphocyte activation and suppression of the 

immune response.176 It has been used systemically to treat ocular, immune-mediated 

diseases, such as graft-versus-host disease, uveitis, and ocular pemphigoid.177,178 As an 
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ointment, it can be used to treat ocular allergies, and, as an eye, 0.03% tacrolimus can be 

used to treat allergic conjunctivitis.179 It has been shown to improve symptoms and signs 

of DED in those intolerant to cyclosporine, and to improve tear film stability in patients 

with Sjögren’s syndrome dry eye.180,181 The cream and ointment forms of tacrolimus are 

readily available in the United States; however, a compounding pharmacy must be used to 

obtain an ophthalmic formulation in the United States.  

 

Lymphocyte Function-Associated Antigen 1 (LFA-1) Antagonist 

Lifitegrast 5% ophthalmic solution is a topical treatment for DED. LFA-1, a member of 

the integrin family, binds intercellular adhesion molecule (ICAM-1), which is expressed 

on endothelial and epithelial cells.182 Binding of LFA-1 and ICAM-1 initiates a pathway 

for T cell activation, and T cell mediated inflammation. Lifitegrast mimics the binding 

domain of ICAM-1 to antagonistically compete for binding between LFA-1 and ICAM-1 

which results in inhibition of T cell migration into the ocular tissues.183 In clinical studies, 

topical administration of lifitegrast 5% resulted in a reduction in corneal staining and 

improvement in dry eye symptoms reported on a visual analog scale.184 

 

Mucins 

Mucins are high molecular weight heavily glycosylated glycoproteins found on all wet 

surfaced epithelia of the human body, including the respiratory, gastrointestinal and 

reproductive tracts as well as the ocular surface. 185Mucin genes encode mucins and are 

designated in humans as MUC followed by a number representing the order of discovery. 
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In humans, the following 21 mucin genes have been identified: MUC1, MUC2, MUC3A, 

MUC3B, MUC4, MUC5AC, MUC5B, MUC6, MUC7, MUC8, MUC9, MUC12, MUC13, 

MUC14, MUC15, MUC16, MUC17, MUC19, MUC20, MUC21, and MUC22. However, 

only eight mucin genes are expressed on the ocular surface: MUC1, MUC2, MUC4, 

MUC5AC, MUC5B, MUC7, MUC16, and MUC20. The structure of mucins consists of a 

central amino acid core with a high number of tandem repeats of serine and threonine. 

These amino acids are highly O-glycosylated through attachments of glycan N-

acetylgalactosamine (GalNAc) to the hydroxyl groups to form the O-glycan side chains, 

making up 90% of the mass of the mucin.186 Glycosylation is the process of adding glycans 

(sugar groups) to proteins or lipids to promote a variety of cellular functions.185 This 

process occurs post-translationally by glycosyltransferases. Due to this extensive 

glycosylation, the molecular weight of mucins, even on the eye, can range from ~120 kDa 

to up to 40 MDa.187 Differences in glycosylation patterns contribute to variety in structure 

and functions across mucin types. Mucins are classified into two primary categories: 

secreted or membrane associated.188 

 

Secreted Mucins 

The secreted mucins can be further classified into either 1) gel-forming or 2) small 

soluble.189 On the ocular surface, goblet cells located in the conjunctiva synthesize the 

large, gel-forming mucin MUC5AC. The molecular weight of MUC5AC can be as large 

as 40 MDa due to the extensive amount of glycosylation; however, this is lower than the 

molecular weight of MUC5AC in other parts of the body to prevent viscous mucus 
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scattering of light that needs to reach the retina.190 MUC5AC is capable of forming 

disulfide bonds to create a viscoelastic gel that hydrates the ocular surface. In the body, 

MUC5AC is the primary mucus factor in the respiratory tract to defend against pathogens 

and in the gastric mucosa of the stomach, protects the epithelium from Helicobacter pylori 

infection. Similarly, on the eye, the viscoelastic gel created by MUC5AC assists to trap 

and remove debris and pathogens, and act as a scaffold for antimicrobial cytokines.191 

MUC7 is a smaller soluble secreted mucin with a protein core molecular weight of 39 kDa. 

It is non-gel forming and was initially discovered in the submandibular gland.192,193 While 

it is primarily known as a salivary mucin in humans, it is also expressed in conjunctival 

cells and in lacrimal gland tissue, although it has not been detected in the tear film.194,195 It 

functions as an antimicrobial mucin in the oral cavity to clear bacteria and aids in normal 

functions of the mouth including speech and swallowing.  

 

Membrane Associated Mucins 

Membrane associated mucins (MAMs) identified on the ocular surface in the superficial 

epithelial cell layers include MUC1, MUC4, and MUC16.196 In the intermediate cell layers 

of the cornea and conjunctiva, MUC20 was identified by Woodward and Argüeso, 

although it is proposed to play a role in signaling pathways for cell motility and is not 

considered as a part of the glycocalyx.197 The glycocalyx is a protective barrier covering 

the corneal and conjunctival surfaces formed by MUC1, MUC4, and MUC16. Both corneal 

and conjunctival epithelial cells secrete MAMs; the distribution of secretion is fairly 

uniform except that MUC4 is less expressed towards the central cornea.198 Membrane 
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associated mucins have a hydrophobic, membrane spanning domain that is anchored to the 

epithelial cells’ plasma membrane by an intracellular cytoplasmic tail. The rigid, 

extracellular domain extends into the tear film approximately 250 nanometers with its N-

terminus and is heavily glycosylated through the attachment of GalNAc to the hydroxyl 

groups of the core amino acids (Figure 5).199 The attachment of glycans imparts a negative 

charge to the mucins and facilitates adherence of the tear film to the ocular surface to 

maintain hydration.  In addition, the extracellular domain contains antiadhesive 

characteristics that prevent adhesion of pathogens and unwanted material to the ocular 

surface.200 The cytoplasmic tail, in addition to anchoring membrane mucins, may be 

involved with cellular signaling, as, for example, in MUC1 multiple phosphorylation sites 

associated with signaling pathways exist.201 MUC4 is unique in that it contains epithelial 

Fig. 5. Diagram showing the structure and glycosylation pattern of membrane associated 
mucins MUC1, MUC4, and MUC16.  
Note: From “Ocular Surface Membrane-Associated Mucins” by A. F. Ablamowicz and J. J. 
Nichols, 2016, Ocular Surface, 14:3, p. 335. Copyright 2016 by the Ocular Surface. 
Reprinted with permission. 
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growth factor-binding domains with specialized signaling functions for cell proliferation 

in epithelial injury as well as apoptotic resistance in tumor cell lines.202,203 These functions 

may explain the relatively little expression of MUC4 in central cornea and high expression 

in the corneal limbus where it may contribute to the mechanisms involved in corneal 

epithelial cell turnover.198,204 The cytoplasmic tail of MUC16 also contains multiple 

phosphorylation sites which may play roles in cellular signaling and shedding of the mucin 

from the epithelial surface. All membrane associated mucins contain proteolytic cleavage 

sites whereby these mucins can be released from the cellular surface and found in a soluble 

form in the tear film.205 While the function of membrane mucins in tears is unclear, it is 

thought these mucins may assist in stabilizing the tear film.80,190 However, molecules such 

as bacterial metalloprotease and MMP-9 can induce the release of membrane associated 

mucins from the ocular surface which may in turn disrupt the glycocalyx and allow 

bacterial penetrance through the barrier.206 

 

Glycocalyx 

The glycocalyx is a protective barrier covering the cornea and conjunctival surface. The 

anterior epithelial cell layer of the cornea is replenished every seven days as cells migrate 

towards the surface from deeper layers in the cornea.207 As the new cells move anteriorly, 

membrane associated mucins are produced and glycosylated post-translationally in the 

Golgi apparatus so that as the cells reach the anterior surface, membrane mucins are 

extending from the cell membrane so almost no disruption to the glycocalyx occurs.208 

Galectin-3, a β-galactoside binding lectin, is also a part of the glycocalyx through 
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interactions with galactose found on membrane associated mucins (Figure 6).209 This 35-

kDa protein is the most abundant galectin on the ocular surface with a carbohydrate 

recognition domain that facilitates cross-linking with membrane associated mucins on the 

eye and contributes to the barrier function of the glycocalyx.210,211  

MUC16 is the largest membrane associated mucin with an extracellular domain of 

approximately 22,000 amino acids and a heavily O-glycosylated N-terminal that contribute 

to its barrier capabilities. Knockdown of a galactosyltransferase needed for synthesizing 

O-glycans inhibited O-glycosylation of MUC16 and resulted in dye penetrance into corneal 

and conjunctival cells grown in vitro.212 Rose bengal is often used in assays investigating 

membrane barriers on the ocular surface as penetrance of the dye into the cell indicates a 

compromised barrier.133 Therefore, O-glycosylation is thought to be an important 

mechanism for barrier function.  

A study by Gipson et al. compared MUC1 and MUC16 in the barrier function of the 

glycocalyx using a cell culture line.213 It was discovered that while both of these membrane 

Fig. 6. Proposed diagram of glycocalyx.  
Note: From “Association of cell surface mucins with galectin-3 contributes to the ocular 
surface epithelial barrier” by P. Argueso et al., 2009, J Biol Chem, 284:34, p. 23044. 
Copyright 2009 by the J Biol Chem. Reprinted with permission. 

http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=2755710_zbc0380986510007.jpg
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associated mucins are expressed in the cornea and conjunctiva, MUC1 and MUC16 may 

play different roles in the barrier function of the glycocalyx. Knocking down MUC16 

allowed dye penetration, increased bacterial adherence and invasion of cells, and 

demonstrated its involvement in tight junction formation and function. However, knock 

down of MUC1 did not influence dye penetrance, bacterial adherence, or tight junction 

formation. The authors additionally report that lack of MUC1 improved barrier function. 

The glycocalyx prevents pathogens from penetrating the cornea and ocular surface. In an 

immortalized human corneal epithelial cell line, knockdown of MUC16 allowed increased 

binding of Staphylococcus aureus.214 

 

Mucins in Dry Eye Disease 

Dry eye disease is a multifactorial condition involving “loss of homeostasis of the tear film 

accompanied by ocular symptoms.”5 Mucins on the eye maintain a healthy ocular surface 

by keeping the lubricated through membrane mucins that provide a hydrophilic surface for 

the tears and secreted mucins that form a hydrating gel with the aqueous component of the 

tear film. Therefore, it is possible that inflammation associated with dry eye may alter the 

glycosylation patterns and expression of mucins thus contributing to tear film dysfunction 

and disrupting ocular surface homeostasis. However, studies investigating alterations in 

expression of mucins in humans have inconsistent conclusions likely due to the difficulty 

in obtaining samples, multifactorial nature of the disease, and varied inclusion/exclusion 

criteria used in studies. The high glycosylation and large molecular weight of these 

glycoproteins combined with a limited sample volume of tear film and ocular surface cells 
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obtainable through tear collection and impression cytology techniques make it difficult to 

obtain and analyze mucins from human samples. In addition, the various etiologies and 

severity levels in dry eye can make inclusion/exclusion criteria for study enrollment 

inconsistent.  

One commonly noted effect on mucins in dry eye disease is a reduction in the number of 

goblet cells and subsequently reduced MUC5AC expression.215,216 Other studies have 

investigated changes in expression levels of membrane associated mucins. A study by 

Albertsmeyer et al. investigated the effect of pro-inflammatory mediators on expression of 

membrane associated mucins.217 The authors concluded that inflammatory mediators can 

affect both MUC1 and MUC16 expression in corneal epithelial cells. A study by Jones et 

al. saw downregulation of expression of MUC1 in Sjögren’s patients, whereas Argüeso et 

al. saw no change, and Caffery et al. saw an upregulation of expression in both Sjögren’s 

and non-Sjögren’s dry eye patients.218-220 Caffery et al. also observed an upregulation in 

expression of MUC16 in Sjögren’s patients whereas in non-Sjögren’s dry eye patients, two 

independent studies by Danjo et al. and Shimazaki-Den et al. observed downregulation of 

MUC16.221-223 Thus, early in the disease process and in mild dry eye, it is possible that 

there is an initial protective response of upregulation of the mucins as an attempt to 

maintain hydration of the ocular surface. However, in later stages of the disease, such as in 

severe dry eye, there is reduced expression that can no longer compensate for surface 

damage and desiccation.  

Altered glycosylation patterns of mucins is another possible effect of the disease. 

Upregulation of sialylation of MUC1 indicating a change in glycosylation of this 

membrane associated mucin has been observed in mild to moderate dry eye whereas 
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downregulation was observed in severe dry eye.224 In the tears of dry eye patients, Uchino 

et al. found increased concentrations of galectin-3 that correlated with tear film 

instability.225 As there was no change in the mRNA expression of galectin-3 in the 

epithelial cells collected from subjects, it is possible that changes in glycosylation of 

membrane mucins affected the affinity of membrane mucins for galectin-3 in the 

glycocalyx releasing galectin-3 into the tear film. Furthermore, Uchino et al. also reported 

that increased levels of MMP-9 in the tears of dry eye subjects was correlated with 

increased levels of galectin-3; thus, elevated levels of MMP-9 may contribute to glycocalyx 

disruption. 

 

Hypotheses and Specific Aims 

The goals of this doctoral research were to investigate expression of membrane associated 

mucins on the ocular surface and to develop an in vivo assay for use on tear samples to 

investigate the affinity between MUC16 and galectin-3. A thorough review of membrane 

associated mucins is presented as the first chapter of this doctoral work. Based on the 

review of literature, the following hypotheses were formed and tested. First, it was 

hypothesized that the palpebral conjunctiva expresses MUC16 and so human samples were 

used to investigate the palpebral conjunctiva for expression of MUC16. Next, it was 

hypothesized that the expression of MUC16 would be higher in the nasal and temporal 

bulbar conjunctival regions when compared to the superior and inferior regions. Analysis 

on human samples was performed to investigate the expression levels of MUC16 in various 

regions of the bulbar conjunctiva. Then, it was hypothesized that basal tears would yield 
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optimal levels of mucin, and so three tear collection methods were compared for mucin 

concentration. Finally, a slot blot assay was adapted to investigate affinity of MUC16 for 

galectin-3 in human tear film samples. The specific aims for this research are: 

Specific Aim 1 (Manuscript 2): To detect MUC16 in human impression cytology 

(IC) samples of the palpebral conjunctiva of the eyelids of normal subjects using 

RT-qPCR. 

Specific Aim 2 (Manuscript 2): To determine whether there are regional 

conjunctival differences in MUC16 expression using human IC samples. 

Specific Aim 3a (Manuscript 3): To determine the optimal tear collection method 

for evaluating concentration of MUC16 in human tear samples. 

Specific Aim 3b (Manuscript 4): To evaluate the affinity of MUC16 for galectin-

3 using an adapted slot blot assay on tear film samples taken from human subjects 

without dry eye disease. 
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ABSTRACT 
 
Ocular surface epithelial cells produce and secrete mucins that form a hydrophilic barrier 

for protection and lubrication of the eye. This barrier, the glycocalyx, is formed by high 

molecular weight heavily glycosylated membrane-associated mucins (MAMs) that include 

MUC1, MUC4, and MUC16. These mucins extend into the tear film from the anterior 

surfaces of the conjunctiva and cornea, and, through interactions with galectin-3, prevent 

penetrance of pathogens into the eye. Due primarily to the glycosylation of the mucins, the 

glycocalyx also creates less friction during blinking and enables the tear film to maintain 

wetting of the eye. The secretory mucins include soluble MUC7 and gel-forming 

MUC5AC. These mucins, particularly MUC5AC, assist with removal of debris from the 

tear film and contribute to the hydrophilicity of the tear film. While new methodologies 

and cell culture models have expanded our understanding of mucin structure and function 

on the ocular surface, there is still a paucity of studies characterizing the glycosylation of 

MAMs on a normal ocular surface and a diseased ocular surface. Although studies have 

shown alterations in mucin production and expression in dry eye diseases, the relationship 

between changes in mucins and functional consequences is unclear. This review focuses 

on comparing what is known about MAMs in wet-surfaced epithelia of the body to what 

has been studied on the eye. 
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INTRODUCTION 

Mucins are high molecular weight glycoproteins that play essential roles as components of 

all wet-surfaced epithelia mucous secretions and barriers. Structurally, mucins contain a 

central amino acid core consisting of tandem repeats of mainly serine and threonine that is 

mostly heavily O-glycosylated with glycan N-acetylgalactosamine (GalNAc) attached to 

hydroxyl groups of the amino acids.1 Mucins primarily are thought of as O-glycans because 

these attached glycans, or oligosaccharides, contribute up to 90% of the entire molecular 

mass of the mucin.1,2 The respiratory and digestive tracts contain mucins as part of the 

innate immune defense in preventing pathogen invasion, as well as for lubrication and 

protection from injury.3 Mucins have similar functions on the ocular surface, but because 

the eye is directly exposed to the environment, they also serve to trap and remove debris 

and harmful bacteria contributing to the critical function of maintaining a healthy tear film 

and refractive surface for the visual process to occur. 

Mucins on the ocular surface and other wet-surfaced epithelia can be classified into two 

main categories: secreted or membrane-associated.4 Mucins within each category have 

various structural features and glycosylation patterns that contribute to the slight 

differences in functions seen among the mucins. Whereas the secreted mucins provide 

lubrication of the ocular surface, the membrane-associated mucins are able to form a tightly 

bound covering of the ocular surface known as the glycocalyx. The glycocalyx is essential 

for the tear film to adequately prevent the eye from desiccation and to prevent bacterial 

adhesion and invasion. Ten membrane-associated mucin genes have been identified in 
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humans, and these are designated as MUC1, MUC3A, MUC3B,  MUC4,  MUC12,  

MUC13,  MUC15,  MUC16, MUC17 and MUC20 (Table 1).5-28 The mucins expressed on 

the eye are listed in Table 2.29-38 

Mucins, as part of the tear film and glycocalyx, contribute to homeostasis on the ocular 

surface, maintaining clarity of the cornea and tear film to allow light to pass through the 

anterior segment of the eye. Disruption of this homeostasis, including alteration in 

expression and/or glycosylation of the mucins, can occur in various ocular surface disease 

states, such as dry eye.39,40 

The purpose of this review is to describe the current status of our understanding of 

membrane-associated mucins on the ocular surface as compared to other locations in the 

body, their importance in normal functioning, and alterations that occur in disease. 

 

METHOD OF LITERATURE SEARCH 

A search in PubMed and Web of Science was performed to review literature for the 

membrane-associated mucins of the ocular surface and other wet-surfaced epithelia of the 

human body. The search term “membrane-associated mucin AND ocular surface” in 

PubMed returned 56 articles published from 1983-2015. Additional articles were obtained 

using the references from the primary search articles found as described above. 

 

OVERVIEW OF MUCINS 

Mucins are the largest glycoproteins discovered to date with oligosaccharide carbohydrates 

contributing to the majority of their molecular weight. Mucins have a protein core of 

tandem repeats of the amino acids serine, threonine, and proline known as the apomucin.41 
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The number of amino acids per tandem repeat varies per mucin gene. This lends to the 

mucin proteins being polymorphic and varying in size within an individual.42 Both serine 

and threonine present sites for O-glycosylation; that is, the post-translational attachment of 

sugars to an oxygen molecule contained in an amino acid by glycosyltransferases. This 

occurs within the Golgi apparatus and is initiated by the attachment of GalNAc to either 

serine or threonine in the protein core. 

Additional carbohydrates such as galactose are added for elongation of the chain until a 

terminal fucose, galactose, GalNac or sialic acid is attached that stops glycosylation.43 

Thus, the main core structure found in mucins of the tear film and ocular surface epithelia 

is galactose (Gal) attached to N-acetylgalactosamine linked to serine or threonine through 

a glycosidic bond.1 This is known as the core 1 structure and, with the addition of sialic 

acid, makes up more than 66% of the O-glycans in tears.44 Mucins on the ocular surface 

are highly O-glycosylated with hundreds of oligosaccharide chains attached to a single 

mucin molecule that contribute to the functions of a particular mucin.42 Therefore, variation 

in glycosylation of mucins in different tissues yields several types of mucins with differing 

capabilities and functions. 

 

Secreted Mucins 

The secreted mucins are classified into two main types: 1) gel-forming and 2) small 

soluble.39 The large gel-forming mucin expressed by mucous cells in the respiratory and 

gastrointestinal tracts is MUC5AC.45 On the ocular surface, the goblet cells in the 

conjunctiva synthesize MUC5AC and secrete it into the tear film as a scaffold.33 This mucin 

is able to form disulfide bonds due to cysteine-rich regions that create huge protein mucus 
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complexes.46 In the respiratory and digestive tracts, these mucus complexes are 

characteristically present, whereas on the ocular surface, a lower weight MUC5AC is 

secreted presumably to prevent viscous mucus scattering of light.47 MUC5AC has a high 

molecular weight of 40 MDa due to the extensive glycosylation present.39 The smaller 

soluble secreted MUC7 has a molecular weight of 39 kDa, and although its presence has 

been detected in the lacrimal gland and found expressed in conjunctival cells, studies have 

failed to detect MUC7 in tears.4,36,48 MUC7 is, however, secreted by serous cells in the 

salivary glands and bronchial tubes and has been detected in saliva.49 Mixed within the 

aqueous component of the tear film, the secreted mucins on the ocular surface are able to 

trap and move debris to the puncta for removal with every blink.4 The secreted mucins are 

glycosylated like the membrane-associated mucins, and both mucin types are negatively 

charged and hydrophilic, creating a “wet repulsion” whereby the secreted mucins can flow 

easily over the glycocalyx.3 This has been demonstrated in vitro with flow adhesion assays 

that showed the disadhesive properties of mucin O-glycans in a human corneal cell line.50 

 

Membrane-associated Mucins 

After observation that the ocular surface of rats contained mucin glycoproteins, Watanabe 

et al. produced a monoclonal human-specific antibody known as H185. This antibody 

bound to human epithelial cells in both tissue samples and cell cultures, leading to the 

hypothesis that the human ocular surface produces mucins.51 Membrane-associated mucins 

(MAMs) are associated with the cell membranes of the corneal and conjunctival epithelia 

of the eye. The MAMs that have been identified on the superficial cell layers of the ocular 

surface are MUC1, MUC4, and MUC16.52 A newly identified MAM on the ocular surface 
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presumed to be localized along the intermediate cell layers of the cornea and conjunctiva 

is MUC20.38 Although not detected as part of the glycocalyx or in human tear samples, 

MUC20 may play a role in signaling pathways for cell motility. The distribution of the 

MAMs is for the most part uniformly distributed, with the exception that MUC4 has been 

found to be reduced in number toward the central cornea.32 The most anterior layer of the 

cornea is the epithelial cell layer, which is formed from flattened squamous cells. These 

cells are replenished every seven days as cells migrate anteriorly from deeper layers in the 

cornea.53 As the epithelial cells migrate anteriorly, MAMs are produced and post-

translationally glycosylated so that when the squamous cells reach the most anterior 

surface, the MAMs are already extending from the cellular membrane so that almost no 

disruption to the glycocalyx occurs.54 

The underlying structure of the MAMs can be divided into  three  main  regions:  1) the  

cytoplasmic  tail, 2) membrane spanning domain, and 3) extracellular domain (see Figure 

1). The cytoplasmic tail is primarily an anchoring region of the MAM that is inserted 

through the cell membrane of the epithelial cells. However, it has recently been thought 

that the cytoplasmic tail may also be involved in cellular signaling especially in MUC1.55 

The membrane spanning domain is hydrophobic and spans the cellular membrane. The 

extracellular domain extends into the tear film about 250 nm and is heavily glycosylated 

with the enzymatic attachment of GalNAc to the core amino acids.56 This glycosylation 

contributes to the majority of the molecular weight with many sugars attached and also 

imparts a negative hydrophilic charge. 
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BIOSYNTHESIS OF MUCINS 

Mucin O-glycans are formed by post-translational modification via glycosylation of 

proteins in the Golgi complex.57 There are 20 known monosaccharide building blocks in 

vertebrate glycans; of these, glucose, galactose, mannose,  N-acetylglucosamine  

(GlcNAc),  GalNAc, Sialic acid, and fucose have been identified in glycoproteins on the 

ocular surface.58 Glycosyltransferases link monosaccharides together with glycosidic 

covalent bonds to create branched and linear glycan chains. For mucin O-glycans, these 

linkages are initiated in the Golgi apparatus by GalNAc-transferases adding GalNAc to 

serine or threonine followed by galactose to form the core 1 structure.43 Further elongation 

occurs to form large branching chains. Termination occurs with the addition of sialic acid, 

fucose, and/or a sulfate group at the non-reducing end of the carbohydrate chain.5 Nerves, 

neurotransmitters, and various growth factors all play a role in mucin synthesis. For 

thorough reviews of the mechanisms behind production of mucin on the ocular surface, see 

Dartt 200454 and Hodges and Dartt 2013.59 

 
GLYCOCALYX 

The membrane-associated mucins on the ocular surface (MUC1, MUC4, and MUC16) 

project from microplicae found on the anterior surface of corneal and conjunctival 

epithelial cells.4 The structure of MAMs contributes to their ability to anchor to the cell 

surfaces and associate with lectins in order to create a layer of mucin covering on the ocular 

surface known as the glycocalyx, which extends 200-500 nm into the tear film.60 This 

membrane-associated mucin layer provides a surface over which the tear film can glide and 

effectively hydrate the ocular surface. Disruption to this layer can lead to dry spots although 

the characterization of the disruption necessary for symptoms of dryness is not clear. 
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Efficient functioning of the glycocalyx on the ocular surface also depends on the MAMs 

interacting and associating with galectin-3.61 Galectin-3 is a β-galactoside binding lectin 

that helps concentrate glycoproteins within the glycocalyx and exclude unwanted 

molecules.62 Recent investigation shows release of galectin-3 into tears on the ocular 

surface as a result of epithelial dysfunction in dry eye and impairment of the glycocalyx 

barrier.63 

In other epithelial tissues of the body, alteration of the periciliary fluid layer (PCL), 

analogous in some aspects to the glycocalyx on the ocular surface, may be associated with 

increased infection and inflammation. Cystic fibrosis is characterized by a diminished PCL 

in respiratory epithelia, leading to inhibition of mucus transport through the airways, 

resulting in immobile mucus contributing to bacterial overgrowth and infection.64 This 

overgrowth triggers an inflammatory response consisting of stimulation of mucus secretion 

and further mucus accumulation, which can lead to lung damage and respiratory failure.65 

Additionally, the PCL in the airways has been shown to exclude adenoviral particles, 

functioning as a selective and protective barrier to infection.66 

 

MUC1 

Structure 

The smallest MAM, MUC1 is approximately 120-300 kDa in size.52 The extracellular 

domain region of MUC1 contains O-glycosylated amino acids and a SEA (sea urchin sperm 

protein, Enterokinase and Agrin) domain. Recent characterization of the amino acid 

sequence in airway MUC1 mucins showed it to be 929 amino acids in length followed by 

several glycosylated peptides and the SEA domain adjacent to the membrane spanning 
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domain.46 Of the total length of amino acids, the tandem repeat region contains around 20-

125 repeats of a 20 amino acid sequence that includes serine and threonine.67 The SEA 

domain is found within both MUC1 and MUC16, as well as other MAMs not found on the 

ocular surface, including MUC3, MUC12, and MUC17.68 This domain is around 120 

amino acids in length and is involved in self-cleavage of the MAM from the cellular 

surface.69 The cytoplasmic tail contains 74 amino acids that are capable of being 

phosphorylated and is involved in signal transduction. Additionally, proteolytic cleavage 

of the extracellular domain region at the SEA domain results in release of MUC1 from the 

cellular surface, and, at the ocular surface, can be seen in the tear film to the cytoplasmic 

tail region.55,70 

 

Function 

In the early 1990s, MUC1 was the first mucin to be cloned and analyzed from the surface 

of tumor cells in cancer.2 Since then, many studies into the role of MUC1 in cancer 

metastasis and tumor growth have uncovered its functions, leading to its recognition as a 

breast cancer marker and primary target for cancer treatment.71,72 The functions ascribed 

to MUC1 include anti-adhesion, cell signaling, and pathogen blocking. MUC1 

overexpression was observed in breast epithelial and melanoma cells, resulting in lower 

cell-to-cell adhesion contributing to cancer metastasis (many sialic acid residues create a 

strong negative charge and mask adhesion molecules).73 More recent studies, however, 

showed that overexpression of MUC1 in other cancers, such as prostate cancer, may have 

an opposite effect of forming fewer tumors74 and in normal tissues may function to 

facilitate wound healing by cell migration and proliferation.75 
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The cytoplasmic tail of MUC1 is associated with cell signaling but has only recently begun 

to be characterized. Recall that the cytoplasmic tail is the region of the MAMs that is 

inserted though the epithelial cell membrane and anchors the mucin to the cell. MUC1 

cytoplasmic tail contains phosphorylated tyrosine residues that can activate intracellular 

signaling pathways.52 Conditions at the cell surface, including binding interactions with 

pathogens, changes in biochemical properties such as pH, and others, can trigger signaling 

to the cell nucleus via phosphorylation-mediated signaling pathways.55 Indeed, in vitro 

binding of signaling molecule ICAM-1 has been shown to promote cancer metastasis.76 

MUC1 on human airway epithelial cell membranes has a receptor for Pseudomonas 

aeruginosa, a common gram-negative opportunistic bacterium, which when bound, can 

activate a MAP kinase signaling pathway.77,78 Additionally, MUC1 may have anti-

inflammatory activity through toll-like receptors in response to bacterial infections in the 

airways as a protective mechanism for the lungs.79 

On the ocular surface, the function of the soluble form of MUC1 found in the tear film is 

unknown. However, as part of the glycocalyx and through heavily glycosylated regions, 

MUC1 contributes to providing a hydrophilic surface for the tear film to spread evenly and 

lubricate the eye. Presumably, MUC1 plays roles similar to those it plays in other normal 

tissue, i.e. bacterial disadhesion and possibly even in wound healing. However, a recent 

study comparing MUC1 and MUC16 showed that lack of MUC1 actually improved barrier 

function in a cell culture line.80 A similar anti-inflammatory protective mechanism in dry 

eye disease may be an explanation for elevated MUC1 expression and protein levels found 

by Gipson et al.81 
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Alteration in Disease 

Normally heavily glycosylated, abnormal glycosylation of MUC1 has been discovered in 

breast cancer cells as well as other carcinomas.82 Overexpression of an underglycosylated 

form of MUC1 has been found in human adenocarcinomas.83,84 It is also overexpressed in 

gastrointestinal epithelia in inflammatory bowel disease.85,86 In the mammary gland, the 

glycosylation of MUC1 is elongated and highly branched, whereas abnormal tumor cells 

synthesize MUC1 with fewer, shorter, and less branched glycans.87 On the ocular surface, 

it is possible that inflammatory diseases such as dry eye alter glycosylation patterns of 

MUC1, which may compromise the functioning of MUC1 in the glycocalyx, but the effect 

of such alteration is unclear.56 Hayashi et al. showed that expression of KL-6, a sialylated 

sugar epitope of MUC1, was upregulated in the corneal epithelium of dry eye patients and 

in the bulbar conjunctival epithelium in patients with mild and moderate dry eye.88 This 

upregulation could be a compensation mechanism for decreased secretion of MUC5AC in 

dry eye patients.34 A closer look at the glycosylation patterns of MUC1 could reveal new 

insights into the effects of altering glycosylation of mucins on the eye. 

 

MUC4 

Structure 

The apoprotein portion of MUC4 varies in size from 550 to 930 kDa, which is much larger 

than MUC1 but smaller than MUC16.89 After synthesis, MUC4 is cleaved within the 

endoplasmic reticulum, resulting in subunits known as MUC4-a and MUC4-b that 

associate nonconvalently to form a heterodimer.90 On the ocular surface, MUC4 is also 

capable of being released into the tear film by proteolytic cleavage at this same site, as both 
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subunits have been found in tear film analysis even though MUC4 lacks a SEA module.30 

This proteolytic cleavage site consists of the amino acids Glycine-Asparagine-Proline-

Histidine.91 

Like MUC1 and the other MAMs, the structure of MUC4 contains an O-glycosylated 

region within the MUC4-a extracellular domain. The entire length of this sub-unit is 

approximately 3,000-7,300 amino acids in length, which includes 145-395 tandem repeats 

of a 16 amino acid sequence including serine, threonine, and  proline.91 

Unlike MUC1, MUC4-a also contains a cysteine-rich region, as well as a Von Willebrand 

factor D sequence (VWD).52 Both of these domains are found in secreted gel-forming 

mucins that contribute to forming disulfide bonds and subsequently large mucin 

complexes; however, it is thought that in MUC4 these regions do not have the same 

function as in the gel-forming mucins.92 The MUC4-b subunit extracellular domain region 

contains three epidermal growth factor (EGF)-binding domains and a heavily N-

glycosylated region adjacent to the transmembrane domain. In N-glycosylation, N-

acetylglucosamine is attached to the amide group of asparagine. The cytoplasmic tail 

contains 22 amino acids which form the C-terminus and is not believed to play a major role 

in cell signaling.90 

 

Function 

In 1991, the MUC4 human mucin gene was first cloned and named from trachea mucosa,93 

but like MUC1, it is also a glycoprotein overexpressed in cancerous tumors, especially 

pancreatic tumors.94 Atypical expression of MUC4 is a factor for poor prognosis of 

pancreatic ductal cancer and other carcinomas and has been considered as a diagnostic 
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biomarker.95,96 While MUC4’s contribution to lubrication of the ocular surface is similar 

to that of the other MAMs, it is unique in containing EGF-binding domains, which may 

impart specialized signaling functions. These domains are capable of activating ErbB2 

receptors responsible for cell proliferation in epithelial injury in normal tissue, as well as 

in cancer development and metastasis (for review, see Chaturvedi et al.97). While other 

MAMs are expressed and distributed fairly evenly across both the corneal and conjunctival 

epithelia, MUC4 is highly expressed and found to be predominant in the conjunctiva with 

a slow decrease to relatively no expression from the corneal limbus to central  cornea 

respectively.33 

 

Alteration in Disease 

Alterations in expression of MUC4 occur in various diseases depending on the type of 

tissue affected. Normal airway epithelia express relatively low levels of MUC4, but if they 

are exposed to pathogens or toxins, mucus hypersecretion occurs. In pulmonary diseases 

such as asthma, lung biopsies have shown increased expression of MUC4.98 

Overexpression of MUC4 occurs in lung, pancreas, and breast cancers, with high levels of 

MUC4 indicating poor prognosis and metastasis.99 On the ocular surface, although a 

decrease in both conjunctival mRNA expression and tear content of MUC5AC was found 

in patients with Sjögren syndrome dry eye compared to normal, there was not a statistically 

significant difference in MUC4 conjunctival mRNA expression.34 
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MUC16 

Structure 

MUC16 is the largest MAM and has a full glycosylated molecular weight of around 20 

MDa.52 MUC16 carries the H185 carbohydrate epitope and can be utilized to investigate 

glycosylation changes.37 The protein core of the extracellular domain contains around 

22,000 amino acids which encompasses 2.5 MDa of the total weight.100 Within the 

extracellular domain, the N-terminal subunit contains a heavily O-glycosylated region of 

around 12,000 amino acids (mainly threonine and serine), which is adjacent to the tandem 

repeat region of at least 60 repeats of 156 amino acids.52 Interspersed within the tandem 

repeat region are 56 SEA modules, as well as leucine rich repeats.52,68 Each SEA module 

contains variability in the sequence of amino acids but contains cysteine residues that may 

form disulfide bonds.101 

Next to the extracellular domain is the transmembrane domain that spans the cell 

membrane, followed by the intracellular cytoplasmic tail that contains 32 amino acids with 

sites for phosphorylation at tyrosine, threonine, and serine.102 Like the other MAMs, the 

ectodomain of MUC16 has been found in tear film on the ocular surface.30 The proteolytic 

cleavage site and subsequent release of MUC16 from the epithelial surface occurs either at 

the penultimate SEA module or approximately 50 amino acids from the transmembrane 

domain.103 

 

Function 

Cancer antigen 125 (CA125) was first discovered in 1981 and identified as an ovarian 

tumor cell marker leading to its current use of monitoring patients with ovarian 
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cancer.104,105 After completion of studies characterizing the protein and molecular 

sequencing, CA125 was found to be a repeating epitope of MUC16 that plays a role in 

cancer cell proliferation and signaling, as well as inhibiting the immune response to 

cancer.105 Ovarian tumor cells expressing MUC16 are protected from lysis by natural killer 

cells, as MUC16 facilitates blocking of immune synapses, thus contributing to survival and 

metastasis of the cancer cells.106 

While extensively studied in cancer cells, the role of MUC16 in normal tissue needs further 

investigation, as it is expressed in the epithelial lining the respiratory tract, female 

reproductive tract, and abdominal cavity, as well as in corneal and conjunctival epithelial 

cells on the ocular surface.23 Because it is possible to directly observe and study MUC16 

on the ocular surface, the eye presents a unique site to elucidate the role of MUC16 in 

normal tissue. MUC16, along with the other MAMs on the ocular surface, is a component 

of the glycocalyx that forms a barrier and protective covering to prevent unwanted 

pathogens and molecules from penetrating. This function has been shown using an 

immortalized human corneal epithelial cell line, where knockdown of MUC16 allowed 

increased binding of Staphylococcus aureus.107 Another study confirming this role 

demonstrated the ability of Streptococcus pneumonia to secrete a metalloproteinase that 

induces ectodomain shedding of MUC16 from corneal and conjunctival cells, allowing for 

bacterial penetrance and infection.108 

Hydrophilic dyes with variations in molecular weight are often used for in vivo evaluation 

of the integrity of the corneal and conjunctival surface. Initial use of rose Bengal dye by 

Norn in the 1970s led to the premise that this dye stained dead epithelial cells on the ocular 

surface.109,110 Later studies showed an association between decreased H185 antibody 
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binding and increased degree of rose bengal staining especially in patients with dry eye.40,51 

An explanation was found by examining expression of MAMs in cells with rose bengal 

staining; Pflugfelder et al.111 showed a positive correlation with decreased MAM 

expression in collected human conjunctival cells and increased rose bengal staining. This 

was confirmed later byothers.37,112 The importance of MUC16 in preventing penetrance 

into corneal epithelial cells was shown using siRNA to knock down MUC16, which led to 

increased rose bengal staining.107 More recently, when the barrier function of MUC1 and 

MUC16 were compared in an epithelial cell line, it was found that MUC16 plays a greater 

role in barrier function than MUC1, suggesting a slight variation in function and 

adaptability among the MAMs, especially if one MAM is absent.80 Aside from its barrier 

role, the cytoplasmic tail of MUC16 contains a polybasic sequence that has the capability 

of binding to actin cytoskeleton and interacting with the ezrin/radixin/moesin (ERM) linker 

protein family.107 

 

Alteration in Disease 

Although the exact glycosylation pattern of MUC16 on the ocular surface is not known, 

some studies indicate changes in glycosylation in ocular surface disease, such as dry eye. 

As mentioned above, the monoclonal antibody H185 recognizes O-linked carbohydrates 

on MUC16.51 A study comparing the binding pattern of H185 to conjunctival cells in 

normal versus dry eyes showed different patterns, with lack of binding seen more in dry 

eyes.40 The areas that lacked binding also correlated to staining of rose bengal dye, which 

has been shown to stain cells lacking MUC16.107 Hence, the authors concluded that an 

apparent alteration in glycosylation caused by dry eye may have occurred. However, 
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further studies investigating the structural glycosylation of the MAMs in normal versus dry 

eye would be needed to confirm. 

In addition to changes in glycosylation, mechanisms that can induce the release of the 

extracellular, or ectodomain, of MUC16 have been studied. Neutrophil elastase, MMP-7, 

MMP-9 and bacterial metalloprotease have all been found capable of inducing such a 

release.70,108 Further, a study by Blalock et al. on the ocular surface indicates that 

glycosylation near the cleavage site could be responsible in regulating  ectodomain 

release.70 

 

UNANSWERED QUESTIONS ABOUT MUCINS ON THE OCULAR SURFACE 

Studies in vitro have shown the importance of MAMs on the ocular surface and the role of 

these mucins in stabilizing the tear film, lubricating the ocular surface, and protecting the 

eye from pathogens.107 However, investigations in humans that attempt to correlate the 

clinical signs of tear film dysfunction with changes in MAM expression or differences in 

mucin protein in the tears are highly inconsistent. For example, while some studies may 

indicate an increase of soluble MAMs in the tear film of dry eye patients, other studies 

seemingly contradict this notion with findings of a decrease or no change in MAMs when 

comparing the tear films of normal and dry eye patients.81,112,113 Indeed, the effect of 

cleavage and release of MAMs from the ocular surface into the tear film is not currently 

well understood. Furthermore, while studies using a cell culture model seemingly 

demonstrate a correlation between rose bengal staining and absence of MUC16, this vital 

dye is not commonly used clinically, nor is it commonly accepted that staining of the ocular 

surface may correlate with a disruption to the glycocalyx.70 This points up the need for 
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further study of the mechanisms behind vital dye staining on the ocular surface and whether 

the glycocalyx plays a role in allowing stain to penetrate into the cells. As mentioned 

earlier, the glycocalyx itself is made up not only of mucins, but also galectin-3, which is 

increased in the tear film in dry eye patients.63 Thus, perhaps further exploration of the 

other components of the glycocalyx, like galectin-3, and the relationship between galectin-

3 and MAMs in the glycocalyx, would provide better correlation with clinical signs of dry 

eye disease. 

Another aspect of the ocular surface that requires further exploration is the palpebral 

conjunctiva of the inner surfaces of the eyelids. This area of the eyelid is in constant contact 

with the ocular surface, and what is known as the lid wiper region of the eyelid sweeps 

over the surface during blinking.114 It is thought that reduced aqueous production and 

dryness on the eye leads to increased friction on the surface, contributing to epithelial cell 

damage and what is known as lid wiper epitheliopathy (LWE); however, it is possible that 

glycosylation changes in the mucins and/or reduced mucin secretion by goblet cells play a 

role in contributing to LWE.115 Under investigation is a new topical eye drop containing 

rebamipide, a quinolinone derivative currently prescribed in oral form to treat gastric 

mucosal disorders in Japan. It may increase secretion of MAMs and secreted mucins, 

shown in a cell culture, and studies are underway to explore the therapeutic potential in dry 

eye disease.116,117 Initial reports indicate that topical administration of rebamipide may 

improve LWE through its effect on mucin secretion, but this association warrants further  

study.118 
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SUMMARY AND CONCLUSIONS 

While mucins cover all wet-surfaced epithelia in the body, those that are expressed on the 

ocular surface have vital functions in protecting sight. In order to provide a stable refractive 

surface through which light can be transmitted to the retina, the ocular surface must 

maintain important balances in hydration and lubrication as well as protection against 

pathogens and mechanical damage due to exposure to the environment. The mucins on the 

ocular surface are a part of the glycocalyx as well as incorporated into the tear film. 

Visualization of the glycocalyx in vivo would be beneficial to clinicians in their assessment 

of ocular surface health. Indeed, current use of ophthalmic dyes such as rose bengal, 

lissamine green, and sodium fluorescein are all employed to analyze damage to the ocular 

surface. The mechanism of staining differs among the dyes, leading to differential staining 

of the cornea and conjunctiva. Due to the highly glycosylated MAMs in the glycocalyx, 

specificity in staining is difficult and a dye that preferentially stains the MAMs in the 

glycocalyx has not yet been developed. 

Although the effect of cleavage of the MAMs from the ocular surface into the tear film is 

not clear, disruption to MAMs in the glycocalyx leads to increased pathogen susceptibility. 

Future research into lectins on the ocular surface that interact with the MAMs in the 

glycocalyx may provide insight into the process underlying dry eye-associated damage to 

ocular surface cells, representing a new target for dry eye diagnostics. 

Additionally, alterations in glycosylation and changes in MAM expression can result in 

dry spots on the eye and poor tear film retention. Cell surface glycans are involved in 

determining human blood types, implicated in viral infections, and have roles in tissue 

inflammation, with minor changes causing dramatic functional differences. Historically, a 
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lack of simple methods for determining glycan structure has prevented full characterization 

of the glycosylation structure in mucins; however, recent advances have been made 

utilizing mass spectrometry and glycan microarrays to determine binding specificities for 

glycan-binding proteins. Further analysis and sequencing of the glycans found in mucins 

may lead to more sensitive techniques for detecting changes in glycosylation that occur in 

disease and the resulting impact on the tissue. Elucidation of mucin-related mechanisms 

for dry eye disease may suggest the need for new treatments for dry eye or bacterial 

infections that specifically target mucins in the glycocalyx or tear film. These could be a 

useful addition to treatments based on the established models of aqueous deficient and 

evaporative dry eye subtypes. 
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Figure 1. Structural diagram of the membrane associated mucins MUC1, MUC4, and MUC16. Each mucin 

contains a heavily O-glycosylated extra-cellular domain, a transmembrane spanning domain (TM), and a 

cytoplasmic tail (CT) that anchors the mucin to the cellular surface. Serine (S) and threonine (T) are sites for 

O-glycosylation which begins with the enzymatic addition of N-acetylgalactosamine (GalNAc) followed by 

the attachment of galactose (Gal) and further elongation into a long branching chain of glycans. Although 

not as common, the addition of N-acetylglucosamine (GlcNAc) to asparagine (N) through the amide group 

can also occur and is known as N-glycosylation. Contained within each extracellular domain is a tandem 

repeat (TR) region, also heavily O-glycosylated, with a variable number of amino acid repeats. MUC1 has 

20-125 repeats of a 20 amino acid sequence shown in the figure. MUC4 has 145-395 repeats of a 16 amino 

acid sequence and MUC16, the largest, has 60+ repeats of a 156 amino acid sequence, also shown in the 

figure. Both MUC1 and MUC16 have N-glycosylated SEA (Sperm protein, Enterokinase and Agrin) domains 

that also contain proteolytic cleavage sites. Cleavage within the von Willebrand factor region of MUC4 

separates the mucin into two subunits: MUC4a and MUC4b. Three EGF domains are also found within the 

extracellular domain region of the MUC4b subunit which is unique to that mucin. 
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Table 1. Human epithelial mucins along with the established type and locations of protein 
expression. 

 
 
 
 
 

HUMAN EPITHELIAL MUCINS 

Mucin Type Normal Tissue 
Examples 

Cancer Association Reference 

MUC1 Membrane-associated GI tract, lung, pancreas, 
mammary gland, female 
reproductive tract 
 

Breast, pancreatic, lung 
adenocarcinoma 

8 

MUC2 Gel forming, Secretory Intestine, colon Colorectal carcinoma 
 

9,10 

MUC3A Membrane-associated GI tract Lung, salivary, colon, 
stomach, breast, 
pancreas, kidney tumors 
 

11,12 

MUC3B Membrane-associated GI tract 

MUC4 Membrane-associated Trachea, GI tract, 
salivary gland, prostate, 
mammary gland 
 

Lung, pancreatic ductal 
adenocarcinoma 

13 

MUC5AC Gel forming, Secretory Trachea, lung, sputum 
 

Colorectal 14 

MUC5B Gel-forming, Secretory Trachea, lung, sputum 
 

Lung  15 

MUC6 Gel-forming, Secretory Stomach Gastric adenocarcinoma 
 

 

MUC7 Soluble, Secretory 
 

Salivary Gland  15,16 

MUC8 Secretory Trachea  17,18,19 

MUC9 Secretory Fallopian Tube Ovarian 19 

MUC12 Membrane-associated 
 

Colon, stomach Colorectal  20 

MUC13 Membrane-associated GI tract, respiratory tract 
 

Pancreatic, colon 21 

MUC15 Membrane-associated Mammary gland, lung, 
GI tract, gonads 
 

Papillary thyroid 
carcinoma 

22 

MUC16 Membrane-associated 
 

Respiratory tract Ovarian 23,24 

MUC17 Membrane-associated 
 

GI tract Colon, pancreatic 25,26,27 

MUC19 Secretory Trachea, middle ear, 
salivary gland 
 

  

MUC20 Membrane-associated Kidney, colon, liver, 
lung, prostate, 
endometrial 

Colorectal 28 
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Table 2. Ocular surface mucins along with established type and location of expression. 
 
Ocular Surface Mucins 

Mucin Type Location Reference 

MUC1 Membrane-
associated 

Tear film, conjunctival & 
corneal epithelia 

29 

MUC2 Secretory, gel 
forming 

Tear film, conjunctival 
epithelia/goblet cell (gene 
expression) 

30,31 

MUC4 Membrane-
associated 

Tear film, conjunctival & 
corneal epithelia 

32,33,34 
  
 

MUC5AC Secretory, gel 
forming 

Tear film, conjunctival 
epithelia/goblet cell 

 

MUC5B Secretory, gel 
forming 

Lacrimal gland 35 

MUC7 Secretory, 
Soluble 

Lacrimal gland J36 

MUC16 Membrane-
associated 

Tear film, conjunctival & 
corneal epithelia 

37 

MUC20 Membrane-
associated 

Conjunctival and corneal 
epithelia 

38 
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ABSTRACT 

Purpose: To investigate the expression levels of MUC16 in the nasal, superior, inferior, 

and temporal regions of the bulbar conjunctiva on the ocular surface as well as in the 

palpebral conjunctiva of the upper eyelid in normal subjects. 

Methods: Subjects without symptoms of ocular surface disease were recruited and 

screened. Slit lamp examination and ocular surface diagnostic testing were performed to 

determine eligibility and exclude subjects with signs of ocular disease. Impression cytology 

was used to collect epithelial cells from four quadrants of the bulbar conjunctiva and the 

upper palpebral conjunctiva from both eyes. A 6.5 mm semicircle of filter paper (0.45 µm 

pore size) was applied. Right and left eye samples were stored together by sampling 

location. The Taqman Cells to CT Kit was used to measure gene expression of MUC16 

and evaluated by real-time PCR using Taqman Probes. Expression levels were normalized 

using cytokeratin 7 (KRT7) followed by non-parametric, repeated measures statistical tests 

and post-hoc analyses. 

Results: Of the forty subjects screened, twenty-eight were eligible for the study and 

underwent ocular surface sample collection. MUC16 was detected in palpebral 

conjunctival cell samples. The median (IQR) threshold cycle (Ct) for MUC16 in the 

palpebral conjunctiva was 29.92 (28.83 – 30.69) indicating a relatively high amount of 

MUC16 mRNA. The median (IQR) Ct values for the temporal, superior, inferior, and nasal 

bulbar conjunctival regions were 30.28 (28.82 – 32.92), 26.57 (25.57 – 29.28), 29.81 (28.79 
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– 31.97), and 30.76 (29.59 – 32.14) respectively. There was a significant difference in the 

ratios of MUC16 mRNA to cytokeratin 7 mRNA when comparing all conjunctival regions 

(χ2(4) = 42.37, p < 0.01); however, post-hoc analyses did not show significant differences 

when comparing bulbar regions. 

Conclusions: The results here indicate for the first time that MUC16 is expressed in 

palpebral conjunctival cells of the upper eyelid. No differences of MUC16 mRNA 

expression were found in the regions of the bulbar conjunctiva; differences in expression 

of MUC16 in the palpebral conjunctiva and each bulbar region were discovered. Further 

work is needed to investigate MUC16 protein as well as other membrane associated 

mucins.  

 

INTRODUCTION 

The ocular surface is a unique, wet-surfaced epithelium exposed to the environment 

making it highly susceptible to injury, pathogens, and dryness. Therefore, mechanisms are 

in place to protect and hydrate the eye to maintain a clear cornea and hydrophilic surface 

for vision to occur. All wet-surfaced epithelia have a mucous covering known as a 

glycocalyx that is composed primarily of membrane associated mucins.1,2 Mucins are 

classified as either membrane associated or secreted; both forms are found on the ocular 

surface.3 The primary secreted mucin on the eye is gel-forming mucin MUC5AC, which is 

secreted by goblet cells found in the conjunctiva.4 The membrane associated mucins on the 

ocular surface, MUC1, MUC4, and MUC16, are secreted by corneal and conjunctival 

epithelial cells.  
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Mucins are high molecular weight glycoproteins with a heavily O-glycosylated central 

amino acid core.5 On the eye, the primary glycan attachment is N-acetylgalactosamine 

(GalNAc) which is linked to the hydroxyl groups on serine and threonine residues via α-

linkages and termed an O-glycan.6 Through these attachments, the O-glycans contribute to 

the mucin functions of lubrication, hydration, and defense against pathogens, and make up 

more than 80% of the mass of the mucin.7 Glycosylation of the membrane associated 

mucins in the glycocalyx imparts a negative charge which facilitates creation of a 

hydrophilic surface for tear film adherence and coverage to maintain lubrication of the 

eye.8 The high density of glycans attached to the mucin protein cores influences the mucins 

to be stiff and rod-shaped, creating a “bottle brush-like” conformation that limits pathogen 

access to epithelia.9 Preventing O-glycan attachments to mucins allows binding of 

Staphylococcus aureus and Streptococcus pneumonia in corneal and conjunctival epithelial 

cells illustrating the contribution of O-glycans in preventing bacterial adherence.10 In 

addition, membrane associated mucins can extend 200-500 nm above the ocular surface 

into the tear film to further disrupt adhesion of cells and pathogens.11  

MUC1, MUC4, and MUC16 are expressed and found in both the cornea and 

conjunctiva.3,12 However, mRNA for MUC4 is found in decreasing levels towards the 

central cornea.13 Likewise, differences in expression of membrane associated mucins are 

found in the lungs that facilitates formation of a mucin mesh network to strongly repel 

bacteria and unwanted particles in the airways.2,14 MUC16 is the largest membrane 

associated mucin.2 It is in the corneal glycocalyx and has many functions including 

preventing penetration of pathogens into the underlying epithelia by maintaining the 

glycocalyx barrier and providing a disadhesive barrier to both cells and pathogens.15 A 
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study by Gipson et al. compared the functions of MUC1 and MUC16, and determined that 

knockdown of MUC16 decreased epithelial cell barrier function in vitro whereas 

knockdown of MUC1 did not have the same effect on barrier function.16 This indicates 

some difference in function across membrane mucins, despite similarities in the underlying 

structures, which may explain the variation in expression in ocular tissues.    

The technique of impression cytology was first described in 1977 by Egbert et al. to study 

goblet cells in the conjunctiva.17 Differences in goblet cell density of the bulbar conjunctiva 

was established by Kessing in 1968.18 Goblet cells, primarily responsible for secretion of 

MUC5AC, are most numerous in the lower fornix and lower palpebral region to aid in 

trapping debris found in the tear film.19 Goblet cells also express MUC16.20 As a role for 

MUC16 is to form the glycocalyx to lubricate and protect the eye, MUC16 may be more 

highly expressed in the exposed regions of the bulbar conjunctiva as well as in the lid wiper 

of the upper eyelid to aid in reducing friction while blinking.15 The lid wiper refers to a 

region of the inner surface of the upper eyelid that is contact with the ocular globe during 

blinking.21,22 

Thus, this study tested the hypothesis that MUC16 is expressed in the palpebral conjunctiva 

of the upper eyelid. The aim was to detect MUC16 mRNA in human impression cytology 

samples collected from the palpebral conjunctiva. Using samples collected from the same 

subjects, the study also investigated whether there are differences in expression of MUC16 

across the regions of the bulbar conjunctiva and palpebral conjunctiva. The anatomical 

bulbar conjunctival regions investigated included the nasal, superior, inferior, and 

temporal.  
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METHODS 

Subject Selection 

This research was conducted in accordance with the Declaration of Helsinki with 

Institutional Review Board approval at the University of Alabama at Birmingham. Subjects 

without ocular surface disease symptoms were recruited. Informed consent was obtained 

from subjects after explanation of the purpose of the study and the procedures involved for 

collection of conjunctival epithelial cells. All subjects provided a thorough ocular and 

medical heath and medication history. Table 1 lists the inclusion and exclusion criteria for 

the study. Briefly, subjects with a previous diagnosis of dry eye or a history of ocular 

surgery, including refractive surgery, intraocular surgery or injections, eyelid surgeries, 

corneal transplants, in the past 12 months were excluded. Usage of artificial tears within 

two days of the study visit or usage of prescription ophthalmic medication within 30 days 

of the study visit resulted in a screen failure. Subjects with an infectious systemic disease 

or disease known to be associated with dryness including HIV, measles, ocular rosacea, 

tuberculosis, meningitis, Sjögren’s Syndrome, cicatricial pemphigoid, and hepatitis were 

excluded. Current contact lens wearers and those with any reported contact lens wear in 

the three months prior to the study visit were also excluded. Subjects underwent clinical 

examination including ocular health assessment using a slit lamp biomicroscope. Those 

with active ocular infection or acute allergic conjunctivitis were excluded along with if 

signs of significant conjunctival scarring, obvious meibomian gland dysfunction, or serious 

ocular condition were present. Any females who were pregnant or nursing by self-report 

were also excluded. Subjects were included if the following diagnostic tests for dry eye 

were negative: total corneal fluorescein staining score, total bulbar conjunctival lissamine 
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green score, and tear film break up time. Subjects were administered the Ocular Surface 

Disease Index (OSDI) and the Standardized Patient Evaluation of Eye Dryness (SPEED) 

questionnaires; those with scores less than ten on the OSDI23 and less than six on the 

SPEED24 were included in the study.  

 

Epithelial Cell Collection 

Impression cytology was used to collect ocular surface epithelial cells. This technique 

involves application of cellulose acetate filter paper to the ocular surface which removes 

the superficial cell layers of the epithelium. Circular cellulose ester membranes with a 0.45 

µm pore size and 13 mm in diameter were acquired (EMD Millipore MF-Millipore; 

Darmstadt, Germany). The membranes were cut in half to reduce the size for more targeted, 

regional application of the membrane to the conjunctival surface of the eye. For sample 

collection on the bulbar conjunctiva, a drop of proparacaine hydrochloride 0.5% was 

instilled into each eye to temporarily anesthetize the ocular surface. Subjects were asked 

to look in the opposite direction of the region being sampled; i.e. for temporal bulbar 

collection, the subject was instructed to look nasally. Sterile tweezers were used to hold 

the semicircle of filter paper which was applied to the conjunctival surface. The filter paper 

was held in place for ten seconds, and then removed and placed into an empty 0.6 mL 

microcentrifuge tube. Samples collected from the right and left eyes from the same region 

were stored together in the same tube per subject. For palpebral conjunctival cell collection, 

the upper eyelid was everted, and the semicircle of filter paper was applied for ten seconds 

to a region that included the lid wiper area. Samples were then immediately placed in a  

-80°C freezer until further analysis could be completed. 
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Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)  

Gene expression was measured using the Taqman Cells to CT Kit (ThermoFisher 

Scientific; Waltham, MA, USA) and evaluated by RT-qPCR using Taqman probes. The 

first step of the protocol was adapted for use on cells adhered to filter paper. Briefly, lysis 

solution containing reagents to inactivate endogenous RNases mixed with DNAse I was 

added to each sample and incubated for ten minutes to remove genomic DNA while 

simultaneously lysing the cells to release RNA into solution. The solution from each 

sample was then transferred to a fresh microcentrifuge tube where stop solution was added 

to inactivate the lysis reagents to prevent inhibition of PCR. A reverse transcription (RT) 

master mix was assembled for each sample for cDNA synthesis so that each sample could 

be run in duplicate. The RT master mix was distributed to nuclease-free PCR tubes, 

samples were added and mixed, and then run in a thermal cycler. The PCR cocktail for 

each assay was assembled, distributed to wells of a PCR plate, and cDNA was added to 

each aliquot. No-template controls were also run for each assay that contained all the PCR 

components except the sample to ensure no contamination of the PCR reagents. The cDNA 

was then amplified using an RT-qPCR machine. Expression levels for MUC16 were 

normalized using KRT7. The gene KRT7 encodes for cytokeratin 7, a type II keratin 

expressed by goblet cells.25,26   

 

Statistical Analysis 

Statistical software (SPSS 22; IBM Corp., Armonk, NY) was used to analyze the data. The 

non-parametric, repeated measures Friedman test was used to compare the ratio of MUC16 
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mRNA expression to cytokeratin 7 mRNA expression across conjunctival regions. Sample 

size was determined based on a previous study with a calculated effect size of 0.86.27 

Sample size calculations show that a sample of 24 subjects would provide 80% power at a 

95% confidence interval. Post-hoc comparisons were performed using the Wilcoxon 

signed-rank test with Bonferroni’s method. A p-value less than 0.05 was considered 

statistically significant unless otherwise specified. 

 

RESULTS 

Of the forty subjects screened, twenty-eight subjects met the inclusion/exclusion criteria 

for the study and classified as normal without signs and symptoms ocular surface disease. 

Subjects primarily screen-failed and were excluded due to a high score on OSDI (greater 

than ten), tear film break up time less than ten seconds, or a total corneal or conjunctival 

staining score greater than one. The mean age of subjects was 28.9 ± 7.9 years. The 

demographics for all subjects enrolled including sex, ethnicity, and race are listed in Table 

2. The dry eye questionnaire scores and clinical testing values are listed in Table 3. 

The median (IQR) threshold cycle (Ct) for MUC16 in the palpebral conjunctiva was 29.92 

(28.83 – 30.69) indicating a high amount of MUC16 mRNA was detected. The median Ct 

for KRT7 in the palpebral conjunctiva was 31.27 (30.48 – 31.99). The median Ct values 

for expression of MUC16 in the temporal, superior, inferior, and nasal bulbar conjunctival 

regions were 30.28 (28.82 – 32.92), 26.57 (25.57 – 29.28), 29.81 (28.79 – 31.97), and 30.76 

(29.59 – 32.14) respectively. The median Ct values for KRT7 in the temporal, superior, 
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inferior, and nasal bulbar conjunctival regions were 30.11 (28.44 – 32.39), 26.32 (25.36 – 

29.77), 30.18 (28.46 – 31.91), and 30.88 (29.04 – 32.58).  

The ratios of MUC16 mRNA to KRT7 mRNA were determined for each region and the 

values are listed in Table 4. There was a statistically significant difference in the ratios and 

therefore expression of MUC16 across the conjunctival regions, χ2(4) = 42.37, p < 0.01. 

Post hoc analysis with Wilcoxon signed-rank tests was conducted with a Bonferroni 

correction applied, resulting in a significance level set at p < 0.005. There were no 

significant differences between MUC16 expression in the bulbar regions; that is, no 

difference between superior and temporal bulbar (Z = -0.02, p = 0.98), inferior and 

temporal bulbar (Z = -0.62, p = 0.54), inferior and superior bulbar (Z = -0.73, p = 0.47), 

nasal and temporal bulbar (Z = -2.66, p = 0.008), nasal and superior bulbar (Z = -2.64, p = 

0.008), and nasal and inferior bulbar (Z = -2.32, p = 0.02). However, the ratio of MUC16 

to KRT7 mRNA was lower in the palpebral conjunctiva compared to each bulbar region; 

specifically, there was a statistically significant difference between palpebral and temporal 

bulbar (Z = -3.92, p < 0.001), palpebral and superior bulbar (Z = -3.92, p < 0.0001), 

palpebral and inferior bulbar (Z = -3.99, p < 0.001), and palpebral and nasal bulbar (Z =  

-3.48, p < 0.001).  

 

DISCUSSION 

MUC16 is a membrane associated mucin in the glycocalyx that covers the cornea and 

bulbar conjunctiva. This study investigated four regions of the bulbar conjunctiva and the 
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upper palpebral conjunctiva to determine whether MUC16 is expressed at similar levels 

across these regions on a healthy ocular surface.  

This paper demonstrates for the first time that the palpebral conjunctiva of the upper eyelid 

expresses mRNA for MUC16. Studies of membrane associated mucins on the ocular 

surface have been limited to the bulbar conjunctiva, cornea, and tear film to understand the 

functions of these mucins on the eye.15,28,29 Membrane associated mucins adhere and are 

anchored to the hydrophobic, epithelial surface of the eye. The high glycosylation of these 

mucins imparts a negative charge and due to steric constraints, creates a brush-like 

hydrophilic covering known as the glycocalyx that helps the tear film adhere and lubricate 

the surface of the eye.30 In addition, the coefficient of friction on the surface of the eye, 

which plays a role during eyelid blinking, is reduced because of the brush like glycocalyx 

covering.30  

While additional studies are needed to confirm the presence of MUC16 protein in the 

palpebral conjunctiva, MUC16 protein expression on the cornea and bulbar conjunctiva 

has a similar distribution as mRNA expression.12 The presence of MUC16 protein in the 

lid wiper of the palpebral conjunctiva could indicate a role in reducing friction between the 

cornea/conjunctiva and the eyelid during blinking.31 The lubrication system on the ocular 

surface is mainly a hydrodynamic lubrication regime whereby the eye’s surface and eyelid 

are fully separated by the fluid of the tear film.32,33 In this type of regime, friction primarily 

depends upon the properties of the tear film, namely viscosity, which is governed by 

mucins and other proteins in the tear fluid.31 However, in conditions such as dry eye disease 

where the tear fluid is reduced, contact between the eye’s surface and the eyelid may occur, 

resulting in a boundary lubrication regime.31 In this type of regime, the quality of the 
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surface of the eyelid would influence friction. If MUC16 and other membrane mucins in 

the eyelid become damaged or absent, the resultant increased friction, albeit possibly 

minor, may contribute to the damage on the ocular surface seen in severe dry eye disease. 

The O-glycans attached to mucins facilitate disadhesion between cells of the palpebral 

conjunctiva, cornea, and bulbar conjunctiva.34,35 Thus, MUC16, a highly glycosylated 

mucin, in the palpebral conjunctiva may promote disadhesion between the lid wiper of the 

eyelid and the ocular surface to facilitate smooth blinking. Altered glycosylation and 

disruption of the O-glycan attachments to MUC16 could lead to increased adhesion 

between the eyelid and ocular surface resulting in damage to the epithelial surface.36 

No differences were observed in the mRNA expression of MUC16 across the superior, 

inferior, nasal, and temporal bulbar conjunctival regions. MUC16 is a membrane 

associated mucin in the glycocalyx that covers the cornea and conjunctiva, and it functions 

to protect and hydrate the ocular surface.12,15 The superior and inferior regions of the bulbar 

conjunctiva are primarily covered during normal, open eye conditions by the upper and 

lower eyelids. The nasal and temporal bulbar conjunctival regions are more exposed to the 

external environment. As the glycocalyx prevents pathogen adhesion and penetrance, it 

was hypothesized that the more exposed regions of the bulbar conjunctiva may express 

membrane mucins, especially MUC16, more highly than the less exposed regions. 

However, these results did not display statistically significant differences in mRNA 

expression across bulbar regions.  

Goblet cells are found in the conjunctiva and secret gel-forming mucin MUC5AC. The 

distribution of goblet cells varies within the conjunctiva with the greatest density in the 

lower fornix and palpebral nasal regions and less in the superior and inferior regions.18,37 
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Goblet cells play a role in clearance of debris from the ocular surface and prevent debris 

accumulation in the inferior conjunctival fornix as mice lacking goblet cells show an 

accumulation of debris in this area.38 Goblet cells do not appear to be necessary for 

preventing bacterial infection as challenge of goblet cell null mice with Pseudomonas 

aeruginosa did not lead to ocular infection.39 

Statistically significant differences in expression of MUC16 were found between the 

palpebral conjunctiva and each of the bulbar conjunctival regions. The ratios of MUC16 to 

cytokeratin 7 were lower in the palpebral conjunctiva compared to the bulbar conjunctiva. 

This would indicate higher expression of MUC16 in the palpebral conjunctiva relative to 

expression of cytokeratin 7 by the goblet cells. It is unclear whether MUC16 is being 

expressed by epithelial cells within the palpebral conjunctiva or only by the goblet cells 

found in the lid wiper region of the eyelid. A cell culture system developed solely from 

palpebral conjunctival cells may provide insight. 

Further studies are needed to investigate other membrane associated mucins, including 

MUC1 and MUC4, on the ocular surface. As differences in expression of MUC4 exist 

across the cornea from limbus to central cornea, it is possible that MUC4 may be 

differentially expressed in the bulbar conjunctival regions.13 Likewise, while MUC1 

mRNA is present in all cells of the cornea and conjunctiva, the protein has been detected 

in apical corneal cells and apical and sub-apical stratified cells of the conjunctiva indicating 

that protein expression may not follow mRNA expression exactly.3 

In conclusion, expression of MUC16 was detected in the palpebral conjunctiva suggesting 

membrane associated mucins may be found in the lid wiper region of the eyelid. No 

regional differences in expression of MUC16 on the bulbar conjunctiva were found. 
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MUC16 has a multifunctional role as a component of the glycocalyx, and its unique and 

critical functions may warrant ubiquitous expression across all regions of the bulbar 

conjunctiva.  
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Table 1. Study inclusion and exclusion criteria 

Inclusion criteria Exclusion criteria 
Age ≥ 18 years OSDI > 10 

Healthy subjects SPEED > 6 

Non-contact lens wearers Previous diagnosis of dry eye 

Tear film break up time > 10 s Usage of artificial tears (< 2 days) 

Total corneal fluorescein 

staining score ≤ 1 

Usage of prescription ophthalmic medication  

(< 30 days) 

Total bulbar conjunctival  

lissamine green staining  

score ≤ 1 

Diagnosis of HIV, measles, ocular rosacea,  

tuberculosis, meningitis, Sjögren syndrome,  

cicatricial pemphigoid, hepatitis  

Able to participate in the study History of refractive surgery, intraocular surgery or 

injections, eyelid surgery, corneal transplants  

(< 12 months) 

 Contact lens wear in three months prior to study visit 

 Active ocular infection or allergic conjunctivitis 

 Conjunctival scarring 

 Obvious meibomian gland dysfunction 

 Pregnant or nursing females by self-report 
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Table 2.  Demographics of the study sample  

 n (%) 

Age, mean ± SD (years) 28.9 ± 7.9 

Age range (min, max) (20, 52) 

Sex  

Female 22 (78.6%) 

Male 6 (21.4%) 

Race  

Other 1 (3.6%) 

Asian 4 (14.3%) 

African American 12 (42.9%) 

Caucasian 11 (39.3%) 

Ethnicity  

Unknown 1 (3.6%) 

Non-Hispanic or Non-
Latino 

27 (96.4%) 

 



91 
 

 

 

 

 

 

 

 

  

Table 3. Dry eye questionnaire scores and clinical testing results for right eyes 

 Overall (n = 28) 

 mean ± SD 

Ocular Surface Disease Index score 0.0 ± 2.9 

Standardized Patient Evaluation of Eye Dryness score 0.6 ± 0.9 

Tear film break up time 14.2 ± 3.4 

Corneal Staining 0.3 ± 0.4 

Conjunctival Staining 0.1 ± 0.4 
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Table 4.  Ratio of MUC16/KRT7 

 Temporal Superior Inferior Nasal Palpebral 

median  
(IQR) 

1.01  
(0.98 - 1.04) 

1.01  
(0.98 - 1.03) 

1.01  
(0.98 - 1.04) 

0.99  
(0.97 - 1.01) 

0.95  
(0.93 - 0.98) 
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Figure 1. Regional expression of MUC16 on the temporal bulbar, superior bulbar, 

inferior bulbar, nasal bulbar, and palpebral conjunctival epithelia. Asterisks indicate 

statistically significant differences (***p < 0.001). 
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ABSTRACT 
 
Purpose: To determine the optimal tear collection method for analysis of ocular surface 

mucins MUC5AC and MUC16.  

Methods: Fifteen subjects without ocular surface disease were recruited. Subjects 

presented for tear collection on three separate days for three different tear collection 

methods with the order of method randomized. Methods used to collect tears from right 

and left eyes included Schirmer’s strip, basal tear collection, and flush tear collection. All 

samples from the right eyes were individually analyzed for MUC5AC whereas the left eye 

samples were individually analyzed for MUC16. For each individual sample, 10 μg of 

protein were loaded per lane into a 1% (w/v) agarose gel and run in electrophoresis buffer 

for 2 h. After overnight capillary transfer, membranes were incubated with either 

MUC5AC antibody CLH2 or MUC16 antibody OC125 for western blot analysis. Blots 

were developed with enhanced chemiluminescence (ECL) and signals captured with the 

Odyssey Fc (LI-COR). The relative amounts of MUC5AC and MUC16 were quantified 

with densitometry using software and compared for statistically significant differences 

between tear collection methods using the Kruskal–Wallis test in SPSS 22 and GraphPad 

Prism 7.02. Dunn’s multiple comparisons test was used for pairwise post-hoc comparisons. 

Results: Samples containing less than 10 μg of total protein were not used for analysis 

which left eight samples (out of 45) unusable. The calculated MUC5AC median signal 

intensities from Schirmer’s strip, basal tears, and flush tears were 2.86 (n = 15, the 

interquartile range [IQR] = 2.54 - 3.21), 1.65 (n = 14, IQR = 1.34 - 3.1), and 1.67 (n = 9, 
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IQR = 1.42 - 1.72), respectively (H = 9.5, p = 0.009). Post-hoc pairwise comparisons 

showed a statistically significant difference between Schirmer’s strip and flush tears (p = 

0.01). The calculated MUC16 median signal intensities from Schirmer’s strip, basal tears, 

and flush tears were 1.88 (n = 14, IQR = 1.43 - 2.61), 5.24 (n = 15, IQR = 4.16 - 6.21), and 

2.45 (n = 7, IQR = 1.85 - 2.48), respectively (H = 18.1, p = 0.001). Post-hoc pairwise 

comparison showed statistically significant differences between basal tears and Schirmer’s 

strip (p = 0.0003) and between basal tears and flush tears (p = 0.006).  

Conclusions: MUC5AC and MUC16 are present in human tear fluid and can be captured 

using various tear collection methods. Although basal tear collection yielded the highest 

relative concentration of MUC16, Schirmer’s strip tear collection yielded the highest 

MUC5AC concentration. Therefore, the tear collection method chosen depends on the 

mucin of interest. 

 
 

INTRODUCTION 

Dry eye is a multifactorial disease of the tears and the ocular surface resulting in 

symptoms of discomfort, visual disturbance, and tear film instability [1]. It is estimated 

that more than 5 million Americans aged 50 years old or older have symptomatic dry eye 

and that approximately 20 million or more are affected by dry eye of any severity [2]. 

Although dry eye is broadly classified into either evaporative or aqueous deficient or a 

mixture of both, the multifactorial nature of the disease suggests the underlying 

mechanisms and contributing factors are more complex [1]. 

One important factor in maintaining a healthy ocular surface is the composition of the 

tear film, which consists of lipids, aqueous, soluble proteins, and mucins. The lipids of the 
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tear film slow the evaporation of the aqueous tears, in addition to providing a barrier from 

tear film spillage over the lid margins. The aqueous plays a role in hydration of the ocular 

surface to provide the optimal refractive surface, as well as for physiologic processes 

involved in homeostasis. For instance, the aqueous contains essential cytokines, proteins, 

and immune factors to clear away debris, protect the eye from pathogens, and keep the eye 

moisture rich [3]. 

Ocular mucins are highly O-glycosylated proteins with large molecular weights and are 

present in two main forms: a secreted form in the tears and a membrane-associated form 

in the glycocalyx, which is a protective barrier on  the cornea and the conjunctiva [4,5]. 

The primary secreted mucin, the gel forming mucin MUC5AC, has the major role of 

lubricating the ocular surface and is secreted by the goblet cells of the conjunctiva [6]. The 

secreted mucins also aid in clearing away pathogens and debris. Although three 

membrane-associated mucins (MAMs) have been identified on the ocular surface as a part 

of the glycocalyx (MUC1, MUC4, and MUC16), MUC16 has been shown to play the 

greatest role in maintaining the epithelial barrier function of the glycocalyx [7-9]. MAMs 

also provide a hydrophilic surface for the tears to adhere to as they emanate from the 

corneal and conjunctival epithelial cells on the eye [6]. In addition, shed forms of MAMs 

have been identified in the tear film, having only their extracellular domains [10,11]. If the 

tear film becomes unstable, as in dry eye, it can lead to damage to corneal and conjunctival 

epithelial cells resulting in symptoms of discomfort and visual disturbances [3,12]. 

Therefore, understanding the functions of the components in the tear film and examining 

differences in these components in a normal versus dry ocular surface can be useful. In 

particular, mucins have an essential role in the tears, and studying their function in the tear 
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film and ocular surface may provide insights into the pathophysiology of ocular surface 

disease. 

Although altered mucin expression is present in dry eye disease, it is difficult to examine 

mucins in vivo [9,13]. Impression cytology can be used to examine membrane-associated 

mucins while tear collection can be used to look at secreted mucins and soluble forms of 

MAMs [14,15]. Collecting tears for analysis can be time-consuming and challenging 

especially in ocular surface conditions, such as dry eye disease where a lower tear volume 

may be present on the eye’s surface. Current tear collection methods include the eye 

wash/flush method, Schirmer’s strip, basal tear collection with microcapillary glass tubes, 

and an absorbent material method (i.e., sponges or acetate filter rods) [16,17]. Although the 

flush tear method appears frequently in the literature as the tear collection method used, 

especially in investigations of ocular surface mucins, each method has advantages and 

disadvantages [18]. Although the eye wash/flush method may be more useful in patients 

with a lower tear volume and faster, diluted tear fluid is collected thus potentially 

minimizing the amount of tear protein and mucin collected [18]. The Schirmer strip for 

tear collection method is commonly used clinically as a diagnostic test for dry eye but can 

be irritating, and cellular proteins from the ocular surface or otherwise can be collected in 

addition to tear proteins [19,20]. Using  a microcapillary glass tube for collection imparts 

minimal contact with the ocular surface which provides adequate collection of basal tears 

as opposed to reflex tears that have been shown to have different compositions of proteins 

and cytokines [20-22]. However, this method can be slower than the other methods 

especially in dry eye subjects. The purpose of this research is to compare the mucins  
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detectable in tears sampled using three different techniques: microcapillary collection of 

basal tears, flush tear collection, and Schirmer strip tear collection. 

 

METHODS 

Subject selection: This research was conducted in accordance with the Declaration of 

Helsinki with Institutional Review Board approval at the University of Alabama at 

Birmingham and adhered to the ARVO statement on human subjects. Fifteen subjects 

without ocular surface disease were recruited. Informed consent was obtained from 

subjects after explanation of the purpose of the study and the procedures involved for 

collection of tear film samples. All subjects provided a thorough ocular and medical history 

and confirmed absence of dry eye using the ocular surface disease index (OSDI). Subjects 

underwent clinical examination, including visual acuity and ocular health assessment 

using a slit-lamp biomicroscope to confirm the absence of ocular surface disease. Subjects 

were excluded if artificial tears or ophthalmic medication had been used within 48 h 

before the study visit. Subjects were excluded if there were signs of meibomian gland 

dysfunction, blepharitis, papillary conjunctivitis, or greater than mild gradings of 

conjunctival redness. Subjects included in the study had no complaints of dry eye and no 

previous diagnosis of dry eye disease. 

 

Tear sample collection: Subjects presented for tear film collection on three separate 

days for each of the three different tear collection methods selected for this study. The 

tear collection methods selected for this study include Schirmer’s strip, basal tear 

collection, and flush tear collection; the order of tear collection method was randomized 
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for each subject and used on both eyes during the visit. For the first method, a Schirmer’s 

strip (TearFlow Diagnostic Test Strip; Rancho Cucamonga, CA) was placed at the temporal 

canthus of each eye for 5 min without anesthetic. The strips were then removed from the 

eyes, and the amount of wetting in millimeters was recorded by observing the location of 

the leading edge of moisture on the printed millimeter marks. Strips were placed in 

centrifuge tubes to be stored immediately at −80 °C. To collect basal tears, microcapillary 

tubes (Drummond Scientific, Broomall, PA) of various sizes (1, 2, and 5 µl) were carefully 

placed at the lower tear meniscus temporally to allow for tears to be collected via capillary 

action. Collection stopped once a maximum of 15 µl was collected or 3 min had passed to 

prevent reflex stimulation of tears. For the third method, 60 µl of saline was pipetted on the 

eye followed by the subject closing the eye and moving the eye around to ensure mixing of 

the saline with the tears. The subject was instructed to tilt his or her head to the side and 

open the eye as the tears were collected using a 15 µl capillary tube (Drummond Scientific). 

For both methods, the volume of tears collected was calculated based on the length of the 

tears collected in the tubes given the diameter and then recorded. Tear fluid was expelled 

into microcentrifuge tubes using a bulb dispenser followed by immediate freezing at 

−80°C. 

 

Protein extraction, precipitation, and quantification: For protein extraction from the 

Schirmer strips, 100 mM ammonium bicarbonate was added to the strips and allowed to 

solubilize for 1 h at room temperature. Following centrifugation to pellet the strip, the 

supernatant was transferred to a new microcentrifuge tube. Acetone was added at an 8:1 

ratio and incubated at −20 °C overnight to precipitate the protein. Protein was pelleted 
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using centrifugation and subsequently washed once with fresh acetone. After aspiration of 

acetone with care to avoid disturbing the protein pellet, the pellet was resuspended in a 

1:100 ratio of protease inhibitor and PBS (1X; BioWhittaker w/o Ca++, Mg++, pH 7.4; 

Lonza, Basel, Switzerland) solution. To maximize the tear protein and mucin yield, 

acetone was used as a precipitation agent in the basal and flush tear samples. A similar 

protocol was followed for the tear samples, including the addition of prechilled acetone, 

overnight incubation, centrifugation, and resuspension in a protease inhibitor solution. The 

standard microplate protocol for the Bradford protein assay using standard curves was 

followed for determining the total protein concentration in all of the samples [20,23,24]. 

Mucin analyses: All samples from the right eyes were analyzed for MUC5AC whereas 

all samples from the left eyes were analyzed for MUC16. Ten micrograms of total protein 

from each individual sample were denatured in 4X Laemmli buffer. Each individual 

sample was then loaded in a lane into a 1% (w/v) agarose gel and run in electrophoresis 

buffer (25 mM Tris, 192 mM glycine, pH 8.3, 0.1% sodium dodecyl sulfate) for 2 h at room 

temperature for protein separation. The HiMark prestained protein ladder was used to 

mark molecular weights from 30 to 460 kDa (Thermo Fisher Scientific; Waltham, MA). 

Capillary transfer overnight was used to transfer the proteins from the gel to the 

nitrocellulose membrane via diffusion. The transfer stack consisted of the gel, membrane, 

and two pieces of thick, blotting filter paper (Bio-Rad Laboratories; Hercules, CA). The 

stack was placed horizontally over a reservoir filled with transfer buffer (0.6 M NaCl, 60 

mM sodium citrate), over a “wicking” piece of filter paper, whose ends were in contact with 

the reservoir buffer. The topmost layers of the filter paper in the transfer stack are initially 

dry; thus, diffusion pulls the buffer through the wick, through the layers of the transfer 
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stack, and toward the dry layers on the top of the stack. This process is stimulated by 

placing a stack of paper towels and a weight on top of the whole stack, which ensures that 

all the layers are in close contact and that the buffer will diffuse quickly throughout all the 

layers. Confirmation of complete transfer was made the following morning through 

visualization of the total transfer of the stained ladder from the gel to the nitrocellulose 

membrane. After transfer, membranes were blocked with bovine serum albumin (BSA) in 

PBS and incubated with either MUC5AC antibody CLH2 (1:200) or MUC16 antibody 

OC125 (1:20) for western blot analysis. Blots were developed with enhanced 

chemiluminescence (ECL; Thermo Scientific Pierce), and the chemiluminescent signals 

were captured with the Odyssey Fc Imaging System (LI-COR Biosciences; Lincoln, NE). 

Statistical analysis: The relative amounts of MUC5AC and MUC16 were quantified with 

densitometry using Image Studio Lite v5.2 (Biosciences, LI-COR Inc.) and compared for 

statistically significant differences between the tear collection methods using the non-

parametric Kruskal–Wallis test in SPSS 22 (IBM; Armonk, New York) and GraphPad 

Prism 7.02 (La Jolla, CA). The Wilcoxon matched-pairs signed-rank test was used to 

compare the tear volumes, tear protein, and protein concentrations collected between the 

right and left eyes for each method. Dunn’s multiple comparisons test was used for pairwise 

post-hoc comparisons. Statistical analysis: p < 0.05 was considered statistically significant. 

 

RESULTS 

Subjects in this study included three men and 12 women with an average age of 25.8 ± 

3.0 years (median, 24.5 years; range, 23–33 years). Tear film samples containing less 

than 10 μg of total protein were not used for analysis; the samples not analyzed included 
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one basal tear sample, one Schirmer sample, and 15 flush tear samples. This left 38 right 

eye (OD) and 36 left eye (OS) samples out of 45 total samples collected per eye. The 

median tear volume collected using the flush method was 17 µl (the interquartile range 

[IQR] = 15.25 – 17.00 µl) for right eyes and 17 µl (IQR = 16.70 - 17.00 µl) for left eyes 

with no difference between eyes (Z = 7, p = 0.44; Figure 1A). Collection of basal tears 

with a microcapillary tube yielded a median tear volume of 15 µl (IQR = 9.75 – 15.00 µl) 

for right eyes and 15 µl (IQR = 10.10 - 15.50 µl) for left eyes with no difference between 

eyes (Z = –3, p = 0.81; Figure 1A). The median amount of wetting on the Schirmer’s strip 

was 33.0 mm (IQR = 23.75 - 35.00 mm) for right eyes and 30.5 mm (IQR = 16.25 - 35.00 

mm) for left eyes with no difference between the eyes (Z = –19, p = 0.43; Figure 1B). 

From the Bradford assays, the median right eye total protein was 34.56 µg (IQR = 25.48 

- 40.24 µg) using Schirmer’s strip, 39.27 µg (IQR = 23.60 - 69.43 µg) for flush tears, and 

32.08 µg (IQR = 24.33 - 40.52 µg) for basal tears (Figure 2A). The median left eye total 

protein was 51.28 µg (IQR = 41.29 - 73.04 µg) using Schirmer’s strip, 47.93 µg (IQR = 

36.02 - 61.97 µg) for flush tears, and 65.58 µg (IQR = 40.70 - 76.17 µg) for basal tears 

(Figure 2A). While a statistically significantly higher amount of tear protein was obtained 

for left eye Schirmer’s strips (Z = 71, p = 0.02) and for left eye basal tears (Z = 97, p = 

0.0009) when compared to the amount obtained in the right eyes for each method, there 

was no difference in tear protein between eyes for flush tears (Z = 2, p = 0.94). 

The protein concentration for each eye and method was calculated as the total protein in 1 

µl of tear fluid. The median right eye protein concentration was 0.69 µg/µl (IQR = 0.51 - 

0.80 µg/µl) using Schirmer’s strip, 0.64 µg/µl (IQR = 0.49 - 0.81 µg/µl) for basal tears, 

and 0.79 µg/µl (IQR = 0.47 - 1.39 µg/µl) for flush tears (Figure 2B). The median left eye 
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protein concentration was 1.03 µg/µl (IQR = 0.83 - 1.46 µg/µl) using Schirmer’s strip, 1.31 

µg/µl (IQR = 0.81 - 1.52 µg/µl) for basal tears, and 0.96 µg/µl (IQR = 0.72 - 1.24 µg/µl) 

for flush tears (Figure 2B). When the right and left eyes were compared, a higher protein 

concentration was found for left eye Schirmer’s tears (p = 0.03) and left eye basal tears (p 

= 0.002), but there was no statistically significant difference for flush tears (p = 0.87). 

Levene’s test for variance between techniques did not show a statistically significant 

difference (p = 0.48). There was also no statistically significant difference in protein 

concentration when the tear collection methods were compared (H = 0.441, p = 0.80). 

 

Assay of mucins in tears collected with three different methods: MUC5AC and MUC16 

were detected in all samples as all lanes displayed identifiable bands at or greater than 460 

kDa [10]. The MUC5AC median relative signal intensities from Schirmer’s strip, basal 

tears, and flush tears were 2.86 (n = 15, IQR = 2.54 - 3.21), 1.65 (n = 14, IQR = 1.34 - 3.10), 

and 1.67 (n = 9, IQR = 1.42 - 1.72), respectively, (H = 9.5, p = 0.009; Figure 3). The MUC16 

median relative signal intensities from Schirmer’s strip, basal tears, and flush tears were 

1.88 (n = 14, IQR = 1.43 - 2.61), 5.24 (n = 15, IQR = 4.16 - 6.21), and 2.45 (n = 7, IQR = 

1.85 -2.48), respectively (H = 18.1, p = 0.001; Figure 4). Post-hoc pairwise comparisons for 

MUC5AC showed a significant difference between Schirmer’s strip and flush tears (p = 

0.01; Figure 5A). Post-hoc pairwise comparisons for MUC16 showed significant 

differences between basal tears and Schirmer’s strip (p = 0.0003) and between basal tears 

and flush tears (p = 0.006; Figure 5B).  
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DISCUSSION 

The results of this study confirm the presence of gel-forming MUC5AC and shed 

membrane-associated MUC16 in human tear fluid, as well as demonstrating differences in 

the amount of mucin obtained when various tear collection methods are used. Although all 

three tear collection methods described here are easily performed and tolerated, the 

results show the importance of selecting a method based on the mucin of interest when 

investigating these glycoproteins in the tear film. The microcapillary collection method 

for basal tears yielded the highest relative concentration of MUC16 based on densitometry, 

which was statistically significantly different from the amount obtained with either 

Schirmer’s strip or in flush tears. However, tear collection using Schirmer’s strip yielded 

the highest MUC5AC concentration although it was statistically significantly different 

only from the flush tears. Although it was hypothesized that the Schirmer’s strip method 

would yield a higher concentration of MUC16 as the strip pulls conjunctival epithelial cells 

when it is removed from the eye, reflex tearing induced by irritation from the strip, as well 

as the capture of goblet cells, may have contributed to a greater yield of MUC5AC secretion 

from goblet cells with this method [25]. 

By this reasoning, the MUC16 concentration in the tears may be unaffected by reflex 

tearing and may explain why Schirmer’s strip did not yield the highest amount of MUC16. 

The tear protein concentration averaged around 1 µg/µl across all three methods which was 

lower than what has been reported by Posa et al. at 4.8 µg/µl for basal tears versus 4.6 µg/µl 

from Schirmer’s strip. However, Powell et al. reported an average protein concentration of 

2.82 µg/µl when using the acetone precipitation method used in this study [24]. Although 

in this study, Schirmer’s strip was performed at the same time with the right eye strip 
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inserted first, on average, the left eye Schirmer’s strip protein concentration was higher 

than that for the right eye (OS M = 1.03 µg/µl versus OD M = 0.69 µg/µl). This similar 

trend was seen also for basal tear collection (OS M = 1.31 µg/µl versus OD M = 0.64 µg/µl), 

which may be explained by the subject’s apprehension with the collection starting on the 

right eye and less apprehension when the collection moved to the left eye. Previous studies 

have shown differences in proteins and tear film composition in basal versus reflex tears 

which may aid in explaining these differences although care was taken to avoid reflex 

collection of tears during the collection of basal tears [18,26]. 

Previous studies have shown the presence of MUC5AC and MUC16 protein in human tear 

fluid [27,28]. Most studies used the flush tear method or Schirmer’s strip to collect tears. A 

study by Spurr-Michaud used the flush tear method to demonstrate shed MUC16 in the 

tears for the first time [10]. As mentioned, soluble forms of membrane-associated mucins 

exist in the tears as extracellular domains. Therefore, collection of tears to investigate these 

mucins may not be representative of membrane-associated mucins in the glycocalyx. 

Usage of techniques such as impression cytology may need to be employed to investigate 

membrane-associated mucins as they emanate from conjunctival epithelial cells. 

In conclusion, the microcapillary method for basal tears can be used in studies investigating 

MUC16 in human tear fluid. Although the Schirmer’s strip method may obtain more 

MUC5AC, the strip as it is applied may be collecting a small amount of MUC5AC from 

the palpebral conjunctiva which may differ in molecular weight and structure from 

MUC5AC secreted in the tears. Moreover, the reflex effect of the Schirmer’s strip may 

induce release of MUC5AC from goblet cells and thus may not be representative of the 

basal levels of MUC5AC in the tear film. Finally, although flush tears may seem an optimal 
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method to use especially in severe dry eye patients, dilution of the tears with saline yields 

less than desirable amounts of MUC5AC and MUC16 for subsequent analysis. 
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Figure 1 caption. Amount of tears collected per eye for each subject showing individual 

amounts, as well as the median and the interquartile range. A: The volume of tears 

collected for flush tears and basal tears in microliters for right eyes (n = 14) and left eyes (n 

= 14). Flush tears yielded a median volume of 17 ml for the right and left eyes whereas 

basal tears yielded 15 ml for the right and left eyes. B: The volume of tears collected using 

the Schirmer’s strip method for right eyes (n = 14) and left eyes (n = 14), represented as the 

length of wetting of the strip in millimeters out of a total possible length of 35.0 mm. The 

median length of wetting for right eyes was 33.0 mm whereas for left eyes it was 30.5 mm. 

 
 
 
  



112 
 

 

Figure 2 caption. Bradford results for the total protein and protein concentrations showing 

individual amounts, as well as the median and the interquartile range, for each method and 

eye. A: The median total protein amount obtained using Schirmer’s strip was 34.56 µg/µl 

for the right eyes and 47.93 µg/µl for the left eyes. For basal tears, the median total protein 

amount was 32.08 µg/µl for the right eyes and 65.58 µg/µl for the left eyes. For flush tears, 

the median total protein amount was 39.27 µg/µl for the right eyes and 46.93 µg/µl for the 

left eyes. B: The median protein concentration using Schirmer’s strip was calculated to be 

0.69 µg/µl for the right eyes and 1.03 µg/µl for the left eyes. For basal tears, the median 

protein concentration was 0.64 µg/µl for the right eyes and 1.31 µg/µl for the left eyes. For 

flush tears, the median protein concentration was 0.79 µg/µl for the right eyes and 0.96 

µg/µl for the left eyes. * p<0.05 between the eyes for Schirmer tears and *** p<0.001 

between the eyes for basal tears. 
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Figure 3 caption. Western blot results for detection of MUC5AC in the tear fluid collected 

using the three tear collection methods. Only samples that yielded greater than 10 µg of 

protein were probed using antibody CLH2 on individual samples of tears collected from the 

right eyes of human subjects. A: Results after probing tear samples collected using the 

Schirmer’s strip (n = 15). B: Results after probing flush tear samples (n = 9). C: Results 

after probing basal tear samples (n = 14). The ladder marker for 250 kDa is displayed for 

all blots. 
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Figure 4 caption. Western blot results for detection of MUC16 in the tear fluid collected using the three tear 

collection methods. Only samples that yielded greater than 10 µg of protein were probed using antibody 

OC125 on individual samples of tears collected from the right eyes of human subjects. A: Results after probing 

tear samples collected using the Schirmer’s strip (n = 14). B: Results after probing flush tear samples (n = 7). 

C: Results after probing basal tear samples collected (n = 15). The ladder marker for 250 kDa is displayed 

for all blots. 
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Figure 5 caption. Densitometric analyses of individual immunoblots are shown, as well as 

the median and the interquartile range. A: Relative densities calculated for each tear sample 

collected from the right eyes for each method and probed for MUC5AC. The median signal 

intensity   for samples collected using the Schirmer’s strip (2.86, n = 15) was statistically 

significantly higher (p = 0.01) when compared to samples collected using the flush method 

(1.67, n = 9). B: Relative densities calculated for each tear sample collected from the left eyes 

for each method and probed for MUC16. The median signal intensity was statistically 

significant higher for basal tears (5.24, n = 15) when compared to the Schirmer’s strip (1.88, 

n = 14) and flush tears (2.45, n = 7; p = 0.0003, p = 0.006). ** p<0.01 and *** p<0.001. 
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ABSTRACT 

Purpose: The ocular surface glycocalyx barrier is composed of membrane associated 

mucins and galectin-3. The ability to examine the affinity between MUC16 and galectin-3 

could aid in understanding the impact of ocular surface disease on the integrity of the 

glycocalyx. The purpose of this work was to adapt a slot blot assay to determine the relative 

affinity of galectin-3 for MUC16 collected from human tears. 

Methods: Subjects without symptoms of ocular surface disease were enrolled for this 

cross-sectional study. Basal tear film samples of up to 15 μl were collected from each eye 

via microcapillary tube and pooled within each subject. Total protein was determined for 

each pooled sample using a micro bicinchoninic acid (BCA) protein assay. Nitrocellulose 

membrane in a 48-well Bio-dot slot format microfiltration apparatus was loaded with 500 

ng of recombinant human galectin-3 (rhGal-3), vacuum filtered, and incubated with 5, 10, 

and 15 μg of tear protein. One well was loaded with 5 μg of tear protein from each subject 

without rhGal-3 as a positive control. MUC16 binding was detected using the M11 

monoclonal antibody by chemiluminescence and semi-quantified by densitometry. The 

non-parametric, repeated measures Friedman test followed by post-hoc comparisons using 

the Wilcoxon signed-rank test were performed to compare the relative amounts of MUC16 

bound to rhGal-3. 

Results: Fourteen subjects were eligible and completed the study. The average subject age 

was 26.6 ± 3.1 years, and majority (n=10; 71%) were female. The median (IQR) total 

protein concentration of each pooled sample was 2.01 μg/μl (1.68 - 2.35 μg/μl). After 
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performing densitometry on the immunoblot results, the median (IQR) intensity for 

MUC16 in control samples was 6,945 units (3,626 – 79,766 units). The median (IQR) 

values for the normalized relative amount of MUC16 bound to rhGal-3 for 5, 10, and 15 

μg of protein were 0.67 (0.47 - 1.43), 0.86 (0.69 - 1.97), and 1.02 (0.88 - 2.31) respectively. 

There was a significant difference in the relative amount of MUC16 bound to rhGal-3 as 

amount of tear protein increased (χ2(2) = 11.89, p = 0.003). 

Conclusions: Slot blot is a viable method to determine the relative binding affinity of 

MUC16 to rhGal-3 using tear samples. Even in normal subjects without ocular surface 

disease, there was variation in the amount of MUC16 in the tear film, and so it is important 

to use a control when investigating mucin content in the tears.  

 

INTRODUCTION 

The apical glycocalyx of the ocular surface exists at the boundary between the epithelial 

surface and the environment. It provides protection to the underlying mucosal tissue from 

pathogen adhesion and bacterial infection, allows selective penetration of molecules, and 

facilitates lubrication of the ocular surface. The glycocalyx consists of highly glycosylated 

membrane associated mucins and a binding lectin known as galectin-3.1  

Glycosylation, the addition of glycans or carbohydrates to proteins, is an essential post-

translational modification for lubrication and anti-adhesion of pathogens on the ocular 

surface.2 Mucins are high molecular weight, heavily O-glycosylated glycoproteins with an 

amino acid core consisting primarily of tandem repeats of serine and threonine.3,4 The 

hydroxyl groups of these amino acids serve as the primary site for attachment of O-glycans; 
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that is, N-acetylgalactosamine (GalNAc) is attached to hydroxyl groups of serine and 

threonine.5 Mucins can be either secreted or membrane associated depending on their 

structure. On the eye, the primary secreted mucin, MUC5AC, is the gel-forming mucin 

secreted by conjunctival goblets and found in the tear film.6,7 The membrane associated 

mucins, MUC1, MUC4, and MUC16, are expressed and secreted by corneal and 

conjunctival epithelial cells.8-11 Membrane associated mucins have a membrane-spanning 

domain that spans the cellular membranes of apical epithelial cells and a cytoplasmic tail 

that anchors the mucin to the cell surface. The extracellular domain of membrane 

associated mucins extends into the tear film up to 500 nm from the epithelial surface.12 

Soluble forms of membrane associated mucins have been found in the tear film that lack a 

cytoplasmic tail.13 Neutrophil elastase, tumor necrosis factor (TNF), and matrix 

metalloproteinase-7 (MMP-7), all inflammatory mediators, can induce release of 

membrane associated mucins into the tear film which can lead to loss of barrier function 

of the glycocalyx, as shown in vitro by Blalock et al.14   

The high density and clustering of O-glycan chains on the membrane associated mucins 

contribute to the functions of the glycocalyx on the ocular surface. The steric interactions 

between glycan and protein within glycan clusters result in a stiff and extended protein 

core which contributes to the selective penetrance of molecules through the glycocalyx and 

into the epithelial cells.15 O-glycans limit adherence of adjacent cell surfaces and facilitate 

lubrication of the ocular surface that aids in adhering the tear film to the eye.16 In addition, 

it was shown that galectin-3 supports formation of the glycocalyx through glycan 

interaction with MUC1 and MUC16.17 Galectins are β-galactoside binding lectins with a 

highly conserved carbohydrate-recognition domain.18 Galectin-3 is highly expressed by 
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corneal and conjunctival epithelial cells.19 Galactose is the primary component of 

membrane associated mucins on the ocular surface and serves as a ligand for the 

carbohydrate binding domain of galectin-3.5 This was confirmed by Argüeso et al. using 

affinity columns and pull-down assays with MUC1 and MUC16 in vitro and 

immunofluorescence analyses confirming localization of galectin-3 in the glycocalyx.17 

The barrier function of the glycocalyx was impeded when O-glycosylation of mucins was 

decreased, as shown by penetration of rose Bengal dye into the cells, which resulted in 

reduced galectin-3 binding.17    

The dot blot (or slot blot, depending on the apparatus) technique is a simplified Western 

blot that does not require separation of proteins by electrophoresis. Target protein or cell 

lysate is applied directly onto the surface of a nitrocellulose or polyvinylidene difluoride 

(PVDF) membrane. After drying, the same immunodetection steps used in Western 

blotting are performed including blocking, incubation with primary and secondary 

antibody, and target detection. While no information about molecular weight can be 

ascertained using this technique, it is often used to quickly probe a genomic sample for 

specific bases or for fast detection of proteins in a sample of interest.20 Argüeso et al. first 

used the slot blot to investigate the affinity of hydroxypropyl guar galactomannan for 

rhGal-3 in vitro.21 Here, the slot blot technique was modified to develop an affinity assay 

to investigate affinity between molecules of interest in human ocular surface samples. The 

purpose of this work was to adapt a slot blot assay to determine the relative affinity of 

galectin-3 for MUC16 using human tear samples. 
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METHODS 

Subject Selection 

This research was conducted in accordance with the Declaration of Helsinki with 

Institutional Review Board approval at the University of Alabama at Birmingham. 

Fourteen subjects without ocular surface disease were recruited. Before any study 

procedures were conducted, written informed consent was obtained from all subjects after 

explanation of the purpose and the procedures of the study. All subjects provided a 

thorough ocular and medical health and medication history. Subjects with a previous 

diagnosis of dry eye or a history of ocular surgery, including refractive surgery, intraocular 

surgery or injections, eyelid surgeries, corneal transplants, in the past 12 months were 

excluded. Usage of artificial tears within two days of the study visit or usage of prescription 

ophthalmic medication within 30 days of the study visit resulted in a screen fail. Subjects 

with an infectious systemic disease or disease known to be associated with dryness 

including human immunodeficiency virus, measles, ocular rosacea, tuberculosis, 

meningitis, Sjögren’s Syndrome, cicatricial pemphigoid, and hepatitis were excluded. 

Subjects underwent clinical examination including ocular health assessment using a slit 

lamp biomicroscope. Those with active ocular infection or acute allergic conjunctivitis 

were excluded. Signs of significant conjunctival scarring, obvious meibomian gland 

dysfunction, or other serious ocular condition also excluded subjects. Any females who 

were pregnant or nursing by self-report were excluded. Subjects were included if the 

following diagnostic tests for dry eye were negative: total corneal fluorescein staining score 

and total bulbar conjunctival lissamine green score. Subjects were administered the Ocular 

Surface Disease Index (OSDI)22 and the Standardized Patient Evaluation of Eye Dryness 
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(SPEED)23 questionnaires; those with scores less than 10 on the OSDI and less than 6 on 

the SPEED were included in the study.  

 

Tear Film Collection 

A sample of basal tears was collected from both eyes of each subject using a technique 

previously described to maximize the amount of MUC16 collected.24 Briefly, a 5 µl 

microcapillary tube was placed at the lower tear meniscus on the temporal side to fill the 

tube via capillary action. Collection continued once 15 µl was collected per eye or three 

minutes had passed to prevent reflex stimulation of the tears. The volume of tears collected 

was calculated based on the fullness of the tube given the diameter and recorded. Right and 

left eye samples from each subject were expelled and pooled into microcentrifuge tubes 

using a bulb dispenser. Pooling of samples from both eyes was performed to ensure 

sufficient quantities of mucin protein for analyses. Protein concentration of each sample 

was determined using the micro bicinchoninic acid (BCA) protein assay kit (ThermoFisher 

Scientific; Waltham, MA, USA). Samples were then placed in a -80°C freezer until further 

analysis could be completed. 

 

Slot-blot galectin-3 MUC16 affinity assay 

The 48-well Bio-dot slot format microfiltration apparatus (Bio-Rad Laboratories, Inc.; 

Hercules, CA, USA) was assembled using three pieces of filter paper overlaid with 

nitrocellulose membrane and securely sealed using screws. The apparatus was connected 

to a vacuum filtration system. Recombinant human galectin-3 (rhGal-3) was obtained and 
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purified as previously described.25 For each sample, four slots were used. Three of the slots 

were loaded with 500 ng rhGal-3 and one slot, not loaded with rhGal-3, was used as a 

positive control to determine relative amount of MUC16 in the tear sample indicated by 

binding to the membrane. On each slot blot performed, one slot was reserved for a negative 

control where only 500 ng rhGal-3 was loaded. Vacuum filtration was performed for 30 

minutes. Each of the three wells with rhGal-3 were loaded with 5, 10, and 15 µg of tear 

protein suspended in tris-buffered saline (TBS) from each sample. The fourth well not 

containing rhGal-3 was loaded with 5 µg of tear protein as a positive control. The wells 

with tear protein were incubated for 30 minutes in TBS on a shaker, with continual rinsing 

with TBS. Membranes were then extracted and blocked with 1% polyvinylpyrrolidine in 

tween 20 TBS (TTBS) for 45 minutes, washed thoroughly, and probed with MUC16 

primary antibody M11 (1:3000 in 5% blotto) for 45 minutes. Following subsequent washes 

in TBS, membranes were incubated with secondary goat anti-mouse IgG (1:5000) for an 

additional 45 minutes. Membranes were washed again and incubated with enhanced 

chemiluminescent substrate using SuperSignal West Femto (Thermo Fisher Scientific; 

Waltham, MA, USA). Densitometry using ImageJ (U. S. National Institutes of Health, 

Bethesda, Maryland, USA) was used to semi quantify levels of MUC16 binding by 

evaluating the intensity of bands. 

 

Statistical Analysis 

Statistical software (SPSS 22; IBM Corp., Armonk, NY) was used to analyze the data. The 

non-parametric, repeated measures Friedman test was used to compare the relative amounts 

of MUC16 bound to rhGal-3. Post-hoc comparisons were performed using the Wilcoxon 
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signed-rank test with Bonferroni adjustment. A p-value less than 0.05 was considered 

statistically significant unless otherwise stated. 

 

RESULTS 

Fourteen subjects were enrolled and completed the study. Only adults over the age of 18 

years of age were enrolled, and more females (n = 10) than males (n = 4) were in the study. 

The demographics for all subjects enrolled including age, sex, and race are listed in Table 

1.  

A range of 18 to 40 μl of basal tears was obtained after pooling right and left eyes with a 

median (IQR) amount collected per subject of 30 μl (26 to 30 μl). After performing the 

micro BCA protein assay, the median (IQR) protein concentration of each pooled sample 

was 2.01 μg/μl (1.68 - 2.35 μg/μl). Thus, the median (IQR) yield of total protein per pooled 

sample was 61.80 μg (38.59 - 72.90 μg).  To perform the slot blot assay, a total of 35 μg of 

tear protein was required to load a 5 μg control and 5, 10, and 15 μg of protein with rhGal-

3. Based on the results of the assay, each pooled sample contained a sufficient amount of 

tear protein for slot blot analysis, and so samples from all fourteen subjects were used. 

Data representative of the results of immunoblotting are shown in Figure 1. Samples from 

each subject are seen as four slots in a vertical column; samples from subjects 1 to 6 are 

numbered along the top of the figure and samples from subjects 7 to 14 are numbered along 

the bottom of the figure. Relative intensity of a band present in the top slot for each subject 

indicates the amount of MUC16 that bound to the nitrocellulose membrane when loading 

5 µg of tear protein. The median (IQR) densitometry value for MUC16 in the positive 
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control slots for all subjects was 6,945 units (3,626 – 79,766 units). The median 

densitometry values for the slots containing rhGal-3 and loaded with 5, 10, and 15 µg of 

tear protein are shown in Table 2. There were no statistically significant differences in 

densitometry values between the 5 µg positive control and the 5 µg tear protein with rhGal-

3 (χ2(1) = 1.14, p = 0.29). No reflective bands were detected in the negative control slots 

(not shown). 

For each subject, each densitometry value for MUC16 in the slots loaded with 5, 10, and 

15 µg tear protein plus rhGal-3 was divided by the densitometry value for the positive 

control to evaluate the relative binding of MUC16 to rhGal-3 for each protein amount. The 

median (IQR) values for the normalized relative amount of MUC16 bound to rhGal-3 for 

5, 10, and 15 μg of protein were 0.67 (0.47 - 1.43), 0.86 (0.69 - 1.97), and 1.02 (0.88 - 

2.31). The individual values are shown in Figure 2. There was a statistically significant 

difference in the relative amount of MUC16 bound to rhGal-3 with each increasing amount 

of tear protein, χ2(2) = 11.89, p = 0.003. Post hoc analysis with the Bonferroni method 

resulted in a significance level set at p < 0.017. The relative amount of MUC16 bound to 

rhGal-3 was significantly higher when 15 µg of tear protein was loaded compared to 5 µg 

of tear protein (Z = -2.97, p = 0.003) and compared to 10 µg of tear protein (Z = -2.76, p = 

0.006). There were no significant differences between 5 µg and 10 µg of tear protein (Z = 

-2.36, p = 0.019).   
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DISCUSSION 

Galectin-3 interacts with MUC16 in the glycocalyx on the ocular surface to form a barrier 

that protects the cornea and conjunctiva. This interaction is most likely mediated through 

GalNAc which can be disrupted if binding with galectin-3 is inhibited.17 A technique that 

can investigate the affinity between MUC16 and galectin-3 in human ocular surface 

samples would be useful in identifying potential disruption to the glycocalyx. In the current 

study, a tear sample control from each subject was used to determine the relative amount 

of MUC16 in the sample. Then, it was expected that as the amount of tear protein loaded 

into the slots with rhGal-3 was increased, the amount of MUC16 protein loaded would also 

increase. As a result, the amount of MUC16 binding would increase due to the presence of 

galectin-3. As expected, increasing amounts of tear protein resulted in greater relative 

amounts of MUC16 binding to rhGal-3 confirming the viability of the slot blot method as 

an affinity assay.  

The binding of MUC1 and MUC16 to galectin-3 was confirmed by Argüeso et al. in 2009.17 

They used a chromatography affinity column to demonstrate that both of these mucins bind 

to galectin-3 which is dependent on the carbohydrate galactose. Affinity chromatography 

is a method for purification of a molecule from a mixture based on interactions between 

two molecules.26 A stationary phase is created by immobilizing one of the molecules, the 

affinity ligand, onto a matrix while the target molecule is in a mobile phase. For the 

galectin-3 affinity column, Argüeso et al. coupled rhGal-3 to a sepharose matrix and 

applied cell culture lysates containing MUC1 and MUC16 to investigate binding 

interaction between galectin-3 and these mucins. While this technique can be highly 

specific, a more economic and rapid technique, such as using the slot blot method described 



127 
 

in this study, could be used as a preliminary step to evaluate the affinity between two 

molecules.  

The Western blot results for the positive control slots appeared to vary in intensity across 

subjects indicating either variations in concentrations of MUC16 in the tear film or uneven 

mixing of MUC16 within the sample prior to loading. Nitrocellulose membrane is a sticky 

membrane with high protein-binding affinity. As the tear sample was loaded into the 

assembled slot blot apparatus, it was expected that some amount of protein and 

glycoprotein within the sample would stick to the membrane. After performing 

immunoblotting using MUC16 antibody, the amount of fluorescence within the control slot 

would indicate an approximate amount of MUC16 protein within the tear sample. While 

MUC16, as a membrane associated mucin, is primarily found anchored to epithelial cells 

as a part of the glycocalyx, shed forms of MUC16 can be found in the tear film.13 Absolute 

quantitation of MUC16 in the tear film is not feasible as standards for mucins on the ocular 

surface do not exist. Therefore, it is only possible to load a standard amount of total tear 

protein from each sample and a control must be used to determine the relative starting 

amount of MUC16 protein in each sample. Variations in concentration of membrane 

associated mucins MUC1, MUC4, and MUC16 in tear fluid across individual subjects was 

also observed by Spurr-Michaud et al.13 While inflammatory mediators have been shown 

to induce shedding of membrane associated mucins from the ocular surface, the subjects 

enrolled in this study had no apparent signs of ocular surface disease or inflammation 

which may not explain this variation. 

Membrane associated mucins on the ocular surface are primarily in the glycocalyx, as 

previously mentioned, but may also be released from the epithelial cell membranes. 
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Soluble forms of  MUC1, MUC4, and MUC16 have been detected in the tear film of normal 

subjects.13 Blalock et al. showed that the structure of MUC16 in the tear film lacks the 

cytoplasmic tail and is a result of shedding from the epithelial surface.14 Release of 

membrane associated mucins from the ocular surface may be induced by inflammatory 

mediators such as neutrophil elastase, matrix metalloproteinases, and TNF-alpha.14 

Subsequently, as one of the core mechanisms of dry eye disease is inflammation, studies 

have been conducted to investigate the effects of dry eye and inflammation on ocular 

mucins.27 Danjo et al. showed that the carbohydrate epitope of MUC16 has an altered 

distribution in patients with dry eye disease compared to normals.28 This would indicate 

potential changes in glycosylation patterns of shedding of mucins or expression in dry eye 

disease. Another study by Uchino et al. demonstrated increased levels of galectin-3 in the 

tears of dry eye patients although the reason for this increase is unclear.29  

In conclusion, glycosylation of mucins is crucial for normal physiological processes of the 

ocular surface. This slot blot affinity assay technique may aid in understanding 

glycosylation changes of MUC16 in dry eye disease and the impact on the stability and 

functioning of the glycocalyx. Future work with this method will focus on examining 

affinity of MUC16 and galectin-3 in patients with moderate to severe dry eye disease. 
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Table 1.  Demographics of the study sample  

 n (%) 

Age, mean ± SD (years) 26.6 ± 3.1 

Age range (min, max) (23, 33) 

Sex  

Female 10 (71%) 

Male 4 (29%) 

Race  

Asian 1 (7%) 

African American 3 (21%) 

Caucasian 10 (72%) 

Ethnicity  

Non-Hispanic or Non-
Latino 

14 (100%) 
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Figure 1. 

 

Figure 1 Caption: Immunoblot results of slot blot assay. Samples from subjects 1-6 are 

labelled at the top whereas samples from subjects 7-14 are labelled at the bottom. Samples 

for each subject consist of a vertical column of four slots: the top slot was loaded with a 5 

µg positive control of tear protein without rhGal-3 and the subsequent three slots below 

were loaded with 500 ng rhGal-3. These three slots were also loaded with increasing 

amounts (5, 10, and 15 µg) of tear protein after the rhGal-3 was vacuum filtered onto the 

membrane paper. Notice for each subject’s positive control, the relative intensity represents 

MUC16 binding to the nitrocellulose membrane without the presence of rhGal-3. The 

relative intensities of the slots beneath the controls are representative of MUC16 binding 

to both membrane and rhGal-3.  
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Table 2.  MUC16 densitometry values in subject tear protein samples  

Amount of Tear Protein (µg) Median (IQR)  
(units of intensity) 

5 4,432 (2,359 – 6,229) 

10 6,069 (4,064 – 7,348) 

15 6,856 (5,426 – 8,768) 
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Figure 2.  

 

Figure 2 Caption: MUC16 normalized density in pooled tear samples from each subject. 

Each densitometry value was normalized to the densitometry value in the positive control 

for each subject. The graph shows the normalized MUC16 densitometry value in each 

subject’s pooled sample for 5, 10, and 15 µg of tear protein that was loaded.  
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Discussion 

This doctoral research focused on characterizing membrane associated mucins on the 

ocular surface.  Membrane associated mucins, MUC1, MUC4, and MUC16, are expressed 

and secreted by corneal and bulbar conjunctival cells on the eye.226 They, along with 

galectin-3, contribute to formation of a glycocalyx, a barrier that protects the surface of the 

eye and facilitates lubrication.212 Mucins are found in all wet surfaced epithelia in the body, 

including body cavities, respiratory tracts, and digestive tracts.227 However, the palpebral 

conjunctiva of the inner surfaces of the eyelids, a wet surfaced epithelium, has not been 

thoroughly explored for expression of membrane associated mucins. Furthermore, while 

the expression of MUC4 on the cornea varies from limbus to central cornea, variations in 

expression of other membrane associated mucins have not been investigated.198  Finally, 

while membrane associated mucins are predominantly thought to be present in the 

glycocalyx, they have also been discovered in the tear film in a truncated form.80 While in 

vitro studies have demonstrated the effects of inflammation and inflammatory cytokines, 

particularly in ocular surface disease, as causing a release and shedding of membrane 

associated mucins from the epithelial surface, these mucins are also found in the tears of 

normal, healthy individuals.217 Therefore, the mechanisms of this release on a normal, 

healthy surface need to be further studied.  The findings from this doctoral research are 

presented as three manuscripts where each manuscript is based on one or two of the aims 

as outlined in the introduction.  

The first hypothesis was that membrane associated mucin MUC16 is expressed by the 

palpebral conjunctiva of the upper eyelid in humans. The technique of impression cytology 
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was utilized to collect a sample of superficial cells from the palpebral conjunctiva in human 

subjects. Impression cytology involves application of a cellulose acetate filter paper to the 

surface of the eye to remove the superficial layers. It is a non-invasive technique that allows 

for molecular, histological, and immunohistological analysis of the cells collected. For 

sample collection, the upper eyelid of each subject was everted to expose the palpebral 

surface and the filter paper was then applied. Real-time quantitative polymerase chain 

reaction (PCR) with primers for MUC16 was used to determine expression of MUC16 in 

the samples. As the number of cells and type of cells collected using impression cytology 

from a conjunctival surface can vary, expression was normalized using a primer for 

cytokeratin 7 which is expressed by goblet cells.228 Goblet cells are found in the bulbar and 

palpebral conjunctiva and primarily secrete gel-forming mucin MUC5AC into the tear 

film.41 Expression of MUC16 has been detected in goblet cells, and so cytokeratin 7 was 

used for normalization.229 The results of this study showed that cells collected from the 

palpebral conjunctiva express MUC16 as shown by the median (IQR) threshold cycle 

obtained which was 29.92 (28.83 - 30.69). This result supports the hypothesis and indicates 

a relatively high amount of MUC16 mRNA was detected in the majority of samples. 

The second hypothesis was that MUC16 is more highly expressed in the exposed regions 

of the bulbar conjunctiva (temporal and nasal) when compared to the unexposed regions 

(superior and inferior). Impression cytology was utilized to collect cell samples to test this 

hypothesis. The bulbar conjunctiva of each eye can be anatomically divided into four 

regions: temporal, nasal, superior, and inferior. When the eyes are naturally open, the 

superior and inferior regions remain covered by the upper and lower eyelids more than the 

nasal and temporal regions. The membrane associated mucins, as a part of the glycocalyx, 
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protect the eye from bacterial infection by reducing the likelihood of pathogen adherence 

and penetration into the cells.214 As the superior and inferior bulbar regions obtain some 

protection from the external environment by being partially or entirely covered by the 

eyelids, it seemed plausible to hypothesize that the expression of MUC16 may vary when 

comparing the exposed and unexposed regions of the bulbar conjunctiva. Real-time 

quantitative PCR was performed to determine expression of MUC16 in epithelial cells 

collected from all four regions of the bulbar conjunctiva. The results of the study did not 

show any significant differences between MUC16 expression in the superior, temporal, 

inferior, and nasal bulbar regions. Therefore, the findings do not support the hypothesis 

that expression of MUC16 varies across the bulbar conjunctival regions.  

The third hypothesis was that basal tears would yield optimal levels of MUC16 protein. 

The aim with this study was to determine the optimal tear collection method for evaluating 

concentration of MUC16 and MUC5AC in tear film samples collected from human 

subjects.  The tear film methods evaluated are common methods for collection of tears and 

included basal tear collection, flush tear collection, and Schirmer’s strip.78,94 Basal tear 

collection consists of applying a microcapillary tube carefully to the lower tear meniscus 

to allow tears to enter the tube via capillary action. Care was taken to avoid reflex tearing 

by gentle application of the microcapillary tube and limiting collection time to under three 

minutes. For flush tear collection, a volume of saline was instilled into the eye prior to 

collecting with microcapillary tubes. The Schirmer’s strip is used clinically to evaluate the 

volume and production of tears on the ocular surface.230 A strip was placed at the temporal 

canthus of the eye for five minutes to allow the tears to wet the strip. The protein contained 

with the strip was then extracted following an extraction protocol. The concentrations of 
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MUC16 and MUC5AC in the samples were determined using gel-electrophoresis to 

separate the proteins followed by Western blotting using antibodies. Densitometry was 

used to determine relative density and concentration of each mucin. The results showed a 

higher concentration of MUC5AC using the Schirmer’s strip when compared to flush tear 

collection (p = 0.01). For MUC16, the basal tear samples yielded a higher concentration 

when compared to both Schirmer’s strip (p < 0.01) and flush tear collection (p < 0.01). The 

findings support the hypothesis that basal tear collection yields the highest concentration 

of MUC16.  

The fourth hypothesis was that the slot blot assay could be adapted to investigate the 

affinity of MUC16 for galectin-3 using human tear film samples. As mentioned, MUC16 

is primarily found in the glycocalyx and anchored to epithelial cells on the ocular surface. 

However, truncated forms of MUC16 have been detected in the tear film and increased 

levels of galectin-3 have been detected in the tear film of dry eye patients.225 A possible 

mechanism for this release could be altered affinity between galectin-3 and MUC16 which 

releases galectin-3 into the tears. Thus, a study was conducted to determine if a slot blot 

affinity assay, previously used in cell culture, could be adapted and also used with human 

tear film samples.231 Based on the results from the previous paper to determine the optical 

tear collection method, basal tear samples were collected from healthy subjects to obtain 

an optimal concentration of MUC16. Recombinant human galectin-3 (rhGal-3) was 

collected from corneal cells in culture and vacuum filtered onto a nitrocellulose membrane 

within a bio-dot slot form microfiltration unit. Tear film samples were then loaded into 

these wells. The membrane underwent immunoblotting including detection of MUC16 

binding with antibodies and developed for chemiluminescence. The results showed a 
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significant difference in the amount of MUC16 binding to rhGal-3 as the tear protein was 

increased (p < 0.01). Thus, the findings of this study support the hypothesis that the slot 

blot is a viable method to investigate the relative binding affinity of MUC16 to galectin-3 

in human tear film samples.   

 

Future Research 

A healthy ocular surface consists of several structures and mechanisms interlinked and 

functioning to maintain homeostasis and optical clarity of the cornea for sight to occur. The 

surface of the eye is the most exposed mucosal surface in the human body, making it highly 

susceptible to the surrounding environment. Each structure of the ocular surface, therefore, 

has a role to play in protecting the eye against pathogens, irritants, allergens, and dryness. 

The epithelial cells of the cornea and conjunctiva contribute to the eye’s barrier against 

unwanted penetration of bacteria or other pathogens into the eye. Through secretion of 

membrane associated mucins, a hydrophilic glycocalyx is formed that covers the ocular 

surface. These mucins secure the tear film to the ocular surface and protect the epithelial 

surface from dryness. Without mucins, the surface of the eye would desiccate leading to 

ulceration, scarring, and blindness. Therefore, more research is needed to investigate mucin 

function and expression on the ocular surface to better understand the impact of ocular 

surface diseases, like dry eye disease, on mucins.  

Dry eye disease is a condition that affects millions of people and can have a detrimental 

effect on the quality of life of the afflicted.8,10 Based on the most recent dry eye workshop 

report, tear hyperosmolarity, tear film instability, and inflammation are core mechanisms 

of the disease.114 Increased osmolarity of the tear film results from reduced production of 
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tears and/or excessive evaporation of the tears. Hyperosmolarity can then trigger release of 

inflammatory mediators and proteases which in turn can lead to apoptosis of corneal, 

conjunctival, and goblet cells. Damage to these cells further contributes to tear film 

instability and a cycle of inflammation. Focusing on the effects on mucins, loss of goblet 

cells occur in every form of dry eye disease and results in reduced concentration of 

MUC5AC in the tear film.219,232  

As discussed in the introduction, mechanisms of disruption to the membrane associated 

mucins and glycocalyx are less certain. A study by Li et al. showed that in vitro exposure 

to hyperosmotic stress in human corneal epithelial cells stimulated production of matrix 

metalloproteinases (MMPs); specifically, MMP-1, MMP-9, and MMP-3.233 Matrix 

metalloproteinase-9, shown in vitro with corneal epithelial cells, can cleave MUC16 from 

the glycocalyx and result in decreased barrier function.206 Because there is increased MMP-

9 in the tear film of dry eye patients, further research should investigate whether there are 

correlations between MMP-9 concentrations in the tear film of dry eye patients with 

MUC16 soluble forms in the tear film which may indicate a release of MUC16 from the 

glycocalyx and disruption to the ocular surface barrier.  The glycocalyx may also be 

disrupted through altered glycosylation of the mucins. As discussed earlier, galectin-3 

associates with membrane mucins in the glycocalyx through glycan interactions and 

provides an essential component in the barrier function. Research using new, high 

resolution mass spectrometry techniques could be utilized to characterize glycosylation of 

the membrane associated mucins and determine if changes in glycosylation occur in dry 

eye disease that could explain loss of barrier function. Furthermore, as inflammation is a 

core mechanism in the disease, research will be performed in vitro to evaluate whether 
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inflammation and/or hyperosmolarity have an effect on the glycosylation of membrane 

mucins in a corneal epithelial cell culture system.189,217 219,232189,217 

While this doctoral research did not find differences in MUC16 expression between the 

regions of the bulbar conjunctiva, the results did show that cells collected from the 

palpebral conjunctiva of the upper eyelid express MUC16. The next steps in this research 

will determine if other membrane associated mucins, including MUC1 and MUC4, are also 

expressed in this region. This may provide an indication as to whether the palpebral 

conjunctiva has a similar distribution of expression of MUC1, MUC4, and MUC16 as the 

bulbar conjunctiva. Furthermore, a protein extraction protocol for impression cytology will 

be developed and utilized to determine whether membrane associated mucin protein can 

be found in this region. The discovery of mucin protein in the lid wiper region may alter 

the current understanding of lubrication system on the ocular surface; namely, that mucins 

in the lid wiper contribute to reduction of friction on the ocular surface during blinks and 

that if damaged, such as in dry eye disease, could result in increased friction and a 

mechanism for damage to the bulbar conjunctival glycocalyx and corneal epithelial cells. 

When diagnosing dry eye disease, diagnostic dyes that are temporary, such as sodium 

fluorescein and lissamine green, are often used to identify signs of dryness on the ocular 

surface.118 Lissamine green is most often used for looking at dryness on the conjunctiva 

whereas sodium fluorescein is used for evaluating the cornea.131 Although the mechanism 

of lissamine green staining on the eye is unclear, it is thought to stain similarly to rose 

bengal, another dye not commonly used currently due to the increased patient discomfort 

experienced upon instillation. Rose bengal has been used in vitro to demonstrate that cells 

lacking MUC16 or galectin-3 are not able to prevent penetration of the dye into the cell 
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and therefore become stained.133,214 Thus, the next steps of this research will investigate 

potential correlations between conjunctival staining seen on the ocular surface with 

lissamine green in severe dry eye patients and expression and concentration of MUC16 in 

the conjunctiva. Also, lissamine green staining has been observed on the lid wiper region 

of the upper eyelid.116,137 The lid wiper is the inner portion of the upper eyelid in contact 

with the ocular surface during blinking.234 MUC16 expression has been detected in the 

palpebral conjunctiva of the lid wiper in this research, and if MUC16 protein is also 

discovered in this region, further research will investigate whether lissamine green staining 

on the lid wiper of the eyelid is related to altered expression and/or concentration of 

MUC16 in this area.  

This doctoral research involved the adaptation of a slot blot affinity assay, developed in 

vitro, for use on human tear film samples to investigate the affinity of MUC16 for galectin-

3. The next steps in this research will use this method to determine whether the affinity of 

MUC16 for galectin-3 is altered in the tears of severe dry eye subjects. A decrease in 

affinity of MUC16 for galectin-3 could be a mechanism by which increased levels of 

galectin-3 are found in the tear film of dry eye patients. Otherwise, other sources for 

galectin-3 in the tears will be investigated.  
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Clinical Implications 

Overall, the results of this research contribute to our knowledge about membrane 

associated mucins on the ocular surface. These mucins play a significant role in lubricating 

the ocular surface and maintaining a stable tear film. The continuation of this doctoral 

research will investigate whether clinicians can use temporary diagnostic dyes to evaluate 

whether disruption to the glycocalyx has occurred. This would provide information about 

whether a treatment targeting mucins on the ocular surface could be beneficial in treating 

dry eye disease in an individual patient. 

 

 

 

 

 

 

 

 

 

 

 

 



147 
 

 

 

LIST OF REFERENCES 

1. Lemp MA. Report of the National Eye Institute/Industry workshop on Clinical 

Trials in Dry Eyes. The CLAO journal : official publication of the Contact Lens 

Association of Ophthalmologists, Inc. 1995;21(4):221-232. 

2. Behrens A, Doyle JJ, Stern L, et al. Dysfunctional tear syndrome: a Delphi 

approach to treatment recommendations. Cornea. 2006;25(8):900-907. 

3. Lemp MA, Baudouin C, Baum J, Dogru M. The definition and classification of dry 

eye disease: report of the Definition and Classification Subcommittee of the 

International Dry Eye WorkShop (2007). The ocular surface. 2007;5(2):75-92. 

4. Nelson JD, Craig JP, Akpek EK, et al. TFOS DEWS II Introduction. The ocular 

surface. 2017;15(3):269-275. 

5. Craig JP, Nichols KK, Akpek EK, et al. TFOS DEWS II Definition and 

Classification Report. The ocular surface. 2017;15(3):276-283. 

6. Schein OD, Munoz B, Tielsch JM, Bandeen-Roche K, West S. Prevalence of dry 

eye among the elderly. American journal of ophthalmology. 1997;124(6):723-728. 

7. The Epidemiology of Dry Eye Disease: Report of the Epidemiology Subcommittee 

of the International Dry Eye WorkShop (2007). The ocular surface. 2007;5(2):93-

107. 

8. Farrand KF, Fridman M, Stillman IO, Schaumberg DA. Prevalence of Diagnosed 

Dry Eye Disease in the United States Among Adults Aged 18 Years and Older. 

American journal of ophthalmology. 2017;182:90-98. 

9. Ahn JM, Lee SH, Rim TH, et al. Prevalence of and risk factors associated with dry 

eye: the Korea National Health and Nutrition Examination Survey 2010-2011. 

American journal of ophthalmology. 2014;158(6):1205-1214.e1207. 



148 
 

10. Paulsen AJ, Cruickshanks KJ, Fischer ME, et al. Dry eye in the beaver dam 

offspring study: prevalence, risk factors, and health-related quality of life. 

American journal of ophthalmology. 2014;157(4):799-806. 

11. Schaumberg DA, Sullivan DA, Buring JE, Dana MR. Prevalence of dry eye 

syndrome among US women. American journal of ophthalmology. 

2003;136(2):318-326. 

12. Schaumberg DA, Gulati A, Mathers WD, et al. Development and validation of a 

short global dry eye symptom index. The ocular surface. 2007;5(1):50-57. 

13. Lu P, Chen X, Liu X, et al. Dry eye syndrome in elderly Tibetans at high altitude: 

a population-based study in China. Cornea. 2008;27(5):545-551. 

14. Tong L, Saw SM, Lamoureux EL, et al. A questionnaire-based assessment of 

symptoms associated with tear film dysfunction and lid margin disease in an Asian 

population. Ophthalmic epidemiology. 2009;16(1):31-37. 

15. Han SB, Hyon JY, Woo SJ, Lee JJ, Kim TH, Kim KW. Prevalence of dry eye 

disease in an elderly Korean population. Archives of ophthalmology. 

2011;129(5):633-638. 

16. Liew MS, Zhang M, Kim E, Akpek EK. Prevalence and predictors of Sjogren's 

syndrome in a prospective cohort of patients with aqueous-deficient dry eye. The 

British journal of ophthalmology. 2012;96(12):1498-1503. 

17. Siak JJ, Tong L, Wong WL, et al. Prevalence and risk factors of meibomian gland 

dysfunction: the Singapore Malay eye study. Cornea. 2012;31(11):1223-1228. 

18. Zou X, Lu L, Xu Y, et al. Prevalence and clinical characteristics of dry eye disease 

in community-based type 2 diabetic patients: the Beixinjing eye study. BMC 

ophthalmology. 2018;18(1):117. 

19. Uchino M, Yokoi N, Uchino Y, et al. Prevalence of dry eye disease and its risk 

factors in visual display terminal users: the Osaka study. American journal of 

ophthalmology. 2013;156(4):759-766. 



149 
 

20. Chu CA, Rosenfield M, Portello JK. Blink patterns: reading from a computer screen 

versus hard copy. Optometry and vision science : official publication of the 

American Academy of Optometry. 2014;91(3):297-302. 

21. Wolkoff P, Nojgaard JK, Troiano P, Piccoli B. Eye complaints in the office 

environment: precorneal tear film integrity influenced by eye blinking efficiency. 

Occupational and environmental medicine. 2005;62(1):4-12. 

22. Dumbleton K, Caffery B, Dogru M, et al. The TFOS International Workshop on 

Contact Lens Discomfort: report of the subcommittee on epidemiology. Invest 

Ophthalmol Vis Sci. 2013;54(11):Tfos20-36. 

23. Stapleton F, Stretton S, Papas E, Skotnitsky C, Sweeney DF. Silicone hydrogel 

contact lenses and the ocular surface. The ocular surface. 2006;4(1):24-43. 

24. Craig JP, Willcox MD, Argueso P, et al. The TFOS International Workshop on 

Contact Lens Discomfort: report of the contact lens interactions with the tear film 

subcommittee. Invest Ophthalmol Vis Sci. 2013;54(11):Tfos123-156. 

25. Fraunfelder FT, Sciubba JJ, Mathers WD. The Role of Medications in Causing Dry 

Eye. Journal of Ophthalmology. 2012;2012:285851. 

26. Peck T, Olsakovsky L, Aggarwal S. Dry Eye Syndrome in Menopause and 

Perimenopausal Age Group. Journal of Mid-Life Health. 2017;8(2):51-54. 

27. Chao C, Golebiowski B, Stapleton F. The role of corneal innervation in LASIK-

induced neuropathic dry eye. The ocular surface. 2014;12(1):32-45. 

28. Versura P, Profazio V, Cellini M, Torreggiani A, Caramazza R. Eye discomfort and 

air pollution. Ophthalmologica Journal international d'ophtalmologie 

International journal of ophthalmology Zeitschrift fur Augenheilkunde. 

1999;213(2):103-109. 

29. Moss SE, Klein R, Klein BE. Prevalence of and risk factors for dry eye syndrome. 

Archives of ophthalmology. 2000;118(9):1264-1268. 

30. Yu J, Asche CV, Fairchild CJ. The economic burden of dry eye disease in the 

United States: a decision tree analysis. Cornea. 2011;30(4):379-387. 



150 
 

31. (USA) CfDC. Trends in aging--United States and worldwide. MMWR Morb Mortal 

Wkly Rep. 2003;52(6):101-104, 106. 

32. Bron AJ, Yokoi N, Gafney E, Tiffany JM. Predicted phenotypes of dry eye: 

proposed consequences of its natural history. The ocular surface. 2009;7(2):78-92. 

33. Lee WB, Mannis MJ. 1 - Historical Concepts of Ocular Surface Disease. In: 

Holland EJ, Mannis MJ, Lee WB, eds. Ocular Surface Disease: Cornea, 

Conjunctiva and Tear Film. London: W.B. Saunders; 2013:3-10. 

34. DelMonte DW, Kim T. Anatomy and physiology of the cornea. Journal of cataract 

and refractive surgery. 2011;37(3):588-598. 

35. Sridhar MS. Anatomy of cornea and ocular surface. Indian Journal of 

Ophthalmology. 2018;66(2):190-194. 

36. Nowell CS, Radtke F. Corneal epithelial stem cells and their niche at a glance. J 

Cell Sci. 2017;130(6):1021-1025. 

37. Gipson IK, Yankauckas M, Spurr-Michaud SJ, Tisdale AS, Rinehart W. 

Characteristics of a glycoprotein in the ocular surface glycocalyx. Invest 

Ophthalmol Vis Sci. 1992;33(1):218-227. 

38. Argueso P, Gipson IK. Epithelial mucins of the ocular surface: structure, 

biosynthesis and function. Exp Eye Res. 2001;73(3):281-289. 

39. Maggs DJ. Chapter 7 - Conjunctiva. In: Maggs DJ, Miller PE, Ofri R, eds. Slatter's 

Fundamentals of Veterinary Ophthalmology (Fourth Edition). Saint Louis: W.B. 

Saunders; 2008:135-150. 

40. Greiner JV, Henriquez AS, Covington HI, Weidman TA, Allansmith MR. Goblet 

cells of the human conjunctiva. Archives of ophthalmology. 1981;99(12):2190-

2197. 

41. Doughty MJ. Goblet Cells of the Normal Human Bulbar Conjunctiva and Their 

Assessment by Impression Cytology Sampling. The ocular surface. 

2012;10(3):149-169. 



151 
 

42. Kessing SV. Mucous gland system of the conjunctiva. A quantitative normal 

anatomical study. Acta Ophthalmol (Copenh). 1968:Suppl 95:91+. 

43. Knop N, Korb DR, Blackie CA, Knop E. The lid wiper contains goblet cells and 

goblet cell crypts for ocular surface lubrication during the blink. Cornea. 

2012;31(6):668-679. 

44. McKenzie RW, Jumblatt JE, Jumblatt MM. Quantification of MUC2 and 

MUC5AC transcripts in human conjunctiva. Invest Ophthalmol Vis Sci. 

2000;41(3):703-708. 

45. Mc NN, Van R, Tuchin OS, Fleiszig SM. Ocular surface epithelia express mRNA 

for human beta defensin-2. Exp Eye Res. 1999;69(5):483-490. 

46. Haynes RJ, Tighe PJ, Dua HS. Antimicrobial defensin peptides of the human ocular 

surface. The British journal of ophthalmology. 1999;83(6):737-741. 

47. Langer G, Jagla W, Behrens-Baumann W, Walter S, Hoffmann W. Secretory 

peptides TFF1 and TFF3 synthesized in human conjunctival goblet cells. Invest 

Ophthalmol Vis Sci. 1999;40(10):2220-2224. 

48. Knop E, Knop N, Schirra F. [Meibomian glands. Part II: physiology, 

characteristics, distribution and function of meibomian oil]. Der Ophthalmologe : 

Zeitschrift der Deutschen Ophthalmologischen Gesellschaft. 2009;106(10):884-

892. 

49. Remington LA. Chapter 9 - Ocular Adnexa and Lacrimal System. In: Remington 

LA, ed. Clinical Anatomy and Physiology of the Visual System (Third Edition). 

Saint Louis: Butterworth-Heinemann; 2012:159-181. 

50. Jester JV, Nicolaides N, Smith RE. Meibomian gland studies: histologic and 

ultrastructural investigations. Invest Ophthalmol Vis Sci. 1981;20(4):537-547. 

51. Cox SM, Nichols JJ. The neurobiology of the meibomian glands. The ocular 

surface. 2014;12(3):167-177. 



152 
 

52. Perra MT, Serra A, Sirigu P, Turno F. Histochemical demonstration of 

acetylcholinesterase activity in human Meibomian glands. European journal of 

histochemistry : EJH. 1996;40(1):39-44. 

53. Obata H. Anatomy and histopathology of the human lacrimal gland. Cornea. 

2006;25(10 Suppl 1):S82-89. 

54. Conrady CD, Joos ZP, Patel BCK. Review: The Lacrimal Gland and Its Role in 

Dry Eye. Journal of Ophthalmology. 2016;2016:7542929. 

55. Hodges RR, Dartt DA. Regulatory pathways in lacrimal gland epithelium. 

International review of cytology. 2003;231:129-196. 

56. Sibony PA, Walcott B, McKeon C, Jakobiec FA. Vasoactive intestinal polypeptide 

and the innervation of the human lacrimal gland. Archives of ophthalmology. 

1988;106(8):1085-1088. 

57. Nevalainen TJ, Aho HJ, Peuravuori H. Secretion of group 2 phospholipase A2 by 

lacrimal glands. Invest Ophthalmol Vis Sci. 1994;35(2):417-421. 

58. Sullivan DA, Hann LE. Hormonal influence on the secretory immune system of the 

eye: endocrine impact on the lacrimal gland accumulation and secretion of IgA and 

IgG. Journal of steroid biochemistry. 1989;34(1-6):253-262. 

59. Wolff E. The muco-cutaneous junction of the lidmargin and the distribution of the 

tear fluid. Trans Ophthalmol Soc UK. 1946;66:291-308. 

60. Doane MG. Abnormalities of the structure of the superficial lipid layer on the in 

vivo dry-eye tear film. Adv Exp Med Biol. 1994;350:489-493. 

61. Dilly PN. Structure and function of the tear film. Adv Exp Med Biol. 1994;350:239-

247. 

62. Cher I. A New Look at Lubrication of the Ocular Surface: Fluid Mechanics Behind 

the Blinking Eyelids. The ocular surface. 2008;6(2):79-86. 

63. Butovich IA. Lipidomic analysis of human meibum using HPLC-MSn. Methods in 

molecular biology (Clifton, NJ). 2009;579:221-246. 



153 
 

64. Brown SH, Kunnen CM, Papas EB, et al. Intersubject and Interday Variability in 

Human Tear and Meibum Lipidomes: A Pilot Study. The ocular surface. 

2016;14(1):43-48. 

65. Bron AJ, Tiffany JM, Gouveia SM, Yokoi N, Voon LW. Functional aspects of the 

tear film lipid layer. Exp Eye Res. 2004;78(3):347-360. 

66. Liu H, Thibos L, Begley CG, Bradley A. Measurement of the time course of optical 

quality and visual deterioration during tear break-up. Invest Ophthalmol Vis Sci. 

2010;51(6):3318-3326. 

67. Mishima S, Maurice DM. The oily layer of the tear film and evaporation from the 

corneal surface. Exp Eye Res. 1961;1:39-45. 

68. Foulks GN, Bron AJ. Meibomian Gland Dysfunction: A Clinical Scheme for 

Description, Diagnosis, Classification, and Grading. The ocular surface. 

2003;1(3):107-126. 

69. King-Smith PE, Hinel EA, Nichols JJ. Application of a Novel Interferometric 

Method to Investigate the Relation between Lipid Layer Thickness and Tear Film 

Thinning. Investigative Ophthalmology & Visual Science. 2010;51(5):2418-2423. 

70. King-Smith PE, Fink BA, Fogt N, Nichols KK, Hill RM, Wilson GS. The 

Thickness of the Human Precorneal Tear Film: Evidence from Reflection Spectra. 

Investigative Ophthalmology & Visual Science. 2000;41(11):3348-3359. 

71. Chen Q, Wang J, Tao A, Shen M, Jiao S, Lu F. Ultrahigh-resolution measurement 

by optical coherence tomography of dynamic tear film changes on contact lenses. 

Invest Ophthalmol Vis Sci. 2010;51(4):1988-1993. 

72. Kang H, Takahashi Y, Ichinose A, et al. Lateral canthal anatomy: a review. Orbit 

(Amsterdam, Netherlands). 2012;31(4):279-285. 

73. Kim EC, Doh SH, Chung SY, et al. Direct visualization of aqueous tear secretion 

from lacrimal gland. Acta ophthalmologica. 2017;95(4):e314-e322. 



154 
 

74. de Souza GA, Godoy LM, Mann M. Identification of 491 proteins in the tear fluid 

proteome reveals a large number of proteases and protease inhibitors. Genome 

biology. 2006;7(8):R72. 

75. Zhou L, Zhao SZ, Koh SK, et al. In-depth analysis of the human tear proteome. 

Journal of proteomics. 2012;75(13):3877-3885. 

76. Aass C, Norheim I, Eriksen EF, Thorsby PM, Pepaj M. Single unit filter-aided 

method for fast proteomic analysis of tear fluid. Anal Biochem. 2015;480:1-5. 

77. Azzarolo AM, Brew K, Kota S, Ponomareva O, Schwartz J, Zylberberg C. Presence 

of tear lipocalin and other major proteins in lacrimal fluid of rabbits. Comparative 

biochemistry and physiology Part B, Biochemistry & molecular biology. 

2004;138(2):111-117. 

78. Posa A, Brauer L, Schicht M, Garreis F, Beileke S, Paulsen F. Schirmer strip vs. 

capillary tube method: non-invasive methods of obtaining proteins from tear fluid. 

Annals of anatomy = Anatomischer Anzeiger : official organ of the Anatomische 

Gesellschaft. 2013;195(2):137-142. 

79. Powell DR, Thangavelu M, Chandler HL, Nichols KK, Nichols JJ. Evaluation of 

extractants and precipitants in tear film proteomic analyses. Optometry and vision 

science : official publication of the American Academy of Optometry. 

2010;87(11):854-860. 

80. Spurr-Michaud S, Argueso P, Gipson I. Assay of mucins in human tear fluid. Exp 

Eye Res. 2007;84(5):939-950. 

81. Paulsen FP, Berry MS. Mucins and TFF peptides of the tear film and lacrimal 

apparatus. Progress in histochemistry and cytochemistry. 2006;41(1):1-53. 

82. Dartt DA. Neural regulation of lacrimal gland secretory processes: relevance in dry 

eye diseases. Progress in retinal and eye research. 2009;28(3):155-177. 

83. Botelho SY. Tears and the Lacrimal Gland. Scientific American. 1964;211(4):78-

87. 



155 
 

84. Fullard RJ, Snyder C. Protein levels in nonstimulated and stimulated tears of 

normal human subjects. Invest Ophthalmol Vis Sci. 1990;31(6):1119-1126. 

85. Fullard RJ, Tucker DL. Changes in human tear protein levels with progressively 

increasing stimulus. Invest Ophthalmol Vis Sci. 1991;32(8):2290-2301. 

86. Eter N, Gobbels M. A new technique for tear film fluorophotometry. The British 

journal of ophthalmology. 2002;86(6):616-619. 

87. Tan KO, Sack RA, Holden BA, Swarbrick HA. Temporal sequence of changes in 

tear film composition during sleep. Current eye research. 1993;12(11):1001-1007. 

88. Sack RA, Beaton A, Sathe S, Morris C, Willcox M, Bogart B. Towards a closed 

eye model of the pre-ocular tear layer. Progress in retinal and eye research. 

2000;19(6):649-668. 

89. Fullard RJ, Tucker D. Tear protein composition and the effects of stimulus. Adv 

Exp Med Biol. 1994;350:309-314. 

90. Stuchell RN, Feldman JJ, Farris RL, Mandel ID. The effect of collection technique 

on tear composition. Investigative Ophthalmology and Visual Science. 

1984;25(3):374-377. 

91. Green-Church KB, Nichols KK, Kleinholz NM, Zhang L, Nichols JJ. Investigation 

of the human tear film proteome using multiple proteomic approaches. Molecular 

vision. 2008;14:456-470. 

92. Ablamowicz AF, Nichols JJ. Concentrations of MUC16 and MUC5AC using three 

tear collection methods. Molecular vision. 2017;23:529-537. 

93. Denisin AK, Karns K, Herr AE. Post-collection processing of Schirmer strip-

collected human tear fluid impacts protein content. The Analyst. 

2012;137(21):5088-5096. 

94. Markoulli M, Papas E, Petznick A, Holden B. Validation of the flush method as an 

alternative to basal or reflex tear collection. Current eye research. 2011;36(3):198-

207. 



156 
 

95. Yokoi N, Bron AJ, Georgiev GA. The Precorneal Tear Film as a Fluid Shell: The 

Effect of Blinking and Saccades on Tear Film Distribution and Dynamics. The 

ocular surface. 2014;12(4):252-266. 

96. Korb DR, Baron DF, Herman JP, et al. Tear film lipid layer thickness as a function 

of blinking. Cornea. 1994;13(4):354-359. 

97. Bron AJ, Tomlinson A, Foulks GN, et al. Rethinking dry eye disease: a perspective 

on clinical implications. The ocular surface. 2014;12(2 Suppl):S1-31. 

98. King-Smith PE, Fink BA, Hill RM, Koelling KW, Tiffany JM. The thickness of the 

tear film. Current eye research. 2004;29(4-5):357-368. 

99. Nichols JJ, Mitchell GL, King-Smith PE. Thinning rate of the precorneal and 

prelens tear films. Invest Ophthalmol Vis Sci. 2005;46(7):2353-2361. 

100. Craig JP, Tomlinson A. Importance of the lipid layer in human tear film stability 

and evaporation. Optometry and vision science : official publication of the 

American Academy of Optometry. 1997;74(1):8-13. 

101. Maurice DM. The dynamics and drainage of tears. International ophthalmology 

clinics. 1973;13(1):103-116. 

102. Willcox MDP, Argueso P, Georgiev GA, et al. TFOS DEWS II Tear Film Report. 

The ocular surface. 2017;15(3):366-403. 

103. McCulley JP, Uchiyama E, Aronowicz JD, Butovich IA. Impact of evaporation on 

aqueous tear loss. Transactions of the American Ophthalmological Society. 

2006;104:121-128. 

104. Meng ID, Kurose M. The role of corneal afferent neurons in regulating tears under 

normal and dry eye conditions. Experimental eye research. 2013;117:79-87. 

105. Belmonte C, Gallar J. Cold Thermoreceptors, Unexpected Players in Tear 

Production and Ocular Dryness Sensations. Investigative Ophthalmology & Visual 

Science. 2011;52(6):3888-3892. 

106. Hessen M, Akpek EK. Dry Eye: an Inflammatory Ocular Disease. Journal of 

Ophthalmic & Vision Research. 2014;9(2):240-250. 



157 
 

107. Nocturne G, Mariette X. Advances in understanding the pathogenesis of primary 

Sjogren's syndrome. Nature reviews Rheumatology. 2013;9(9):544-556. 

108. Bron AJ, Tiffany JM. The contribution of meibomian disease to dry eye. The ocular 

surface. 2004;2(2):149-165. 

109. Baudouin C, Aragona P, Messmer EM, et al. Role of Hyperosmolarity in the 

Pathogenesis and Management of Dry Eye Disease: Proceedings of the OCEAN 

Group Meeting. The ocular surface. 2013;11(4):246-258. 

110. Chen Z, Tong L, Li Z, et al. Hyperosmolarity-Induced Cornification of Human 

Corneal Epithelial Cells Is Regulated by JNK MAPK. Investigative Ophthalmology 

& Visual Science. 2008;49(2):539-549. 

111. Massingale ML, Li X, Vallabhajosyula M, Chen D, Wei Y, Asbell PA. Analysis of 

inflammatory cytokines in the tears of dry eye patients. Cornea. 2009;28(9):1023-

1027. 

112. Chotikavanich S, de Paiva CS, Li de Q, et al. Production and activity of matrix 

metalloproteinase-9 on the ocular surface increase in dysfunctional tear syndrome. 

Invest Ophthalmol Vis Sci. 2009;50(7):3203-3209. 

113. Schargus M, Ivanova S, Kakkassery V, Dick HB, Joachim S. Correlation of Tear 

Film Osmolarity and 2 Different MMP-9 Tests With Common Dry Eye Tests in a 

Cohort of Non-Dry Eye Patients. Cornea. 2015;34(7):739-744. 

114. Bron AJ, de Paiva CS, Chauhan SK, et al. TFOS DEWS II pathophysiology report. 

The ocular surface. 2017;15(3):438-510. 

115. Pult H, Korb DR, Murphy PJ, Riede-Pult BH, Blackie C. A new model of central 

lid margin apposition and tear film mixing in spontaneous blinking. Contact lens & 

anterior eye : the journal of the British Contact Lens Association. 2015;38(3):173-

180. 

116. Korb DR, Herman JP, Greiner JV, et al. Lid wiper epitheliopathy and dry eye 

symptoms. Eye Contact Lens. 2005;31(1):2-8. 



158 
 

117. Hom MM, Nguyen AL, Bielory L. Allergic conjunctivitis and dry eye syndrome. 

Annals of allergy, asthma & immunology : official publication of the American 

College of Allergy, Asthma, & Immunology. 2012;108(3):163-166. 

118. Wolffsohn JS, Arita R, Chalmers R, et al. TFOS DEWS II Diagnostic Methodology 

report. The ocular surface. 2017;15(3):539-574. 

119. Nichols KK, Nichols JJ, Mitchell GL. The lack of association between signs and 

symptoms in patients with dry eye disease. Cornea. 2004;23(8):762-770. 

120. Schiffman RM, Christianson MD, Jacobsen G, Hirsch JD, Reis BL. Reliability and 

validity of the Ocular Surface Disease Index. Archives of ophthalmology. 

2000;118(5):615-621. 

121. Lemp MA. Breakup of the tear film. International ophthalmology clinics. 

1973;13(1):97-102. 

122. Lemp MA, Hamill JR, Jr. Factors affecting tear film breakup in normal eyes. 

Archives of ophthalmology. 1973;89(2):103-105. 

123. Yokoi N, Komuro A. Non-invasive methods of assessing the tear film. 

Experimental Eye Research. 2004;78(3):399-407. 

124. Hong J, Sun X, Wei A, et al. Assessment of tear film stability in dry eye with a 

newly developed keratograph. Cornea. 2013;32(5):716-721. 

125. Tung CI, Perin AF, Gumus K, Pflugfelder SC. Tear meniscus dimensions in tear 

dysfunction and their correlation with clinical parameters. American journal of 

ophthalmology. 2014;157(2):301-310.e301. 

126. Mainstone JC, Bruce AS, Golding TR. Tear meniscus measurement in the diagnosis 

of dry eye. Current eye research. 1996;15(6):653-661. 

127. Holly FJ. Physical chemistry of the normal and disordered tear film. Transactions 

of the ophthalmological societies of the United Kingdom. 1985;104 ( Pt 4):374-380. 

128. Miller WL, Doughty MJ, Narayanan S, et al. A comparison of tear volume (by tear 

meniscus height and phenol red thread test) and tear fluid osmolality measures in 



159 
 

non-lens wearers and in contact lens wearers. Eye Contact Lens. 2004;30(3):132-

137. 

129. Savini G, Barboni P, Zanini M. Tear meniscus evaluation by optical coherence 

tomography. Ophthalmic surgery, lasers & imaging : the official journal of the 

International Society for Imaging in the Eye. 2006;37(2):112-118. 

130. Shapiro A, Merin S. Schirmer test and break-up time of tear film in normal subjects. 

American journal of ophthalmology. 1979;88(4):752-757. 

131. Bron AJ, Argueso P, Irkec M, Bright FV. Clinical staining of the ocular surface: 

Mechanisms and interpretations. Progress in retinal and eye research. 

2015;44c:36-61. 

132. Glasgow BJ. Fluorescence lifetime imaging microscopy reveals quenching of 

fluorescein within corneal epithelium. Exp Eye Res. 2016;147:12-19. 

133. Argueso P, Tisdale A, Spurr-Michaud S, Sumiyoshi M, Gipson IK. Mucin 

characteristics of human corneal-limbal epithelial cells that exclude the rose bengal 

anionic dye. Invest Ophthalmol Vis Sci. 2006;47(1):113-119. 

134. Kim J, Foulks GN. Evaluation of the effect of lissamine green and rose bengal on 

human corneal epithelial cells. Cornea. 1999;18(3):328-332. 

135. Korb DR, Herman JP, Finnemore VM, Exford JM, Blackie CA. An evaluation of 

the efficacy of fluorescein, rose bengal, lissamine green, and a new dye mixture for 

ocular surface staining. Eye Contact Lens. 2008;34(1):61-64. 

136. Korb DR, Greiner JV, Herman JP, et al. Lid-wiper epitheliopathy and dry-eye 

symptoms in contact lens wearers. The CLAO journal : official publication of the 

Contact Lens Association of Ophthalmologists, Inc. 2002;28(4):211-216. 

137. Knop E, Korb DR, Blackie CA, Knop N. The lid margin is an underestimated 

structure for preservation of ocular surface health and development of dry eye 

disease. Developments in ophthalmology. 2010;45:108-122. 

138. Bron AJ, Evans VE, Smith JA. Grading of corneal and conjunctival staining in the 

context of other dry eye tests. Cornea. 2003;22(7):640-650. 



160 
 

139. Nelson JD, Wright JC. Tear film osmolality determination: an evaluation of 

potential errors in measurement. Current eye research. 1986;5(9):677-681. 

140. White KM, Benjamin WJ, Hill RM. Human basic tear fluid osmolality. I. 

Importance of sample collection strategy. Acta Ophthalmol (Copenh). 

1993;71(4):524-529. 

141. Versura P, Profazio V, Campos EC. Performance of tear osmolarity compared to 

previous diagnostic tests for dry eye diseases. Current eye research. 

2010;35(7):553-564. 

142. Tomlinson A, Khanal S, Ramaesh K, Diaper C, McFadyen A. Tear Film 

Osmolarity: Determination of a Referent for Dry Eye Diagnosis. Investigative 

Ophthalmology & Visual Science. 2006;47(10):4309-4315. 

143. Lemp MA, Bron AJ, Baudouin C, et al. Tear osmolarity in the diagnosis and 

management of dry eye disease. American journal of ophthalmology. 

2011;151(5):792-798.e791. 

144. Suzuki M, Massingale ML, Ye F, et al. Tear osmolarity as a biomarker for dry eye 

disease severity. Invest Ophthalmol Vis Sci. 2010;51(9):4557-4561. 

145. Sullivan BD, Whitmer D, Nichols KK, et al. An objective approach to dry eye 

disease severity. Invest Ophthalmol Vis Sci. 2010;51(12):6125-6130. 

146. Pucker AD, Ng SM, Nichols JJ. Over the counter (OTC) artificial tear drops for dry 

eye syndrome. The Cochrane database of systematic reviews. 2016;2:CD009729-

CD009729. 

147. Lin H, Yiu SC. Dry eye disease: A review of diagnostic approaches and treatments. 

Saudi journal of ophthalmology : official journal of the Saudi Ophthalmological 

Society. 2014;28(3):173-181. 

148. Baudouin C, Labbé A, Liang H, Pauly A, Brignole-Baudouin F. Preservatives in 

eyedrops: The good, the bad and the ugly. Progress in retinal and eye research. 

2010;29(4):312-334. 



161 
 

149. Rieger G. Lipid-containing eye drops: a step closer to natural tears. 

Ophthalmologica Journal international d'ophtalmologie International journal of 

ophthalmology Zeitschrift fur Augenheilkunde. 1990;201(4):206-212. 

150. Rantamaki AH, Javanainen M, Vattulainen I, Holopainen JM. Do lipids retard the 

evaporation of the tear fluid? Invest Ophthalmol Vis Sci. 2012;53(10):6442-6447. 

151. Hart DE, Simko M, Harris E. How to produce moisture chamber eyeglasses for the 

dry eye patient. J Am Optom Assoc. 1994;65(7):517-522. 

152. Ervin AM, Law A, Pucker AD. Punctal occlusion for dry eye syndrome. Cochrane 

Database Syst Rev. 2017;6:Cd006775. 

153. Geerling G, Tost FH. Surgical occlusion of the lacrimal drainage system. 

Developments in ophthalmology. 2008;41:213-229. 

154. Dogru M, Nakamura M, Shimazaki J, Tsubota K. Changing trends in the treatment 

of dry-eye disease. Expert opinion on investigational drugs. 2013;22(12):1581-

1601. 

155. Keating GM. Diquafosol ophthalmic solution 3 %: a review of its use in dry eye. 

Drugs. 2015;75(8):911-922. 

156. Kashima T, Itakura H, Akiyama H, Kishi S. Rebamipide ophthalmic suspension for 

the treatment of dry eye syndrome: a critical appraisal. Clinical ophthalmology 

(Auckland, NZ). 2014;8:1003-1010. 

157. Mundasad MV, Novack GD, Allgood VE, Evans RM, Gorden JC, Yerxa BR. 

Ocular safety of INS365 ophthalmic solution: a P2Y(2) agonist in healthy subjects. 

Journal of ocular pharmacology and therapeutics : the official journal of the 

Association for Ocular Pharmacology and Therapeutics. 2001;17(2):173-179. 

158. Itoh S, Itoh K, Shinohara H. Regulation of human corneal epithelial mucins by 

rebamipide. Current eye research. 2014;39(2):133-141. 

159. Gumus K, Pflugfelder SC. Intranasal Tear Neurostimulation: An Emerging 

Concept in the Treatment of Dry Eye. International ophthalmology clinics. 

2017;57(2):101-108. 



162 
 

160. Lemp MA, Nichols KK. Blepharitis in the United States 2009: a survey-based 

perspective on prevalence and treatment. The ocular surface. 2009;7(2 Suppl):S1-

S14. 

161. Geerling G, Tauber J, Baudouin C, et al. The International Workshop on 

Meibomian Gland Dysfunction: Report of the Subcommittee on Management and 

Treatment of Meibomian Gland Dysfunction. Investigative Ophthalmology & 

Visual Science. 2011;52(4):2050-2064. 

162. McCulley JP, Shine WE. Meibomian secretions in chronic blepharitis. Adv Exp 

Med Biol. 1998;438:319-326. 

163. Pflugfelder SC. Antiinflammatory therapy for dry eye. American journal of 

ophthalmology. 2004;137(2):337-342. 

164. Sainz De La Maza Serra M, Simon Castellvi C, Kabbani O. [Nonpreserved topical 

steroids and lacrimal punctal occlusion for severe keratoconjunctivitis sicca]. 

Archivos de la Sociedad Espanola de Oftalmologia. 2000;75(11):751-756. 

165. McGhee CN, Dean S, Danesh-Meyer H. Locally administered ocular 

corticosteroids: benefits and risks. Drug safety. 2002;25(1):33-55. 

166. Survase SA, Kagliwal LD, Annapure US, Singhal RS. Cyclosporin A — A review 

on fermentative production, downstream processing and pharmacological 

applications. Biotechnology Advances. 2011;29(4):418-435. 

167. Gremese E, Ferraccioli GF. Benefit/risk of cyclosporine in rheumatoid arthritis. 

Clinical and experimental rheumatology. 2004;22(5 Suppl 35):S101-107. 

168. Kountouras J, Zavos C, Chatzopoulos D. Immunomodulatory benefits of 

cyclosporine A in inflammatory bowel disease. Journal of cellular and molecular 

medicine. 2004;8(3):317-328. 

169. Matsuda S, Koyasu S. Mechanisms of action of cyclosporine. 

Immunopharmacology. 2000;47(2-3):119-125. 



163 
 

170. Brignole F, Pisella PJ, De Saint Jean M, Goldschild M, Goguel A, Baudouin C. 

Flow cytometric analysis of inflammatory markers in KCS: 6-month treatment with 

topical cyclosporin A. Invest Ophthalmol Vis Sci. 2001;42(1):90-95. 

171. Kymionis GD, Bouzoukis DI, Diakonis VF, Siganos C. Treatment of chronic dry 

eye: focus on cyclosporine. Clinical ophthalmology (Auckland, NZ). 

2008;2(4):829-836. 

172. Turner K, Pflugfelder SC, Ji Z, Feuer WJ, Stern M, Reis BL. Interleukin-6 levels 

in the conjunctival epithelium of patients with dry eye disease treated with 

cyclosporine ophthalmic emulsion. Cornea. 2000;19(4):492-496. 

173. Jadidi K, Panahi Y, Ebrahimi A, Mafi M, Nejat F, Sahebkar A. Topical 

cyclosporine a for treatment of dry eye due to chronic mustard gas injury. Journal 

of ophthalmic & vision research. 2014;9(4):417-422. 

174. Strong B, Farley W, Stern ME, Pflugfelder SC. Topical cyclosporine inhibits 

conjunctival epithelial apoptosis in experimental murine keratoconjunctivitis sicca. 

Cornea. 2005;24(1):80-85. 

175. Wilson SE, Perry HD. Long-term resolution of chronic dry eye symptoms and signs 

after topical cyclosporine treatment. Ophthalmology. 2007;114(1):76-79. 

176. Thomson AW, Bonham CA, Zeevi A. Mode of action of tacrolimus (FK506): 

molecular and cellular mechanisms. Therapeutic drug monitoring. 1995;17(6):584-

591. 

177. Jacobson P, Uberti J, Davis W, Ratanatharathorn V. Tacrolimus: a new agent for 

the prevention of graft-versus-host disease in hematopoietic stem cell 

transplantation. Bone Marrow Transplant. 1998;22(3):217-225. 

178. Letko E, Ahmed AR, Foster CS. Treatment of ocular cicatricial pemphigoid with 

tacrolimus (FK 506). Graefe's archive for clinical and experimental ophthalmology 

= Albrecht von Graefes Archiv fur klinische und experimentelle Ophthalmologie. 

2001;239(6):441-444. 



164 
 

179. Attas-Fox L, Barkana Y, Iskhakov V, et al. Topical tacrolimus 0.03% ointment for 

intractable allergic conjunctivitis: an open-label pilot study. Current eye research. 

2008;33(7):545-549. 

180. Takeuchi H, Okuyama K, Konno O, et al. Optimal dose and target trough level in 

cyclosporine and tacrolimus conversion in renal transplantation as evaluated by 

lymphocyte drug sensitivity and pharmacokinetic parameters. Transplantation 

proceedings. 2005;37(4):1745-1747. 

181. Moscovici BK, Holzchuh R, Chiacchio BB, Santo RM, Shimazaki J, Hida RY. 

Clinical Treatment of Dry Eye Using 0.03% Tacrolimus Eye Drops. Cornea. 

2012;31(8):945-949. 

182. Zhong M, Gadek TR, Bui M, et al. Discovery and Development of Potent LFA-

1/ICAM-1 Antagonist SAR 1118 as an Ophthalmic Solution for Treating Dry Eye. 

ACS Medicinal Chemistry Letters. 2012;3(3):203-206. 

183. Sun Y, Zhang R, Gadek TR, O'Neill CA, Pearlman E. Corneal inflammation is 

inhibited by the LFA-1 antagonist, lifitegrast (SAR 1118). Journal of ocular 

pharmacology and therapeutics : the official journal of the Association for Ocular 

Pharmacology and Therapeutics. 2013;29(4):395-402. 

184. Sheppard JD, Torkildsen GL, Lonsdale JD, et al. Lifitegrast ophthalmic solution 

5.0% for treatment of dry eye disease: results of the OPUS-1 phase 3 study. 

Ophthalmology. 2014;121(2):475-483. 

185. Van den Steen P, Rudd PM, Dwek RA, Opdenakker G. Concepts and principles of 

O-linked glycosylation. Crit Rev Biochem Mol Biol. 1998;33(3):151-208. 

186. Guzman-Aranguez A, Argueso P. Structure and biological roles of mucin-type O-

glycans at the ocular surface. The ocular surface. 2010;8(1):8-17. 

187. Hodges RR, Dartt DA. Tear film mucins: front line defenders of the ocular surface; 

comparison with airway and gastrointestinal tract mucins. Exp Eye Res. 

2013;117:62-78. 

188. Gipson IK. Distribution of mucins at the ocular surface. Experimental Eye 

Research. 2004;78(3):379-388. 



165 
 

189. Gipson IK, Hori Y, Argueso P. Character of ocular surface mucins and their 

alteration in dry eye disease. The ocular surface. 2004;2(2):131-148. 

190. Govindarajan B, Gipson IK. Membrane-tethered mucins have multiple functions 

on the ocular surface. Exp Eye Res. 2010;90(6):655-663. 

191. Mantelli F, Argueso P. Functions of ocular surface mucins in health and disease. 

Current opinion in allergy and clinical immunology. 2008;8(5):477-483. 

192. Sharma P, Dudus L, Nielsen PA, et al. MUC5B and MUC7 are differentially 

expressed in mucous and serous cells of submucosal glands in human bronchial 

airways. Am J Respir Cell Mol Biol. 1998;19(1):30-37. 

193. Nielsen PA, Bennett EP, Wandall HH, Therkildsen MH, Hannibal J, Clausen H. 

Identification of a major human high molecular weight salivary mucin (MG1) as 

tracheobronchial mucin MUC5B. Glycobiology. 1997;7(3):413-419. 

194. Paulsen F, Langer G, Hoffmann W, Berry M. Human lacrimal gland mucins. Cell 

Tissue Res. 2004;316(2):167-177. 

195. Jumblatt MM, McKenzie RW, Steele PS, Emberts CG, Jumblatt JE. MUC7 

expression in the human lacrimal gland and conjunctiva. Cornea. 2003;22(1):41-

45. 

196. Hattrup CL, Gendler SJ. Structure and function of the cell surface (tethered) 

mucins. Annual review of physiology. 2008;70:431-457. 

197. Woodward AM, Argueso P. Expression analysis of the transmembrane mucin 

MUC20 in human corneal and conjunctival epithelia. Invest Ophthalmol Vis Sci. 

2014;55(10):6132-6138. 

198. Pflugfelder SC, Liu Z, Monroy D, et al. Detection of sialomucin complex (MUC4) 

in human ocular surface epithelium and tear fluid. Invest Ophthalmol Vis Sci. 

2000;41(6):1316-1326. 

199. Bramwell ME, Wiseman G, Shotton DM. Electron-microscopic studies of the CA 

antigen, epitectin. J Cell Sci. 1986;86:249-261. 



166 
 

200. Aristoteli LP, Bojarski B, Willcox MD. Isolation of conjunctival mucin and 

differential interaction with Pseudomonas aeruginosa strains of varied pathogenic 

potential. Exp Eye Res. 2003;77(6):699-710. 

201. Singh PK, Hollingsworth MA. Cell surface-associated mucins in signal 

transduction. Trends in Cell Biology. 2006;16(9):467-476. 

202. Workman HC, Sweeney C, Carraway KL, 3rd. The membrane mucin Muc4 inhibits 

apoptosis induced by multiple insults via ErbB2-dependent and ErbB2-independent 

mechanisms. Cancer Res. 2009;69(7):2845-2852. 

203. Chaturvedi P, Singh AP, Batra SK. Structure, evolution, and biology of the MUC4 

mucin. FASEB journal : official publication of the Federation of American 

Societies for Experimental Biology. 2008;22(4):966-981. 

204. Inatomi T, Spurr-Michaud S, Tisdale AS, Zhan Q, Feldman ST, Gipson IK. 

Expression of secretory mucin genes by human conjunctival epithelia. Investigative 

Ophthalmology & Visual Science. 1996;37(8):1684-1692. 

205. Blalock TD, Spurr-Michaud SJ, Tisdale AS, Gipson IK. Release of membrane-

associated mucins from ocular surface epithelia. Invest Ophthalmol Vis Sci. 

2008;49(5):1864-1871. 

206. Govindarajan B, Menon BB, Spurr-Michaud S, et al. A metalloproteinase secreted 

by Streptococcus pneumoniae removes membrane mucin MUC16 from the 

epithelial glycocalyx barrier. PloS one. 2012;7(3):e32418. 

207. Kruse FE. Stem cells and corneal epithelial regeneration. Eye (London, England). 

1994;8 ( Pt 2):170-183. 

208. Dartt DA. Control of mucin production by ocular surface epithelial cells. 

Experimental Eye Research. 2004;78(2):173-185. 

209. Argueso P, Guzman-Aranguez A, Mantelli F, Cao Z, Ricciuto J, Panjwani N. 

Association of cell surface mucins with galectin-3 contributes to the ocular surface 

epithelial barrier. The Journal of biological chemistry. 2009;284(34):23037-23045. 



167 
 

210. Mantelli F, Schaffer L, Dana R, Head SR, Argueso P. Glycogene expression in 

conjunctiva of patients with dry eye: downregulation of Notch signaling. Invest 

Ophthalmol Vis Sci. 2009;50(6):2666-2672. 

211. Barondes SH, Castronovo V, Cooper DN, et al. Galectins: a family of animal beta-

galactoside-binding lectins. Cell. 1994;76(4):597-598. 

212. Argueso P, Guzman-Aranguez A, Mantelli F, Cao Z, Ricciuto J, Panjwani N. 

Association of cell surface mucins with galectin-3 contributes to the ocular surface 

epithelial barrier. The Journal of biological chemistry. 2009;284(34):23037-23045. 

213. Gipson IK, Spurr-Michaud S, Tisdale A, Menon BB. Comparison of the 

transmembrane mucins MUC1 and MUC16 in epithelial barrier function. PloS one. 

2014;9(6):e100393. 

214. Blalock TD, Spurr-Michaud SJ, Tisdale AS, et al. Functions of MUC16 in corneal 

epithelial cells. Invest Ophthalmol Vis Sci. 2007;48(10):4509-4518. 

215. Ralph RA. Conjunctival goblet cell density in normal subjects and in dry eye 

syndromes. Investigative ophthalmology. 1975;14(4):299-302. 

216. Zhang J, Yan X, Li H. Analysis of the correlations of mucins, inflammatory 

markers, and clinical tests in dry eye. Cornea. 2013;32(7):928-932. 

217. Albertsmeyer AC, Kakkassery V, Spurr-Michaud S, Beeks O, Gipson IK. Effect of 

pro-inflammatory mediators on membrane-associated mucins expressed by human 

ocular surface epithelial cells. Exp Eye Res. 2010;90(3):444-451. 

218. Jones DT, Monroy D, Ji Z, Pflugfelder SC. Alterations of ocular surface gene 

expression in Sjogren's syndrome. Adv Exp Med Biol. 1998;438:533-536. 

219. Argueso P, Balaram M, Spurr-Michaud S, Keutmann HT, Dana MR, Gipson IK. 

Decreased levels of the goblet cell mucin MUC5AC in tears of patients with 

Sjogren syndrome. Invest Ophthalmol Vis Sci. 2002;43(4):1004-1011. 

220. Caffery B, Heynen ML, Joyce E, Jones L, Ritter R, 3rd, Senchyna M. MUC1 

expression in Sjogren's syndrome, KCS, and control subjects. Molecular vision. 

2010;16:1720-1727. 



168 
 

221. Caffery B, Joyce E, Heynen ML, et al. MUC16 expression in Sjogren's syndrome, 

KCS, and control subjects. Molecular vision. 2008;14:2547-2555. 

222. Danjo Y, Watanabe H, Tisdale AS, et al. Alteration of mucin in human conjunctival 

epithelia in dry eye. Invest Ophthalmol Vis Sci. 1998;39(13):2602-2609. 

223. Shimazaki-Den S, Dogru M, Higa K, Shimazaki J. Symptoms, visual function, and 

mucin expression of eyes with tear film instability. Cornea. 2013;32(9):1211-1218. 

224. Hayashi Y, Kao WW, Kohno N, et al. Expression patterns of sialylated epitope 

recognized by KL-6 monoclonal antibody in ocular surface epithelium of normals 

and dry eye patients. Invest Ophthalmol Vis Sci. 2004;45(7):2212-2217. 

225. Uchino Y, Mauris J, Woodward AM, et al. Alteration of Galectin-3 in Tears of 

Patients With Dry Eye Disease. American journal of ophthalmology. 2015. 

226. Ablamowicz AF, Nichols JJ. Ocular Surface Membrane-Associated Mucins. The 

ocular surface. 2016;14(3):331-341. 

227. Corfield AP. Mucins: A biologically relevant glycan barrier in mucosal protection. 

Biochimica et Biophysica Acta (BBA) - General Subjects. 2015;1850(1):236-252. 

228. Krenzer KL, Freddo TF. Cytokeratin expression in normal human bulbar 

conjunctiva obtained by impression cytology. Invest Ophthalmol Vis Sci. 

1997;38(1):142-152. 

229. Gipson IK, Spurr-Michaud S, Tisdale A. Human conjunctival goblet cells express 

the membrane associated mucin MUC16: Localization to mucin granules. Exp Eye 

Res. 2016;145:230-234. 

230. Li N, Deng X-G, He M-F. Comparison of the Schirmer I test with and without 

topical anesthesia for diagnosing dry eye. International journal of ophthalmology. 

2012;5(4):478-481. 

231. Woodward AM, Senchyna M, Williams R, Argueso P. Characterization of the 

interaction between hydroxypropyl guar galactomannan and galectin-3. Biochem 

Biophys Res Commun. 2012;424(1):12-17. 



169 
 

232. Kunert KS, Tisdale AS, Gipson IK. Goblet cell numbers and epithelial proliferation 

in the conjunctiva of patients with dry eye syndrome treated with cyclosporine. 

Archives of ophthalmology. 2002;120(3):330-337. 

233. Li DQ, Chen Z, Song XJ, Luo L, Pflugfelder SC. Stimulation of matrix 

metalloproteinases by hyperosmolarity via a JNK pathway in human corneal 

epithelial cells. Invest Ophthalmol Vis Sci. 2004;45(12):4302-4311. 

234. Knop E, Knop N, Zhivov A, et al. The lid wiper and muco-cutaneous junction 

anatomy of the human eyelid margins: an in vivo confocal and histological study. 

J Anat. 2011;218(4):449-461. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



170 
 

 

 

 

APPENDIX: 

IRB APPROVAL FORMS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



171 
 

 

 

 

 



172 
 

 

 

 

 

 



173 
 

 


	Characterization Of Membrane Associated Mucins In Ocular Surface Disease
	Recommended Citation

	tmp.1702672502.pdf.Y_onk

