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Preface
Dedicated to Prof. Behrens-Baumann on His 65th Birthday

Dry eye is one of the most clinically established eye diseases worldwide. Over 

the last 40 years, our knowledge of this complex disease pattern has improved 

substantially. The official 2007 report of the International Dry Eye WorkShop is 

an encyclopedic review of this disease, which comprehensively summarizes our 

current knowledge of the pathogenesis, clinical signs, diagnostics and therapy. 

Nevertheless, it is essential to remain open to new research and continue to pose 

questions in this field.

Therefore, over the last few years in Germany, the Ressort Trockenes Auge (linked 

with the Professional Association of German Ophthalmologists – BVA) has regularly 

supported research projects on dry eye disease and other related diseases of the ocu-

lar surface.

Prof. Behrens-Baumann, director of the Universitäts-Augenklinik Magdeburg 

(University of Magdeburg Eye Clinic), is an active member of this independent scien-

tific committee and has played a large role in its activities.

Theoretical and clinical research has formed a significant part of his career and of 

the clinic’s activities. With this in mind, we have started to initiate and promote joint 

research projects with young scientists aimed at investigating the complex disease 

pattern of dry eye and other diseases of the ocular surface.

For this reason, I wish to dedicate this book to Prof. Behrens-Baumann on the 

occasion of his 65th birthday. Within these pages, well-respected German-speaking 

scientists working in university clinics have clearly and extensively presented their 

current research projects. The wide ranging themes vary from experimental basic 

research through to clinical practices for dry eyes. This excellent contribution makes 

it clear to the reader that we can look forward to exciting and stimulating research in 

the future.

I would like to thank all the authors for their willingness to participate in this 

project. In this way, you have shown your appreciation towards Prof. Behrens-

Baumann.

On his 65th birthday, we wish Prof. Behrens-Baumann all the best and, above all, 

health and joie de vivre. May he be able to further develop his many musical and 

artistic interests in the future, as he has done during his professional life.
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Trefoil Factor Family Peptide 3 at the Ocular 
Surface. A Promising Therapeutic Candidate 
for Patients with Dry Eye Syndrome?
U. Schulzea � S. Selb � F.P. Paulsena

Departments of aAnatomy and Cell Biology and bOphthalmology, Martin Luther University Halle-Wittenberg, 

Halle/Saale, Germany

Abstract
Dry eye syndrome is a widespread disease accompanied by discomfort and potential visual impair-

ments. Basic causes are tear film instability, hyperosmolarity of the tear film, increased apoptosis as 

well as chronic inflammatory processes. During the last decades, our understanding of dry eye syn-

drome has considerably increased. However, the molecular mechanisms of the disease remain largely 

elusive. In this context, our group focuses on trefoil factor 3 (TFF3). Among other factors, TFF3 per-

forms a broad variety of protective functions on surface epithelium. Its main function seems to be in 

enhancing wound healing by promoting a process called ‘restitution’. Studies evaluating TFF3 prop-

erties and effects at the ocular surface using in vivo as well as in vitro models have revealed a pivotal 

role of TFF3 in corneal wound healing. Subsequent studies in osteoarthritic cartilage seem to draw a 

different picture of TFF3, which still needs further elucidation. This manuscript summarizes the find-

ings concerning TFF3 in general and its role in the cornea as well as articular cartilage – two tissues 

which have some things in common. It also discusses the potential of TFF3 as a candidate therapeu-

tic agent for the treatment of, for example, ocular surface disorders. Copyright © 2010 S. Karger AG, Basel

The ocular surface is constantly exposed to the external environment, and hence epi-

thelial defects caused by injuries, infections as well as diseases may occur. Modern 

living has given rise to a massive increase in the incidence of vision-threatening dry 

eye disease; around 10–30% of the population living in industrialized countries suf-

fer from dry eye syndrome [1]. According to the definition of the Dry Eye Workshop 

Study Group in 2007 [2], dry eye disease is ‘a multifactorial disease of the tears and 

ocular surface that results in symptoms of discomfort, visual disturbances, 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.’ Reduced 

production of tear fluid or changes in the tear film composition with impaired tear 

film stability results in diminished moistening of the ocular surface with tear fluid. 
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Consequently, this leads to several aftereffects, like inflammation, adaptive immune 

reaction (including T cell activation), apoptosis and bacterial colonization [2]. To 

cope with these challenges and ensure clear vision, a rapid wound healing process is 

necessary at the ocular surface.

Over the past 10 years, the trefoil factor family (TFF) and in particular one of its 

members, trefoil factor 3 (TFF3), has edged ever closer to the spotlight – particularly 

since TFF3 was found to promote healing processes in the organism, especially in the 

mucus layer lining the gastrointestinal tract. The ocular surface is also a mucosal sur-

face. When considered together with the protective properties of TFF3, this gives rise 

to the hypothesis that TFF3 is a promising therapeutic agent for ocular surface defects 

and especially for dry eye syndrome [3].

TFF Peptides in General and TFF3 in Particular

The trefoil factor family consists of 3 family members: TFF1 (formerly pS2), TFF2 

(formerly hSP) and TFF3 (formerly hP1.B/hITF). They are characterized by a trefoil 

domain of 38–41 amino acids which contains 6 conserved cysteine residues. These 6 

amino acids form 3 disulfuric bonds in a Cys1-Cys5, Cys2-Cys4, Cys3-Cys6 configu-

ration [4]. Thus, a very rigid so-called ‘trefoil structure’ is formed, which offers relative 

protection to these peptides from proteolytic degradation. Both TFF1 and TFF3 have 

one trefoil domain, but form dimers by a fourth intermolecular disulfuric bond. TFF2 

on the other hand has a monomeric structure, but consists of two trefoil domains.

The TFF peptides are mucus associated, and show a tissue-specific expression 

pattern. Until now, they have been detected in the gastrointestinal tract [5], salivary 

glands [6], uterus and endocervix [7] as well as the mamma [8] and as a secretory 

component in human milk [9]. Furthermore, TFF peptides have been found in the 

respiratory tract [10], colocalized with oxytocin in hypothalamic cells [11], in Vater’s 

ampulla [12], esophageal submucosal glands [13] as well as several other tissues [14].

At the ocular surface and the lacrimal apparatus, expression of TFF1 and TFF3 has 

been identified in goblet cells of the conjunctiva [15, 16] as well as in epithelial cells of 

the lacrimal sac and nasolacrimal sac [17]. Moreover, TFF peptides have been shown 

to play a role in dacryolith formation within the nasolacrimal passage. Interestingly, 

TFF2 is present in dacryoliths, while it is normally absent from the efferent tear duct 

system [18]. With regard to the ocular surface, TFF3 mRNA expression was present 

in healthy cornea, whereas at the protein level no TFF3 could be detected. However, 

under corneal pathological conditions – like Fuchs dystrophy, herpetic keratitis, kera-

toconus as well as pterygium – TFF3 protein was detectable [19]. Furthermore, it has 

been shown by in vivo studies that TFF3 protein is induced after corneal epithelial 

injuries in mice [20].

Although a lot of TFF3-binding proteins have been characterized, the receptor 

that mediates TFF3 signaling has not yet been identified [21]. It is assumed that the 
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receptor is localized at the basolateral side of the cell membrane in epithelial cells, 

and is exposed only after defects in the mucus (fig. 1) [3, 5]. Recently, the low-affinity 

chemokine receptor CXCR4 has been identified as a receptor for TFF2 [22]. However, 

TFF3 should be considered as potential ligand for that receptor as well [23].

It is known that TFF peptides offer a broad variety of protective functions [14]. 

They directly interact with mucins and thereby influence the rheology of the mucus 

in general and tear fluid in particular [24–26]. Recent ex vivo studies with tear fluid 

from patients with dry eye syndrome seem to support this theory. In these experi-

ments, a positive influence of recombinant human TFF3 peptide applied into the 

patient’s tear fluid has been observed (unpublished data). Furthermore, TFF peptides 

participate in the packaging and secretion of mucins. The latter demonstrates the 

close correlation between mucins and TFF peptides, as well as the close cooperation 

of TFF peptides with other proteins in general [4]. Along with their contribution in 

the immune response [27, 28], they are also linked to tumor progression [29, 30].

TFF3 in particular shows anti-apoptotic characteristics [31–33], promotes human 

airway epithelial ciliated cell differentiation [34] and has motogenic properties [5]. 

Several groups have observed that TFF3 enhances the migration of epithelial cells 

into the surrounding areas [35–38]. Moreover, TFF3 plays a key role in the process 

of restitution. Once the surface integrity of the epithelial layer is impaired by a defect 

or an injury, cells of the surrounding unaffected tissue detach from the united cell 

structure and migrate into the affected area. This critical early phase of the migration 

ensures rapid re-epithelialization [39]. Studies with murine trefoil factor 3 knock-

out mice (Tff3–/–) have shown that TFF3 is essential for restitution, since these mice 

showed an impaired wound healing process [20, 40].

TFF3 at the Ocular Surface

At the ocular surface, Göke et al. [35] demonstrated the wound healing potential of 

recombinant TFF3 in vitro in primary rabbit corneal epithelial cells. Ensuing in vivo 

or combined in vivo-in vitro studies in two established corneal defect mouse models 

led to consistent and even more interesting results [20]. Corneal defects were induced 

by alkali burns (0.5 m NaOH) or by excimer laser ablation, resulting in severe local-

ized impairment and removal of the corneal epithelium, whereas the corneal stroma 

and endothelium remained unaffected. To identify the endogenous expression pat-

tern, murine Tff3 protein expression was then analyzed at different time points after 

the lesion. As in the healthy human cornea [19], Tff3 was absent in normal murine 

corneal tissue, but had already been induced in the corneal epithelium 1 h after injury. 

After the lesion, Tff3 expression levels in the cells close to the defect area gradually 

increased; even after wound closure, protein levels remained relatively high in the 

epithelial cells. Conversely, stromal and endothelial cells were Tff3-negative at all 

observed time points. Inducible expression results after injury support the protective 
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role of TFF3. This correlates with the findings that in Tff3–/– knockout mice corneal 

healing is prolonged after alkali burns as well as excimer-laser-induced injuries. Wild-

type mice recover from these defects after approximately 10 h, whereas in knockout 

mice re-epithelialization was prolonged up to 462 h. Along with this difference in 

healing time, the hypothesis of Tff3 playing a pivotal role is also underlined by the 

finding that the recovered corneal epithelium was reduced in size and quality in 50% 

of the knockout mice. Only a monolayer of cells could be detected in these mice, 

and several areas showed detachment of the epithelium from the stroma as well as 

infiltration with immune cells, mainly lymphocytes. Furthermore, Tff3–/– mice lack 

Tff3 secreted into the tear film by conjunctival goblet cells (in addition to inducible 

corneal peptide), which would be provided to the apical corneal epithelium in wild-

type mice.

In order to verify the in vivo results, experiments were also performed in a com-

bined in vivo-in vitro model. First, the standardized alkali-induced corneal defects 

were allowed to partially heal in vivo for 6 h. Afterwards, mice were sacrificed, bulbi 

were enucleated, pinned down on dental wax and further cultured in a 24-well plate 

for an additional 124 h. The healing process was observed by measuring the remaining 

wounded area. Similar to in vivo results, a decelerated corneal recovery was observed 

in Tff3–/– mice bulbi in comparison to wild-type mice bulbi (fig. 2). The difference in 

recovery time was around 20 h, which is still a big difference since normal murine 

corneal recovery is a very rapid process.

To evaluate the biological effect of exogenously applied TFF3 upon in vivo corneal 

healing, ocular surface defects were induced by placing an alkali-soaked filter disk 

(2 mm) onto the cornea for 2 min or by excimer laser ablation following ophthalmic 

drop medications 3 times a day for a period of 3 days. These drops contained exoge-

nous recombinant human TFF3 (rhTFF3) in different concentrations or bovine serum 

albumin (BSA) as a nonspecific protein control. Wound healing was analyzed at two 

Basolateral
membrane

Lumen

Receptor

Fig. 1. TFF3 receptor hypoth-

esis. The TFF3 receptor is 

assumed to be localized in the 

basolateral side of the cell 

membrane of epithelial cells 

within the mucus layer. It is 

exposed to its ligands only 

after defects. Modified from 

Paulsen [3].
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different time points using a grading system. The treated eyes were grouped accord-

ing to the remaining impairments in the wounded area, such as defect extent and 

intensity, inflammatory environment observed by conjunctival hyperemia, and light 

reflection as a sign for identifying smoothness of the ocular surface. Three categories 

were considered: healed, moderately healed, and defect still present. It was obvious 

that rhTFF3 promoted the wound healing process in a dose-dependent manner (fig. 

3). The highest concentrations (5 mg/ml rhTFF3 for alkali-induced defects and 10 

mg/ml rhTFF3 for excimer laser-induced defects) accelerated the recovery process 

best, followed by a lower dose of rhTFF3 application, compared to BSA controls.

In order to verify these data, the experiments were repeated in the combined alkali 

burn in vivo-in vitro model. After alkali-induced defect induction, these bulbi were 

9 h 25 h 30 h 34 h

53 h 73 h 93 h 124 h

48 h

Tff3–/–

9 h 25 h 30 h 34 h

53 h 73 h 93 h 124 h

48 h

Tff3
wild-type

Fig. 2. Tff3–/– mice show decelerated corneal wound healing. Alkali-induced defects in Tff3–/– mice 

as well as in wild-type mice were allowed to partially heal in vivo for 6 h, followed by further in vitro 

cultivation for up to 124 h. Photographs were taken after 9, 25, 30, 34, 48, 53, 73, 93 and 124 h, and 

analysis of the wounded area was performed by measuring the remaining defect area using photo 

software. For better visualization, corneal defects are marked in white. Wound closure was com-

pleted after 30 h in wild-type mice, whereas in Tff3–/– knockout mice healing was finished after 

around 53 h (taking around 20 h longer). Modified from Paulsen et al. [20].
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allowed to recover in vitro in the presence of different concentrations of rhTFF3 pep-

tide, BSA or no additives as a control. The healing process was again documented 

after several time periods. A concentration of 0.1 mg/ml rhTFF3 was found to greatly 

enhance corneal healing in this model compared to higher concentrations of rhTFF3, 

BSA or untreated control (fig. 4). Cultivating the bulbi with higher concentrations 

of the rhTFF3 peptide seems to have no further effect on the recovery of surface 

integrity compared to BSA. When comparing in vivo and in vivo-in vitro results, it 

seems obvious that the in vivo model needs higher doses to complete rapid wound 

closure. However, vital circumstances have to be taken into account as these differ-

ences between in vivo and in the combined in vivo-in vitro model might be due to 

blinking. Parts of the topically applied rhTFF3 might be quickly removed after blink-

ing, so lower doses remain at the ocular surface and ensure rapid re-epithelialization 

instead of the applied high doses. Moreover, TFF3 results are thought to be receptor-

mediated, so a dose-dependent limitation in receptor activation is possible. RhTFF3 

treatment with 0.1 mg/ml revealed a quite obvious enhancement in corneal healing 

in the combined in vivo-in vitro model. These findings correlate with the in vitro 

studies which found a similar concentration to be most beneficial [35]. Additionally, 

and even more interestingly, exogenously applied rhTFF3 also produced beneficial 

effects in Tff3–/– mice. The data are in line with observations in several other animal 

models of gastrointestinal impairments which show positive effects after TFF3 treat-

ment [14]. Furthermore, a recently published phase-II clinical trial lends weight to 

this assumption. In the course of that phase-II randomized double-blind placebo-

1.0

Defect

still present

Moderately

healed

Healed

Criteria:

Defect intensity

Conjunctival hyperemia

Light reflection

0.1 0.5 1.0

rhTFFBSAa

5.0 1.0

Defect

still present

Moderately

healed

Healed

Criteria:

Defect intensity

Conjunctival hyperemia

Light reflection

0.1 10

rhTFFBSAb

(mg/ml)(mg/ml)

47 h
22 h

72 h
24 h

Fig. 3. Topical application of rhTFF3 enhances corneal healing in vivo after alkali-induced and exci-

mer-laser-induced defects. a Defects induced by alkaline solution: 5 corneas of each group were 

treated with rhTFF3 or BSA for 24 or 72 h. b Defects induced by excimer laser were allowed to heal in 

the constant presence of rhTFF3 or BSA for 22 or 47 h. Afterwards, corneas were evaluated according 

the remaining defect intensity (wound extent and depth), conjunctival hyperemia (signs of inflam-

mation) and light reflection (signs of smoothness of the cornea), and grouped into 3 categories. 

Results demonstrated the dose-dependent effects of rhTFF3 treatment. From Paulsen et al. [20].
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controlled clinical study, rhTFF3 was topically applied as oral spray for prevention of 

oral mucositis in chemotherapy patients with colorectal cancer. Prophylactic applica-

tion of both high and low doses of TFF3 produced a reduction in occurrence and 

severity of oral mucositis compared to the placebo-treated group [41].

Taken together – i.e. inducible expression under pathological conditions, deceler-

ated corneal healing in Tff3–/– mice, beneficial effects of exogenously applied TFF3 on 

corneal healing in wild-type and Tff3-deficiency mice in corneal defect models, and 

the positive influence on tear fluid from patients with dry eye syndrome – clinical 

trial results strengthen the hypothesis that TFF3 is a promising therapeutic candidate 

for treating corneal injuries, as well as ocular surface impairments caused by dry eye 

syndrome.

TFF3 in Articular Cartilage

Following the promise offered by TFF3, Rösler et al. [42] conducted studies in 

articular cartilage since this shares characteristics with the cornea. Both tissues are 

BSA
1 mg/ml

TFF3
0.1 mg/ml

TFF3
1.0 mg/ml

TFF3
5.0 mg/ml

72 h60 h48 h36 h24 h12 h

...

Fig. 4. rhTFF3 enhances corneal healing in an alkali-induced in vivo-in vitro corneal defect model. 

Alkali-induced defects in each group of 6 corneas were allowed to partially heal in vivo for 6 h, fol-

lowed by further in vitro cultivation in the presence of rhTFF3, BSA or no additives as a control for up 

to an additional 72 h. Photographs were taken after 12, 24, 36, 48, 60 and 72 h, and analysis of the 

wounded area was carried out by measuring the remaining defect area using photo software. For 

better visualization, corneal defects are marked in white. Treatment with 0.1 mg/ml rhTFF3 led to 

highly accelerated recovery, whereas increasing concentrations of rhTFF3 had no further effect. From 

Paulsen et al. [20].
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nonvascular and pathological conditions, such as the main form of dry eye syndrome 

and osteoarthritis, are to some extent alike in the course of inflammatory progress 

and the resulting consequences. Osteoarthritis is a degenerative disease characterized 

by chronic inflammatory conditions. It has a relatively high incidence in Germany, 

and 25% of 50-year-olds and 80% of 75-year-olds show radiologically visible signs of 

osteoarthritis. In the course of the chronic inflammatory process, release of proin-

flammatory cytokines (in particular IL-1β and TNF-α) results in an elevated acti-

vation of extracellular matrix-degrading matrix metalloproteinases (MMPs). The 

inhibitors of the MMPs (tissue inhibitors of matrix metalloproteinases; TIMPs) are 

downregulated in osteoarthritis, leading to progressive degradation of the extracel-

lular matrix and cartilage [43, 44].

To study the endogenous expression pattern of TFF3, healthy and osteoarthritic 

articular cartilage was evaluated first. Similar to the findings in the cornea [19], TFF3 

expression was only induced under pathological conditions in tissue obtained from 

osteoarthritic cartilage, whereas in healthy tissue no TFF3 was present. In vivo models 

like STR/Ort mice (a model for osteoarthritis) also mirrored induced Tff3 expression. 

This is similar to the observation of emerging Tff3 in murine knee joints of Balb/c 

mice after injection of bacterial supernatants to simulate septic arthritis, which may 

also contribute to its role in immune response. Primary chondrocytes obtained from 

osteoarthritic joints already expressed TFF3 in vitro on a low basal level; however, 

stimulation with the proinflammatory cytokines IL-1β and TNF-α (two of the key reg-

ulators of osteoarthritis) also strongly induced TFF3 expression. Subsequent in vitro 

experiments analyzing the role of these primary chondrocytes in apoptosis revealed 

a proapoptotic potential of rhTFF3 alone and in combination with TNF-α – a result 

completely against expectations. Apart from this, expression of MMPs and TIMPs 

that play a role in osteoarthritis by participating in articular cartilage metabolism and 

remodeling was altered after exposure to rhTFF3 as well. In a dose-dependent man-

ner, protein levels greatly increased for MMP3 and MMP1, yet only moderately for 

MMP13 in primary chondrocytes. However, TIMP1 expression was downregulated 

after rhTFF3 exposure, reflecting extracellular matrix degradation. TIMP2 expression 

was not affected in primary chondrocytes, but was reduced in a chondrocyte cell line 

after high-dose TFF3 stimulation [42].

Surprisingly, all these results obtained in vitro in osteoarthritic primary chondro-

cytes might reflect a new face of TFF3 under simulated chronic inflammatory condi-

tions. This is very interesting, especially when assuming that the main form of dry 

eye syndrome is a chronic inflammatory disease. Dry eye syndrome (the main form) 

is also characterized by increased release of proinflammatory cytokines [45–48] and 

a hyperosmolar tear film [1, 49] leading to activation of MMPs, in particular MMP-

9, 1 and 13, and increased apoptosis [50]. Several mouse models simulating dry eye 

conditions show overexpression of MMPs and apoptosis-associated markers [51–53]. 

Even the canine dry eye model established by inflammation of the tear ducts shows 

this phenomenon [54].
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TFF3: A Promising Therapeutic Candidate for Patients with Dry Eye Syndrome?

Taken together, in acute conditions TFF3 seems to play a crucial role in mucosal protec-

tion and repair. However, under chronic inflammatory conditions, such as those occur-

ring during osteoarthritis, it seems to bring forth apoptosis as well as extracellular matrix 

degradation by activation of certain MMPs and inhibition of their inhibitors. Until 

now, the appraisal of these findings concerning the character of TFF3 remains unclear 

– whether these new findings resemble the ocular surface under dry eye conditions as 

well and whether this new face of TFF3 is beneficial or has negative consequences.

Wound healing is a very complex process regulated by a wide range of growth 

factors: TFF3, cytokines that stimulate proteolytic enzymes and induce apoptosis 

and matrix/tissue degradation. The latter two occur in order to eliminate tissue com-

promised by the defect to prevent further damage and to allow re-epithelialization 

and recovery of the surface integrity. Under chronic conditions, the balance between 

short degradation and subsequent repair is altered to ongoing tissue degradation and 

apoptotic conditions. To what extent TFF3-induced apoptosis and matrix degrada-

tion reflect normal processes concerning wound healing still remains unclear, but 

this is an interesting question and needs further elucidation.

Following the assumption that rhTFF3 accelerates apoptosis and matrix degrada-

tion under chronic inflammatory conditions at the ocular surface, it may also slow 

the healing process. Thus, endogenously induced TFF3 produced by the conjunctiva 

and secreted into the tear film, as well as additional topically applied rhTFF3, would 

probably worsen the patient’s condition. This may have negative consequences on 

future drug development.

Before designing further studies on humans to evaluate the effect of TFF3 at the 

ocular surface, we have to extend our knowledge of the TFF3 mechanism at the 

molecular level. Subsequent studies will clarify whether TFF3 is beneficial in chronic 

inflammatory conditions and can act as a therapeutic candidate for treating patients 

with dry eye syndrome as well as ocular surface defects.
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Abstract
Several diseases concomitant with L-arginine deficiency (diabetes, chronic kidney failure, psoriasis) 

are significantly associated with dry eye syndrome. One important factor that has so far been 

neglected is the y+ transporter. In humans, y+ accounts for nearly 80% of arginine transport, exclu-

sively carrying the cationic amino acids L-arginine, L-lysine and L-ornithine. y+ is represented by CAT 

(cationic amino acid transporter) proteins. L-arginine is a precursor of the moisturizer urea, which has 

been used in the treatment of dry skin diseases. Although urea has also been shown to be part of the 

tear film, little attention has been paid to it in this role. Moreover, L-arginine and L-lysine are major 

components contributing to synthesis of the antimicrobially active β-defensins induced under dry 

eye conditions. The first results have demonstrated that transport of L-arginine and L-lysine into epi-

thelial cells is limited by the y+ transporter at the ocular surface. Copyright © 2010 S. Karger AG, Basel

Fifty-five million ocular injuries occur each year worldwide [1]. Recent studies have 

shown that one third of all 4-year-olds exhibit deficiencies in visual acuity, of which 

only 40% are recognized. These deficiencies can be traced in part to previous ocular 

infections [2]. In the majority of cases, irreversible long-term damage can be expected 

due to late recognition of the problem. The correction of refractive errors is common 

today, and as a result approximately 30 million people in Germany wear glasses or 

contact lenses, with the figure in the USA reaching about 120 million. Wearing poorly 

adjusted or inadequately cleaned contact lenses increases the risk of inflammation of 

the ocular surface considerably [3–5]. Over the last few years and with increasing fre-

quency, refractive errors have been corrected using laser-assisted in situ keratomileu-

sis (LASIK). Thus, by the year 2000, about 1.55 million operations had already been 

reported in the USA. The frequency of laser treatment is growing worldwide by about 

10–25% per year. Although LASIK is considered to be safer and less prone to com-

plications than photorefractive keratectomy and radial keratectomy, problems with 

secondary infections arise here as well, as is the case in all ocular operations [6, 7].
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In general, bacterial keratitis and conjunctivitis are the most common diagnoses 

in ophthalmological practice. They most frequently appear subsequent to long-term 

contact lens use, refractive corneal surgery, penetrating corneal injury and in the 

course of immunosuppressive treatment [8–11]. The most common pathogens found 

to induce keratitis are Staphylococcus aureus and Pseudomonas aeruginosa [12, 13]. 

The bacterial products of metabolism and their toxins as well as the inflammatory 

reaction of the host often result in severe tissue injury with lasting scarring, poten-

tially leading to complete loss of vision [8].

Functional Relationship between y+ Transporter and β-Defensins

The ocular surface, constantly exposed to environmental pathogens, is particularly 

vulnerable to infection. An advanced immune defense system is therefore essential 

to protect the eye from microbial attack. Antimicrobial peptides, such as β-defensins, 

are essential components of the innate immune system and are the first line of defense 

against invaders. In order to produce defensins, the cells forming them require large 

amounts of the amino acids l-arginine and l-lysine. In humans, the amino acids are 

transferred through the cell membrane via the y+ transporter approximately 80% of 

the time. The remaining 20% are transported non-specifically via the transporters 

B0,+, b0,+ and y+-L, which play only a minor role in l-arginine and l-lysine transport 

and, up to now, no role at all in the immune response [14]. An inadequate sup-

ply of the cationic amino acids l-lysine and l-arginine, secondary to a blockage or 

destruction of the cationic amino acid transporters, could lead to reduction or ces-

sation of β-defensin production. In particular, production of the defensins (human 

β-defensin; hBD-2 and 3) could be affected, the expressions of which are induced 

by various cytokines or bacterial toxins. Experiments on cationic amino acid trans-

porter knockout (CAT2–/–) mouse mutants have shown NO production to decrease 

by 95% and l-arginine uptake by 92% in inflammation [15]. There is thus a direct 

consequence of CAT2–/–. Such an effect is presumably related to hBD-2 and/or 3 

production.

hBD-2 was first obtained from psoriatic skin. It has been demonstrated that psori-

asis patients have fewer dermal infections than would be expected from the condition 

of the skin. This led to speculation that psoriatic skin lesions may produce antimicro-

bial peptides that protect it from infection [16]. It is also known that psoriatic skin 

or dry skin per se is always accompanied by urea deficiency. Urea is formed in the 

breakdown process of specific amino acids, particularly arginine, in the keratiniza-

tion process of the cells. In keratinization disturbances, there is a lack of these amino 

acids, especially arginine. This leads to a clear reduction in urea concentration, and 

the natural moisture-retaining function is reduced. In comparative measurements, 

urea concentrations reduced by as much as 50% were found in clinically dry skin 

as compared to healthy skin [17]. This lack of natural moisture-retaining factors 
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(particularly urea) leads to increased transepidermal water loss. The skin becomes 

dry and open lesions develop in the epidermis.

Generally, in diseases accompanied by l-arginine deficiency [18, 19], e.g. psoriasis, 

dry skin, diabetes or rheumatoid arthritis, there is a significant association with dry 

eye [20] as well as increased β-defensin production [21]. Although the details of these 

relationships have been known for some time, to date their interrelatedness has not 

been considered.

Research Project

For the first time, our group succeeded in localizing the y+ transporter in form of 

hCAT1 and hCAT2 in tissues of the ocular surface and lacrimal apparatus. Moreover, 

we were able to demonstrate that changes in hCAT expression occur during specific 

corneal diseases and through inflammatory mediators [22]. Our own investigations 

had established the relationship between the y+ transporter and psoriasis [19, 23], and 

the relationship between β-defensins and pathological changes at the ocular surface 

was established [24]. We now have initial evidence of a direct correlation between 

dermatoses related to dry skin and dry eye syndrome. With regard to this, a question-

naire-based study revealed that 63% of patients (n >300) with diagnosed dry eye also 

suffer from dry skin (unpublished results). These results and the current literature 

support the assumption that the y+ transporter is involved in dry eye pathology. The 

current project therefore aims to analyze whether the y+ transporter is involved in a 

causal regulation cascade of β-defensins, urea and dry eye syndrome, with the pros-

pect of opening up new avenues in treatment of dry eyes.
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Abstract
The ocular surface is in constant contact with the environment (e.g. when using one’s fingers to 

insert a contact lens) and thus also with diverse bacteria, bacterial components and their pathogen-

associated molecules. Dysfunctions of the tear film structure or decreased moistening of the ocular 

surface, as in dry eye (keratoconjunctivitis sicca) for example, often lead to inflammatory and infec-

tious complications resulting in severe functional disorders, particularly concerning the cornea. 

Besides different protective antimicrobial substances in the tear fluid (mucins, lysozyme, lactoferrin), 

the epithelia of cornea and conjunctiva can also protect themselves from microbial invasion by pro-

ducing an arsenal of antimicrobial peptides (AMPs). A number of different studies have revealed that 

small cationic AMPs, which display antimicrobial activity against a broad spectrum of microorgan-

isms, are a major component of the innate immune system at the human ocular surface. Furthermore, 

several AMPs modulate cellular activation processes like migration, proliferation, chemotaxis and 

cytokine production, and in this way also affect the adaptive immune system. In this article, we have 

summarized current knowledge of the mechanisms of activity and functional roles of AMPs, with a 

focus on potential multifunctional roles of human β-defensins and S100 peptide psoriasin (S100A7) 

at the ocular surface. Copyright © 2010 S. Karger AG, Basel

Antimicrobial Peptides at the Ocular Surface

Lacrimation and the wiper function of the eyelids are effective in counteracting inva-

sion and colonization of microorganisms at the ocular surface. Additionally, the tear 

film contains a number of unspecific antibacterial substances, like lysozyme, lactofer-

rin, lipocalins, secretory phospholipase A2 and components of the complement sys-

tem [1]. Another primary defense mechanism of the innate immune system involves 

antimicrobial peptides (AMPs). AMPs are defined as peptide molecules which show 

direct antimicrobial activity, are less than 100 amino acids in length and are coded 

by individual genes. Moreover, due to the high amount of cationic amino acids, 

AMPs have a positive net charge in physiological pH conditions and their structure 
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is characterized by a hydrophobic and a hydrophilous side (amphipathic character). 

AMPs have been detected across a wide spectrum of different species, including 

amoeba, plants, insects and mammals. A database maintained by the University of 

Trieste (www.bbcm.units.it/~tossi/pag1.htm) contains a list of over 900 AMPs and 

proteins. They are classified into 4 groups according to their secondary structure: (1) 

linear α-helical peptides (e.g. human cathelicidin LL-37); (2) peptides with β-sheets 

and disulfide bonds (e.g. α- and β-defensins); (3) peptides with a high amount of 

specific amino acids (e.g. histatin family); (4) peptides with a loop domain (e.g. bacte-

necin) [2–4]. The major AMPs present at the ocular surface are α- and β-defensins 

and human cathelicidin LL-37, also a number of others have been identified at the 

ocular surface (fig. 1). These AMPs have been detected in cells from the lacrimal 

gland, glands of Krause and Moll, and also from cornea and conjunctiva epithelia [for 

a review, see 5].

AMP Active Principle

AMPs demonstrate direct antimicrobial activity against a broad spectrum of Gram-

positive and Gram-negative bacteria, fungi and some viruses. Antibacterial activity 

occurs in a low micromolar range, and AMPs show large variability in their efficiency 

in killing specific pathogens. The active principle of AMPs, namely the direct anti-

microbial activity, is based on the charge-dependent interaction of the positively 

charged AMPs with the negatively charged surface of microorganisms. The detailed 

mechanism of the electrostatic interaction, however, is still being researched and 

discussed at the moment [6], but all models show permeabilization of the microbial 

cell membrane, which leads to loss of essential intracellular components and cell 

death. Furthermore, several alternative mechanisms of AMP activity have also been 

described, which contain partly specific interactions with receptor molecules or intra-

cellular molecules. Current studies also show that AMPs take up important mamma-

lian functions concerning cellular activation processes (like proliferation, migration, 

chemotaxis and cytokine production [7, 8]) and linking the innate with the adaptive 

immune system [9–11].

AMPs and Dry Eye

Dry eye disease (keratoconjunctivitis sicca) is one of the most frequent chronic diseases 

of the ocular surface worldwide. Here, all symptoms are subsumed, causing decreased 

moistening of the ocular surface with tear fluid (DEWS report 2007). This is due to a 

wide range of environmental factors (screen work, air conditioning), but also numer-

ous general and systemic diseases (Sjogren’s syndrome, diabetes mellitus, rheumatic 

diseases). From a clinical view, it is known that patients with sicca syndrome are more 
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susceptible to infectious diseases of the eye [12, 13]. On the one hand, it has been 

shown that patients with dry eye have decreased secretion of certain antibacterial sub-

stances (lysozyme, lactoferrin) into the tear fluid [14]. On the other hand, it has been 

proven that human β-defensin (hBD) 2 is upregulated in mild forms of dry eye [15]. 

Moreover, some studies have shown that β-defensins activate dendritic and T cells, 

which are involved in initiating the inflammatory reaction seen in dry eye [16–18].

In the tear fluid, there are different constitutively produced and inducible AMPs. 

These AMPs are produced by different cells of the lacrimal gland, accessory lacrimal 
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Fig. 1. AMP expression in human conjunctival 

epithelium. RT-PCR was performed using RNA 

isolated from the conjunctiva of 3 different 

cadavers (ethidium bromide-stained 1% aga-

rose gels). All samples expressed bactericidal 

permeability-increasing protein (BPI), heparin-

binding protein (CAP37), human β-defensin 

(hBD1, 2 and 3), human cathelicidin (LL-37), 

psoriasin (Pso 1) and RNase7. No expression 

could be detected from hBD4 or human 

defensin 5 or 6 (HD5, HD6) in human conjuncti-

val epithelial cells. To estimate correlations, a 

GAPDH PCR was performed for each tissue 

investigated.
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glands, and corneal and conjunctival epithelia, and they are secreted into the tear 

fluid. An excerpt from our own research on AMPs at the ocular surface has been 

summarized later in this report.

Human β-Defensins

The two major categories of mammalian AMPs at the ocular surface are the defensins 

and cathelicidins (LL-37) [6]. Defensins are small in size (29–45 amino acids), cat-

ionic, and are characterized by the presence of 6 conserved cysteine residues [19]. 

Based on the distribution of the cysteines and the linkage of disulfide bonds, defensins 

are classified into 3 subfamilies, referred to as α, β and θ (also minidefensins). In 

humans, six α-defensins have been identified and characterized in particularly high 

concentrations in neutrophils (human neutrophil peptides 1–4) [20, 21], intestinal 

Paneth cells and the female reproductive tract (human defensins 5 and 6) [22–24]. 

The α-defensins are expressed constitutively and matured peptides are stored in cell 

granules. The first characterized hBD1–3 are primarily produced by keratinocytes, 

mucosal epithelial cells of various tissues, and immune cells (such as monocytes, 

dendritic cells and macrophages) [25]. hBD4 is found in the testis and uterus, and 

expressions of hBD5 and 6 are restricted to the epididymis [26]. θ-Defensins are not 

translated in humans due to premature stop codons [27].

At the ocular surface, α-defensins have been detected in infiltrating neutrophils, 

and production and secretion by ocular surface epithelial cells has also been shown 

[6]. Zhou et al. [28] detected the presence of human neutrophil peptides 1–3 in tear 

film (0.2–1 μg/ml) using liquid chromatography mass spectrometry; no evidence of 

human defensin 5 or 6 production was found. Corneal and conjunctival epithelial cells 

are bathed in tears that contain low concentrations of neutrophil defensins in normal 

(open eye) conditions and become elevated after surgery [29]. Also, human β-defensins 

have been shown to be expressed in ocular surface epithelial cells in several studies, 

including our own. At the ocular surface, hBD1 is constitutively expressed, whereas 

the expression of hBD2 is variable and inducible by exposure to bacteria, bacterial 

products (such as lipopolysaccharide and peptidoglycan) and proinflammatory cytok-

ines. Expression of hBD2 is also upregulated in the cornea in response to injury [30] 

and in the conjunctivial epithelial cells of patient with dry eye [15, 31]. Data obtained 

in our group demonstrated that in a murine corneal scratch model, mouse β-defensins 

are only induced if microbial products within the tear film come into contact with a 

defective epithelium [32]. Corneal and conjunctival cells also express hBD3 on the 

mRNA and protein levels. hBD3 was shown to have broad-spectrum antimicrobial 

activity that is less salt-sensitive than other defensins located at the ocular surface [33]. 

Some studies have indicated that expression of this defensin is inducible by TNF-α 

and interferon-γ [34, 35]. We have shown that proinflammatory cytokines (IL-1β and 

TNF-α) and supernatants of Gram-positive bacteria Staphylococcus aureus increased 
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the relative expression of the hBD3 transcript and led to the induction of hBD3 peptide 

secretion in cultivated human corneal epithelial cells (unpublished data). However, 

β-defensins have also attracted much attention. Several studies, including our own 

work, have recently suggested that they are multifunctional peptides which also have a 

multitude of non-antimicrobial functions, such as cell proliferation and death, wound 

healing, extracellular matrix remodeling [36], cell migration, or functions related to 

pigmentation (hair color) [37] and feeding behavior among several others [for fur-

ther details, see 5, 38]. Moreover, abnormal β-defensin expression is associated with 

inflammatory diseases, such as psoriasis, atopic dermatitis, Crohn’s disease and cystic 

fibrosis [39], and overexpression has been shown to induce progressive muscle degen-

eration in mice [40]. The functional impact of β-defensins at the ocular surface is fur-

ther questionable as the effect of physiological salt concentrations in human tears on 

β-defensin activity revealed a marked reduction or even a loss at low peptide concen-

trations. Furthermore, we are currently investigating regulation of human β-defensins 

among each other and their interaction with other proteins of the human tear film 

(mucins, TFF peptides and surfactant proteins).

Psoriasin and Angiogenin

In our own preliminary examinations, we focused on the significance of the AMPs 

psoriasin and angiogenin, which are, as of yet, largely unknown at the ocular sur-

face. So, the group of Sack et al. [42] was able to prove using a protein array tech-

nique that angiogenin can be found at a much higher concentration in the tear film 

than many other peptides [42]. We first detected angiogenin in the epithelial cells of 

human conjunctiva and in the high columnar epithelial cells of the nasolacrimal duct 

using immunohistochemistry (unpublished data). No expression could be detected 

in human lacrimal gland or cornea. Gläser et al. [43] first described psoriasin, origi-

nally isolated as an overexpressed molecule of unknown function in psoriasis, and 

has recently been identified as a principal Escherichia-coli-killing AMP of healthy 

skin. Our own RT-PCR and Western blot analyses [44] revealed a constitutive expres-

sion of psoriasin in the cornea, conjunctiva and nasolacrimal ducts, but not in the 

human lacrimal gland. Immunohistochemistry revealed strong staining of meibo-

mian glands for psoriasin and somewhat weaker immunoreactivity in the epithelium 

of conjunctiva and around the hair follicles of the eyelid. No induction of psoriasin 

was observed after stimulation with supernatants of E. coli, whereas supernatants of 

Staphylococcus aureus and Haemophilus influenzae significantly increased the psoria-

sin mRNA and protein expression. Stimulation with IL-1β and VEGF also strongly 

increased the psoriasin transcription (unpublished data). The highest amounts of 

psoriasin were detected in tear fluid of healthy volunteers by means of ELISA exper-

iments. Currently, there are several investigations underway into the regulation of 

psoriasin and angiogenin at the ocular surface in our research group.
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Outlook

The results confirm the key role of AMPs, particularly human β-defensins, in innate 

immune defense at the ocular surface. Furthermore, the relevance of AMPs psoriasin 

and angiogenin (largely unknown at the ocular surface) is to be investigated, as is the 

impact of different stimulants (bacterial components, proinflammatory cytokines, 

anoxemia, ultraviolet rays) on the production and regulation of AMPs. The results 

will contribute to the understanding of different reactions and diseases at the ocular 

surface and, moreover, to the general understanding of the production and regulation 

of AMPs at the ocular surface and lacrimal apparatus. They will also open up new 

perspectives for the therapeutical use of recombinant AMPs at the ocular surface, 

particularly in patients with dry eye.
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Abstract
Purpose: The physiologically protective mucosal immune system of the ocular surface consists of 

lymphocytes, accessory leukocytes and soluble immune modulators. Their involvement has also 

been observed in inflammatory ocular surface diseases, including dry eye syndrome, and we have 

attempted here to describe their interaction. Methods: Our own results regarding the mucosal 

immune system of the human ocular surface are discussed together with the available literature 

on mucosal immunity and inflammatory ocular surface disease. Results: The mucosa of the ocular 

surface proper (conjunctiva and cornea) is anatomically continuous with its mucosal adnexa (the 

lacrimal gland and lacrimal drainage system) and contains a mucosal immune system termed ‘eye-

associated lymphoid tissue’ (EALT). This extends from the periacinar lacrimal-gland-associated 

lymphoid tissue along the excretory ducts into the conjunctiva-associated lymphoid tissue (CALT) 

and further into the lacrimal drainage-associated lymphoid tissue (LDALT). EALT consists of con-

tinuous diffuse lymphoid effector tissue and of interspersed follicles for effector cell generation in 

CALT and LDALT. Typical events in ocular surface disease include alteration and activation of epi-

thelial cells with loss of epithelial integrity, production of inflammatory cytokines, and potential 

presentation of non-pathogenic and self-antigens – leading to a loss of immune tolerance. Events 

in the deregulation of physiologically protective EALT, resulting vicious circles, and eventual self-

propagating immunomodulated inflammatory disease processes are explained, discussed and 

visualized by schematic drawings. Conclusion: Deregulation of EALT can orchestrate a self-propa-

gating inflammatory mucosal disease process if the capacity of natural compensatory factors is 

overridden and if the disease is not limited by timely diagnosis and therapy. 

Copyright © 2010 S. Karger AG, Basel
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Eye-Associated Lymphoid Tissue (EALT): The Physiological Mucosal Immune System 

of the Ocular Surface

Ocular Surface

The mucosa of the ocular surface proper (conjunctiva and cornea) is anatomically 

continuous with its mucosal adnexa, i.e. with the lacrimal and accessory lacrimal 

glands through the excretory ducts and with the lacrimal drainage system through 

the lacrimal canaliculi [1]. Together, all 3 organs unite the source of the tears [2] 

upstream of the conjunctiva, their presumed main target at the ocular surface proper, 

and their eventual drainage downstream [3] (fig. 1). Hence, this extended ocular sur-

face forms a unit with several functions [for reviews, see 1, 4, 5], e.g. wetting [6], 

nutrition, cell differentiation and also mucosal immune protection (and its potential 

deregulation) as considered here.

Dry eye disease represents a widespread disease condition [7–9] that was long 

misunderstood as an ocular variant of feeling unwell, but which can have a serious 
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Fig. 1. Topography of eye-associated lymphoid tissue (EALT) at the human ocular surface. a EALT 

extends all along the mucosal surface of the conjunctiva into the periacinar tissue of the lacrimal 

gland (lg) and the conjunctival accessory lacrimal glands of Krause (Kg) and Wolfring (Wg). Organized 

accumulations of lymphocytes into lymphoid follicles (foll) also occur. Mg = Meibomian gland; hag = 

hair associated glands. b Diffuse lymphoid tissue can be seen in the lamina propria (lp) and epithe-

lium (ep). Single interspersed lymphocytes and dendritic cells also occur inside the epithelium. In 

the lamina propria, there are lymphocytes of different subtypes (CD4 and CD8) and plasma cells (pc) 

together with accessory leukocyte populations, such as macrophages (mo), mast cells (mc), occa-

sional neutrophilic granulocytes (n) and stromal cells (fibroblasts; fi). The lamina propria has vessels 

of a different kind, and the epithelium is covered by the tear film (trf ). gc = goblet cell.
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impact on ocular surface integrity and may include serious inflammatory reactions 

[10–13]. In the future, this disease will receive increasing attention in societies where 

the proportion of the elderly population is growing.

Cell Types in Mucosal Lymphoid Tissue

Mucosa-associated lymphoid tissue (MALT) consists of two sheets: the epithelium and 

the underlying loose connective tissue of the lamina propria (fig. 2). The epithelium 
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Fig. 2. Arrangement of human conjunctiva-associated lymphoid tissue (CALT). a The conjunctiva has 

several defense systems composed of the integrity of the surface epithelium with the mucin layer, 

which is enforced by adhering protective molecules (e.g. antimicrobial peptides, AMP) and specific 

secretory IgA within the tissue and the overlying tear film. SIgA = secretory IgA; TLR = Toll like receptors; 

bm = basement membrane. b CALT consists of a diffuse lymphoid layer composed of mainly effector 

lymphocytes and also innate effector cells, such as macrophages, mast cells, granulocytes and dendritic 

cells. This system is supplemented by the lymphoid cells of the specific adaptive immune system, which 

consists of intraepithelial lymphocytes and lamina propria lymphocytes, such as T cells of different sub-

types (CD4+ helper and CD8+ suppressor/cytotoxic cells) and of differentiated B cells (plasma cells) that 

mainly produce secretory IgA. pc = Plasma cells; dc = dendritic cells; HEV = high endothelial venules; mc 

= mast cells; gc = goblet cells. c Lymphoid follicles and their associated T cell regions, provided with HEV, 

generate these effector cells. Lymphocytes enter lymphatic tissues preferably via HEV in a regulated 

fashion and leave via lymphatic vessels, from which they eventually reenter the blood circulation (‘recir-

culation’). Antigen uptake is maintained via a specialized follicle-associated epithelium with antigen-

transporting M cells in order to allow ports of regulated antigen entry through the otherwise sealed 

epithelial surface for the information of the mucosal immune system about the luminal antigen status. 

Reprinted with permission from Knop E and Knop N, Encyclopedia of the Eye, Elsevier, 2010.
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is sealed by apical tight junctions to prevent the entry of foreign materials, including 

antigens, and constitutes a mechanical barrier that is further enforced by the adhesive 

properties of a superficial mucin layer [14] and associated antimicrobial peptides and 

proteins. Hence, impairments in epithelial integrity are a major reason for alterations 

in mucosal immunity in general, and are also observed in dry eye disease. The epi-

thelium contains leukocytic cells, such as dendritic cells (for antigen-uptake and sub-

sequent presentation) as well as effector T cells, that are mainly located in the basal 

epithelial layer and are termed, intraepithelial lymphocytes [15].

The lamina propria constitutes a lose collagen meshwork into which the majority 

of the mucosal leukocytes are embedded (fig. 2b). Stromal fibrocytes produce the 

collagen fibers and serve for the physical maintenance. In addition, there are bone-

marrow-derived cells that have migrated into the tissue from the blood stream [16]. 

These consist of different cell types, such as lymphocytes of various subtypes (includ-

ing plasma cells), which are termed ‘lamina propria lymphocytes’. In addition, there 

are accessory leukocytes, such as dendritic cells, macrophages (for phagocytosis of 

antigens and antigen-presentation), mast cells (that have a role in host defense [17], 

but are better known for their stimulating action in allergic reactions [18]) and occa-

sional neutrophilic granulocytes. From a wider perspective, the overlying epithelial 

cells communicate with the leukocytes and have a role in immune reactions [19]. In 

addition, a large number of macromolecules are present, which are either derived 

from the bloodstream for nutrition and cell metabolism or produced by the local 

cells and assist in cell communication (e.g. cytokines and chemokines) [20–22] and 

protection (e.g. immunoglobulins and antibacterial peptides (AMP)) [23, 24]. Their 

production is regulated by receptors on the epithelial cells, such as Toll-like receptors 

(TLR) [25] (fig. 2a).

Arrangement and Function of Mucosal Lymphoid Tissue

The lymphoid cells together with the accessory cells form so-called mucosa-associ-

ated lymphoid tissue (MALT), of which two types can be differentiated [15] (fig. 2). 

The main extension of the mucosal surface is provided with lymphocytes that are 

diffusely interspersed into the tissue and hence constitute a so-called ‘diffuse lym-

phoid tissue’. T lymphocytes that have differentiated into CD8+ suppressor/cytotoxic 

cells directly act against antigens, whereas CD4+ T-helper (Th) cells regulate immune 

response [26]. B cells differentiate into immunoglobulin-producing plasma cells and 

act indirectly via secreted immunoglobulins, mainly mucosal IgA. Diffuse MALT is 

mainly populated by differentiated effector cells that can act against antigens; it is 

therefore termed the ‘efferent’ arm of mucosal immunity [15] (fig. 2b).

As opposed to the diffuse lymphoid tissue, lymphocytes also form accumulations 

that are organized into specific functional domains, and are hence termed ‘orga-

nized lymphoid tissue’. Organized MALT consists of lymphoid follicles composed 
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of mainly B lymphocytes and has parafollicular T cell zones. In organized MALT, 

naïve lymphocytes that are mature but have not been in contact with antigens are 

primed by the process of antigen presentation via professional antigen-presenting 

cells (APC; dendritic cells, macrophages, B cells) and differentiate into effector cells 

that can act against antigens in different ways. In the follicles, B cells differentiate 

into antibody-secreting plasma cell precursors, whereas in the parafollicular regions 

T cells differentiate into the various T cell subtypes. At follicular sites, antigens are 

taken up from the environment by a specialized follicle-associated epithelium that 

covers the follicles towards the luminal surface, and hence organized MALT repre-

sents the ‘afferent’ inductive arm of mucosal immunity in a functional sense (fig. 2c), 

although antigens can also be taken up and later presented by the APC in the diffuse 

lymphoid tissue.

Differentiated B cells and T cells can act locally inside the tissue but are also even-

tually distributed (after emigration through lymphatic vessels) throughout the body 

via the blood stream, and can migrate into the same or other lymphoid organs. This 

process is known as ‘recirculation’, and it allows the population of ocular lymphoid 

tissues with naïve lymphocytes and the exchange of effector cells among different 

lymphoid organs [27].

Lymphoid Cells at the Human Ocular Surface and Mucosal Adnexa Constitute 

Eye-Associated Lymphoid Tissue (EALT)

The presence of lymphoid cells as a normal physiological finding in the tissues of 

the human ocular surface and mucosal adnexa had been under debate until recently, 

even though they had been mentioned for a long time [28, 29]. This was mainly due 

to scant knowledge of the mucosal immune system making their functional signifi-

cance unclear. Understanding was further complicated by the historic misconception 

that lymphoid cells were, together with the other leukocytes, simply considered as 

‘inflammatory cells’ even though they were observed in every normal tissue [30] and 

accepted as a normal component, e.g. in the lacrimal and accessory lacrimal glands 

that are in continuity with the conjunctiva [31, 32].

Later similar relations of lymphoid cell types as in other mucosal organs with a 

diffuse MALT were found in immunohistological studies of human conjunctiva biop-

sies [33–35], including the regular presence of mucosa-specific lymphocytes [34, 35]. 

However, there were different and partly conflicting reports concerning the presence 

of cell types and the amount location of lymphoid cells, which were most likely based 

on problems resulting from the minute size of biopsies used and from difficulty in 

determining their exact location. Also, data from animal tissues was transferred to 

the human situation [36].

This was only resolved when it was shown in studies on human whole-mount 

tissues that conjunctiva-associated lymphoid tissue (CALT) [37, 38] and lacrimal 
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drainage-associated lymphoid tissue (LDALT) [3, 39–41] exist, similar to other 

mucosal organs. The ocular mucosal tissues are termed CALT and LDALT according 

to the international nomenclature of mucosal immunology [16].

CALT and LDALT form, together with the gland-associated lymphoid tissue of the 

lacrimal gland, the eye-associated lymphoid tissue (EALT) [1, 3, 4, 42] as a functional 

unit for ocular surface immune protection and as a new component of the mucosal 

immune system in the body. This is in line with (for example) gut-associated lymphoid 

tissue of the intestine or bronchus-associated lymphoid tissue in the airways. Several 

studies have meanwhile convinced the scientific community that lymphoid cells are a 

normal and noninflammatory component of the ocular surface [for a review, see 4]. 

Therefore, lymphoid cells are: (1) resident at the normal human ocular surface; (2) 

physiologically noninflammatory; (3) continuously involved in the maintenance of 

protective mucosal immune regulation; (4) do not need acute immigration in order 

to interact in local immunological processes [1]. These are important differences in 

contrast to the previous perception that lymphoid cells migrate as ‘inflammatory 

cells’ into a primarily lymphocyte-free ocular surface as a secondary or tertiary event 

in inflammatory disease processes.

EALT Unites the Ocular Surface and Its Mucosal Adnexa

The parts of EALT are connected on different levels (fig. 3): (1) The diffuse lym-

phoid tissue is physically continuous from the lacrimal gland and accessory lacri-

mal glands along the conjunctiva into the lacrimal drainage system. (2) The whole 

ocular mucosal surface shares the same luminal fluid, represented by the tears, and 

hence shares the same soluble protective factors but conceivably also the same patho-

genic repertoire. The latter applies at least to CALT and LDALT due to the fact that 

the majority of ocular pathogens enter through the open palpebral fissure and float 

downstream. This may not equally apply to the lacrimal gland because the upstream 

travel of ocular surface pathogens is conceivably prevented by the tear flow, and this 

may explain why lymphoid follicles for antigen uptake and effector cell generation are 

not normally found in the lacrimal gland. (3) The ocular mucosal tissues are also con-

nected by the regulated migration of lymphoid cells (‘recirculation’) via the numerous 

small vessels including specialized high endothelial venules [43, 44] that have specific 

adhesion molecules on the surface of the vascular endothelial cells [45].

Analysis of the topographical distribution of EALT in the conjunctiva shows that 

it matches the position of the cornea [46] and is in direct contact with the corneal 

surface when the eye is closed, at night and during blinking. This topography, the fact 

that the cornea does not contain its own lymphoid cells, and the fact that with the eyes 

closed during the night corneal integrity is protected by a massive influx of leukocytes 

and their secretory products [17] strongly suggest that EALT has an important role in 

the protection of the corneal integrity and health [4].
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The main function of ocular surface lymphocytes is (in contrast to previous 

assumptions) not to generate inflammation, but rather the reverse, i.e. to protect 

the ocular surface against inflammatory processes that could lead to tissue destruc-

tion. Therefore, the ocular mucosal immune system maintains the delicate balance 

between the tolerance to ubiquitous nonpathogenic antigens and adverse immune 

reactions against pathogenic microorganisms that involve inflammation and hence 

endanger ocular surface integrity (fig. 4).

Different Subtypes of Lymphocytes Occur in EALT

Conjunctival lymphocytes in the diffuse lymphoid tissue are mainly CD3+ T cells, 

whereas most of the CD20+ B cells are restricted to the solitary lymphoid follicles [47]. 

Lacrimal-gland-
associated lymphoid
tissue

CALT

lymphocyte

recirculation

LDALT

Fig. 3. Eye-associated lymphoid tissue (EALT) consists of CALT at the ocular surface proper and is 

continuous with the lacrimal and accessory lacrimal glands through their excretory ducts (upstream). 

Downstream it continues via the lacrimal canaliculi along the lacrimal drainage route as LDALT. A 

diffuse lymphoid tissue of T lymphocytes (dark round cells) and interspersed IgA-secreting plasma 

cells (including accessory leukocyte populations; not indicated) occurs along the whole mucosa, 

whereas lymphoid follicles are physiologically only found in CALT and LDALT. The diffuse lymphoid 

tissue in EALT is physically continuous and the organs of EALT are also connected via the flow of tears 

(large arrows) by which they share protective factors as well as pathogens. The organs are further-

more connected by lymphocyte recirculation via specialized vessels (dotted arrows at the bottom; 

compare with figure 2) with each other and with the other organs of the immune system. Reprinted 

with permission from Knop E and Knop N, Immune Response and the Eye, Karger, 2007.
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They are activated (CD45Ro+, CD25+) [35], and express the human mucosa lympho-

cyte antigen (HML-1, CD103, integrin αEβ7) [34]. CD8+ cytotoxic/effector lympho-

cytes are prevalent in the epithelium, and have been proposed to act in a suppressor 

mode [33] that provides a component of the immune tolerance at the ocular surface. 

In contrast to the intraepithelial lymphocytes, the lamina propria lymphocytes (fig. 2b) 

consist predominantly of CD4+ Th cells [34, 35]. Plasma cells account for about one 

fifth of the conjunctival leukocytes [30], but in absolute numbers they are quite substan-

tial and equivalent to two thirds of those in the lacrimal gland (which had been regarded 
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Fig. 4. Ocular surface immune regulation. Immune tolerance to host tissue constituents, nonpatho-

genic antigens and physiological commensal bacterial flora is essential for tissue integrity in order to 

avoid unnecessary destructive immune reactions. This must however be in equilibrium with the 

detection of and defense against pathogens. The fine equilibrium between these 2 important func-

tions is critical for mucosal immunity and the balance is maintained by the mode of antigen-presen-

tation exerted by APC via MHC-class II to naïve (To) lymphocytes that results in the generation of 

different subtypes of Th cells which produce characteristic cytokine patterns of interleukins (IL). The 

presentation of an antigen (signal 1) in the context of danger signals as represented by cell destruc-

tion, inflammatory cytokines or microbial pathogens leads to the expression of costimulatory mole-

cules (signal 2) and results in inflammatory immune responses by e.g. Th1 or Th17 cells. Regulatory T 

cells (Treg) suppress inflammatory responses and the normal mucosal noninflammatory IgA 

response is produced by the differentiation of B cells into plasma cells inside the lymphoid follicles.
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as the sole source of tear film secretory IgA; SIgA). Therefore, the conjunctiva is able to 

contribute considerably to its own defense [23] and is not dependent on a passive supply 

of IgA from the lacrimal gland. Since the number of normal conjunctival lymphocytes is 

at least three times that of the plasma cells [30], as shown in histology, the number of T 

cells is therefore considerable (as also verified in immunohistochemistry) [34, 35].

Subtypes and Functions of Conjunctival Lymphocytes Are Determined by the Mode of 

Antigen Presentation

The generation and modulation of the mucosal immune response is regulated through 

the process of antigen presentation [48] by APC. These are mainly dendritic cells [49], 

including Langerhans cells, but also macrophages and B cells. APC present antigens via 

their MHC class II receptor (MHC-II) to the T cell receptor on naïve T cells. Apart from 

this signal (signal 1), accessory signals (co-stimulation, signal 2) [50] such as e.g. CD86 

or intercellular adhesion molecule 1 (ICAM-1) are also necessary to mount an efficient 

T cell response. Pathogenic molecular danger signals in the tissue environment – such 

as molecules from destroyed cells, inflammatory cytokines (e.g. IL-6, TNF-α, INF-γ) or 

bacterial molecules (e.g. lipopolysaccharide) signal the presence of a nonphysiological 

and hence dangerous environment to the immune cells and lead to the initiation of an 

inflammatory immune response. If inflammatory cytokines and other ‘danger signals’ 

[50] occur in the tissue, they can bind to (for example) Toll-like receptors and mediate 

(via intracellular signaling pathways, e.g. NF-kB or protein kinases [51]) the secretion of 

inflammatory cytokines that skew EALT towards an inflammatory immune response.

Host tissue antigens (self-antigens) are constitutively taken up and presented by 

APC that are in an immature state, which leads to anergy or deletion of a respective 

cognate T cell. T cells that detect self-antigens are mainly destroyed in the process of 

central tolerance inside the primary lymphoid organ (thymus). Since not all antigens 

of the body are available in the thymus, some autoreactive T cells escape deletion 

and must be silenced inside the peripheral mucosal organs (peripheral tolerance) in 

order to avoid autoimmune reactions [52]. Since the presence of danger signals leads 

to the maturation of dendritic cells with the upregulation of costimulatory molecules 

on their surface, independent of the nature of the antigen presented on their MHC 

class II, the presence of chronic inflammation increases the risk that the presentation 

of autoantigens may lead to the activation (priming) of potential autoreactive T cells. 

The mode of antigen presentation by APC decides about the subtypes of lymphocytes 

that are generated from naïve T cells in the priming process (fig. 4).

An important function of mucosal immune regulation is the generation of plasma 

cells that produce the noninflammatory IgA, which is achieved when antigen presen-

tation occurs under the influence of cytokines, such as IL-4, and results in type 2 Th 

cells. These interact with B cells and produce cytokines (e.g. IL-4, IL-5, IL-13) that pro-

mote the isotype class switch to IgA and the differentiation into IgA-secreting plasma 
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cell precursors [53]. Regulatory T cells (Treg) are generated under the influence of the 

anti-inflammatory cytokine TGF-β and in turn produce further TGF-β which, together 

with IL-10, generates a tolerogenic milieu within EALT and prevents inflammation 

[54, 55]. Interestingly, if the inflammatory cytokine IL-6 is present in addition to TGF-

β, this leads – through a switch in signaling pathways – to the preferred generation of 

inflammatory Th17 cells [56]. These produce the inflammatory IL-17 and other cytok-

ines that are capable of inducing a heavy inflammatory burst against extracellular anti-

gens. Hence, IL-6 appears to be a crucial factor in mucosal immune regulation. If only 

IL-6 is present, the well-known inflammatory Th1 cells are formed, and these produce 

inflammatory cytokines [57] (such as IFN-γ and TNF-α) which have the physiological 

function to activate cells, in particular phagocytes, to destroy intracellular pathogens.

Immune-Mediated Ocular Surface Inflammation Is a Key Event in Advanced Dry Eye 

Disease

Deregulation of EALT

Epithelial alteration and cell activation due to various stress factors is a central compo-

nent of dry eye disease, and is certainly well known to every clinician. Intense investi-

gations over recent years have revealed a large body of information on the underlying 

factors and pathways that link epithelial alteration to inflammatory processes and 

immune-mediated inflammation.

Various stress mechanisms [51] – e.g. mechanical alteration by increased sheer 

forces due to tear film defects [58], hyperosmolar stress [59] or exposure to inflam-

matory cytokines [60] – can activate the ocular surface epithelium. The epithelial cells 

interpret these events as a threat to tissue integrity, and hence launch mechanisms 

for immune defense and tissue repair in order to cure this threat. Therefore, they 

respond by secreting inflammatory cytokines in order to alarm the mucosal immune 

system, upregulate surface markers (such as MHC-II and ICAM-1 [61]) in order to 

allow presentation of pathological antigens, and activate proteases (such as matrix-

metalloproteinase [60]) in order to digest cell debris and to provide space for the 

necessarily increased amounts of leukocytes (which is later followed by the onset of 

repair mechanisms).

If these basically protective mechanisms are constantly overexpressed through 

continuous stimulation (e.g. by chronic mechanical irritation) as occurs in dry eye 

disease, this results in a number of unfortunate consequences. The natural tolero-

genic bias can be lost and the mucosal immune system becomes deregulated. This 

conceivably represents the underlying reason for the observed self-perpetuating 

inflammatory process at the ocular surface and its associated glands [62–64]. This 

promotes an inflammatory process in which epithelial cells, via MHC-II on their 

surface, acquire the potential for presentation of antigens, including self-antigens, to 
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resident conjunctival T cells (fig. 5), that may lead to a loss of natural ocular surface 

immune tolerance [1, 12, 64]. In fact, in experimental inflammatory ocular surface 

disease, autoreactive T cells are generated that are specific to ocular surface tissue 

[65] and respective regulatory T cells can prevent the tissue destruction [55].
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Fig. 5. Deregulation of EALT in ocular surface inflammation. Persistent irritation of the ocular sur-

face epithelium can lead to events that result in a deregulation of EALT. A starting point is (e.g.) tear 

film deficiency, as found in dry eye disease, that leads to epithelial wounding with eventual activa-

tion of the epithelial cells. These respond by secretion of inflammatory cytokines and by expression 

of the antigen-presenting molecule MHC-II, and they can hence present antigens (including self-

antigens) to the resident conjunctival T cells in an inflammatory context. Epithelial defects that 

breach the physical barrier can lead to the entry of pathogens and nonpathogenic antigens into the 

tissue, and their subsequent presentation by dendritic cells (DC), also in an inflammatory context, as 

observed in ocular allergy for example. This contributes to the further accumulation of inflammatory 

cytokines in the tissue, which is a crucial factor in inflammatory ocular surface disease, and to the 

generation of inflammatory, potentially autoreactive, types of T cells. Downstream effects are the 

activation of blood vessel endothelial cells that upregulate adhesion molecules with subsequent 

recruitment of further leukocytes from the vascular compartment and the activation of bystander 

cells including stromal cells (fibroblasts and macrophages). These contribute to the activation of 

matrix metalloproteinases that lead to tissue degradation. All together this constitutes an immune-

mediated conjunctival mucosal inflammatory process that is based on deregulation of the physio-

logically protective EALT. Reprinted with permission from Knop E and Knop N, The Ocular Surface, 

2005.
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Self-Propagating Vicious Circles Aggravate Immune-Mediated Ocular Inflammation

Increased levels of inflammatory cytokines are associated with further unfortunate 

consequences, such as: (1) the upregulation of adhesion molecules (like ICAM-1, 

VCAM-1 or E-selectin) on vascular endothelial cells [61] that results in the recruit-

ment of leucocytes, including further lymphocytes which contribute to the disease 

[66], from the vascular compartment into the ocular tissues (fig. 5); (2) the increased 

proliferation of epithelial cells that remain in an immature state and hence lead to 

the development of squamous metaplasia [67] (fig. 6); (3) impairment of the afferent 

sensory neural signaling from the ocular surface that results, via a blockade of the lac-

rimal functional unit [68], in decreased tear production by the lacrimal gland [69].

All together, these events represent an immune-mediated inflammatory episode, 

orchestrated by deregulation of the resident lymphoid cells of EALT. This is an impor-

tant common factor in the advanced stages of ocular surface inflammation, including 

dry eye disease, and can lead to several vicious circles (fig. 6) that propagate the dis-

ease [1, 4, 11, 64, 70]. This inflammation is at first subclinical, but tends to amplify if 

it is not limited in the early stages.

Important starting points for tear film deficiency and consequent ocular surface 

alteration are a primary deficiency of tear production by the lacrimal gland, which 

is relatively rare, or a deficiency in the lipid phase of the tear film, which results 

in increased evaporation of the aqueous tears and hence in an evaporative dry eye 

(fig. 6). Evaporative dry eye appears more frequently, since a lipid deficiency is 

reported in about 75% of dry eye patients [71] and in 65% of these it is caused by 

obstructive meibomian gland dysfunction (MGD) [72]. MGD is mainly based on 

an obstructive process [73, 74] of the excretory duct and orifice of the meibomian 

glands [75] that secrete their oils onto the posterior lid margin (see another con-

tribution to this volume) from which they glide onto the tear film as the most 

superficial phase and limit evaporation [76, 77]. MGD often occurs with minor 

symptoms and represents an underdiagnosed and underestimated reason for dry 

eye disease [78, 79]. As judged from its epidemiology and pathophysiology [80], 

obstructive MGD appears as an important factor for the onset of dry eye (fig. 6) 

because it: (1) induces epithelial alterations via a hyperevaporative tear deficiency; 

(2) simultaneously results in hyperosmolarity of the tears, which represents a stress 

to the ocular surface epithelium, and hence directly activates the epithelial cells to 

produce inflammatory cytokines [59]; (3) leads to decreased tear clearance and 

hence an increase in the concentration of inflammatory cytokines in the remaining 

tears [81] with the results explained above. It can be assumed that an impairment 

in neural innervation may also apply to the meibomian glands since they share 

important similarities with the innervation pattern of the lacrimal gland [75]. 

Therefore, immunomodulated inflammatory processes with all the downstream 

results may also contribute to the understanding of why the late stages of aqueous 

deficient and hyperevaporative dry eye share similarities [82].
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Fig. 6. Vicious circles lead to self-propagation in chronic dry eye disease. The main uniting factor in 

different forms of ocular surface inflammation, including severe stages of dry eye disease, is the 

presence of epithelial defects and cell activation with a buildup of inflammatory cytokines and a 

subclinical inflammation with potential downstream T cell activation and deregulation of the resi-

dent mucosal immune system. Different events at the ocular surface can lead to epithelial altera-

tions. These are a secretory or an evaporative tear deficiency that results in chronic mechanical 

irritation. Evaporative tear deficiency is mainly due to a deficiency in the lipid phase of the tear film 

due to meibomian gland dysfunction and results, besides a decreased tear volume, in tear hyperos-

molarity that directly exerts cell activation and in decreased tear clearance with a buildup of inflam-

matory cytokines. Persistent subclinical inflammation, modulated by a deregulation of EALT (on the 

basis of the events explained in figure 5) leads to an altered equilibrium of cell differentiation and 

tissue remodeling that typically results in squamous metaplasia of the ocular surface. Several vicious 

circles that originate from these events can negatively reinforce starting points in the sense of vicious 

circles of immune-modulated inflammation. This aggravates the initial subclinical ocular surface 

inflammation into an overt form if protective factors are overridden or if this is not limited by timely 

diagnosis and therapy. An impairment of afferent sensory innervation from the ocular surface due to 

inflammatory cytokines results in a blockade of the efferent secretory stimuli to the glands and 

hence aggravates the tear film deficiency. Deterioration of the epithelial differentiation can on the 

one hand increase the entry of luminal antigens and release host tissue antigens that can be pre-

sented in an inflammatory context and hence reinforce immunological deregulation of the mucosal 

immune system; on the other hand, the lubrication of the surface is negatively influenced.
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Physiological Compensatory Mechanisms Can Prevent Disease Progression

The question arises: why do not all patients that have experienced a mild or incipient 

dry eye condition due to (for example) environmental factors such as low humid-

ity, increased air flow or decreased blinking rate (which frequently occur in ordi-

nary office work at video display terminals in air-conditioned environments) develop 

severe immune-mediated ocular surface inflammation? The answer is probably quite 

straightforward, i.e. because in most of us there is a sufficient amount of physiological 

compensatory factors, such as: (1) the availability of excess tear production capacity 

in the aqueous, lipid and mucous glands (fig. 1); (2) a sufficient level of androgens 

that maintain an anti-inflammatory environment at the ocular surface and glands 

[83] and positively influence the function of the meibomian and other glands [9, 84]; 

(3) a sufficient regenerative capacity of the tissue; (4) sufficient availability of antigen-

neutralizing IgA antibodies by the secretory mucosal immune system [23, 85].

However, if such physiological compensatory factors are reduced (e.g. due to 

advanced age or hormonal imbalances; in particular, decreased levels of androgen 

action, increased lid margin degeneration [86] or constant severe environmental des-

iccating stress [78]), the likeliness of a self-enforcing progressive course of dry eye 

disease will increase. This may explain why the prevalence of dry eye is generally 

increased in the aged population, and in particular in females [8].
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Abstract
The conjunctiva, as a peripheral mucosal surface, is dependent on the migration of immune cells to 

facilitate an orchestrated immune response. So far, only limited data to visualize these dynamics 

directly have been obtained, mainly due to technical and experimental restrictions. To investigate 

migration on a cellular level, the following conditions need to be met: (1) intravital investigations 

need to be facilitated by suitable microscopic techniques; (2) tissues need to be investigated in three 

spatial dimensions and over time; (3) data need to contain detailed information about the tissue 

character. Whereas the use of confocal laser scanning microscopy allows high-resolution imaging of 

the superficial conjunctival immune system and enables the recording of rapid cellular migration, 

intravital two-photon microscopy further enables tracking of individual cells and characterization of 

cells and structures with unique optical features using autofluorescence detection, fluorescence life-

time measurements and second harmonic generation in deep tissue. Based on current results and 

experimental studies, two-photon microscopy has the potential for general use in basic research 

and clinical practice, and would greatly enhance possibilities for diagnosing and analyzing inflam-

matory processes of the ocular surface. In particular, inflammation in common diseases, such as 

allergy and dry eye, and its progress under treatment could be investigated in detail.

Copyright © 2010 S. Karger AG, Basel

The immune system of the conjunctiva protects the eye from invading pathogens that 

are constantly present on the ocular surface. In particular, the cellular component of 

the immune system plays a key role in maintaining a homeostasis between adequate 

defense in order to fight pathogens and downregulation of the immune response to 

spare components such as epithelia, goblet cells, etc.

The cellular immune system of the conjunctiva is located within the mucosa as a 

diffuse and an organized lymphoid tissue. The latter is called ‘conjunctiva-associated 

lymphoid tissue’ (CALT), in relation to the term ‘mucosa-associated lymphoid tissue’ 

[1]. CALT consists of a lymphoid follicle with B cells, T cells and antigen-presenting 
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cells beneath a lymphoepithelium that is devoid of goblet cells [2]. Using slit-lamp 

microscopy, CALT follicles can easily be identified as typical mucosal protrusions 

with a glassy appearance and surrounding capillaries. Longitudinal studies have 

shown that CALT is not present at birth, but develops during early childhood until 

almost all young healthy individuals show follicles within their conjunctiva [3–6]. 

Later in life, the amount of CALT decreases steadily and follicles are only sparsely 

detected in senility. In contrast to the healthy state, the amount and character of fol-

licles changes dramatically during inflammation of the ocular surface. Conjunctival 

follicles enlarge and increase in number under specific pathological conditions, such 

as infections with Chlamydia, Neisseria, Bartonella, Mycobacteria, viruses (adeno-

associated, pox, herpes, etc.), after challenge with toxic substances, during allergic 

reactions or in the pathogenesis of dry eye disease [7–9]. A functional role of CALT 

in the protection of the ocular surface under these conditions is therefore likely, but 

apart from antigen-uptake studies [for a review, see 10] this has not been addressed 

in experimental setups so far. It has also been discussed, but not yet proven whether 

CALT and the ocular surface serve as sites where lymphoid cells (e.g. T or B cells) 

migrate to from other mucosal areas [11]. In this context, the specificity of IgA in 

tears was analyzed and found to be directed against bacteria which are not generally 

found on the ocular surface [12]. These results support the idea that CALT may be 

part of a common mucosal immune system [13].

An exchange of immune competent cells relies on cellular traffic between dif-

ferent organs or organ compartments. As the conjunctiva represents a peripheral 

mucosal surface, migration of immune cells to and from the conjunctiva is crucial 

in facilitating an orchestrated immune response that also includes other parts of the 

ocular surface, such as the efferent tear ducts and lacrimal gland. Such migration 

of immune cells is thought to take part in different compartments of the conjunc-

tiva: (1) traffic via blood vessels, especially high-endothelial venules, to the con-

junctiva; (2) traffic via lymphoid vessels from the conjunctiva to adjacent lymph 

nodes; (3) migration of immune cells within diffuse lymphoid tissue and within 

CALT; (4) migration into intraepithelial pockets of the lymphoepithelium; (5) lym-

phocytes patrolling the conjunctival epithelium. So far, only limited data has been 

obtained to visualize these dynamics directly, mainly due to technical and experi-

mental restrictions.

To investigate migration on a cellular level, the following conditions need to be 

met: (1) investigations have to be conducted on living individuals/animals with the 

best possible physiological conditions, i.e. intact perfusion, innervation, normal oxy-

gen levels and body temperature; (2) investigations need to be facilitated by suitable 

microscopic techniques, enabling high-resolution imaging in very deep tissue with 

no phototoxic side effects; (3) tissues need to be investigated in three spatial dimen-

sions (x, y, z) and over time (t); (4) collected data need to contain detailed information 

about tissue character (cell subsets, connective tissue components, type of vessels, 

etc.), e.g. by detection of specific labels or unique tissue features. In the following, 
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intravital high-resolution imaging techniques that are in use in investigations of the 

ocular-surface-derived immune system are characterized and evaluated according to 

the criteria described.

In vivo Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (HRT-adapted Cornea Module, Heidelberg 

Engineering, Heidelberg, Germany) is a technique that allows minimal invasive 

imaging of the ocular surface by reflectance of infrared laser light at interfaces of the 

different tissue structures. Due to the high signal strength, even real-time record-

ing of moving objects in tissues, e.g. intravascular blood flow, is possible. Using this 

microscope, the conjunctiva of humans has been imaged in health and under patho-

logical conditions, such as allergy, infection or neoplasia [14–18]. Recently, Liang et 

al. [19] investigated conjunctiva-associated lymphoid tissue in rabbits using in vivo 

confocal laser scanning microscopy (CLSM). Their interesting study demonstrated 

an increase in immune cells in CALT following subconjunctival injection of LPS and 

TNF-α, supporting the theory that CALT plays a key role in ocular surface inflam-

mation. Nevertheless, confocal laser scanning microscopy does not allow the opera-

tor to distinguish cell types due to the limited image resolution and the fact that 

cell-type-related differences in reflectance patterns are too similar to distinguish dif-

ferent cell subsets. Imaging in deeper layers is limited, as scattering based on irreg-

ular connective tissue components prevents high-resolution imaging in depths of 

more than 70–80 μm. Therefore, only lymphoepithelium and superficial parts of the 

follicle, but not the entire microcompartment of CALT that extends down to 250 μm 

and further (depending on the species), can be imaged by confocal laser scanning 

microscopy. Imaging of the cornea, on the other hand, can be taken down to the 

endothelium, due to the ideal optical properties of this tissue [20, 21]. In summary, 

the use of CLSM allows high-resolution imaging of the superficial conjunctival 

immune system and enables the recording of rapid cellular migration, such as intra-

vascular erythrocytes or rolling leucocytes together with an increase in immune cells 

during inflammation. To analyze different cellular subsets and processes beyond 

superficial parts of CALT, other imaging techniques that provide more informa-

tion on the cellular level and at greater tissue depths are necessary. Concerning the 

conditions mentioned, CLSM meets condition 1 (intravital application), condition 

2 in parts (high-resolution, but limited tissue penetration) and condition 3 (image 

acquisition in 3D: x, y, z) and over time (t). As the image information is based on 

reflectance only, condition 4 (detection of specific labels or unique features) is not 

met, although based on the morphology of certain structures (epithelial cells, col-

lagen fibrils, blood vessels, etc.) a certain characterization is feasible. Identification 

of specific structures or cellular tracking via fluorescent dyes, antibodies or proteins 

is not possible.



Intravital Imaging of the Conjunctival Immune System 43

Intravital Two-Photon Microscopy

Another imaging technique for intravital applications was introduced in 1990 by 

Denk et al. [22]. By using near-infrared femtosecond laser pulses, two-photon 

microscopy combines the advantages of strong tissue penetration (>250 μm), high 

resolution (<1 μm) and low phototoxic damage, and is also suitable for intravital 

investigations in highly scattering tissues. In the past decade, intravital two-pho-

ton microscopy was extensively used in animal models to investigate the immune 

processes in lymph nodes and the spleen. These studies have greatly enhanced 

our understanding of the dynamics of cell-cell interactions and cellular migration 

[23–25]. Most experiments were conducted with mice overexpressing fluorescent 

dyes in particular cell types (e.g. green or yellow fluorescent protein) or following 

adoptive transfer of fluorescent-labeled cells in order to enable precise differentia-

tion of lymphocytes and dendritic cells, for example. Nevertheless, all other cellular 

or acellular components that were not labeled with dyes could not be visualized 

simultaneously.

Intravital Autofluorescence Two-Photon Microscopy

Recently, our group introduced autofluorescence two-photon microscopy to inves-

tigate conjunctiva-associated lymphoid tissue of mice without the additional use of 

fluorescent dyes [26]. This technique is based on the fact that most tissue compo-

nents contain genuine fluorophores (e.g. NADH, FAD, melanin, etc.). These fluoro-

phores are able to emit autofluorescence following the absorption of near-infrared 

femtosecond laser pulses used in two-photon microscopy [27]. In addition, collagen 

can be specifically imaged by second harmonic generation (SHG) of the femtosec-

ond pulses, and lifetime analysis of the excited fluorescence (fluorescence lifetime 

measurements, FLIM) can be used to further characterize and analyze functional 

aspects of cells and tissues, e.g. cellular metabolism [28]. By combining autofluo-

rescence two-photon microscopy with SHG and FLIM, we are now able to generate 

multidimensional data sets of the conjunctival immune system in 3D (x, y, z) and 

over time (t).

In our setup, we use a commercially available, but modified two-photon micro-

scope (DermaInspect JenLab, Neuengönna, Germany). The DermaInspect consists of 

a solid-state mode-locked 80-MHz titanium:sapphire laser (MaiTai, Spectra Physics, 

Darmstadt, Germany) with a tuning range of 710–920 nm. Tissue autofluorescence 

is usually imaged by exciting the samples at wavelengths between 730 and 826 nm, 

respectively, and image stacks are recorded with steps of 0.4–1.2 μm. A ×20 objective 

(IR Achroplan LD 40/0.8 W objective, Carl Zeiss Meditec, Jena, Germany), which 

is focused by a piezo-driven holder, is used. Larger scale motions of the sample in 

the x and y directions are performed by computer-controlled stepper motors (Owis, 
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Staufen, Germany). The autofluorescence is detected by a standard photomulti-

plier module (H7732, Hamamatsu Photonics, Herrsching, Germany) after passing 

through a beam splitter (Chroma 640 DCSPXR, AHF Analysentechnik, Tübingen, 

Germany) and a short-pass filter (BG39, Schott, Mainz, Germany), resulting in a 

detection bandwidth from 380 to 530 nm. To detect SHG, the excitation is tuned to 

826 nm in order to maximize SHG signal strength and transmission of the optics, 

which are designed for the visible range, and the same photomultiplier with a 413-

nm band pass filter (Amko, Tornesch, Germany) is used for suppression of autofluo-

rescence [29].

FLIM is performed by time-correlated single photon counting [30]. Curve fit-

ting with a single exponential decay curve including a deconvolution with the time 

response of the system (SPCImage 2.6, Becker & Hickl, Berlin, Germany) is used to 

calculate a mean fluorescence lifetime for each pixel, which is displayed in color-

coded images [30]. An animal holder was specially designed to support and orien-

tate experimental animals (mice) in all 3 dimensions (x, y, z). The animal holder is 

equipped with a heating device to maintain normal body temperature, and addi-

tional monitoring of the blood oxygen levels, pulse and breath rate is facilitated by 

MouseOx (Starr Life Science, Oakmont, Pa., USA). The animals are anesthetized 

by constantly infusing anesthetics via an intraperitoneal catheter. Assisted ventila-

tion is conducted via tracheotomy and intubation (MiniVent, FMI, Seeheim-Ober 

Beerbach, Germany).

The secured mouse is placed beneath the two-photon microscope, and the eye 

is covered with Vidisic Gel (Bausch &Lomb/Dr.Mann Pharma, Berlin, Germany) to 

bridge the working distance of the water immersion objective used.

Image stacks and time series are recorded and later reconstructed using Imaris 

Software (Bitplane, Zürich, Switzerland).

3D Reconstruction (x, y, z): Two-photon microscopy enables imaging of entire 

lymphoid follicles including the lymphoepithelium, follicle and adjacent lymph and 

blood vessels (fig. 1a) up to a depth of approximately 200 μm in this model. By detect-

ing tissue autofluorescence, epithelial cells can be distinguished from lymphocytes, 

macrophages and connective tissue components. In contrast to lymphocytes, mac-

rophages demonstrate a strong autofluorescence signal that is based on lysosomes 

within the cytoplasm (fig. 1b). Virtually empty vessels with a large lumen represent 

lymphatics, whereas blood vessels are filled with erythrocytes (fig. 1b).

To investigate dynamics of immune cells, time series (x, y, t) are recorded. Within 

the diffuse lymphoid tissue of the conjunctiva, individual cells migrate preferentially 

along connective tissue fibers. Investigation of individual lymphocytes within the 

lymphoepithelium and the follicle show surprisingly high velocities, at a mean of 12 

μm/min. In contrast, antigen-presenting cells within CALT do not show any migra-

tion, but stay localized in the centre of the follicle. Within intraepithelial pockets, 

lymphocytes migrate rapidly and demonstrate a rotation-like pattern. The exchange 

of lymphocytes between epithelial pockets and the subepithelial space or follicle 
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is currently under investigation. As lymphocytes contain only a few mitochondria 

within their cytoplasm, the autofluorescence signal that is based on the amount of 

NADH within the mitochondria is therefore weak. To enhance the contrast between 

such cells and surrounding tissue components, such as epithelial cells and connective 

tissue fibers, fluorescent dyes can additionally be introduced in this multidimen-

sional setup. The approach combines the advantages of autofluorescence imaging 

of the whole microcompartment and the labeling of isolated cells or structures. 

Intravenous injection of Hoechst dye (33342) results in unspecific nuclear staining 

of different immune cells. Intravital two-photon microscopy then allows tracking of 

individual cells with a strongly fluorescing nucleus within (for example) the epithe-

lium of the conjunctiva (fig. 2). These cells show amoeboid migration patterns to 

move and squeeze their cellular body through narrow gaps between epithelial cells of 

the basal epithelium.

Apart from using artificial dyes, measurement of FLIM can be used to enable opti-

cal fingerprinting of individual cells. The decay times of cellular or acellular compo-

nents are related to the composition of different fluorophores within the structure of 

interest. Recently, we were able to show that (for example) goblet cells contain fluo-

rophores with significantly longer fluorescence lifetimes than surrounding epithelial 

cells. Erythrocytes instead have a extremely short fluorescence lifespan, and mac-

rophages combine distinct lifetime signals in contrast to epithelial cells [31]. FLIM 

adds valuable information by allowing the operator to distinguish (for example) mac-

rophages, lymphocytes and intravascular erythrocytes by different lifetime spectra. 

Ongoing studies focus on the identification of specific optical fingerprints in order 

a b

Fig. 1. Two-photon microscopy of CALT. a 3D-reconstruction of entire CALT with lymphoepithelium, 

follicle and adjacent lymphoid vessels (arrows). Edge length: x, y = 380 μm, z = 220 μm. b Section 

through parafollicular zone. Lymphocytes (hollow arrowheads) demonstrate a weak autofluores-

cence signal in contrast to macrophages (arrow) that contain strong fluorescing lysosomes. 

Erythrocytes (solid arrowheads) are clearly visible within capillaries.
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to identify and follow cells without the absolute requirement of artificial fluorescent 

dyes during intravital two-photon microscopy.

In summary, autofluorescence two-photon microscopy combines technical and 

experimental properties that meet all conditions mentioned earlier: intravital high-

resolution imaging at large tissue depths and with low phototoxic damage, image 

acquisition is facilitated in three spatial dimensions and over time, and tissue features 

based on autofluorescence, FLIM or SHG, or optional specific labeling with fluores-

cent dyes. By using two-photon microscopy for intravital investigations, multidimen-

sional image acquisition (x, y, z, t, autofluorescence, FLIM, SHG, fluorescent dyes) 

allows detailed analysis of tissue characteristics and also dynamics that are of crucial 

interest in ophthalmological research of the ocular surface.

Future Directions and Implications

Two-photon microscopy detects autofluorescence that is displayed only in gray-

scale intensity images. Currently modifications of two-photon microscopes include 

the additional spectral segregation of the emitted autofluorescence by multi-chan-

nel detectors. By doing this, even more information about the investigated tissue is 

obtained, increasing the opportunity for advanced optical fingerprinting in another 

dimension (spectral imaging).

At the moment, two-photon microscopy is mainly used in basic immunological 

research. Based on the promising results, we conclude that besides further experi-

mental projects, use in clinical practice would greatly enhance possibilities for diag-

nosing and analyzing inflammatory processes of the ocular surface. In particular, 

inflammation in common diseases, such as allergy and dry eye, and its progress 

under treatment could be investigated. By identifying suitable excitation wavelengths 

and detection modes (autofluorescence, +/– FLIM, +/– SHG) and based on a fur-

ther decrease in costs for single-wavelength femtosecond lasers, a clinical device for 

0.28 min 2.04 min 4.32 min 5.12 min

Fig. 2. Intravital two-photon microscopy of the conjunctival epithelium (view perpendicular to the 

surface). Intraepithelial cells are non-specifically labeled with a fluorescent nuclear stain (Hoechst 

dye) to enhance the contrast. An individual cell moves through the basal cell layer with an amoeboid 

migration pattern over a period of approximately 5 min.
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Abstract
Aqueous tear deficiency due to lacrimal gland insufficiency is one of the major causes of dry eye. In 

severe cases, such as Sjoegren’s syndrome, Stevens-Johnson syndrome or ocular cicatricial pemphi-

goid, therapy with artificial tears can be insufficient to relieve severe discomfort. Engineering a lacri-

mal gland construct may offer a suitable alternative transplant with a tear-like secretion. However, 

the reconstruction of a complex structure such as the lacrimal gland is challenging, and a lacrimal 

gland substitute must meet several criteria. It has to contain enough functional lacrimal gland cells 

to produce an adequate amount of tear fluid, and a suitable matrix is needed to deliver the cells to 

the patient. The growing field of regenerative medicine offers promising new prospects for lacrimal 

gland reconstruction. This article summarizes our group’s current work in developing models for 

lacrimal gland reconstruction, and also discusses the perspectives of a tissue-engineered lacrimal 

gland for future applications. Copyright © 2010 S. Karger AG, Basel

Dry eye disease, also known as keratoconjunctivitis sicca or more recently dysfunc-

tional tear syndrome, 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 has a diverse etiology and the major catego-

ries are aqueous-deficient and evaporative dry eyes. Lacrimal gland insufficiency is 

one of the major causes of the former category resulting from primary lacrimal gland 

dysfunction such as congenital alacrima and familial dysautonomia or secondary 

causes including lacrimal gland infiltration, ablation and denervation [1]. Common 

treatment options, such as tear substitutes, punctal plugs or moisture-chamber spec-

tacles, rarely provide sufficient continuous relief in patients with severe lacrimal 

gland dysfunction. A possible long-term solution for this diverse group of patients 
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might be a bioartificial lacrimal gland microsystem [2]. Like any other engineered 

tissue, a constructed lacrimal gland requires two main components: differentiated 

cells able to secrete tears to moisturize the ocular surface and a scaffold to maintain 

the morphological and physiological properties of the cells. Currently the main cell 

source for a tissue-engineered lacrimal gland is lacrimal gland acinar cells, and these 

have been successfully isolated from various species, such as rat, rabbit and human 

[3–5]. The cell morphology, growth, differentiation and tear secretion largely depend 

on the cell culture condition and the type of scaffold. A variety of polymeric substrata 

including collagen I, Matrigel, silicone, copolymers of PLGA (poly-d,l-lactide-co-

glycolide; 85:15 and 50:50), PLLA (poly-l-lactic acid) and Thermanox plastic have 

been compared to determine their capability of supporting growth and morphologi-

cal development of the lacrimal gland acinar cells. PLLA was found to be favorable 

compared to other polymers [6]. Amniotic membrane (AM) has been successfully 

used for ocular surface reconstruction and for treating ocular surface abnormalities, 

such as persistent epithelial defects, pterygium and symblepharon [7]. It might offer 

a suitable alternative as a carrier for lacrimal gland acinar cells in vitro as it has been 

shown to support cell growth and sustain the secretory response to carbachol stimu-

lation for up to 21 days [8].

Tissue engineering is an emerging field in the area of biotechnology that com-

bines the principles and methods of life sciences and has the potential to represent 

the future of transplantation in medicine. Stem cells, especially embryonic stem 

cells and pluripotent stem cells, have the potential to be a renewable source for tis-

sue engineering and great progress has been made towards differentiating stem cells 

to specific cell lineages in recent years [9, 10]. This article summarizes our group’s 

current work in developing models for lacrimal gland reconstruction, and also 

discusses the possibilities offered by a tissue-engineered lacrimal gland in future 

applications.

AM-Based Two-Dimensional Lacrimal Gland Model

AM, the innermost layer of the placenta, has successfully been used as an extra-

cellular matrix for cell cultivation. AM consists of three layers: the epithelium, a 

thick basement membrane and an avascular stroma; several in-vitro studies have 

shown that AM supports the adhesion, migration, differentiation and proliferation 

of epithelial cells [11–13]. The AM has been found to be a suitable transplant in 

various conditions, such as pterygium surgery, ocular surface reconstruction, or 

treatment of persistent epithelial defects [14–16]. It has also been used as a carrier 

for transplantation of limbal stem cells, oral mucosal and conjunctival epithelial 

cells [12, 17, 18]. Our group evaluated the growth pattern and the secretory func-

tion of lacrimal gland acinar cells on AM. We were able to show that lacrimal gland 

acinar cells, when seeded on AM, formed small cell clusters, which increased in 
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size and established a coating of several cell layers on parts of the AM (fig. 1a). The 

cells retained their histotypic features for up to 28 days of culture, but necrotic cells 

were noted in the centers of the clusters. Electron microscopy revealed cells form-

ing acini-like structures with a central lumen. Cells showed polarity with a basal 

nucleus, apical secretory granules and microvilli on their apical surfaces (fig. 1b). 

However, changes in the apical cell layers to small spindle shaped cells were also 

observed in parts of the AM. These morphological changes seemed to mainly affect 

the superficial layers, whereas the cells that had contact with the AM predominately 

retained their acinar cell morphology. Stimulation with carbachol showed a strong 

ß-hexosaminidase release until day 7, with a decreasing secretory function detect-

able until day 21 [8].

Three-Dimensional Lacrimal Gland Model

Rotary Cell Culture Systems were originally designed to predict the impact of 

the microgravity environment in space upon the culture of cells [19]. They have 

proven to support the development of 3D tissue structures, the formation of cell-

cell contacts [20, 21] and to provide an environment of low shear force and high 

mass transfer of nutrients and metabolic wastes [22]. In our experiments, sim-

ulated microgravity promoted the development of spheroidal aggregates with a 

mean diameter of 384.6 ± 111.8 μm after 7 days (fig. 2a). The spheroids consisted 

of organized acinar cell conglomerates with fine granulation in their cytoplasm, 

typical for secreting cells (fig. 2b), and electron microscopy revealed organization 

a b

Fig. 1. a Acinar cells after 14 days of culture, forming a coating of several cell layers on the AM. ×20. 

b Electron microscopic image after 7 days of culture, showing acinar cells on the basement mem-

brane of the AM (arrowhead) forming a acinus-like structure with a central lumen. The cells show 

polarity with a basal nucleus, apical secretory granules and microvilli on their apical surfaces. 

×3,000.
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into acinus-like structures with a central lumen. However, in the center of the 

spheroids, an area of apoptosis was noted at all time points. The development of 

apoptotic centers inside the spheroids correlated with their size. On days 14, 21 

and 28, the diameter of the spheroids containing apoptotic centers was signifi-

cantly higher than in spheroids without apoptotic centers. Also, the duration of the 

culture period seemed to play a role, as the ratio of apoptosis inside the spher-

oids increased significantly between days 14 and 21 and between days 21 and 28. 

The morphological results correlated with the secretory response to stimulation 

with carbachol, as the secretory response of the cells decreased during the culture 

period [23].

Colony-Forming Capacity of Lacrimal Gland Cells

Using adult stem cells as a source of tissue regeneration has been proposed for many 

tissue types, including the ocular surface epithelia [24, 25] and glandular tissues (as 

the salivary glands and the pancreas have shown that progenitor cells are present in 

these tissues and involved in their regeneration [26–28]). There is also evidence that 

the lacrimal gland contains progenitor cells and that these cells are capable of tissue 

repair after injury [29]. Our group performed colony-forming efficiency assays to 

evaluate the ability of lacrimal gland acinar cells to form colonies when seeded into 

6-well plates and cultured in the presence of a growth-arrested 3T3 feeder layer. Our 

results showed that large and smooth colonies with a diameter of up to 6.7 mm were 

formed by the lacrimal gland cells (fig. 3a). Assessment of cytokeratin expression by 

immunostaining showed strong positivity for pan cytokeratin, confirming the epithe-

lial origin of the cells inside the colonies (fig. 3b).

a b

Fig. 2. a Spheroidal aggregates containing viable lacrimal gland acinar cells after 14 days of culture. 

×10. b Organized cell communities with acinus-like structures (arrowheads) inside a spheroid after 

14 days of culture. ×40.
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Discussion and Future Prospects

Transplantation of the lacrimal gland is hardly feasible due to the short ischemia time 

of the tissue of less then 6 h and the small dimension of the gland’s vascular supply. 

In the absence of a suitable lacrimal gland transplant, salivary glands have instead 

been used to treat patients with otherwise intractable severe dry eye [30]. However, 

the substantial differences between tears and saliva in their electrolyte and protein 

composition result in persistent ocular surface disease and can induce a microcystic 

epithelial edema.

Engineering a lacrimal gland construct may offer a suitable alternative transplant 

with a tear-like secretion. However, reconstruction of a complex structure such as the 

lacrimal gland is challenging and a lacrimal gland substitute must meet several crite-

ria. It has to contain enough functional lacrimal gland cells to produce an adequate 

amount of tear fluid to keep the ocular surface moist, and a suitable matrix is needed 

to deliver the cells to the patient. Also, a guidance structure may be required to deliver 

the tear fluid from the construct site to the ocular surface. For long-term success 

of a tissue-engineered lacrimal gland construct, a progenitor cell population is also 

likely to be needed to ensure renewal of the lacrimal gland cell population and thus 

long-term graft functionality. As the maintenance of stem cells relies on a variety of 

intercellular interactions, the external environment and the underlying mesenchyme 

together forming particular microenvironments known as ‘niches’ [31], the matrix 

also needs to act as an artificial niche environment to preserve the progenitor cell 

population.

AM meets many criteria of an ideal matrix, as several in vitro studies have shown 

that AM supports adhesion, migration and proliferation of epithelial cells [11–13]. 

Aa b

Fig. 3. a Colony-forming efficiency assay showing large lacrimal gland acinar cell colonies (arrow-

heads). b Immunostaining of cell colony (arrowheads), showing lacrimal gland cells which are 

strongly positive for the epithelial cell marker pan cytokeratin (green). Scale bar = 100 μm.
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There is evidence that it may preserve epithelial progenitor cells in vitro [32, 33] and 

AM-based epithelial cell sheets have already been used for ocular surface reconstruc-

tion [17, 18, 24, 34]. According to our experiments, it seems that AM facilitates the 

formation of 3D cell clusters and stratified epithelium of lacrimal gland acinar cells. 

This does not exactly replicate the physiology of the intact gland, where the acinar epi-

thelium is single-layered and only becomes stratified in the distal duct segments, and 

it may influence the secretory activity as presumably the deeper cell layers only have 

a small impact on the secretion due to the diffusion barrier of the apical cell layers. 

If such a construct is transplanted directly to the ocular surface, it is also important 

to know how the lacrimal gland cells would cope with the ocular surface environ-

ment where epithelial cells are not only exposed to an air-liquid interface, but also to 

mechanical stress (such as blinking-induced shear forces). These potential problems 

will have to be addressed in further studies.

A 3D lacrimal gland construct where the acinar cells are not directly exposed to 

the ocular surface might mimic the physiological situation more closely, and therefore 

be more suitable as a lacrimal gland substitute. Work by our group has shown that a 

Rotary Cell Culture System promotes the development of 3D cell spheroids contain-

ing viable acinar cells up to 28 days. Due to the evolving apoptosis inside the spher-

oids, it is unlikely that such simple 3D cell communities of lacrimal gland acinar cells 

can serve as tissue equivalents for clinical transplantation, but it shows that a simu-

lated microgravity environment is capable of forming 3D lacrimal gland cell commu-

nities of relatively large size, which is essential for a possible lacrimal gland substitute 

as high cell numbers will probably be needed for sufficient lubrication of the ocular 

surface. As a variety of cell functions – including proliferation, migration and dif-

ferentiation – are regulated by cellular interactions with the extracellular matrix, the 

use of 3D scaffolds as an extracellular matrix may help to retain a differentiated phe-

notype and cell function in vitro [35]. This may also improve the mass transfer and 

oxygen supply in the center of the tissue and thus avoid central apoptosis.

The growing field of regenerative medicine offers promising new developments 

in lacrimal gland reconstruction, and our future work will focus on new matrices for 

lacrimal gland cell delivery, identification and characterization of lacrimal gland pro-

genitor cells, and optimization of culture conditions to maintain and expand func-

tional lacrimal gland cells in vitro.
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Abstract
Background: Limbal stem cell deficiency (LSCD) leads to growth of abnormal fibro-vascular pannus 

tissue onto the corneal surface as well as chronic inflammation and impaired vision. Our aim was to 

investigate the clinical outcome of ocular surface reconstruction in LSCD using limbal epithelial cells 

expanded on amniotic membrane (AM). Methods: Forty-four eyes of 38 patients (27 male, 11 female) 

with total (n = 32) or partial (n = 12) LSCD were treated by transplantation of autologous (n = 30) or 

allogeneic (n = 14) limbal epithelial cells expanded on intact AM. LSCD was caused by chemical and 

thermal burns (n = 22), pterygium (n = 9), congenital aniridia (n = 6), tumor excision (n = 2), perforat-

ing eye injury, mitomycin C, epidermolysis bullosa, bilateral graft-versus-host disease and chlamyd-

ial conjunctivitis (each n = 1). Results: Mean follow-up time was 28.5 ± 14.9 months. The corneal 

surface could be reconstructed to full stability in 30 (68%), and clear central cornea was achieved in 

37 (84%) eyes. Grafting was significantly more successful in eyes treated by autologous than by allo-

geneic transplantation (76.7 vs. 50%, p < 0.05). The corneal surface could be successfully restored in 

10 (83.3%) eyes with partial LSCD and in 20 (63.3%) eyes with total LSCD. Visual acuity (VA) increased 

significantly in 32 (73%) eyes, was stable in 10 (23%) eyes and decreased in 2 (4%) eyes. Mean VA 

increased significantly (p < 0.0001), from preoperative 1.7 ± 0.9 logMAR (20/1,000) to 0.9 ± 0.7 log-

MAR (20/160). VA increased significantly after both autologous (p < 0.0001) and allogeneic trans-

plantation (p < 0.005). Conclusions: In most patients with LSCD, transplantation of limbal epithelium 

cultivated on intact AM restores the corneal surface and results in significantly increased VA.

Copyright © 2010 S. Karger AG, Basel

M.P. and T.A.F. should be considered first authors.



58 Pauklin · Fuchsluger · Westekemper · Steuhl · Meller

Several studies have pointed to the limbus as a location of corneal epithelial stem 

cells, and have characterized its role in corneal epithelial homeostasis [1, 2]. These 

cells may be destroyed by local and systemic conditions [3], and the resulting limbal 

stem cell deficiency (LSCD) is characterized by the growth of abnormal fibrovascular 

pannus tissue onto the corneal surface as well as chronic inflammation and impaired 

vision [4, 5].

In patients with LSCD, perforating keratoplasty has a limited success rate because 

no stem cells are transferred and the underlying cause of corneal vascularization and 

epithelial instability remains untreated [6, 7]. In partial LSCD, the transplantation 

of amniotic membrane (AM) alone may be effective, probably because it supports 

proliferation of the patients’ own remaining stem cells [8]. Sequential sector con-

junctival epitheliectomy – wherein pannus covering a sector of the cornea and lim-

bus is removed and prevented from crossing the limbus until the denuded surface is 

covered by corneal epithelium derived cells – may be used in cases of partial LSCD 

with a thin pannus [9]. In severe cases, replenishment of the stem cell pool by trans-

plantation of limbal stem cells is necessary [10]. Since the first transplantation of a 

limbal rim in 1989 [11], various treatment modalities of LSCD have been developed. 

The clinical outcomes of more than 600 eyes with LSCD treated by transplantation of 

autologous or allogeneic limbus have recently been summarized in a literature review 

[12]. Initially, relatively large pieces of autologous [11] or allogeneic [13–15] limbal 

tissue were transplanted, often simultaneously with perforating [16] or lamellar [17] 

keratoplasty. Although short-term results were promising, graft rejection occurred 

rather frequently [18–20]. Graft survival rates declined from 40–54% after 1 year, to 

33% after 2 years, and 27% after 3 years [19, 21]. The transplanted limbal tissue was 

vascularized, highly antigenic, contained Langerhans cells and was thus often rejected 

[22, 23]. Even under topical and systemic immunosuppression, a 36% endothelial 

rejection rate has been reported for simultaneous allogeneic limbal and perforating 

corneal transplantations [16]. Human leukocyte antigen matching seemed to be ben-

eficial [18, 20], but the outcome remained poor [21]. Patients with Stevens-Johnson 

syndrome, dry eye, corneal keratinization, eyelid abnormalities or allogeneic limbal 

transplantation had especially poor surgical outcomes [21].

To overcome these shortcomings, tissue engineering by means of ex vivo expan-

sion of undifferentiated limbal epithelium was developed [24]. Its main advantages 

are minimal iatrogenic damage to the donor site due to a small biopsy and the pos-

sibility of avoiding immunosuppression by using autologous tissue [25–27]. Since the 

first report [24], different cultivation methods have been developed and the clini-

cal results of about 200 eyes with LSCD have been reported [for reviews, see 4, 12]. 

Although the method has recently gained popularity, strong evidence of its effective-

ness is lacking due to a relatively small number of reported patients [4, 12].

In the present study, we report the clinical outcome of 44 eyes with total or partial 

LSCD that were treated by transplantation of ex vivo on intact AM-expanded autolo-

gous as well as allogeneic limbal epithelium.
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Materials and Methods

This study was approved by the Ethics Committee of the University Duisburg-Essen. All research 

was conducted in accordance with the tenets of the Declaration of Helsinki (1989 version).

Patients

Forty-four eyes of 38 patients (27 male and 11 female) with total (n = 32) or partial (n = 12) LSCD 

were treated during the chronic phase of the disease or at least 12 months after the initial trauma. 

Transplantation of cultivated limbal epithelium (TCLE) on intact AM was performed between 

2003 and 2008 at the University Eye Clinic in Essen. Consecutive cases with a follow-up time of at 

least 9 months were included in the study. LSCD was diagnosed by clinical examination using 

 recognized diagnostic criteria: epithelial fragility, hyperpermeability of the corneal epithelium, 

superficial corneal neovascularization, and growth of pannus tissue onto the corneal surface [28]. 

Conjunctivalization and the presence of goblet cells on the corneal surface was confirmed in all 

cases through impression cytology [29]. Age at surgery was 45.4 ± 17.4 years (mean ± SD, range 

6–80 years). We were able to transplant autologous tissue from the less- or unaffected fellow eye in 

30 eyes. The mean age at surgery in this group was 47.4 ± 20.1 (range 8–79) years. Allogeneic tissue 

from either living relatives (n = 4) or deceased donors (n = 10) was used in the remaining 14 eyes, 

mostly in patients with bilateral LSCD. The mean age at surgery was 41.1 ± 8 (range 28–56) years. 

The etiology of LSCD comprised chemical and thermal burns (n = 22), extensive recurrent ptery-

gium (n = 9), congenital aniridia (n = 6), tumor excision (n = 2), perforating injury, mitomycin-C-

induced LSCD, epidermolysis bullosa, bilateral graft-versus-host disease and chlamydial 

conjunctivitis (each n = 1).

Ex vivo Expansion of Limbal Epithelial Cells on AM

All donors underwent serological testing to detect the human immunodeficiency virus, human 

hepatitis virus types B and C, and syphilis prior to tissue donation. Written informed consent was 

obtained from all donors and recipients. AM was obtained as described elsewhere [30]. At least 2 

biopsy pieces measuring 1 × 2 mm were harvested from the corneal limbus in topical anesthesia. 

Eyes from deceased multiorgan donors were obtained within 24 h of brain death. The cultivation 

method of limbal epithelial cells has been reported elsewhere [31, 32]. Briefly, the limbal pieces 

were treated for 7 min with 1.2 U/ml Dispase II in Hank’s balanced salt solution at 37°C. After a 

rinse with PBS, the limbal pieces were placed on the epithelial side of intact AM fastened onto a 

culture insert, as reported earlier [33], and cultured in the previously described supplemental hor-

monal epithelial medium [25]. The medium contained equal volumes of HEPES-buffered 

Dulbecco’s modified Eagle’s medium containing bicarbonate and Ham’s F12 (all from Invitrogen, 

N.Y., USA), and was supplemented with 10% autologous serum, 0.5% dimethyl sulfoxide, 2 ng/ml 

mouse epidermal growth factor, 5 mg/ml insulin, 5 mg/ml transferrin, 5 ng/ml selenium, 0.5 mg/

ml hydrocortisone, 30 ng/ml cholera toxin A subunit, 50 mg/ml gentamicin and 1.25 mg/ml 

amphotericin B (all from Sigma-Aldrich, St. Louis, Mo., USA). Cultures were submerged in growth 

medium and cultured at 37°C under 5% carbon dioxide and 95% air. The medium was changed 

every 2–3 days. Air-lifting described by several groups [33, 34] was not used to avoid cell differen-

tiation. No feeder cells were used. Outgrowth was monitored and documented using phase con-

trast microscopy (Eclipse TE2000-S, Nikon Corporation, Tokyo, Japan). Transplantation was 

performed after approximately 14 days.

Surgical Procedures

All procedures were performed under general anesthesia by 2 experienced surgeons 

(D.M./K.-P.S). After 360-degree conjunctival peritomy and recession of the bulbar conjunctiva, 

the fibrovascular pannus was carefully dissected from the corneal surface. The cultivated limbal 
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epithelial cell layer on AM was transferred onto the bare sclera and corneal stroma, and secured 

to the underlying episclera and limbus with interrupted and to the adjacent conjunctiva with 

mattress-like 10–0 nylon sutures. A second preserved AM that served as a patch was secured 

with interrupted 8–0 vicryl (Ethicon, Norderstedt, Germany) sutures to the surrounding bulbar 

conjunctiva.

Postoperative Treatment

Ptosis was induced in all patients within the first week after surgery by injecting 30 units Dysport® 

(Ipsen Pharma GmbH, Ettlingen, Germany) into the musculus levator palpebrae to reduce friction 

of the upper eyelid upon the graft [35]. Postoperative medications included preservative-free 3% 

ofloxacine (Floxal EDO®, Mann Pharma, Berlin, Germany), preservative-free sodium hyaluronate 

eye drops (Hylocommod, Ursapharm, Saarbrücken, Germany) and 20% autologous serum eye 

drops (5 times per day for at least 12 months). Additionally, 1% preservative-free dexamethasone 

eye drops (Dexasine SE, Alcon Pharma, Freiburg, Germany) were applied and tapered off after 3 

months. All patients that received allografts, except 2, were treated with cyclosporin A (Sandimmun, 

Novartis Deutschland, Nürnberg, Germany) as systemic immunosuppression (cyclosporin A 100 

mg twice per day for 12–15 months according to cyclosporin blood level). One patient received 

360–720 mg mycophenolate mofetil (Myfortic®, Novartis Deutschland) twice per day for 18 months 

because cyclosporin A was not tolerated, and the remaining patient was not treated by any immu-

nosuppressive regime.

Outcome Evaluation

Pre- and postoperative examinations involved determination of visual acuity (VA), slit-lamp exam-

ination, photo documentation and fluorescein staining to assess ocular surface integrity. Restoration 

of ocular surface integrity was considered the major outcome measure, as it is directly affected by 

transplantation of cultivated limbal epithelium. Improvement in VA was regarded as the minor 

outcome measure.

A scoring system and numeric coding enabled statistical analysis of the outcome [36]. 

Successful grafting (1) was defined as a procedure that resulted in an entirely clear, smooth and 

stable corneal surface, with persistent epithelial closure and without invasion of pannus tissue or 

recurrence of superficial corneal vascularization during the follow-up period. Grafting was 

considered partially successful (2) in cases of recurrent defects of the corneal epithelium detected 

by fluorescein staining or peripheral superficial neovascularization in no more than 1 quadrant, 

but with remaining central corneal transparency. Failed grafting (3) was defined as the presence 

of therapy-resistant persistent epithelial defects, extensive superficial neovascularization in more 

than 1 quadrant and/or loss of central corneal transparency caused by recurrent growth of pannus 

tissue or a pterygium onto the corneal surface [37]. A change of ≥2 lines in final VA (0.1 logMAR 

steps) compared to preoperative VA was considered significant. VA ‘hand motion at 1-ft distance’ 

was calculated as 2.3 logMAR (20/4,000), ‘counting fingers at 1-ft distance’ as 2.0 LogMAR 

(20/2,000) [38].

Statistical Analysis

Statistical analysis was performed using SPSS for Windows 16.0 (SPSS, Chicago, Ill., USA). Values 

of p < 0.05 were considered to be statistically significant. Independent-samples t tests were used to 

compare the demographic data, preoperative VA, final VA, follow-up times and VA outcome with 

ocular surface restoration rates in different treatment groups. Paired-sample t tests were used to 

compare preoperative and final VA in different treatment groups. Kaplan-Meier survival analysis 

and Cox regression analysis were used to analyze survival and failure risk of cultivated limbal 

grafts.
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Results

Outcome of Corneal Surface Reconstruction

Mean ± SD follow-up was 28.5 ± 14.9 (9–73) months, and did not differ significantly 

between treatment groups. Patients with total LSCD were significantly (p < 0.0001) 

younger (39.4 ± 12.4 years) than patients with partial LSCD (61.3 ± 19.0 years). 

Corneal surface reconstruction was completely successful in 30 (68.2%), partially 

successful in 7 (15.9%) and failed in 7 (15.9%) eyes (fig. 1, 2a; table 1). A stable cen-

tral corneal epithelium and a clear visual axis could be restored in 37 (84.1%) eyes. 

Almost all patients reported improved subjective symptoms, like pain and sensation 

of irritation, in conjunction with ocular surface regeneration.

Grafting was significantly more successful in eyes treated by autologous than by 

allogeneic transplantation (76.7 vs. 50%, p < 0.05; fig. 2b). A stable central corneal 

surface could be restored in 27 (90%) eyes treated by autologous and in 10 (71.4%) 

eyes treated by allogeneic transplantation of intact-AM-cultivated limbal epithelium 

(TCLE). Allogeneic grafting had a 1.95-fold higher risk of partial or complete graft 

failure (p < 0.05). Corneal surface could be successfully restored in 10 (83.3%) eyes 

with partial LSCD and in 20 (63.3%) eyes with total LSCD (fig. 2c).

The etiology of LSCD had an impact on the efficacy of the procedure (fig. 2d). 

LSCD after a chemical or thermal burn could successfully be treated in 14 (63.6%) 

eyes. Again, autologous transplantation was significantly more successful than allo-

geneic grafting (75 vs. 33.3%, p < 0.05). A stable corneal surface was restored in 10 

(90%) eyes treated by autologous TCLE for treatment of partial LSCD caused by 

excision of pterygium or a conjunctival tumor. LSCD caused by congenital aniridia 

was in all cases treated by allogeneic TCLE and showed a successful outcome in 

3 (50%) eyes. One patient died from lung cancer 28 months after limbal stem cell 

transplantation.

VA Outcome

VA increased significantly in 32 (72.7%), was stable in 10 (22.7%) and decreased in 2 

(4.5%) eyes. Mean VA increased significantly (p < 0.0001) from preoperative 1.7 ± 0.9 

logMAR (20/1,000) to 0.9 ± 0.7 logMAR (20/160). On average, 8.7 lines (0.1 logMAR 

steps) were gained after therapy (table 2). As expected, significantly more eyes with 

successful or partially successful TCLE (p < 0.05; p < 0.01 respectively) improved in 

VA than eyes with failed TCLE. Eyes with preoperative VA of hand motion or count-

ing fingers had the most significant benefit from therapy (fig. 3a). Nine (20.5%) eyes 

showed a 2- to 9-line, 6 (13.6%) eyes a 10- to 14-line, and 17 (38.6%) eyes a 15- to 

20-line improvement in VA (fig. 3b).

Both the mean preoperative and final VA were significantly better in the autol-

ogous transplantation group than in the allogeneic group (p < 0.05 and < 0.0001, 

respectively). After autologous transplantation, VA increased in 21 (70%) eyes. 

Mean VA increased significantly from 1.6 ± 1 (20/800) to 0.6 ± 0.5 (20/80) logMAR 
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a b

c d

e f

Fig. 1. Outcome of corneal surface reconstruction. a, b Successful transplantation of cultivated 

autologous limbal epithelium for the treatment of total LSCD caused by a chemical burn. 

Preoperatively, the complete corneal surface was covered by fibrovascular pannus tissue and VA was 

reduced to hand motion (2.3 LogMAR) (a). The ocular surface is stable, the cornea clear and VA 

increased to 0.4 logMAR 73 months after transplantation of cultivated limbal epithelium (b). c, d 

Sample of a partially successful transplantation of allogeneic cultivated limbal epithelium for the 

treatment of total bilateral LSCD after a chemical burn. Preoperatively, a 360-degree vascularization 

of the cornea and VA was reduced to counting fingers (2.0 logMAR) (c). Recurrence of superficial 

vascularization (arrows) was noted in the upper-left quadrant 1 month after surgery, but had not 

progressed to the visual axis 12 months after surgery and VA increased to 0.1 logMAR (d). e, f Sample 

of a failed allogeneic transplantation for the treatment of total bilateral LSCD after a severe chemical 

burn. e Preoperatively, the cornea was vascularized and scarred, VA hand motion (2.3 logMAR). f 

LSCD reappeared 1 month after surgery and led to revascularization of the cornea 18 months after 

surgery.
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(p < 0.0001). VA increased in 9 (64.3%) eyes treated with allogeneic TCLE. Mean VA 

increased significantly from 2.3 ± 0.3 to 1.4 ± 0.7 logMAR (p < 0.005). VA increased 

in significantly more eyes with total LSCD (87.5%) than in eyes with partial LSCD 

(33.3%, p < 0.005). Eyes with total LSCD also gained significantly more (12 lines) 

lines on average than eyes with partial LSCD (2 lines; p < 0.0001).
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Fig. 2. Kaplan-Meier analysis of stable corneal surface survival. First appearance of corneal surface 

instability, corneal neovascularization or pannus invasion that finally led to a partial or complete 

failure of the procedure was defined as event. a Survival analysis of all treated eyes (n = 44). b Eyes 

treated by autologous (n = 30) transplantation (Tx) showed a significantly higher (p < 0.05) survival 

rate than eyes treated by allogeneic transplantation (n = 14). c Partial LSCD (n = 12) had a better 

outcome rate than total LSCD (n = 32). d Graft survival differed according to the etiology of LSCD.
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Etiology of LSCD had a significant impact on VA outcome (p = 0.001). Eyes treated 

after a chemical or thermal burn had the best VA outcome. VA increased in 18 (81.8%) 

of these eyes and mean VA increased by 13 lines (p < 0.0001). Autologous transplan-

tation for chemical or thermal burns resulted in a significantly higher number of eyes 

with improved VA (p < 0.05). Additionally, the improvement in VA of this group was 

significantly higher in comparison to allogeneic transplantation (p < 0.005). After 

autologous transplantation for chemical/thermal burns, VA increased in 15 (93.8%) 

eyes, the mean increase was highly significant (p < 0.0001) and the average eye gained 

16 lines. In contrast, after allogeneic transplantation, VA increased in 3 (50%) eyes 

by an average of 6 lines. VA increased in 2 (22.2%) eyes with pterygium, although 

mean VA did not change significantly due to comparatively good preoperative VA. 

VA increased in 4 (66.7%) eyes with congenital aniridia and by an average of 6 lines.

Additional Procedures

During the follow-up period, 11 eyes received perforating keratoplasty (concomitant, 

n = 3; subsequent, n = 8), and 5 had intraocular lenses implanted. Eleven eyes with a 

partially successful outcome received subconjunctival bevacizumab (Avastin, Roche, 

Table 1. Outcome of corneal surface restoration in different groups, 

Eyes, n Successful Partially successful Failed

eyes, n % eyes, n % eyes, n %

All treated eyes 44 30 68.2 7 15.9 7 15.9

Type of donor tissue

 Autologous transplantations 30 23 76.7 4 13.3 3 10.0

 Allogeneic transplantations 14 7 50.0 3 21.4 4 28.6

Extent of LSCD

 Total LSCD 32 20 62.5 6 18.8 6 18.8

 Partial LSCD 12 10 83.3 1 8.3 1 8.3

Etiology of LSCD

 CMB (all) 22 14 63.6 5 22.7 3 13.6

 CMB (autologous) 16 12 75.0 3 18.8 1 6.3

 CMB (allogeneic) 6 2 33.3 2 33.3 2 33.3

 Pterygium/tumor excision 11 10 90.9 0 0.0 1 9.1

 Aniridia 6 3 50.0 1 16.7 2 33.3

CMB = Chemical/thermal burn.



Limbal Epithelial Transplantation in Stem Cell Deficiency  65

Mannheim, Germany) injections to inhibit further progression of corneal neovascu-

larization. All patients who received subconjunctival bevacizumab injections dur-

ing the follow-up period were classified as partially successful or failed procedures, 

despite the fact that some of these patients had an intact corneal surface without any 

superficial vascularization on the last examination. Therefore, bevacizumab injec-

tions did not distort the success rate of limbal epithelial transplantation.

Complications

Postoperative complications included 1 case of large but self-resolving bleeding 

beneath the AM sheet. In 2 cases, corneal perforation developed. One case was caused 

by preoperative corneal thinning with formation of a descemetocele and the other by 

preoperative corneal thinning combined with trichiasis. Both were treated with a tec-

tonic or optical perforating keratoplasty.

Table 2. VA outcome in different treatment groups

Preoperative VA (logMAR) Final VA (logMAR) Mean 

improved 

0.1 logMAR

Paired-samples t test

mean ± SD median mean ± SD median p value 95% CI

All treated eyes 1.7±0.9 2.3 0.9±0.7 0.7 9 <0.0001 0.6–1.1

Type of donor tissue

  Autologous 

transplantations

1.6±1 2.3 0.6±0.5 0.5 10 <0.0001 0.6–1.3

  Allogeneic 

transplantations

2.3±0.3 2.3 1.4±0.7 1.3 7 <0.005 0.3–1.2

Extent of LSCD

 Total LSCD  2.2±0.2 2.3 1.0±0.6 0.8 12 <0.0001 0.7 to 1.1

 Partial LSCD  0.5±0.6 0.3 0.3±0.3 0.2 2 >0.05 –0.1 to 0.5

Etiology of LSCD

 CMB (all) 2.2±0.3 2.3 0.9±0.6 0.7 13 <0.0001 1.0 to 1.6

 CMB (autologous) 2.3±0 2.3 0.7±0.5 0.6 16 <0.0001 1.3 to 1.8

 CMB (allogeneic) 2±0.5 2.2 1.2±0.9 1 6 0.07 –0.1 to 1.6

  Pterygium/

tumor excision

0.3±0.2 0.2 0.3±0.3 0.3 0 >0.05 – 0.1 to 0.2

 Aniridia 2.3±0.1 2.3 1.7±0.5 1.5 6 0.06 –0.1 to 1.1

CMB = Chemical/thermal burn.
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Acute limbal graft rejection with engorged limbal vessels, impairment of ocular 

surface integrity and an acute advancement of conjunctival tissue onto the recon-

structed corneal surface [13] was noted 27 months after a partially successful alloge-

neic transplantation in 1 eye, but stabilized after local and systemic administration 

of steroids. Chronic corneal and limbal graft failure/rejection represent the cases of 

unfavorable outcome, as described above. Eleven (78.6%) of 14 eyes that were finally 

graded as partially successful procedure or failure showed signs of corneal surface 

instability within the first 3 months after surgery, 8 eyes (57.1%) within the first 

month, 1 (7.1%) within the second month, and 2 (14.3%) within the third month. 

This indicates that the ocular surface remained stable in most eyes where the limbal 

stem cell population was initially successfully restored (fig. 2).

Discussion

Our study presents the clinical outcome of 44 eyes with LSCD treated by autologous 

or allogeneic TCLE. The patents described here form one of the largest groups of 

LSCD patients, to date, treated by transplantation of cultivated limbal epithelium. 

Stable corneal surface was restored in 68%, a stable central corneal surface in 84%, 

and VA increased in 73% of all treated eyes. Since the population was rather hetero-

geneous and the outcome varied between patients, the mean success rate does not 
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Fig. 3. VA outcome of all treated patients. a Scatter plot presenting preoperative and final VA in 

logMAR of all patients. Dots above the line represent improved VA, dots on the line represent eyes 

with stable VA, and below the line decreased VA. The greater the distance from the line, the more 

substantial the change in VA. Eyes with identical preoperative and final VA are presented as single 

dots. Note the inverted orientation of scales due to LogMAR presentation. b Number of patients that 

gained or lost a certain number of lines (0.1 logMAR steps) in VA after therapy.
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have a high predictive power. The formation of subgroups according to the source 

of donor tissue, and the extent and etiology of LSCD, allowed us to evaluate the 

impact of different factors on the outcome. Analysis of these homogenous subgroups 

yielded, despite the relatively small number of patients in each group, solid statistical 

evidence for the effectiveness of the used treatment method and the impact of differ-

ent factors on the outcome. These data should have a higher value for the clinician 

and should help by the selection of appropriate therapeutics and the prediction of 

the outcome.

As in previous reports [21, 39], but contrary to one recent report [40], autologous 

transplantation had a significantly better visual outcome, a higher corneal surface 

restoration rate and a 2-fold lower risk for a partial or total graft failure. We therefore 

suggest that autologous tissue should be preferred to allogeneic limbal tissue when-

ever possible. The reason for failure in the unsuccessful cases may have been too few 

transferred stem cells or their destruction after transplantation. Chronic rejection 

might also have been a reason for the poorer outcome of eyes treated by allogeneic 

transplantation [21]. The etiology and extent of LSCD had a significant impact on 

the outcome. As expected, partial LSCD had a better ocular surface restoration rate 

than total LSCD. Due to the complexity of the method, transplantation of cultivated 

limbal epithelium should be used for treatment of partial LSCD only in the most 

severe cases, when all other conventional therapy methods have failed. Our results 

suggest that in these selected cases, transplantation of cultivated limbal epithelium 

has an excellent outcome. The etiology of LSCD also had a significant impact on the 

outcome. The highest improvement in VA was achieved in patients with LSCD after a 

chemical or thermal burn, especially if treated by autologous transplantation. Almost 

all of these patients had a preoperative VA that could be described as hand motion, 

but which improved in almost all cases above 20/200. The reason for the favorable 

outcome in eyes with a chemical burn may be the one-time trauma that caused LSCD. 

Eyes affected by continuous processes like cicatrical pemphigoid or Stevens-Johnson 

syndrome have a significantly worse outcome [41]. The management of aniridic 

keratopathy was in most cases successful, but the visual improvement was limited 

because of the other ocular anomalies caused by the Pax6 gene mutation [42]. The 

herein reported data may help the clinicians to assess the prognosis of a particular 

patient and to decide between different treatments.

As reported earlier [25, 32, 33, 43, 44], we used a completely xenobiotic-free cul-

ture system. The system is based on autologous serum as supplement to the growth 

medium avoiding fetal bovine serum – an important aspect in the current safety-

related discussion regarding eventual transmission of Creutzfeldt-Jakob disease and 

shows a similar efficacy to fetal bovine serum [45]. The avoidance of airlifting and 

the use of intact AM as culture substrate, allowed us to transplant relatively undif-

ferentiated limbal cells without the use of mouse 3T3 fibroblast feeder layers [46]. 

In addition, the transplanted basement membrane of AM served as basement mem-

brane replacement. Postoperative treatment was directed to protect and support the 
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healing ocular surface. It involved an AM patch and application of autologous serum 

eye drops to enhance reepithelization as well as the induction of ptosis to protect the 

transplanted cells [35].

In this report, diagnosis of LSCD was established based on well-recognized clini-

cal symptoms in combination with fluorescein staining and impression cytology. In 

the excised pannus, we have previously found a conjunctival expression pattern of 

tissue-specific keratins as well as membrane-associated mucins and an increased 

expression of inflammatory markers confirming the LSCD diagnosis. We have also 

previously shown that the regenerated and stable corneal surfaces of patients treated 

by this procedure have indeed regained a corneal phenotype [31, 32]. In contrast to 

previous reports [20], we distinguished between successful and partially successful 

procedures. Eyes with focal peripheral ingrowth of pannus and peripheral superficial 

vascularization should be considered only partially successful, as the limbal barrier 

was not completely restored, although the procedure was in most cases accompanied 

by improvements in VA and subjective symptoms.

We considered restoration of an intact corneal surface a major outcome measure as 

it depends directly on the restoration of the limbal stem cell population. In our opin-

ion, additional procedures that were performed during the follow-up period did not 

distort the corneal surface restoration rate. Previous reports have shown that kerato-

plasty succeeds only in eyes with a restored stem cell population [6, 7]. Improvement 

in VA was considered a minor outcome measure as it did not depend solely on the 

restoration of a stable corneal surface, but also on the clarity of other optical media, 

like the corneal stroma, the lens, and vitreous and retinal and optic nerve function. 

Therefore, additional procedures like keratoplasty and intraocular lens implanta-

tions that were performed in some of the patients had an impact of the final visual 

outcome.

In conclusion, our results show that transplantation of intact-AM-cultivated lim-

bal epithelium is safe, restores a stable corneal surface in most patients with LSCD, 

and is often accompanied by significant visual improvement. Further studies should 

address whether our results can be confirmed in a larger population.
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Abstract
Background: Conjunctival disorders may adversely affect tear film and promote/induce the devel-

opment of sicca syndrome (also known as Sjögren’s syndrome). The basic diagnostics of sicca syn-

drome are slit lamp examination and functional tests (such as the Schirmer test, break-up time, or 

fluorescein/rose bengal staining). However, morphological analysis requires time and effort, both in 

terms of technical equipment and labor, and the results are not available immediately. In contrast, 

when using laser scanning confocal microscopy (LSCM), the anatomy and morphology of the con-

junctival epithelium may be evaluated in vivo during the clinical examination. Material and 

Methods: We examined the conjunctival epithelium of 23 subjects with healthy eyes using LSCM. 

We compared intraindividual morphological patterns of normal conjunctival epithelium derived 

from the Heidelberg Retina Tomograph II – Rostock Cornea Module (HRTII-RCM) with those from 

impression cytology. All examinations were performed on the conjunctiva bulbi at the 12 o’clock 

position, 2 mm from the limbus corneae. Results: LSCM and impression cytology examine the con-

junctival epithelium from identical perspectives. This facilitates an intraindividual comparison of 

morphological patterns. In addition, artifact detection and the mapping of light/dark pattern recog-

nition of the LSCM to the microscopy of the impression cytology were reliable. LSCM allows in vivo 

discrimination of non-secretory from secretory cells in conjunctival epithelium. Non-secretory epi-

thelium shows dark, light and bright cytoplasm of epithelial cells on LSCM, in contrast to impression 

cytology. Nucleoplasmic ratio ranged from 1:1 to 1:4. Shape, size and interior structure were reliable 

criteria to distinguish goblet cells from non-secretory cells. The interior structure of the goblet cells 

showed dark or highly reflective bright homogeneous textures. Conclusion: LSCM is a feasible 

method for examining the morphology of conjunctival epithelium using non-invasive in vivo imag-

ing. Morphological criteria for squamous metaplasia of the conjunctiva in sicca syndrome are already 

known from cytology, and can be used in almost the same manner in LSCM. The separation of epi-

thelial microcysts from small goblet cells is difficult with LSCM. Finally, the clinical application of 

LSCM in the staging of sicca syndrome has to be evaluated in future studies.

Copyright © 2010 S. Karger AG, Basel

The conjunctiva is an important part of the epithelial barrier of the ocular surface 

and is essential to the transparency of the cornea. The mucosal barrier consists of 
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non-keratinizing squamous epithelium with a secretory function (fig. 1) and eye-

associated lymphoid tissue.

Numerous non-secretory epithelial cells as well as secretory cells, i.e. goblet cells, 

can be found in various frequencies. Using extensive transmission electron micros-

copy, the cellular and molecular structure of conjunctival epithelial cells varies 

depending on the topographic region. Five different non-secretory epithelial cells as 

well as epithelial cells with dark, light and bright cytoplasm are currently known [1].

Conjunctival dysfunction affects the tear film, and may promote significant dry-

ness of the ocular surface. Diagnosing sicca syndrome (also known as Sjögren’s syn-

drome) is complicated by the range of symptoms a patient may manifest. Symptoms 

from sicca syndrome are often similar to those caused by other conditions. Frequently, 

sicca syndrome causes associated blepharoconjunctivitis, and as a result it is not easy 

to distinguish whether primary blepharoconjunctivitis or sicca syndrome is the cause 

of the inflammation. Both diseases have different mechanisms which activate inflam-

matory responses of varying intensities in the conjunctival epithelium. Just like other 

chronic diseases, an unnoticed onset together with a slow progression make a reliable 

diagnosis difficult in sicca syndrome. The ophthalmologist has to treat patients with 

severe sicca syndrome, as well as patients with mild symptoms or subclinical signs. 

The latter describes a clinical condition that has been already established in other 

chronic diseases, e.g. hypertension where drug therapy was adapted to pre-hyperten-

sive conditions. By contrast, in cases of subclinical Sicca syndrome, it is difficult for 

ophthalmologists to correlate patient-reported symptoms with objective evidence.

All of this illustrates why a combination of several tests is needed for diagnos-

ing and staging sicca syndrome. Testing lacrimal function is easy to perform with 

the Schirmer test, break-up time, lacrimal osmolarity or fluorescein staining. 

Morphological imaging is only recommended for staging: Cytobrush, impression 

cytology or biopsy (guidelines of the Berufsverband der Augenärzte Deutschlands and 

Deutsche Ophthalmologische Gesellschaft). All of these methods require a minimally 

Fig. 1. Impression cytology: 

normal conjunctival epithe-

lium. Uniform field of non-

secretory epithelial cells, 

nucleoplasmic ratio from 1:1 

to 1:2, intermediate PAS-

positive goblet cells (light 

microscopy). PAS-hematoxylin. 

×20.
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invasive or invasive tissue sample with complex sample processing. Consequently, 

the results are only available after a time delay. Laser scanning confocal microscopy 

(LSCM) may be a promising technique for non-invasive imaging to determine the in 

vivo clinical diagnosis of sicca syndrome, especially if comparative patterns of other 

clinical examinations are available. In this study, we analyzed intraindividual mor-

phological characteristics of human conjunctival epithelium in healthy eyes, compar-

ing assignable and reproducible patterns of LSCM (Heidelberg Retina Tomograph 

II – Rostock Cornea Module; HRTII-RCM) alongside impression cytology of the 

conjunctiva.

Materials and Methods

Healthy eyes of 23 subjects were examined using the new in vivo imaging LSCM. A comparative 

intraindividual structure and pattern recognition was performed in a standardized procedure. 

Using the HRTII-RCM, a predefined region of the conjunctiva bulbi was examined with a contact 

method. For reasons of accessibility, we examined the superior conjunctiva bulbi with the in vivo 

LSCM after the application of local anesthetics (Proparakain®-POS 0.5% proxymetacaine-HCL eye 

drops). The upper eyelid was retained while the subject looked down. Then the device was attached 

to the surface of the eye using a contact gel (Vidisic eye gel). This procedure allowed an in vivo 

examination of the conjunctiva bulbi at the 12 o’clock position, 2–3 mm from the limbus corneae in 

all 23 subjects.

Following LSCM, and after repeated topical anesthesia with Proparakain®-POS 0.5% eye drops, 

we took impression cytology specimens from the identical region of the conjunctiva bulbi. In 

addition, we performed topographic impression cytology of the conjunctiva, and took more 

cytological samples for microscopy from different regions of the bulbar conjunctiva at 9, 3 and 6 

o’clock positions. Each specimen was sampled with a standardized pressure of 50 cN using cellulose 

acetate membrane filters (MilliporeTM). The sampled conjunctival epithelium was preserved with a 

fixing spray and stained with PAS-hematoxylin for light microscopy. Impression cytology is 

appropriate for comparative pattern recognition because it gives a similar perspective of the sample 

as in vivo LSCM. Instrument engineering and device handling have been explained in detail in 

other papers [2, 3].

Results

Table 1 provides an overview of the cellular structures in the conjunctival epithelium 

in the context of comparing impression cytology to LSCM.

A prerequisite for a reliable intraindividual analysis of morphological differences 

in conjunctival epithelium derived from established impression cytology compared 

to the innovative LSCM is a similar anatomical and morphological perspective of 

the specimen. Both LSCM and impression cytology provide identical perspectives in 

comparison to conventional histomorphological preparation following surgical exci-

sion of the conjunctiva. Consequently, a planar surface of the specimen can be exam-

ined instead of a transverse section, which is common in conventional histological 
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preparations. This makes the identification of similar patterns of the conjunctival epi-

thelium and the detection of artifacts easier. All 23 healthy subjects showed normal 

cytomorphological findings of the superficial conjunctival epithelium (fig. 1) using 

impression cytology [4].

The intraindividual comparison of the impression cytology reference (fig. 1–3) 

and the in vivo examination of the conjunctival epithelium with the HRTII-RCM (fig. 

4–8) led to the following results.

Using LSCM, the epithelial barrier of the conjunctiva can be observed directly.

Superficial epithelial cells of the bulbar conjunctiva were characterized as large 

loosely arranged cells with a hyporeflective nucleus (fig. 4). Intermediate epithelial 

Table 1. Overview of cellular structures of the conjunctival epithelium and their associated patterns 

in light microscopy compared to LSCM

Morphological feature 

of the conjunctiva

Patterns in impression cytological 

specimen using light microscopy 

(PAS-hematoxylin)

Pattern recognition using 

in vivo LSCM 

Mucin strip-, dot- or point-shaped PAS-

positive granules;

clustered diffuse distributed red-

stained granules

bright diffuse point-shaped 

reflectors;

discriminable from bright nucleus 

due to irregular boundary

Goblet cells circular or oval shape;

larger than non-secretory 

epithelial cells;

staining of the interior structure 

varies (secretion);

glycoproteins and mucin

stained blue and red

rich in contrast, circular or oval 

shape, varying size;

considerably larger than non-

secretory epithelial cells;

thick hyperreflective cell borders;

interior structure with varying 

light/dark pattern

Epithelial cells, non-secretory

 Nucleus saturated, dark-blue grained 

chromatin structure;

circular or oval shape; 

nucleoplasmic ratio 1:1–1:2

bright, circular or oval structures;

nucleoplasmic ratio 1:1–1:2;

difficult to differentiate from 

cytoplasm

 Cytoplasm light blue low-contrast structure;

capable of differentiating from 

high-contrast structures (nucleus, 

cell border, intercellular space) 

due to light/dark distribution

 Cell membrane indistinct linear structure distinctive lines with bright or 

dark pixels

 Intercellular space specifiable clearly specifiable
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Fig. 2. Squamous metaplasia 

of the conjunctival epithelium 

in severely dry eyes. Loose 

clusters of non-secretory epi-

thelial cells, nucleoplasmic 

ratio ranges from 1:4 to 1:8, 

snake-like chromatin; no evi-

dence of goblet cells (impres-

sion cytology, light 

microscopy). PAS-hematoxylin. 

×40.

100 µm

Fig. 3. Impression cytology of 

the conjunctival epithelium in 

healthy eyes. The majority of 

goblet cells appear PAS-

positive because they contain 

glycoprotein and mucin. 

However, various goblet cells – 

whose secretion appears to be 

(partially or totally) unstained 

– are visible (impression cytol-

ogy, light microscopy). PAS-

hematoxylin. ×20.

Fig. 4. Uniform field of non-

secretory epithelial cells 

imaged using LSCM. Cell bor-

ders and intercellular spaces 

are observable due to various 

bright reflections. It is possible 

to differentiate some of the 

bright nuclei from the hypore-

flective cytoplasm.
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cells were captured with features of small tightly arranged oval cells with a punctiform 

hyperreflective nucleus. Basal epithelial cells appeared to be polygonal and arranged 

regularly within hyperreflective cell borders. The presumed goblet cell was defined 

as a large hyperreflective oval-shaped cell with relatively homogeneous brightness, 

crowded in groups or mainly dispersed (fig. 5, 6). The basement membrane, a promi-

nent hyperreflective band, separated epithelial cells from the subepithelial structure. 

Bulbar conjunctival substantia propria, beneath the basement membrane, was mainly 

composed of highly vascularized loose connective tissues, which were irregularly 

arranged fibers or a network of fibers, punctiform hyperreflective immune cells, and 

sharp tracks of blood vessels.

Fig. 5. Large goblet cell within a uniform layer 

of conjunctival epithelial cells imaged using 

LSCM. The thick cell membrane and the nucleus 

appear hyperreflective, whereas the cytoplasm 

is darker.

Fig. 6. Several goblet cells in conjunctival 

 epithelium of a healthy subject imaged using 

LSCM. In contrast to figure 5, the goblet cell 

lumen is hyperreflective. As a result, the thick 

cell membrane is not capable of being 

 differentiated.
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It is possible to differentiate between non-secretory epithelial cells of the conjunc-

tiva bulbi and secretory cells. Polyhexagonal cell borders of non-secretory epithelial 

cells of stratified non-keratinizing squamous epithelium can be displayed with LSCM. 

Nucleoplasmic relation can be determined with LSCM in the same way as minimally 

invasive impression cytology (fig. 7). As expected in all healthy subjects, the nucleo-

plasmic ratio ranged from 1:1 to 1:2; this did not depend on the imaging method 

(impression cytology or LSCM) and represents normal findings (fig. 1, 3, 4). Using 

the morphological in vivo examination, LSCM cell borders appeared hyperreflective, 

while the cytoplasm showed marginal reflections with dark homogeneous textures. 

Circular and oval nuclei were rich in contrast and showed various bright reflections. 

Diffuse punctiform bright reflections between cell groups were a sign of dispersed 

mucin granuloma. In the superior parts of the superficial conjunctival epithelium, we 

also found bright linear reflections, which might correspond to crypts of the conjunc-

tival epithelium. Large circular or oval light/dark patterns appeared between the non-

secretory epithelial cells. In reference to impression cytology, this light/dark pattern 

corresponded to the secretory cells of the conjunctival epithelium. The distinction 

of goblet cells from non-secretory epithelial cells was also possible with the in vivo 

LSCM on the basis of cell shape, size and interior structure. Goblet cells appeared rich 

in contrast in cell membranes and the intracellular space with various bright reflec-

tions in contrast to the more frequent non-secretory epithelial cells of the conjunctiva. 

The lumen of the goblet cells was either hyporeflective with various dark reflections 

(fig. 5) or hyperreflective (fig. 6). In cases of a high reflective interior structure, it was 

not always possible to differentiate the thicker cell border of secretory goblet cells 

from the interior structure of the goblet cells using LSCM (fig. 8).

In impression cytology, the interior structure of the non-secretory epithelial cells 

always appeared in bluish regular coloring. Using in vivo imaging with LSCM, we 

Fig. 7. Uniform layer of non-secretory epithe-

lial cells imaged using LSCM. Just as in transmis-

sion electron microscopy, epithelial cells appear 

bright, dark and intermediate. The cytoplasm 

shows various bright reflectors. The nucleus can 

be identified if the cytoplasm is hyporeflective. 

The nucleoplasmic ratio ranges from 1:2 to 1:4. 

(in vivo microscopy with LSCM.)
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found corresponding regular low-contrast dark patterns. In addition, we observed 

groups of non-secretory conjunctival epithelial cells with irregular cytoplasmic light/

dark patterns. This morphological characteristic of the conjunctival epithelium is not 

common for impression cytology, but for transmission electron microscopy (where 

cytoplasm alternates in dark low-contrast structures), while other epithelial cells of 

the surrounding area have regular cytoplasmic reflections with various bright intensi-

ties. In contrast to impression cytology with LSCM, we were able to differentiate non-

secretory epithelial cells with mild dark cytoplasmic reflections from intermediate 

reflective cytoplasm and bright highly reflective cytoplasmic structures (fig. 1, 7). A 

similar pattern of the interior structure of the non-secretory conjunctival epithelium 

was only known from experimental examinations with the transmission electron 

microscope. However, this method is not feasible for clinical imaging and further-

more requires surgical excision procedures.

Discussion

LSCM together with the HRTII-RCM is a feasible method of analyzing the morphol-

ogy of the conjunctival epithelial barrier. While clinical examination and quantita-

tive HRT analysis of the optic disc are state-of-the-art in glaucoma monitoring, and 

retinal examination is the established way to quantify macular edema, we still have 

to wait for application scenarios for LSCM in vivo examination of the conjunctiva. A 

Fig. 8. Using LSCM, goblet 

cells of the conjunctival epi-

thelium appear with varying 

reflectivity, in the same man-

ner as in impression cytology.
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fundamental prerequisite for this objective is a systematic analysis of all patterns of 

healthy conjunctival epithelium. Various research groups have already published first 

results; however, these only included very few subjects. In 2004, Kobayashi et al. [5] 

examined initially non-fixed conjunctiva of rabbits. In 2005, the first morphological 

in vivo results from using the LSCM in 4 healthy volunteers followed. Different parts 

of the conjunctiva (conjunctiva bulbi, conjunctiva tarsalis et palpebrae) were observed 

and documented. The cell size of non-secretory epithelial cells varied in relation to the 

examined region. The conjunctiva tarsalis et palpebrae presented smaller and tighter 

non-secretory epithelial cells using in vivo LSCM compared to the conjunctiva bulbi. 

This represents a fact that is already known from topographic impression cytology 

and ophthalmopathology. In LSCM, we can detect small crypts and conjunctival fold-

ing, which is impossible with fixed specimens in impression cytology and histology. 

Kobayashi et al. [5, 6] even found subepithelial structures of small vessels and dem-

onstrated Langerhans cells with characteristic dendritic patterns. Secretory cells were 

classified by size and either a circular or oval shape. All goblet cells appeared in a 

homogeneous structure with various bright reflections. In our studies, we also found 

goblet cells as described by Kobayashi et al. [5, 6]. Furthermore, we detected secre-

tory cells with a dark interior structure. The thick cell membrane and the intercellular 

space provide a sharp contrast to the non-secretory epithelial cells. The alternating 

light/dark pattern of the secretory goblet cells may indicate variations in secretory 

consistency. Variations in goblet cell secretion are already known from light micros-

copy with various stainings and the application of histochemistry. On the other hand, 

this could be a result of different functional conditions of the secretory goblet cells, 

i.e. hyposecretion following secretory activity. At present, it is difficult to differentiate 

between microcysts and closed goblet cells. Several reports about detected microcysts 

have been published [7–9]. Ciancaglini et al. [7] suggested that microcysts of the con-

junctival epithelium are pathognomonic for the development of ocular hypertension 

and glaucoma; however, this hypothesis was disproved in the studies of Efron et al. [8] 

and Messmer et al. [9]. Microcysts are commonly detected in the conjunctival epithe-

lium of healthy eyes, but their frequency depends on the topography. Microcysts were 

most frequent in the palpebral conjunctiva, while they were rare in the conjunctiva 

bulbi of healthy subjects [8, 9]. In contrast to Efron et al. [8], we examined the conjunc-

tiva closer to the limbus corneae. Messmer et al. [9] identified patterns of microcysts 

in LSCM as closed goblet cells. However, they found a high percentage of patterns in 

upper epithelial layers which corresponded to oval pyknotic nuclei. From impression 

cytology, we already know snake-like chromatin, which appears frequently in sicca 

syndrome, characterizes metaplasia of the conjunctiva. Hence, the authors assumed 

a subclinical sicca syndrome in all healthy subjects examined. Functional tests to 

exclude sicca syndrome were not performed in that study [9]. Our results, together 

with the conclusions of other studies [10–22], provide evidence that LSCM is capable 

of detecting all important morphological criteria of metaplasia of the conjunctival 

epithelium in sicca syndrome. Future research with large-scale in vivo examinations 
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of the LSCM is still mandatory. This requirement is supported by the fact that (in con-

trast to our in vivo examinations of non-secretory conjunctival epithelium with dark, 

intermediate and bright cytoplasmic structure published in 2006 [15]) Kobayashi did 

not report similar results of LSCM examinations [5, 6]. In the meantime, other pub-

lications have confirmed our observation [8, 9]. Furthermore, in vivo cell counting of 

the conjunctival epithelium was performed with the HRT3/RCM software [8]. Efron 

et al. [8] examined the bulbar conjunctiva at the 12 o’clock position, 2–4 mm behind 

the limbus corneae (mean thickness: 32.9 ± 1.1 μm; overall goblet cell density: 111 

± 58 cells/mm2), and failed to observe any dendritic Langerhans cells in this part of 

the conjunctiva, whilst finding 23 ± 25 cells/mm2 in other topographic regions of the 

conjunctiva bulbi.

The fundamental advantage of morphological in vivo diagnosis with LSCM is the 

contemporary non-invasive imaging analysis of the conjunctival epithelial barrier. 

The results can be interpreted while the patient is present, similarly to various other 

functional tests for sicca syndrome. So far, diagnostic imaging – such as Cytobrush, 

impression cytology or even histopathological examination following surgical exci-

sion – was only recommended for extended staging of sicca syndrome or chronic 

conjunctivitis. LSCM could advance to a secondary imaging method for diagnos-

ing disorders of the ocular surface next to the established slit lamp biomicroscopy. 

Structural cellular imaging would expand the capacity of slit lamp biomicroscopy. 

Limitations of LSCM are the considerable initial costs and the operating expenses. 

Examination with the HRTII-RCM requires direct and air-free contact with the sur-

face of the patient’s eye. Irregular uneven regions of the eye surface make it difficult 

to keep the contact free from air and complicate in vivo examination of the palpe-

bral angle or the lacrimal gland. Combined with the HRTII, the accessibility of the 

conjunctiva is complicated, especially in cases of head immobility, spinal stiffness or 

postural deformity. Patients with tremor or patients who do not cooperate cannot be 

examined. Continuous imaging in z-scan mode of all epithelial layers of the conjunc-

tiva and subepithelial connective tissue requires patience on the part of the examiner 

and a highly cooperative subject. Slight eye movements can cause interfering arti-

facts. The examination requires direct contact with the conjunctiva, and therefore 

carries an inherent risk of infection. Due to poor accessibility of the palpebral angle 

or the lacrimal gland for in vivo examination, these regions require established imag-

ing techniques, such as minimally invasive cytology or histological examination. For 

major parts of the conjunctiva bulbi and the conjunctiva tarsi, LSCM will become 

more important for in vivo diagnosis. Several case reports have been published detail-

ing various pathological conditions of the conjunctiva: conjunctival lymphoma, 

conjunctival amyloidosis, atopic keratoconjunctivitis, pterygium, and pigmented 

conjunctival tumors [16].

In vivo examination of the conjunctival epithelial barrier will become increasingly 

important in various disorders of the ocular surface, and especially sicca syndrome. 

Besides the differentiation of non-secretory epithelial cells and secretory goblet cells, 
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several light/dark patterns – which are based on different functional conditions or the 

specific molecular morphology of individual cells – are discriminable. Further research 

is required to compare and analyze differences in pattern recognition of established 

imaging (i.e. cytology or histopathology) and innovative non-invasive LSCM.

Conclusions

– LSCM is a non-invasive in vivo imaging technique that is capable of analyzing the 

morphology of the conjunctival epithelium.

– Th e HRTII-RCM system presents the conjunctival epithelium in a clinical 

perspective similar to the specimen of impression cytology.

– Th e LSCM not only allows the examination of superior epithelial cell layers, but 

also the complete thickness of the conjunctival epithelium.

– It is possible to inspect the morphology of non-secretory and secretory cells in 

the conjunctival epithelium with LSCM.

– Shape, size and border of goblet cells can be characterized with light/dark 

patterns of LSCM.

– It is diffi  cult to diff erentiate epithelial microcysts from small goblet cells using 

LSCM.

– In LSCM, conjunctival goblet cells have 2 appearances.

– In LSCM, non-secretory epithelial cells are crowded into groups, just as in 

impression cytological specimen. Small linear hyperrefl ective structures 

correspond to crypts and conjunctival folding, which cannot be observed in fi xed 

specimens of impression cytology.

– In LSCM, the cytoplasm of non-secretory epithelial cells shows a homogeneous 

pattern that is similar to light microscopy. Epithelial cells can be classifi ed into 

dark, intermediate and bright refl ective patterns.

– Th e nucleoplasmic ratio of conjunctival epithelial cells can be determined in vivo 

using LSCM.

– With LSCM, the in vivo analysis of the conjunctival epithelial morphology is 

already possible during the clinical examination.

– Squamous metaplasia of the conjunctival epithelium can be examined with the 

non-invasive LSCM.

– LSCM can be helpful in diagnosing and staging of the sicca syndrome because 

relevant morphological criteria of conjunctival metaplasia can be evaluated 

(goblet cells, transformation of nucleoplasmic ratio, ‘snake’ cells [11]).

– Th e clinical value of LSCM in sicca syndrome staging has to be evaluated in 

future experimental studies.

– Using LSCM, functional lacrimal tests (like the Schirmer test, break-up time 

and slit lamp biomicroscopy) can be extended yielding important anatomical/

morphological information.
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Abstract
Background: During pollen seasons, allergy-like symptoms can be observed in proven non-allergy 

sufferers. Pollen enzymes are thought to be responsible for conjunctival irritation. We investigated 

the influence of the well-known aggressive pollen species hazelnut (Corylus avellana) and birch pol-

len (Betula pendula) on both human tear fluid and conjunctival cell cultures. This study is an approach 

to seasonal non-allergic conjunctivitis (SNAC) syndrome. Methods: Zymography was carried out in 

order to investigate the proteolytic activity of the pollen. Thereafter, human tear fluid was incubated 

with pollen extract, and the results were studied by polyacrylamide gel electrophoresis. In addition, 

cultivated conjunctival cells (CHANG cells) were incubated with pollen extracts. Cytomorphological 

changes were analyzed using the CASY1 Cell Counter. Cell viability was quantified via MTS assay. The 

viability of the cells which were incubated with pollen extract was compared to the viability of con-

trol cells. Results: Pollen proteases destroy tear fluid proteins, as observed by polyacrylamide gel 

electrophoresis. The treatment of CHANG cells with pollen extract induced a statistically significant 

decrease in cell viability, depending on the pollen extract concentration and the incubation period. 

Conclusion: Evidence of the destruction of tear fluid proteins and damage to human conjunctival 

cells by pollen proteases explains conjunctival irritation in proven non-allergic people during the 

pollen season. One reason why not all people are affected by SNAC syndrome to the same extent 

could be differences in the concentrations of antiproteases present on the ocular surface.

Copyright © 2010 S. Karger AG, Basel

During pollen season, many people suffer from red, watery, itchy and/or sticky eyes, 

as well as a runny nose, and these symptoms are being observed among proven non-

allergy sufferers more frequently. This disease was recently described as seasonal 

non-allergic conjunctivitis (SNAC) syndrome [1–3].
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Our study makes a contribution to the understanding of in vivo reactions in pol-

len-exposed eyes suffering from SNAC syndrome. We investigated the influence of 

hazelnut and birch pollen extracts on human tear fluid and conjunctival cells.

Even dry eye symptoms can be caused by pollen [3, 4]. As allergies have increased 

over the last couple of years, a rising number of patients have been seen in the 

Department of Ophthalmology, Medical University Graz, Austria, who were found to 

be suffering from dry eyes due to allergic reactions to various substances. However, a 

connection between the SNAC syndrome and dry eyes may also exist.

Methods

Pollen Collection

The experiments were carried out with well-known aggressive pollen species, i.e. hazelnut (Corylus 

avellana) and birch pollen (Betula pendula). Male inflorescences, which contain pollen, were col-

lected from trees in the local area. Afterwards, they were dried, sieved and stored in paper bags at 

room temperature.

Zymography

Zymography was performed to investigate the proteolytic activity of pollen with a 10% zymogram 

gelatin gel, and staining was carried out using a colloidal blue staining kit (both from Invitrogen 

Life Technologies, Carlsbad, Calif., USA).

Hazelnut pollen (10 mg) and birch pollen (10 mg), which were used in comparison, were 

incubated with 100 μl physiological saline for 1 h at room temperature. The next day, the pollen 

extract was centrifuged at 10,000 rpm for 5 min. Then, 15 μl of the supernatant was diluted with 

sample buffer at a ratio of 1:1. The remaining extract was filtered sterilely, and again 15 μl was 

diluted with the sample buffer at a ratio of 1:1. Next, 20 μl of the samples were added to each well, 

and the gel was placed in an electrophoresis chamber filled with running buffer. Zymography was 

performed for 60 min at 125 V.

Afterwards, the zymogram gel was fixed with renaturing buffer for 30 min at room temperature 

and developed in developing buffer overnight at 37°C.

The gel was stained with colloidal blue and destained with distilled water. The zymographic 

spectra were documented by a Minolta RD-175 digital camera.

Collection of Tear Fluid

Tear fluid (25 μl) was collected from healthy test participants with normal tear function after they 

gave informed consent. Tears were collected from the lower lateral tear meniscus with a capillary 

tube after stimulation with China mint oil applied to the skin in the area of the zygomatic bone. 

The samples were transferred into plastic microtubes (Brand GmbH, Wertheim, Germany) and 

used for the experiment.

Polyacrylamide Gel Electrophoresis

Physiological saline (100 μl) and tear fluid (100 μl), respectively, were laced with 10 mg pollen and 

incubated at 37°C for 1 h. Afterwards, the mixture was centrifuged at 10,000 rpm for 5 min. 

Subsequently, 30 μl pollen extract, 5 μl pollen-tear fluid mixture and 5 μl tear fluid, respectively, 

were diluted with NuPAGE LDS 4× sample buffer at a ratio of 3:1. Pollen extract (15 μl), pollen-tear 

fluid mixture (4 μl) and pure tear fluid (4 μl), respectively, were pipetted into the wells of the pre-
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cast NuPAGE 4–12% Bis-Tris gel, 1.0 mm × 10 wells (Invitrogen Life Technologies). Electrophoresis 

was performed at 200 V and 78 mA for 35 min, after which the gels were fixed in water-methanol-

acetic acid (5:6:1) for 10 min, stained overnight with a colloidal blue stain kit (Invitrogen Life 

Technologies) and destained with distilled water. The electrophoresis patterns were documented 

by a Minolta RD-175 digital camera.

Pollen Extract for Experiments with CHANG Cells

Dulbecco’s modified Eagle medium (DMEM; 12 ml; Invitrogen) and 1% P/S (penicillin/streptomy-

cin, Biochrom, Berlin, Germany) were added to 60 mg and 300 mg of birch pollen, respectively, 

which equals a concentration of 5 mg and 25 mg birch pollen per ml medium. The pollen suspen-

sion was incubated for 24 h at 4°C. Finally, the suspension was centrifuged at 4,500 rpm for 5 min 

and the supernatant was filtered sterilely to receive the pollen extract needed for the experiments.

Human Conjunctival Cells

Human conjunctival cells (CHANG cells, CCL-20.2, clone 1-5c-4m, Wong-Kilbourne derivates of 

CHANG conjunctiva) acquired from the American Type Culture Collection (Manassas, Va., USA) 

were used. This cell line is thought to be derived from normal epithelial conjunctiva, and is immor-

talized with HeLa marker chromosomes. The cells are positive for keratin and they grow adher-

ently.

The cells were frozen at –196°C in fluid nitrogen. Before use, they were defrosted and 

resuspended in 10 ml culture medium. To remove dimethyl sulfoxide, they were centrifuged at 800 

rpm for 5 min, resuspended in 1,000 μl culture medium and transferred into a 25-cm2 culture flask 

purchased from Sarstedt GmbH (Wiener Neudorf, Austria). Finally, 4 ml DMEM containing 1% 

P/S and 10% fetal bovine serum (PAA Laboratories, Pasching, Austria) were added to the flask and 

incubated in a CO2 incubator (Heracell 240, Kendro Heraeus, Berlin, Germany) at 37°C. Every 2–3 

days, the medium was changed.

The assessment of cell growth, degree of confluence and photo documentation were performed 

by an inverse microscope (Axio Observer Z.1, Zeiss, Germany). As soon as the cells were at least 

90% confluent, they were used for the experiments.

Cell Suspension

Firstly, cell culture medium was removed and the cells were rinsed with rinsing solution (Dulbecco’s 

phosphate buffered saline, DPBS; Invitrogen). Trypsin (1 ml) was added to the cell monolayer, and 

the flask was returned to the incubator for 2 min. The detachment of the cells was assessed under 

the microscope. In order to inactivate the effect of trypsin, the cells were resuspended in 3–5 ml 

medium. Afterwards, the cell suspension was transferred into a centrifuge tube and centrifuged at 

800 rpm for 5 min. Finally, the medium was decanted and the cells were resuspended in 2 ml 

medium.

To receive a cell suspension with the desired cell density, cell count was determined by the 

CASY®1 Cell Counter + Analyzer System (model TT; Schärfe System, Reutlingen, Germany).

The CASY1 Cell Counter is used to control the quality of cell cultures. The cells are suspended 

in isotonic measuring solution (CASYton) and aspirated through a precision capillary with a 

defined size. While passing through the measuring capillary, they are scanned with a frequency of 

106 measurements per second in a low-voltage field between 2 platinum electrodes. The resulting 

electrical signals give information about amount, concentration, diameter, volume and size 

distribution of the cells.

CASYton (9.9 ml) and cell suspension (100 μl) were pipetted into a CASY cup and placed into 

the counter. After CASY1 cell amount determination, the cell volume with desired cell density was 

calculated. Cell suspensions with an empiric cell density of 50,000 cells/ml for CASY1 cell analysis 

and 30,000 cells/ml for the MTS assay were created.
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CASY1 Analysis of Cytomorphological Changes

For analysis of cytomorphological changes in human conjunctival cells after the incubation with 

pollen extracts, 2-ml cell suspensions (50,000 cells/ml) were seeded into 12-well plates (Becton 

Dickinson and Company, Franklin Lakes, USA) by a pipette (Eppendorf Research, Hamburg, 

Deutschland). The outer wells of the plate were filled with distilled water, in order to avoid evapora-

tion.

After incubation time of 24 h at 37°C in the CO2 incubator, cell growth was assessed by an 

inverse microscope. Cell culture medium was removed and the cells were rinsed with DMEM plus 

1% P/S. Next, 1 ml DMEM plus 1% P/S was filled into the control wells and 1 ml pollen extract, 

obtained from either 5 mg/ml or 25 mg/ml, was applied to the sample wells. Then the plates were 

incubated for 5 and 24 h, respectively, at 37°C in a CO2 incubator.

Subsequently, the plates were taken out of the incubator and cytomorphological changes were 

assessed by the inverse microscope and photo documented. Cell culture medium was removed, 

after which the cells were rinsed with DPBS rinsing solution and trypsinized with 200 μl trypsin. 

Finally, the cell suspension and 9.8 ml CASYton were pipetted into a CASY cup and analyzed by the 

CASY1 system.

Determination of Cell Viability by MTS Assay

Evaluation of cell viability was performed by the Cell Titer 96® Aqueous One Solution Cell 

Proliferation Assay (MTS) from Promega (Madison, Wisc., USA). The MTS assay is a colorimetric 

method for determination of the number of viable cells in proliferation, cytotoxicity or chemosen-

sitivity assays. Yellow tetrazolium salt, MTS (Sigma, Germany), is bioreduced to purple formazan 

in the mitochondria of metabolically active cells. The reduction only takes place when mitochon-

drial reductase enzymes are active, and therefore conversion can directly be related to the number 

of viable cells.

Experiments were performed in 96-well microtiterplates (Becton Dickenson) by applying 200 

μl cell suspension with a cell density of 30,000 cells per ml into each well using a multichannel 

pipette (Eppendorf Research, Hamburg, Deutschland). The outer wells of the plate were filled with 

distilled water in order to avoid evaporation. After an incubation time of 24 h at 37°C in a CO2 

incubator, cell growth was assessed and pollen extract was applied.

Firstly, medium was removed and each well was rinsed twice with 30 μl DMEM plus 1% P/S. 

Next, 100 μl DMEM plus 1% P/S were filled into the blank wells and 100 μl pollen extract were 

applied to blank plus pollen wells and the sample wells; 100 μl DMEM plus 1% P/S were filled into 

the control wells. Finally, the plates were incubated for 5 and 24 h, respectively, at 37°C in a CO2 

incubator.

After 5 and 24 h, respectively, the 96-well plates were taken out of the incubator and 

cytomorphological changes were assessed by an inverse microscope and photo documented. Cell 

medium was removed, each well was rinsed with DMEM plus 1% P/S, and 100 μl fresh DMEM plus 

1% P/S were applied. Subsequently, 10 μl MTS reagent was added and the plates were incubated for 

2 h at 37°C.

After incubation, the plates were evaluated. The absorbance of the MTS reaction product was 

measured at wavelengths of 492 and 620 nm using an ELISA reader (Anthos 2010, ADAP software 

from Anthos Labtec Instruments GmbH, Krefeld, Germany).

Statistical Analysis

We calculated the cell viability (as a percentage) on basis of the MTS assay’s extinctions. The extinc-

tions of the control cells of each microtiterplate were defined as 100% cell viability for the particu-

lar microtiterplate.

All data were analyzed using SPSS 17 (SPSS Inc. Chicago, Ill., USA). The groups were evaluated 

for parametric or non-parametric distribution by the Kolmogorov-Smirnov test. The cell viability 
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of the cells incubated with pollen extract was compared to the control, and evaluated by Mann-

Whitney U tests for 2 independent samples. A significance level of p = 0.05 and a confidence level 

of 95% were defined for all statistical analyses.

Results

Zymography

It could be verified that the pollen used for the experiments contains proteases that 

possess enzymatic activity (fig. 1). The zymographic spectra of the 2 pollen species 

differed from each other.

Polyacrylamide Gel Electrophoresis

Polyacrylamide gel electrophoresis was performed in order to analyze the proteins 

of pollen and tear fluid. As an example of the proteolytic activity of pollen, figure 2 

shows the electrophoresis spectra of hazelnut pollen extract, tear fluid and tear fluid 

incubated with pollen extract. Interestingly, after incubation of tear fluid with pollen 

extract, single bands of the electrophoresis spectrum of tear fluid disappeared. This 

indicates that some pollen proteins exert proteolytic activity that destroys tear fluid 

proteins.

Similar results can be obtained using birch pollen extract (not shown).

1 2

Fig. 1. Zymography pattern of 

hazelnut (lane 1) and birch pollen 

extract (lane 2).

Fig. 2. Electrophoresis spectrum 

of hazelnut pollen extract and 

tear fluid. Lane 1 = hazelnut pol-

len; lane 2 = tear fluid; lane 3 = 

tears incubated with hazelnut pol-

len extract. After incubation of 

tear fluid with pollen extract, sin-

gle bands of the electrophoresis 

spectrum of tear fluid disap-

peared (arrows). 1 2 31 2
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Microscopic Analysis of Cell Cultures Following Incubation with Pollen Extract

Assessment of the cells under the inverse microscope revealed that, compared to 

the control (fig. 3), cells treated with birch pollen extract showed severe structural 

changes (fig. 4). Similar results can be obtained with hazelnut pollen extract (not 

shown).

CASY1 Cell Analysis

Measurements of the cells incubated with pollen extract showed (in comparison 

to cells without pollen treatment) the cell amount, diameter and volume changed 

noticeably following incubation with 5 and 25 mg/ml birch pollen extract for incuba-

tion times of 5 and 24 h, respectively (table 1). The analysis indicated that the changes 

Fig. 3. CHANG cells without 

pollen addition (control).

Fig. 4. CHANG cells incubated 

with birch pollen extract at a 

concentration of 25 mg/ml 

after 5 h.
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were consistent with cell damage. The degree of cell damage depended on the con-

centration of the pollen extract and incubation time.

MTS Assay

MTS analysis of pollen revealed that pollen possess spontaneous dehydrogenase 

activity. Therefore, the use of 2 different blanks was necessary to cut out the reagent 

basic activity and the pollen dehydrogenase activity, respectively. Both blanks were 

deducted from the corresponding control wells and sample wells.

Incubation of human conjunctival cells with 5 mg birch pollen per ml cell culture 

medium for 5 h reduced mean cell viability to 88.49%. At an incubation time of 24 h, 

a reduction to 74.02% cell viability could be observed (fig. 5).

Furthermore, it could be observed that incubation of conjunctival cells with 25 

mg birch pollen per ml cell culture medium for 5 h reduced the mean cell viability to 

80.49% and for 24 h to 21.96% compared to the control (fig. 5).

Similar results can be obtained with hazelnut pollen extract (not shown).

The extent of the decrease in cell viability depended on the concentration of the 

pollen extract and incubation time.

The evaluation of our data by the Kolmogorov-Smirnov test showed a non-para-

metric distribution when evaluating all cells incubated with pollen. The results of the 

Mann-Whitney U test revealed that the incubation of human conjunctival cells with 

pollen extract led to a statistically significant decrease in cell viability (p < 0.000).

Discussion

Biochemical analysis of pollen has revealed there are numerous different proteins 

within pollen that vary between the plant species. By performing zymography, some 

Table 1. CASY1 analysis: cytomorphological changes

Concentration Incubation 

time, h

Cell count, % Cell diameter, % Cell volume, %

5 mg/ml 0 100.00 100.00 100.00

5 108.96 99.33 97.54

24 96.17 99.63 96.74

25 mg/ml 0 100.00 100.00 100.00

5 72.89 103.06 109.78

24 17.39 95.70 97.48



90 Rabensteiner · Spreitzhofer · Trummer · Wachswender · Kirchengast · Horwath-Winter · Schmut

of the proteins could be identified as proteases, which were proteolytically active. It 

could simultaneously be proven that different pollen species contain different types of 

proteases with varying enzymatic activity [4–8]. These enzymes are of importance in 

SNAC syndrome [1, 2].

Incubation of dried pollen with any fluid showed that pollen bloat and release 

their contents, which include proteases, through little pores in the membrane into 

their surroundings.

This reaction causes the destruction of tear fluid proteins and is thought to desta-

bilize the tear film, which is built through the interaction between proteins, lipids and 

mucous substances. Tears are no longer able to moisten the affected areas, leading to 

dry sites on the ocular surface and causing unpleasant irritation [4].

Our experiments showed that treatment of human conjunctival cells with pollen 

extracts leads to cytomorphological changes consistent with cell damage and to a 

significant reduction in cell viability. These indicate that exposure of eyes to pollen-

polluted surroundings may also lead to conjunctival damage in vivo. Detailed in vivo 

data on the residence time of pollen on the ocular surface, as observed recently, show 

that pollen are detectable for up to 5 h on the ocular surface [9], time enough to exert 

their enzymatic activity.

One reason why not all humans are affected by SNAC syndrome may be differ-

ences in the concentration of antiproteases on the ocular surface. Antiproteases and 
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Fig. 5. Mean cell viability of human conjunctival cells after incubation with 5 mg/ml and 25 mg/ml 

of birch pollen extract for 5 and 24 h, respectively.
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protease inhibitors are contained within body fluids, which usually provide enough 

protection against proteases. In human tear fluid and nasal secrete, antiproteases such 

as α1-antitrypsin, α1-antichymotrypsin and α2-macroglobulin can be found [3]. The 

most important role, as far as quantity is concerned, is played by α1-antitrypsin. It is 

an acute phase protein that is able to protect tissues against trypsin and other serine 

proteases [10, 11]. Therefore, if a sufficient amount of α1-antitrypsin is present, it is 

able to inhibit certain pollen proteases.

It can be assumed that when there is a reduction in the quantity or quality of pro-

tective factors, proteases can take effect more easily. For example, patients suffer-

ing from dry eye syndrome may be more susceptible to protease reactions, as only a 

reduced amount of antiproteases reach the ocular surface. It seems feasible that a pos-

sible accumulation of etiological factors of dry eye, such as exposure to wind, ultravi-

olet light and ozone, may lead to an increased sensibility to pollen proteases [12–15].

Assessment of cells with the inverse microscope showed that the under normal cir-

cumstances adherently growing CHANG cells were detached and floating after treat-

ment with pollen extract. This loss of cell coherence is probably due to a proteolytic 

degradation of intracellular contact proteins [16]. Experiments with human alveolar 

epithelial cells incubated with serine endopeptidases of pollen of Parietaria judaica 

showed that not only the pollen extract but also isolated serine proteases led to a loss 

of cell coherency [17]. This reaction is based on the cleavage of the zonula occludens 

1, a cytoplasmatic protein of tight junctions. Destruction of tight junctions enables the 

invasion of allergens. However, it is still not clear whether pollen proteases are able to 

destroy tight junctions directly or if the damage is based on an indirect mechanism 

[17]. It is well known that due to proteolytic damage of tight junctions the epithelial 

barrier is broken and harmful noxae, like allergens, are able to invade the epithelium, 

which in turn enables the development of inflammatory or allergic reactions [16].

Allergy as well as non-allergy sufferers can have pollen protease reactions, since 

the etiological mechanism of the proteolytic pollen reaction is independent of an 

allergic sensitization. Through our studies, it should be apparent that common treat-

ment options prescribed for allergy sufferers (like H1-antagonists, cromoglycates and 

desensitization) are ineffective against proteolytic damage to superficial structures 

by pollen proteases. An additional deficiency of lacrimal antiproteases may lead to 

aggravation of the symptoms.

A lot of research has to be done to develop a medication that is actually able to con-

trol the protease reaction and its consequences. One approach would be the develop-

ment of eye drops containing antiproteases or enzyme inhibitors [18]. Unfortunately, 

the enormous variety of enzymes contained within pollen may complicate this, since 

most of these proteases have not yet even been specified [19], and also lipases and 

glycosidases may contribute to the SNAC syndrome. Therefore, specification of these 

enzymes would be the basis for the development of new treatment options. Until 

effective medication is established, only common prevention measures to reduce pol-

len exposure can be recommended.
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Abstract
Understanding of dry eye syndrome (DES) today is driven by in vivo analysis of tear osmolarity, tear 

film break up time, impression cytology and description of symptoms. Existing in vivo models of DES 

need severe alterations of tear production or corneal integrity. For a more detailed analysis of DES 

under particular environmental and treatment conditions a considerable lack of in vitro methods 

exists. The main disadvantage of current in vitro models is the limited experimental time frame of 

only several hours and the impossibility to evaluate healing of epithelial defects. In the present 

study, evidence is given that these restrictions can be overcome by modifying the established Ex 

Vivo Eye Irritation Test (EVEIT) to realize a model system for DES. This test is based on abattoir rabbit 

eyes allowing an experimental time frame of up to 21 days using self-healing corneal cultures. In first 

experiments it is demonstrated that different severity levels of dry eye can be simulated in the EVEIT 

system. High-resolution optical coherence tomography (OCT) is applied to monitor the initial phase 

of DES under evaporative stress acting on the cornea. We observed changes in corneal layer thick-

nesses and in scattering properties of the stroma, which are sensitive indicators of environmental 

stress leading to irritation of the ocular surface under dry eye conditions. The combination of corneal 

culture under desiccating conditions and OCT monitoring offers a new perspective in understand-

ing and treating of DES and is expected to allow for significant pharmacological screening tests.

Copyright © 2010 S. Karger AG, Basel

The integrity of corneal epithelium depends on a constant supply of healthy tears [1]. 

Dry eye syndrome (DES) is caused by a deficiency in tear production or an inordinate 

amount of tear evaporation during the open-eye state, leading to an unstable tear 

film [2]. Tear fluid deficiency results in weakening of the corneal infection barrier 

and drying up of the superficial corneal epithelium, which subsequent leads to ocular 

surface damage and increased risk of sight-threatening corneal infection and ulcer-

ation [3–5]. DES is associated with a wide spectrum of symptoms, such as itching, 

grittiness, pain, blurred vision, and in severe cases visual disability or blindness [6, 

7], and represents one of the most frequently established diagnoses in ophthalmology 
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[8]. A number of epidemiological studies have consistently documented a significant 

increase in the prevalence of DES with age. The incidence is in the range of 10–33% 

in the population aged more than 65 years, depending on the structure of the study 

[9–11]. In addition to age-related DES, air conditioning and low humidity have been 

identified to be the origin of initial symptoms of DES [12]. Recently, a large-scale sur-

vey confirmed reduced health-related quality of life in patients with primary Sjögren’s 

syndrome, expressed by (for example) higher hospitalization rates as well as signifi-

cantly greater depression and cognitive symptoms when compared to a control group 

[13].

Because of its high incidence, the accompanying limitations in quality of life and 

its potentially severe consequences, numerous clinical and experimental studies have 

been conducted to examine the multifactorial immunopathogenesis and develop 

appropriate treatment strategies for DES [14–18]. Dry eye animal models play an 

important role in this research and are applied to study pathogenesis, diagnosis and 

therapy. Here, mainly in vivo models of rabbits, mice, rats, cats, dogs and monkeys 

have been developed to mimic the multiplicity of pathophysiological mechanisms 

involved [2, 5, 19, 20]. Live animal models, which are used to examine quantita-

tive tear film deficiency and environmental stress, use surgical removal, irradiation 

or closure of the lacrimal gland excretory duct [21–23], prevention of eyelid closure 

[24], drug-induced suppression of tear secretion [5] and increased tear evaporation in 

a controlled low-humidity environment [25], optionally supplemented by a reduced 

blinking frequency induced by physical strain [26].

Since corneal inflammation, for example, induces increased lacrimation [27], 

changes in the tear secretion or goblet cell secretion (as a reaction to the externally 

forced dry eye conditions) are likely within these models. These unknown parameters 

can have an evident effect on the significance of the results obtained [4]. In addi-

tion, to achieve statistical certainty in spite of interindividual differences, extensive 

series of animal experiments have to be performed, which are time-consuming and 

resource-intensive. Therefore, reliable and highly standardized methods are required 

to provide economic and logistical advantages. One potential avenue is to replace ani-

mal tests by organotypic living models in research and pharmacological tests investi-

gating specific problems in dry eye.

Many intrinsic parameters like immune, endocrine and neuronal factors can only 

be modeled using living organisms. In contrast, investigation of extrinsic parameters 

– like generalized quantitative tear film deficiency or environmental stress and treat-

ment modalities addressing these effects – can also be conducted using withdrawn 

organs and cell or organ cultures. An ex vivo model of dry eye was demonstrated for 

the first time by Choy et al. [4, 7], using freshly enucleated porcine eyes. Within this 

model, the variation in mimicked lacrimation and blinking intervals allows for the 

simulation of dry eye conditions of different levels of severity [28]. This model has 

already been applied to compare the effects of different artificial tears under simu-

lated dry eye conditions [29]. Evaluation criteria accessible within this model are: 
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corneal damage (graded by fluorescein staining) and viability of cells in the central and 

peripheral region of the corneal epithelium (assessed by the trypan blue dye exclusion 

test after 4 h). Here, the time frame is limited by the increasing mortality rate of cells 

due to the reduction in their metabolic capabilities in the external environment.

To expand the usable time scale for experiments and to allow for a detailed analysis 

of corneal regeneration following corneal drying under different treatment condi-

tions, it is feasible to apply corneal cultures as a substitute for the entire bulbi used 

by Choy et al. [4, 7, 28]. To reach this goal, we intend to integrate the established Ex 

Vivo Eye Irritation Test (EVEIT) into a model for DES, and in this report we present 

a feasible method for doing so. Fundamental experiments using time-resolved high-

resolution optical coherence tomography (OCT) to investigate the initial behavior of 

the model under dry eye conditions are presented. Thereby, a detailed insight into the 

dynamic response of the cornea to different simulated lacrimation intervals is given. 

To demonstrate the capability of the combination of the introduced dry eye model 

and OCT examination, we additionally analyzed the effect of artificial tears applied 

under simulated dry eye conditions.

Materials and Methods

Ex Vivo Eye Irritation Test

The EVEIT allows for the prediction and grading of eye irritation and corrosion in chemical toxi-

cology without the need for animal experiments [30]. This model is based on rabbit corneas slaugh-

tered for food production. It has been proven to react very similarly to human eye tissue concerning 

behavior during chemical irritation and burn in single and repeated exposures. In a long-term 

approach, the self-healing system using organ culture methods (derived from human corneal cul-

ture) allows for an experimental time frame of up to 21 days. This enables the observation of bio-

chemical and morphological changes after specific chemical exposures, including the evaluation of 

recovery after chemical or mechanical trauma. The healing process observed after mechanically 

induced epithelial damage within the EVEIT system is demonstrated in figure 1, using fluorescein 

staining for follow-up examination.

Engineered corneal tissue constructs tend to have a lack of epithelial integrity, permeability, and 

mechanical properties of the cornea [31]. The EVEIT system a priori contains the metabolic, 

functional and anatomical features of the living organ, and therefore there is no need to provide 

evidence of its similarity to natural cornea. The possibility of evaluating healing after corneal 

damage in vitro is a unique feature of the EVEIT [30] that will greatly enhance the prediction of 

pharmacological effectiveness using the intended DES model.

An alternative short-term approach of the EVEIT is performed on whole globes to investigate 

acute damage and penetration during chemical eye burn limited to a maximum observation period 

of approximately 6 h. Currently, the EVEIT is being further developed and standardized to meet 

the requirements for formal regulatory acceptance as a predictor of eye irritation.

Optical Coherence Tomography

In previous studies, it has been demonstrated that OCT is a valuable tool for evaluating morpho-

logical changes induced by the treatment conditions being tested and analyzing the process of 

recovery after chemical trauma within the EVEIT system [32, 33]. Compared to conventional his-
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tological examination, this method enhances process monitoring from static invasive endpoint 

analysis to real-time dynamic observation. It therefore enables in situ monitoring of the area and 

the depth of damage, as well as recovery progress over time.

The basic principles of OCT have been extensively discussed elsewhere [34]. Briefly, OCT is the 

optical analog to medical sonography. For cross-sectional image reconstruction in OCT, near 

a b

c d

e f

Fig. 1. Documentation of epithelial recovery, observed within the EVEIT system using fluorescein 

staining. Corneal culture imaged directly after epithelial abrasion in 4 areas, measuring approxi-

mately 4 mm2 each (a). Images obtained 12 h (b), 24 h (c), 36 h (d), 48 h (e), and 60 h (f) after abrasion 

to document the healing process.
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infrared light (backscattered from structures within the sample) is analyzed by low-coherence 

interferometry. Hence, a light wave is split into a reference beam with variable path length and a 

probe beam, which is focused onto the sample. An interference signal is only generated if the path 

difference of both arms is smaller than the coherence length of the light source. Therefore, the axial 

resolution in OCT is determined by the coherence length, and consequently by the spectral 

bandwidth of the employed light source. In analogy to microscopy, the lateral resolution in OCT is 

determined by the cross-section of the laser beam at the sample site.

The high-resolution OCT system used in this study employs a Ti:sapphire laser oscillator 

(GigaJet 20, GigaOptics GmbH, Konstanz, Germany) centered at 800 nm as a low-coherence light 

source. Dispersion management within the laser cavity was deployed to optimize the coherence 

length of emitted light to 3.6 μm in air. The light source emission was coupled into the fiber-based 

interferometer of a commercial OCT system (Sirius 713, 4optics GmbH, Lübeck, Germany). The 

latter was modified to support the superior axial resolution specified by the coherence length of the 

Ti:sapphire laser. Axial and lateral resolutions within tissue were 2.6 and 10 μm, respectively. The 

A-scan rate of the OCT system was 50 Hz and the number of data points for each A-scan with an 

imaging depth of 600 μm was 512. A characteristic tomogram of an untreated rabbit cornea 

monitored by this OCT system is given in figure 2, demonstrating an overview of the scanned 

region (fig. 2a) and a magnification of the corneal apex (fig. 2b). Here, the epithelial and endothelial 

layers, the stroma, as well as Descement’s membrane are distinguishable. Ten adjacent A-scans 

around the center of the image were averaged and plotted in figure 2c, representing the OCT signal 

amplitude on a logarithmic scale. Layer thicknesses of the cornea can be derived from the distances 

of the corresponding entrance signals. Here, the repeatability (defined as the standard deviation of 
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Fig. 2. High-resolution OCT image of an untreated rabbit cornea ex vivo. a Overview over the 

scanned region. 4,500 × 600 μm. b Magnification of the corneal apex. 600 × 600 μm. c Logarithmic 

intensity profile corresponding to b given by the average of 10 adjacent A-scans, demonstrating the 

entrance signals used to derive layer thicknesses.
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the differences obtained in 5 independent and randomized measurements of epithelial thicknesses) 

was 1.76 μm, and therefore clearly below the axial resolution of the system.

Experimental Procedure

Within the research project described here, the short-term EVEIT was applied to define appropri-

ate dry eye conditions to model different grades of dry eye. Additionally, the initial phase of corneal 

drying while simulating different lacrimation intervals and environmental conditions was studied. 

For this purpose, enucleated white rabbit eyes were used. Rabbit heads were obtained from an abat-

toir and kept cool until enucleation of the eyes. Only clear corneas without any epithelial defects 

were processed. All measurements were performed within 12 h after animal death. Excised globes 

were stored at 4°C within a moist chamber to ensure preservation of the corneal epithelium. Thirty 

minutes prior to measurements, all eyes were raised to a temperature of 32°C, corresponding to the 

corneal surface temperature observed in humans [35]. Corneal surface temperature was measured 

by an infrared thermometer, and was kept constant at 32 ± 2°C throughout the experiment by 

immersion of the posterior half of the bulbus into a temperature-controlled water bath (fig. 3). The 

bulbus was fixed within the water bath by a plastic ring with the cornea face up. Lacrimation was 

simulated by applying single drops of Ringer’s solution (5.34 μl) at a defined interval onto the cor-

neal surface. To this end, a cannula connected to a perfusion pump (IPC high-precision multi-

channel dispenser, Ismatec, Zürich, Switzerland) was placed above the cornea. By positioning the 

cannula relative to the cornea, an even distribution of the solution over the corneal epithelium was 

ensured. To simulate different environmental conditions, the humidity of the ambient air could be 

reduced by exchange with dried air at variable flow rate. For this purpose, a gas hose with internal 

diameter of 3.0 mm was used, as illustrated in figure 3. The distance from the nozzle to the corneal 

apex was 40 mm.

solution applied
for lacrimation

OCT probe

cannula

bulbus

water bath

temperature controlled
hot plate

gas hose

dried air

10°
45°

Fig. 3. Experimental setup used to investigate the desiccation of the cornea under simulated dry 

eye conditions.
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The development of corneal drying and the effect of simulated lacrimation on the corneal 

epithelium were monitored by OCT imaging with a frame rate of 15 tomograms per minute. The 

observation period of each run was 16 min, recording a total of 240 tomograms. All OCT 

measurements within this study were performed on the corneal apex (fig. 3). Tomograms applied 

for time-resolved measurements were composed of 167 A-scans with a lateral step size of 7 μm. 

Imaging was started directly after exposure of the cornea to ambient air, defining time point zero. 

Layer thicknesses of corneal epithelium and of the entire cornea were derived from the optical path 

lengths in between the corresponding entrance signals of epithelium and stroma on the one hand 

and epithelium and endothelium on the other hand, as demonstrated in figure 2c. A refractive 

index of 1.385 was assumed for the conversion of optical to geometrical path lengths [36].

Each experiment within this study was repeated twice, using enucleated eyes of different rabbits. 

Besides variations in the central corneal thickness of the untreated eyes in the range of 473 ± 30 μm 

and subsequent deviations in the observed corneal thicknesses during treatment, no significant 

variations in experimental outcome following identical treatment conditions were observed.

Results

Within our model, both the lacrimation interval and the humidity at the corneal sur-

face can be varied to simulate different severities of dry eye. For the closely related 

model described by Choy et al. [4], which used enucleated porcine eyes, a lacrimation 

interval of 60 s is necessary to obtain a significant dry eye effect within a timeframe of 

4 h. Here, air flow (not explicitly defined) was applied to increase the rate of evapora-

tion on the corneal surface. To determine the effect of different magnitudes of the air 

flow, the initial phase of corneal desiccation was monitored by OCT at different flow 

rates using the short-term EVEIT.

Figure 4 shows a time-series data set obtained at a lacrimation interval of 60 s and 

a constant air flow of 2.0 l/min. Each tomogram depicts a cross-sectional image of the 

cornea at the end of the respective lacrimation interval. Two effects of the applied dry 

180 s 240 s 300 s 360 s 420 s 480 s 540 s 600 s 660 s 720 s 780 s 840 s120 s60 s

500 µm

10
0 

µm

0 s

Fig. 4. OCT image sequence, obtained at a lacrimation interval of 60 s and a constant air flow of 2.0 

l/min, demonstrating corneal desiccation under simulated dry eye conditions over a time period of 

16 min. Each tomogram depicts a cross-sectional image of the cornea at the end of the respective 

lacrimation interval.
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eye conditions on the corneal structure can be seen in this time series: first, the cor-

neal thickness decreases continuously with time; second, the OCT signal amplitude of 

the anterior stroma increases with time. Figure 5 illustrates the OCT images obtained 

during a single lacrimation interval within the same run depicted in figure 4. The first 

and the last tomograms within this series were recorded during the simulated lacrima-

tion process, which becomes apparent from the liquid layer depicted on the surface of 

the epithelium. After application of Ringer’s solution onto the corneal epithelium, the 

thickness of the liquid film decreased over time. However, at the end of the lacrimation 

interval, the liquid film still had a detectable thickness >3 μm. This finding holds true 

for all lacrimation intervals observed within this run, as is confirmed by the tomograms 

depicted in figure 4. Another important finding from the analysis of the lacrimation 

interval in figure 5 is the variation in epithelial thickness. In between 2 wetting proce-

dures, simulating lacrimation at 60-second intervals, a continuous decrease in the layer 

thickness of the corneal epithelium was observed, whereas a rapid increase was found 

during the adjacent moistening procedure. A quantitative analysis of these findings is 

given in figure 6 for 3 runs recorded at different rates of dried air flow over the bulbus. 

Corneal and epithelial thicknesses were evaluated from the 240 tomograms obtained 

throughout each experiment and plotted against time. Vertical lines within the graphs 

define the current moments of corneal wetting as derived from OCT imaging. Here, 

minor deviations from the interval timer of the perfusion pump can be observed.

In figure 6a, measurements obtained without supplying dried air are analyzed. 

Measurements depicted in figure 6b and c were conducted at flow rates of 2.0 and 

4.0 l/min, respectively. OCT data demonstrated in figures 4 and 5 are included in 

the diagram presented in figure 6b. In all these experiments, we observed a signifi-

cant decrease in corneal thickness, which was determined to be 8.0, 16.3 and 44.7% 

of the initial thickness measured without air flow and flow rates of 2.0 and 4.0 l/

min, respectively. Besides the continuous decrease in corneal thickness over time, 

an oscillation of corneal and epithelial thickness was observed on the timescale of 

856 s 860 s 864 s 868 s 872 s 876 s 880 s 884 s 888 s 892 s 896 s 900 s852 s848 s

500 µm

10
0 

µm

844 s

Fig. 5. OCT image sequence, obtained at a lacrimation interval of 60 s and a constant air flow of 2.0 

l/min, demonstrating corneal reaction within a single lacrimation interval under simulated dry eye 

conditions.
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the lacrimation interval of approximately 60 s. Without air flow and with an air flow 

of only 2.0 l/min, the oscillation builds up during the observation period. Here, its 

amplitude exceeded the observational accuracy of the layer thicknesses only after 480 

and 120 s, respectively.

The effect of artificial tears applied to the model under such simulated dry eye 

conditions is analyzed in figure 7. For corneal wetting, Hylocare® (Ursapharm GmbH, 

Saarbrücken, Germany) was used, which replaced Ringer’s solution in the experiment 

depicted in figure 6b. By applying this highly viscous tear replacement solution at 

a lacrimation interval of 60 s in combination with an air flow of 2.0 l/min, a 6.9% 

decrease in corneal thickness was observed within 16 min. No variations in epithelial 

thickness exceeding the observational accuracy were observed within this time span.

To observe the effect of the lacrimation interval on the desiccation of the cornea, it 

was reduced to 20 s. This value has proven to be suitable to simulate non-desiccating 

Corneal thickness
Epithelial thickness

450

0
0

10

20

30

40

250

Th
ic

kn
es

s 
(µ

m
)

300

350

400

120 240 360 480 600 720
Time (s)

840 960
a

450

0
0

10

20

30

40

250

Th
ic

kn
es

s 
(µ

m
)

300

350

400

120 240 360 480 600 720
Time (s)

840 960
b

450

0
0

10

20

30

40

200

Th
ic

kn
es

s 
(µ

m
) 300

250

350

400

120 240 360 480 600 720
Time (s)

840 960
c

Fig. 6. Temporal development of corneal and epithelial thicknesses under simulated dry eye condi-

tions derived from OCT time series. Vertical lines within the graphs indicate moments of simulated 

lacrimation. Values taken without supplying dried air (a), and at flow rates of 2.0 (b) and 4.0 l/min (c).
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conditions in the dry eye model of Choy et al. [4]. The air flow was adjusted to 2.0 l/

min. Results obtained under these conditions within our system are presented in fig-

ure 8. Here, no variations in epithelial thickness exceeding the observational accuracy 

can be observed. Furthermore, the reduction of corneal thickness observed within 16 

min is limited to 2.4% of the initial thickness. This is significantly less than the value 

of 16.3%, obtained for a lacrimation interval of 60 s under otherwise identical experi-

mental conditions (fig. 6b).

Discussion

In this study, different evaporative conditions and intervals of simulated lacrimation 

have been studied in order to experimentally induce and treat dry eye symptoms 

using an in vitro model. High-resolution OCT provides objective information about 

the initial process of corneal desiccation, with different manifestations in the epithe-

lium and stroma; thus, demonstrating that OCT is a valuable tool to adjust suitable 

conditions to model different severities of DES.

Time-resolved OCT imaging of corneal desiccation under dry eye conditions 

show an obvious increase in OCT signal amplitude in the anterior stroma over time, 

as given in figure 4. The OCT signal amplitude is determined by the scattering cross-

section of the tissue under examination, and is therefore defined by its microstruc-

ture. Healthy corneal stroma transmits 99% of the incident light without scattering 

[37]. It is generally accepted that the fibril diameter, the interfibrillar distance and the 

lattice-like organization of the collagen fibrils play a crucial role in stromal transpar-

ency [38]. The observed increase in OCT signal amplitude can therefore be ascribed 
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to structural changes in the anterior stroma, induced by a water flux to the corneal 

surface and subsequent stromal drying. This conclusion is supported by the observed 

decrease in corneal thickness over time. Figure 4 shows that the layer thickness of 

the tear film on the corneal surface clearly exceeded 3 μm during the entire experi-

ment. As a result, under the applied conditions, corneal desiccation cannot be due to 

dry spots and evaporation directly on the corneal surface, but has to be accounted 

for by osmolar forces [39]. Evaporative removal of water from the tear film leads to 

an increase in osmolarity, and this in turn results in a detectable withdrawal of water 

from the stroma.

The main source of water in rabbit corneas is the free water within the tissue, 

which amounts to 76.3% of the corneal weight [40]. Removal of water from the ante-

rior stroma results in increasing concentrations of salts within the cornea, leading to 

osmolarities of up to 600 mosm/kg measured in DES eyes. Thus, the water flux from 

the stroma to the corneal surface will decrease with decreasing difference in osmo-

larity. If the flux becomes to low to compensate for water loss in the epithelium, the 

epithelial thickness begins to oscillate at the lacrimation frequency, as demonstrated 

in figures 5 and 6, driven by the osmotic forces of the evaporating tear film. The 

observed rapid increase and slower decrease in thickness also supports this hypoth-

esis, as a reduction in osmolarity is almost instantaneous when the tear substitute is 

applied, while evaporative increase in osmolarity is slow. In our model, such osmolar 

stress delivered to the epithelium was observed only after increased scattering in the 

anterior stroma was visualized in OCT imaging. Therefore, it can be concluded that 

water flux from the stroma to the epithelium can initially compensate osmolar desic-

cation of the epithelium.

The induced continuous change of swelling and shrinking is a membrane-destroy-

ing mechanism, resulting in surface damage of biological barriers, which is a typical 

clinical sign of dry eye, usually observed by fluorescein staining.

Reduced corneal thickness, as observed in our model system, has been assessed 

as a target variable in dry eye therapy by Karadayi et al. [41]. They documented cor-

neal thicknesses before and after therapy of dry eye patients with tear substitutes. 

This study confirmed a mean increase in corneal thickness of 29 μm for patients with 

DES after 2 weeks of therapy. For normal individuals, lacking any symptoms of DES, 

the mean increase was only 3 μm. Clinical studies on trachomatous dry eyes and on 

DES have confirmed that corneal thinning is a valuable clinical sign of DES [42, 43]. 

This fact can easily be incorporated into our dry eye model using OCT for follow-up 

observation, e.g. in therapeutic studies.

In the normal eye, one third of the tear flow evaporates. However, in dry eye, up 

to three quarters of the tear film evaporates depending on the distinct pathological 

entity [44, 45]. Because evaporation accounts for a significant proportion of the tear 

loss in patients with dry eye, it also plays a crucial role in modeling of DES. Assuming 

constant temperatures of tear film and surrounding air, the evaporation rate is 

inversely proportional to relative humidity. This was used to study the influence of 
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tear evaporation on the initial process of corneal desiccation by applying dried air 

at different flow rates at the corneal surface (fig. 6). Here, measurements without air 

flow (fig. 6a) and with an air flow of 2.0 l/min (fig 6b) can be described as combined 

tear deficient and evaporative dry eye conditions. These are characterized by a pre-

ceding desiccation of the anterior stroma and subsequent alternating shrinkage and 

swelling of the epithelial layer, driven by osmotic forces of the evaporating tear film, 

as discussed earlier. The higher evaporation rate, which takes place when dried air is 

applied, only results in quantitative differences concerning the rates of stroma desic-

cation and corneal shrinkage and is subsequent to the point in time when significant 

oscillation of the epithelial thickness is observed.

At even higher evaporation rates, the tear film break-up time is less than 60 s, and 

therefore below the lacrimation interval applied. At an air flow of 4 l/min, tear film 

break-up time can be estimated from OCT data to be 32 s (not shown here). In this 

case, epithelial damage is not only driven by osmolar forces, but also by evaporative 

desiccation of the epithelial cells. This is apparent in the instantaneous and irrevers-

ible shrinkage of the epithelial layer observed under these conditions (fig. 6c). Such 

severe evaporative conditions are not adequate to induce dry eye conditions, and con-

sequently will be avoided in further studies. This is justified by the fact that blinking 

is especially controlled by ocular surface conditions, resulting in an increased blink 

rate below the tear film break-up time for dry eye patients with normal corneal sen-

sitivity [46, 47].

Within the first experimental application of our method in pharmacological 

screening, repeated use of hyaluronate-containing eye drops under simulated severe 

dry eye conditions was investigated. Application of such a tear replacement solution 

clearly showed a significant reduction in stained epithelial cells in the trypan blue 

exclusion test using the porcine dry eye model of Choy et al. [29]. This finding could 

be reproduced successfully by our model; thus, providing initial confirmation of the 

applicability of the presented dry eye model in pharmacological tests. It can be con-

cluded from the obtained OCT data that application of this artificial tear replace-

ment prevents the epithelium from being exposed to osmotic stress (fig. 7), while the 

opposite is observed for application of Ringer’s solution as a tear replacement under 

the same conditions (fig. 6b). Two reasons can be attributed to this finding. First, the 

water-binding capacity of sodium hyaluronate may increase the water content of the 

epithelium; second, the high viscosity of the fluid which increases the contact time on 

the corneal surface.

For use as a negative control, simulation of normal tear film conditions is also 

important. This is achieved using higher lacrimation rates, as demonstrated in figure 

8. Here, stromal desiccation and thereby corneal shrinkage are clearly reduced. In 

particular, no change in epithelial thickness is observed. Thus, it can be concluded 

that evaporation within the timeframe of 20 s does not lead to excessive osmolarities 

of the tear film. Accordingly, no damage to the corneal epithelium induced by osmo-

lar stress is expected under these conditions.
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The results obtained in this preliminary study form a solid basis to further develop 

the dry eye model introduced here. An important next step will be the transition from 

the short-term to the long-term approach using the corneal culture system established 

within the EVEIT. As the time in which the cornea is exposed to dry eye conditions 

is a key factor for the induced corneal damage, it will be necessary to adapt the envi-

ronmental conditions for taking this step. For example, it will be necessary to investi-

gate whether a further reduction in the lacrimation interval below 20 s is required to 

simulate normal conditions over a period of several days. Here, OCT monitoring will 

be a valuable tool to adjust these conditions, as it supplies not only information about 

the corneal desiccation, but also gives a detailed insight into the osmotic processes 

which introduce this stromal and epithelial damage.

Conclusion

There is no doubt that a meaningful in vitro dry eye model will achieve widespread 

use in order to address scientific problems and develop new treatment strategies and 

diagnostic approaches for DES. First important steps towards this goal have already 

been demonstrated within the research project described here, including an appli-

cable corneal culture system, dynamic OCT monitoring of corneal response to the 

applied dry eye conditions, and adjustable experimental conditions to model differ-

ent severities of DES. Combining the introduced short-term approach of the dry eye 

model with the presented corneal culture system will be the next step towards a new 

and innovative dry eye model. This will allow, for the first time, investigation of the 

healing processes under simulated dry eye conditions in vitro.
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Abstract
Purpose: The structure of the lid margin is insufficiently understood and defined, although it is of 

obvious importance in ocular surface integrity. Methods: The structure and function of the different 

zones of the lid margin are explained with a focus on dry eye disease. Results: The posterior lid mar-

gin, which is of particular significance for the integrity of the ocular surface, includes the meibomian 

glands that open within the cornified epidermis. Their obstructive dysfunction is a main cause of dry 

eye disease. The orifice is followed by the mucocutaneous junction, which extends from the abrupt 

termination of the epidermis to the crest of the inner lid border. The physiological vital stainable line 

of Marx represents its surface, and can be used e.g. as a diagnostic tool for the location and function-

ality of the meibomian gland orifices and lacrimal puncta. The marginal conjunctiva starts at the 

crest of the inner lid border and forms a thickened epithelial cushion. This is the point closest to the 

globe, and represents the zone that wipes the bulbar surface and distributes the thin preocular tear 

film. It is hence termed the ‘lid wiper’ and pathological alterations that result in a vital staining are a 

sensitive early indicator of dry eye disease. Conclusions: The margin of the eyelid is an important 

but currently underestimated structure in the maintenance of the preocular tear film and of the 

utmost importance for the preservation of ocular surface integrity and in the development of dry 

eye disease. Copyright © 2010 S. Karger AG, Basel

Introduction

The Lid Margin Is an Important but Currently Underestimated Structure

The margin of the eye lid is an essential structure in the maintenance of preocular tear 

film and of the utmost importance to the functional anatomy of the ocular surface [1] 

for the preservation of its integrity. Lid margin dysfunction is also an important fac-

tor in the development of dry eye disease [2–7].
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The importance of the lid margin is apparently underestimated at present because 

research focused on ocular surface integrity and tears has usually been centered around 

the source of the tear fluid derived from the secretion of the ocular-surface-associated 

glands, i.e. the lacrimal gland, accessory lacrimal glands, goblet cells that are interspersed 

in the conjunctiva, and the meibomian glands inside the tarsal plates of the eyelids (fig. 

1a). The latter contribute the superficial lipid layer to the tear film, but have received 

only limited attention clinically and scientifically. This has only recently begun to change 

with the recognition that alterations in the lipid phase [8] caused by meibomian gland 

dysfunction (in particular of the obstructive type [9]) are a main cause of dry eyes.
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Fig. 1. Glands of the ocular surface and preocular tear film. a Several glands that are either located 

directly at the ocular surface or connected to it via their excretory duct contribute to the production 

of the tear film. The aqueous phase is produced by the main lacrimal gland (lg) that is located in the 

orbit and delivers its fluid via multiple excretory ducts into the conjunctival fornix, by the accessory 

lacrimal glands located in the orbital tissue (Krause glands, kg) and in the proximal part of the tarsus 

(Wolfring glands, wg). The mucin layer is produced by the goblet cells (gc) inside the conjunctival 

and by the conventional conjunctival epithelial cells; the lipid phase is produced by the large tarsal 

glands of Meibom (mg) inside the tarsal plates that deliver their oily secretion through a short excre-

tory duct at the posterior lid margin onto the tear meniscus. At the anterior lid margin, there are also 

hair-associated glands (hag) of Zeis and Moll. b The tear film is principally thought to form 3 layers 

that mix to a certain degree. c The mucus phase consists of the membrane-bound glycocalyx of the 

ordinary epithelial cells of the ocular surface epithelia, located on their microvilli, and of the gel-

forming mucins from the goblet cells. The gel-forming mucins increasingly mix and dilute within the 

overlying aqueous phase. This mucinous-aqueous phase constitutes the main part of the tear film 

and is provided with a superficial thin layer of lipids. d Within this, polar lipids and potentially pro-

teins maintain the binding of the overlying non-polar lipids which can not directly mix with water. 

The exact conformation, composition and thickness of the tear film and its layers, particularly the 

lipid layer, is still under debate. Reproduced from E. Knop et al. [1] with permission from Springer.
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Another area of focus has been the equipment of the ocular surface epithelia with 

lubricative mucins that contribute to the adherence of aqueous tears [10] (fig. 1b, c) [11, 

12]. This attention on mucins historically derives from early observations that seemed to 

show [13] that the corneal surface is non-wettable and could only be lubricated through 

coating with mucins [14]. Also the formation of dry spots, as an early sign of tear film 

deterioration and dry eye condition, was related to a local mucin deficiency [15].

Functions of the Lid Margin

The Lid Margin Preserves Ocular Surface Integrity

In contrast to these conventional considerations, the lid margin represents the ‘other 

end’ of the tears and appears to be equally important for ocular surface lubrication; it 

conceivably has several functions: (1) acting as a static dam, since the inner lid margin 

limits the tear lake (meniscus) and hence prevents the potential loss of tears from the 

ocular surface by spillage over the anterior lid border and guides the tear flow along 

the lid margin towards the lacrimal puncta [16, 17]; (2) distributing tears (posterior 

lid border) [18] in a way comparable with a windscreen wiper [19] because with every 

blink the movement of the lid margin guarantees the required thin expansion of the 

tear film in order to form a thin optically perfect tissue-air interface [4, 20–22]; (3) 

coating the thin tear film with oil of the tarsal meibomian glands (delivered anterior 

to the meniscus), and thus preventing evaporation of the aqueous phase [23–26]; (4) 

meibomian oil presumably prevents the skin lipids (found to induce tear film rupture 

[27]) entering the tear film.

Alterations in the Lid Margin Are Associated with Ocular Surface Disease

Clinically, it is well known that deterioration of the lid margin is often associated with 

ocular surface disease [28–34]. Surprisingly, however, the microanatomy of the differ-

ent regions of the human lid margin has been poorly defined, which results in difficul-

ties in describing normal morphology and its alterations in disease states. Clinically, 

the whole lid margin is usually addressed just as the ‘margin’ and subzones are not 

specifically differentiated (e.g. free margin versus anterior or posterior border).

If the mucocutaneous junction (MCJ) is considered, this is often thought to extend 

onto the tarsal side [35], and the nature and localization of the line of Marx have 

remained enigmatic for a long time. The zonal differentiation at the inner lid border 

is currently unclear with respect to the MCJ, the line of Marx and the lid wiper. Since 

this region is of the utmost importance for the continuous distribution and reforma-

tion of the preocular tear film with every blink, it conceivably has eminent implica-

tions for ocular surface health and integrity as well as for the development of dry eye 

disease. This also applies to the morphological changes that underlie the develop-

ment of obstructive meibomian gland dysfunction, which appears to represent the 

single most frequent cause of dry eye disease [9].



The Lid Margin: An Underestimated Structure for Dry Eye Development 111

The current knowledge and the remaining unresolved issues of lid margin anatomy 

and function that are relevant for understanding dry eye disease will be explained and 

discussed in this contribution.

Structures at the Lid Margin and Their Involvement in Dry Eye Disease

Anatomy and Pathology of the Meibomian Glands

The meibomian glands, also termed tarsal glands of Meibom (glandulae tarsales) 

because of their location inside the tarsal plates, are large sebaceous glands in the eyelids 

with no association to hairs. Pathological alterations in the meibomian glands, which 

are mainly summarized as ‘meibomian gland dysfunction’ (MGD) [36], are increas-

ingly being recognized as a discrete disease entity [30, 37] and an important factor in 

evaporative dry eye disease [8, 9]. The meibomian glands are single glands that open at 

the posterior lid margin (fig. 2a) close to the termination of the cornified epidermis, but 

are usually still encircled by epidermis. The glands can be seen as white-to-yellowish 

structures underneath the conjunctiva throughout the length of the tarsal plates in the 

upper and lower lids when the lid is everted (fig. 2b) or visualized by transillumination. 

Numerous secretory acini are arranged around the long central duct and connected to 

it by small ductules (fig. 3c). Many of these separate glands are arranged in a sheet that 

almost completely fills the extension of the tarsal plates [38–41].

Meibomian Ductal System Shows Signs of Incipient Keratinization

The holocrine secretory acini of the meibomian glands have a longish-to-roundish 

shape and are completely filled with pale secretory cells, which are termed meibocytes 

[42] (fig. 3a). They produce and accumulate lipids inside the cell until they degenerate 

and release their entire cell contents which form the meibomian oil (meibum) [42]. 

The oil is released through the connecting ductule into the long central duct (fig. 2c), 

which are both lined by a 4-layer stratified squamous epithelium [41].

The terminal part of the central duct has a different structure and is formed by an 

ingrowth of the epidermis from the free lid margin; it must therefore be separately 

designated from the rest of the central duct as an excretory duct. The excretory duct 

is lined by epidermis that loses the cornification after about half a millimeter, by loss 

of the keratin lamellae and the granular layer, and transforms into the usual 4-layer 

stratified squamous epithelium of the ductal system. Around the terminal part of the 

gland (excretory duct, the terminal part of the central duct and terminal acini) close 

to the free lid margin, there are varying amounts of striated fibers of Riolan’s muscle 

(fig. 2c, 3b, d) [41, 43, 44] which are split from the orbicularis muscle by the down-

growth of the cilia deep into the tarsal fold during embryological development [19].

Interestingly, recent investigations have shown that in fact the whole ductal epi-

thelium of the normal human meibomian gland has preserved a certain degree of 
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Fig. 2. Zones and structures of the human lid margin. The lid margin consists of different zones with 

differential structure as seen in photomicrographs that show a lid margin in a slightly (a) and in a 

strongly (b) everted position as well as in a schematic drawing (c). From distal to proximal, the corni-

fied stratified squamous epithelium of the skin (epidermis) extends from the outer skin of the lid 

over the outer lid border (olb). It grows deep into the lid body to give rise to the ciliary hair follicles 

and their associated glands of Zeis (z) and Moll (ml). It covers the free lid margin (flm), grows deep 

again to provide the origin of the meibomian glands, and also typically encircles the orifices of the 

meibomian glands (open arrows). The MCJ is located proximal to the epidermal cuff around the ori-

fices of the meibomian glands at the inner lid border (ilb) and is followed by the lid wiper (lw), which 

represents the initial thickening of the conjunctival mucosal epithelium and serves as a device to 

spread the tear fluid from the marginal tear meniscus into the thin preocular tear film during the up-

phase of every blink. The aqueous tear fluid is covered by a thin outer layer of lipids that are pro-

duced by the meibomian glands inside the tarsal plate of the lid. Lipids are produced by the 

numerous roundish holocrine sebaceous acini (a) in the gland periphery, then transported (small 

white arrows) through the connecting ductules into the long central duct and delivered through a 

short excretory duct and orifice onto the posterior lid margin. The driving forces for the delivery of 

meibum are the constant secretory force together with the mechanical action (large white arrows) of 

the orbicularis muscle (orb) and the muscle of Riolan at the posterior lid margin that occur with 

every blink. Reproduced from E. Knop et al. [37a, 37b] with permission from Springer.
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incipient keratinization, as verified by the regular presence of keratohyalin granules 

in the luminal epithelial cell layer [45]. This can be explained by the similarity in 

structure and embryological development of the meibomian glands to the ciliary hair 

follicles [reviewed in 41], and it also explains why hyperkeratinization is a typical 

pathology that leads to MGD.

a

d

b

c

Fig. 3. Structure of the acini and ductal system of the meibomian gland. a Holocrine acinus of a 

normal meibomian gland filled with secretory cells (meibocytes) and surrounded by a basement 

membrane (bm). From the basal cells (b) at the periphery, differentiating (d), meibocytes start with 

the production and accumulation of lipids within droplets and move towards the acinus center 

leading to large mature (m) meibocytes. The very large hypermature (h) meibocytes, disintegrate 

(dis) and their entire cell contents form the oily secretory product (termed meibum) close to the 

connecting ductule (de). Remnants (arrow) of the meibocytes are still found inside the ductule. b 

An obstructed Meibomian gland shows signs of degeneration due to the increased internal pres-

sure. The central duct (cd) is partly dilated and slightly undulated. c The orifice (open arrow) is 

obstructed by accumulations of cornified keratin lamellae (filled arrows). d Under higher magnifi-

cation, the epithelium that lines the dilated central duct (cd) is seen to be compressed, the con-

necting ductules (de) are widened, the acini (a) are reduced in size and degenerated. Their 

secretory cells (meibocytes) are reduced in number to a few layers of bright cells in the periphery 

(arrowhead). Occasionally residual degenerated acini are embedded into the wall of the central 

duct (double arrowheads) HE.
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Hyperkeratinization Is a Major Cause of Obstructive MGD and Results in 

Degenerative Gland Dilatation and Atrophy

Obstructive MGD due to hyperkeratinization was first described in patients with only 

minimal or transient symptoms suggestive of ocular dryness who became clinically 

symptomatic due to a contact lens intolerance. Manual expression of their meibo-

mian glands revealed clusters of desquamated hyperkeratotic epithelial cells embed-

ded in a thickened meibum that had obstructed the orifices, and histology verified a 

dilatation of the central duct by such material [36]. After expression and removal of 

theses plugs, the tear film normalized and contact lens intolerance disappeared [46]. 

Later histological examinations of the meibomian glands from patients with symp-

tomatic dry eye disease, which showed inspissation of orifices and expressible highly 

viscous secretion, verified obstruction of the excretory duct by increased keratiniza-

tion. Inside the gland, this had resulted in dilatation of the ductal system as well as 

enlargement of acini with cystic degeneration, loss of secretory meibocytes (fig. 3b, d) 

and their replacement by a squamous metaplasia [47].

Obstructive MDG Results in Increased Evaporation and Dry Eye Symptoms

Obstruction of the meibomian glands leads to decreased delivery of their oil onto the 

posterior lid margin that results in: (1) a thinning of the tear film lipid layer; (2) tear 

film instability; (3) increased evaporation [48] of the aqueous phase leading to an 

evaporative dry eye condition with consequent hyperosmolarity of the remaining tears 

[49]. Hyperosmolarity [24] exerts stress on the ocular surface epithelia (cornea and 

conjunctiva) that results in an activation of the cells [50] with the release of inflamma-

tory mediators. This contributes to the well-known signs and symptoms of a dry eye 

condition – such as stinging, burning and foreign body sensation – together with vital 

staining of the epithelial surface due to mechanical alteration from increased friction 

between the lids and bulbus, and is associated with reduced and unstable visual acuity 

[36, 51–53]. Continued activation of the ocular surface epithelia can lead to the onset 

of a self-enforcing inflammatory cascade that is modulated via a deregulation of the 

physiological mucosal immune system of the ocular surface, the eye-associated lym-

phoid tissue [54–56], see another contribution to this volume). This may, in advanced 

chronic stages, require an immunomodulatory therapeutic intervention [1, 57, 58].

Anatomy and Pathology of the MCJ of the Lid Margin

Currently, the definition of the MCJ of the human lid margin is not very precise. 

This is reflected by descriptions that apparently regard the whole epithelial thicken-

ing (now identified as the lid wiper [59–61]) as the MCJ [35, 62], whereas others 

have defined the MCJ as only a narrow division line between the cornified epidermis 

and the conjunctiva [30]. These different descriptions reflect the fact that only scant 

knowledge exists about this structure.
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Line of Marx Is the Surface of the MCJ

Historical investigations have reported that the MCJ lies on the posterior part of the 

free lid margin at the level of the posterior rim of the meibomian orifices where the 

skin epidermis stops [63]. By in vivo confocal laser scanning microscopy of individu-

als around the fourth decade of life [61], it was seen that the epidermis ends sharply in 

about the midline through the orifices of the meibomian glands, but at an orifice this 

is completely encircled by an epidermal cuff. This is also a typical finding in histology 

of individuals aged in their mid-seventies [61], although sometimes the posterior rim 

of the meibomian gland orifice can already be covered by a non-cornified parakera-

tinized epithelium. Age dependent anterior movement of the line of Marx [64] and 

posterior movement of the orifices of the meibomian glands (retroplacement) [28] 

are shown as typical findings in aging. After the abrupt stop of the epidermis the MCJ 

starts and represents the transition zone between skin and mucous membrane.

In the same position, Marx [16] described a line that he observed in great detail 

after the application of several types of vital stains; this line is therefore known as the 

‘line of Marx’ (fig. 4). Before him, Virchow [38] had also mentioned an ‘admarginal 

zone’ that was characterized by the intense uptake of pikrin and eosin stains. Marx 

reported that stained dots accumulate on the posterior lid margin, and these represent 

single or groups of surface cells, which condense towards the outside (i.e. to the skin) 

into a homogeneous thin line [16]. These basic findings have been supported by other 

authors [17, 19]. The functional significance of this vital staining line has remained a 

subject of speculation. Marx noted that this line: (1) has a relation to the outer margin 

of the tear meniscus; (2) may be caused by the interaction of the tears with the epi-

thelium; (3) may serve to guide the tears along the lid margin to the lacrimal punc-

tum. Ehlers [19] suggested it might be caused by friction during blinking, while Norn 

observed that it represented the bottom of the tear meniscus which argues against a 

direct contact with the globe and respective mechanical forces in this region.

Recent histological investigations have shown that the epithelium that follows 

after the abrupt stop of the keratin layers of the cornified epidermis is still stratified 

squamous, but the cytoplasm of the surface cells is very dense and still contains a 

nucleus which characterizes them as parakeratinized [61]. These cells stained very 

intensely with Masson-Goldners trichrome stain, which contains red acidic fuchsine, 

one of the stains already used by Marx (fig. 4). The parakeratinized cells of this con-

tinuous zone later disperse into single parakeratinized cells among ordinary brighter 

squamous cells. The reported results using Masson-Goldners trichrome stain on his-

tological sections perfectly matched what had been described by Marx in his vital 

staining procedure. Therefore, it can be concluded that this narrow zone of parakera-

tinized cells located at the surface of the MCJ represents the histological equivalent of 

the vital staining line of Marx and the line of Marx is hence the surface of the ocular 

MCJ. On the crest of the inner lid border, the MCJ transforms into epithelium with 

a conjunctival structure composed of roundish cells of less density. This epithelial 

cushion forms the lid wiper (fig. 5).
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MCJ/Line of Marx Can Be Used as a Diagnostic Tool in Dry Eye Research

The line of Marx has meanwhile received increased interest because it can be easily 

stained (e.g. by the vital stains fluorescein, lissamine green and rose bengal) and its 

functional and pathological significance are under speculation [64, 65]. It was consid-

ered that this line may be the natural site of contact [65, 66] between the eyelid margin 

and the surfaces of the bulbus (conjunctiva and cornea). However, this appears to be 

unlikely due to several reasons: (1) as judged from the lid geometry, the line of Marx 

is too far outside, i.e. distal, on the posterior lid border to touch the globe – this is sup-

ported by the observation that it starts at the posterior margin of the meibomian gland 

orifices [17, 19, 64] and represents the bottom of the tear meniscus [17]; (2) this zone 

is too narrow; (3) it appears to be too rigid – as judged from its composition of parak-

eratinized cells [61] and compared to the conceivably soft cushion of the conjunctival 

a

b

Fig. 4. Original drawing of the 

line of Marx. According to the 

original drawing by E. Marx, 

the vital staining line (dotted 

box in enlargement a) that he 

described in his paper in 1924 

is located at the inner border 

of the eye lid ‘between palpe-

bral conjunctiva and lid mar-

gin’ as indicated in b. It 

consists of single dots of vital-

stained cells that increasingly 

accumulate from the conjunc-

tival side (a, bottom) into a 

dense line towards the skin (a, 

top). The stained line also 

encircles the lacrimal punctum 

and extends into it, seen as a 

large dark spot in a. From 

Marx [16].
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structure of the more proximal lid wiper – to prevent destruction of the sensitive bul-

bar epithelia during the continuous travelling of the lid margin during the frequent 

physiological eye blinks.

The natural stainable line that occurs after application of vital stains was also 

assumed to indicate the functionality of the meibomian glands because these usually 

open in front (i.e. distal to it) on the free lid margin. This appears to have consider-

able clinical importance because meibomian oils are naturally delivered onto the tear 

meniscus [26] that starts around the posterior rim of the meibomian orifices and is 

located on the surface of the MCJ/line of Marx [17]. With increasing age, in blephari-

tis and in meibomian gland disease, however, the line of Marx moves in an anterior 

direction [64] and the orifices are also reported to move backwards (retroplacement) 

[28]. Both of these facts indicate a location of the orifice inside the tear meniscus, and 

consequently the delivery of meibomian oil into the tear meniscus rather than on top 

of it which conceivably results in an ineffective formation of the tear film lipid layer. 
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Fig. 5. Schematic drawing of the inner lid border including the meibomian gland orifice, MCJ and 

lid wiper, and related cell types. The different zones of the posterior lid border on the inside of the 

eyelid body consist of the opening (o) of the meibomian gland (mg), which is typically located still 

within the cornified epidermis (e). This is followed by the vital stainable ‘line of Marx’, which consists 

of flat parakeratinized surface cells and represents the surface of the MCJ. The MCJ ends at the crest 

of the inner lid border. At the crest (dotted line between MCJ and lid wiper), the stratified cubical 

epithelium of the lid wiper starts. It regularly contains goblet cells and varying numbers of flat and 

PK cells, continuing those that gradually disseminate from the line of Marx. The lid wiper forms an 

epithelial cushion and gradually decreases in thickness until it transforms into the epithelium of the 

subtarsal fold (sf ).
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It is therefore not surprising that the location of the line of Marx was found to be 

strongly correlated with meibomian gland function. The observation of its location 

relative to the meibomian gland orifices is therefore suggested as a rapid and efficient 

clinical procedure at slit lamp examination for the assessment of meibomian gland 

function [64].

Anatomy and Pathology of the Lid Wiper

The MCJ on the posterior part of the free lid margin, behind the orifices of the mei-

bomian glands, is followed on the crest of the inner lid border into the direction of 

the fornix by a stratified epithelium of a clearly conjunctival structure that represents 

the lid wiper (fig. 5). It contains cubical and even prismatic cells with a less dense 

cytoplasm and also, typically, goblet cells. This represents the start of the conjunctival 

mucosa, although some squamous and PK cells are still interspersed at the surface 

and continue those of the line of Marx, which again supports the original observa-

tions of Marx who reported that stained dots, recently verified as parakeratinized 

cells, fade out gradually to the conjunctival side.

The Lid Wiper Is the Device at the Inner Lid Border That Distributes the Thin 

Preocular Tear Film

The epithelium of this marginal conjunctival zone is stratified, has initially about 

8–12 cell layers, and (further down to the proximal side in the direction of the fornix) 

the number of cell layers and the vertical height of the epithelium gradually decreases 

until it transforms into the epithelium of the subtarsal fold (fig. 5). This epithelium 

hence forms a thick cushion as judged by the cell shape and loose arrangement com-

pared to the MCJ. The goblet cells, which are frequently arranged in groups, can pro-

vide a built-in lubrication system in order to decrease frictional forces between this 

epithelium and the bulbar surface, and further support that this is the zone which 

actually travels over the bulbar epithelium during every blink. Since this zone starts 

on the crest of the inner lid border and extends towards the tarsal side, it is also in a 

geometrically suitable location to be directly apposed to the globe, in contrast to the 

more distal zone of the line of Marx, i.e. the surface of the MCJ.

Due to its proposed function, this zone of the marginal conjunctiva is termed the 

‘lid wiper’ [59, 60]. A thickening of the epithelium on the conjunctival side of the 

inner lid border was first reported by Virchow [38] and later by Ehlers [19]; the latter 

termed it a ‘wind screen wiper’ in analogy to the device of a car.

Lid Wiper Epitheliopathy Is a Sensitive Early Indicator of a Dry Eye

Even though this arrangement has immediate functional implications for the distri-

bution of the tear film, until recently it had received limited attention. It gained inter-

est when Korb et al. [60], who discovered pathological alterations in this area, termed 
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it the ‘lid wiper’; the pathological alterations in this zone were termed lid wiper epi-

theliopathy (LWE) [59, 60]. As shown in figure 6, LWE: (1) is an alteration in the epi-

thelium of the portion of the marginal conjunctiva of the upper eyelid that wipes the 

ocular surface; (2) is diagnosed by vital staining; (3) is correlated to dry eye symptoms 

and disease [59, 60]; (4) occurs more frequently in patients with dry eye symptoms 

than in normal controls; (5) may be a sensitive early indicator of tear film instability 

and dry eye disease, as it may occur in either the presence or absence of conventional 

signs (Schirmer’s test and tear film break-up time) [60].

Conclusion

In conclusion, the lid margin has an eminent and yet underestimated influence on 

the intact formation of the precorneal tear film, and hence also on the preservation of 

mild

line of Marx

line of Marx severe

a

b

c

d

Fig. 6. Lid wiper epitheliopathy (LWE). In wetting deficiencies of contact lens wearers and in dry eye 

disease, the lid wiper is the first zone of the ocular surface that shows morphological alterations in 

the epithelium that are detectable in a vital staining, e.g. by rose bengal (a) or by fluorescein (b). LWE 

can be graded depending on the extension of staining (horizontal width along the lid margin and 

sagittal length proportional to the length of lid wiper zone) into mild (c), moderate (a) or severe 

stages (b, d) which reflects the severity of the wetting deficiency. Reproduced with permission from 

Korb et al. [59, 60].
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ocular surface integrity and visual function. Consequently, pathological alterations in 

the lid margin also have a large and equally underestimated impact on the onset and 

course of dry eye disease, which have only recently begun to be unraveled. Similar to 

dry eye disease at the ocular surface proper (conjunctiva and cornea), the pathology 

at the lid margin also has, if undiagnosed and untreated, a tendency to self-propagate 

and to aggravate in vicious circles [67]. This concerns in particular a degenerative 

atrophic destruction of the meibomian gland structure inside the eyelids, but also 

contributes to corneal and conjunctival pathology. It is therefore of importance that 

the lid margin receives increased attention by the clinician and that a thorough inves-

tigation of the lid margin should be part of every investigation of a patient via the slit 

lamp, and in particular of patients of older age, before contact lens fitting and of those 

with incipient, or more advanced, symptoms of dry eye disease.
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Abstract
Establishing a diagnosis of Sjögren’s syndrome (SS) has been difficult without sensitive laboratory 

markers, and in light of the non-specificity of the symptoms of dry eyes and mouth. Rather than 

complaints about dry eyes or dry mouth, objective symptoms and extraglandular manifestations 

should raise suspicion of SS. This evaluation requires the detection of antibodies against Ro (SSA) 

and La (SSB) or a pathologic salivary gland biopsy. Since an invasive biopsy is not always performed, 

further diagnostic markers are required. Recently antibodies against α-fodrin have been shown to be 

present in the majority of untreated patients, and can be used in the screening process of SS as an 

additional marker. Copyright © 2010 S. Karger AG, Basel

Sjögren’s syndrome (SS) is an autoimmune disease characterized by lymphocytic 

infiltration into the lachrymal and salivary glands, leading to dry eyes and mouth. 

The infiltration may also occur in extraglandular sites, such as the kidneys, lungs and 

liver. Most infiltrating lymphocytes are CD4+ T cells. SS is a major cause of dry eyes 

and mouth and affects up to 0.5% of the population. In the USA, SS patients are esti-

mated to generate an annual healthcare cost of USD 10.3 billion (only surpassed by 

rheumatoid arthritis) [1].

Current Diagnostic Procedures in SS

Although SS is common, it is difficult to diagnose since objective reductions in tear 

and saliva production are frequent. These may be caused by infections (hepatitis C, 

HIV), sarcoidosis or drugs (diuretics, tricyclic antidepressants, β-blockers), and are 

often observed in elderly people. In addition, only a minority of the individuals with 

reduced tear and saliva production complain of subjective symptoms. In contrast, 

patients with depression often complain of dry eyes and mouth even in the pres-

ence of normal glandular function. Even though questions to detect dry eyes and dry 

mouth have been developed (table 1) [2], they were found to correlate only weakly or 
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not at all with the objective test results of sicca syndrome in the general population 

[3]. Symptoms that should raise the clinician’s suspicion of dry eyes and mouth are 

summarized in table 2, with further symptoms that should raise the suspicion of SS 

in table 3.

Due to the low specificity of complaints of dry eyes and mouth, an objective reduc-

tion in tear and saliva flow always has to be confirmed by appropriate tests, such as 

Schirmer’s test for dry eyes and Saxon’s test for dry mouth. When dry eyes and mouth 

are present, according to the current European/American consensus criteria of SS [4], 

the autoimmune disorder of SS has to be diagnosed either by a pathologic salivary 

gland biopsy or by the presence of autoantibodies against Ro (SSA) and/or La (SSB). 

Although SS clearly is associated with antibodies against Ro (SSA), the prevalence of 

Table 1. Symptoms of dry eyes and mouth suggested by the European Study Group of Sjögren’s 

Syndrome [2]

Ocular Symptoms

1. Have you had daily, persistent, troublesome dry eyes for more than 3 months?

2. Do you have a recurrent sensation of sand or gravel in the eyes?

3. Do you use tear substitutes more than three times a day?

Oral Symptoms

1. Have you had a daily feeling of dry mouth for more than 3 months?

2. Have you had recurrently or persistently swollen salivary glands as an adult?

3. Do you frequently drink liquids to aid in swallowing dry food?

Table 2. Symptoms that should raise suspicion of dry eyes or 

mouth

Cornea ulcerations

Recurrent conjunctivitis

Intolerance of contact lenses

Problems in prolonged talking

Intolerance of spicy food

Oral candidiasis

Severe caries

Severe gingivitis
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these antibodies is only approximately 50% [5]. Patients with SS lacking this marker 

can only be diagnosed by a salivary gland biopsy, which is invasive and not always 

performed.

Therefore, further diagnostic markers of SS are needed. Recently, autoantibodies 

against α-fodrin have been discussed as an additional biomarker of SS.

Function of α-Fodrin

α-Fodrin is a widely expressed intracellular 240-kDa protein forming a heterodimer 

with β-fodrin, a 235-kDa molecule homologous to α-fodrin. The heterodimers are 

anchored to the plasma membrane and bind to actin, calmodulin and microtubules. 

The complex of actin and α-fodrin is involved in the process of secretion.

In apoptosis, which may be induced by chronic viral infections, α-fodrin is cleaved 

by caspase 3 into smaller fragments of 150 and 120 kDa. Both fragments have been 

detected in the salivary glands of patients with SS in substantial amounts [6]. The 

immune system is not tolerant to the cleavage products, and antibodies are generated 

when the α-fodrin fragments are persistently present.

In 1997, antibodies against α-fodrin were first described in a murine model of SS 

[7]. The development of these antibodies, and of SS, could be prevented by treatment 

with caspase inhibitors as well as by injection of α-fodrin before thymectomy. On the 

other hand, the injection of apoptotic cleavage products of α-fodrin induced autoan-

tibodies, T cell stimulation and lymphocytic infiltration of salivary glands in normal 

Table 3. Symptoms and laboratory abnormalities that should 

raise suspicion of SS

Palpable purpura

Raynaud’s syndrome

Oligo-/polyarthritis

Polyneuropathy

Fever of unknown origin

Pulmonary fibrosis

Parotidomegaly

Mother of a child with congenital heart block or neonatal lupus 

Elevated erythrocyte sedimentation rate

Hypergammaglobulinemia

Mixed cryoglobulinemia

Antinuclear antibodies and rheumatoid factors
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mice. Thus, there is strong evidence for a crucial role of antibodies against α-fodrin 

in murine models of SS.

Prevalence of Antibodies against α-Fodrin in SS

In the first studies on patients with SS from Japan, the prevalence of IgG antibodies 

against α-fodrin detected by immunoblot analysis was 67–92%. In more recent stud-

ies, with larger fragments of α-fodrin (including the 150-kDa cleavage product) as 

antigens, the prevalence of IgG antibodies against α-fodrin in American patients with 

SS criteria was even 98% [8].

In our own observations using an ELISA assay, the prevalence of both IgG and IgA 

antibodies against α-fodrin was determined in SS using the revised European criteria, 

the American/European consensus criteria [4] and the highly stringent San Diego 

criteria [9] for classification of SS.

IgA antibodies against α-fodrin were more prevalent than IgG autoantibodies and 

were present in 88%, IgG antibodies against α-fodrin in 64%, and IgA and/or IgG 

antibodies against α-fodrin in 93% of the patients classified according to San Diego 

criteria [10]. The prevalence was lower in patients classified according to both the 

European Study Group and American/European consensus criteria. IgA antibodies 

against α-fodrin were present in 64% and IgG antibodies against α-fodrin in 50% of 

the patients.

In other studies however, the prevalence of antibodies against α-fodrin in SS was 

only 30–50%. The concentration of α-fodrin antibodies is reduced by immunosup-

pressive treatment and is higher in the early phase of the disease. In order to study the 

association of α-fodrin antibodies with sicca symptoms in the general (and therefore 

untreated) population, we examined participants at a summer festival of our medi-

cal school. All the 168 volunteers were asked for subjective symptoms of dry eyes and 

mouth; afterwards, the saliva and tear production were measured and blood was drawn 

for measuring autoantibodies. We detected both dry eyes and mouth in 4 participants. 

Three of those four individuals had IgA antibodies against α-fodrin, and none had 

antibodies against Ro or La [11]. Although a salivary gland biopsy was not performed 

in those patients and SS could not be definitely confirmed, the study suggests that anti-

bodies against α-fodrin may be a sensitive marker of SS in the general population.

Specificity of Antibodies against α-Fodrin

We have detected IgA and IgG antibodies against α-fodrin in approximately 10–20% 

of patients with multiple sclerosis, but also in 20% of patients with rheumatoid arthri-

tis and systemic lupus erythematosus (even in the absence of secondary SS), but only 

in 2% of blood donors [12].
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Due to the high prevalence of α-fodrin antibodies in other inflammatory diseases, 

their main indication is not the differential diagnosis of connective tissue diseases. 

They are however helpful in the detection of SS in patients with possible extraglandu-

lar manifestations, such as polyneuropathy or CNS involvement.

Antibodies against α-Fodrin Are Activity Markers of SS

The concentration of IgA and IgG antibodies against α-fodrin correlated with the 

degree of lymphocytic infiltration in the salivary glands, the erythrocyte sedi-

mentation rate and hypergammaglobulinemia [13]. In several studies, antibodies 

against α-fodrin correlated with a shorter duration of SS and appeared before Ro 

antibodies [14].

In a recent retrospective evaluation, we could demonstrate that hydroxychloro-

quine treatment of SS patients significantly improves saliva production only in SS 

patients with (but not without) antibodies against α-fodrin [15]. Antibodies against 

α-fodrin may indicate early active disease, which is still treatable by immunosuppres-

sion. In agreement, rituximab treatment was recently shown to improve the saliva 

production only in SS patients with early disease [16]. Therefore, even though immu-

nosuppressants have been regarded as ineffective in improving the glandular function 

in SS, there appears to be a therapeutic ‘window of opportunity’ which is indicated by 

the presence of α-fodrin antibodies.

Outlook

In order to further increase the sensitivity and specificity of antibodies against α-fodrin 

for SS, we are currently localizing their exact epitopes on the large protein. In previ-

ous studies, these epitopes have been roughly mapped in the N-terminal domain of 

α-fodrin in SS, but in a different domain in systemic lupus erythematosus [17]. The 

usage of these epitopes instead of the whole protein as an antigen in ELISA tests could 

make the autoantibodies an even more specific marker of SS, which should be deter-

mined in addition to antibodies against Ro/La.
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Abstract
Hyperosmolarity of the tear film is recognized as an important pathogenetic factor in dry eye syn-

drome (DES). Hyperosmolarity testing has been hampered in the past by difficulties in tear collection 

and analytic procedures that required laboratory facilities. The TearlabTM Osmolarity System is a new 

user-friendly tool that only needs tiny volumes for analysis and determines hyperosmolarity semi-

automatically. We measured tear film osmolarity with the Tearlab in 200 healthy individuals and 

patients with DES. Dry eye diagnosis was established when ≥3 of the following criteria were fulfilled: 

(1) Ocular Surface Disease Index >15; (2) staining of the cornea in the typical interpalpebral area; (3) 

staining of the conjunctiva in the typical interpalpebral area; (4) tear film break-up time <7 s; (5) 

Schirmer test <7 mm in 5 min; (6) the presence of blepharitis or meibomitis. Tear film osmolarity, as 

measured by Tearlab, did not show any correlation with the 6 clinical signs of dry eye. Moreover, tear 

film osmolarity testing could not discriminate between patients with DES (308.9 ± 14.0 mosm/l) and 

the control group (307.1 ± 11.3 mosml/l). Tear film osmolarity did not correlate to artificial tear use. 

Technical problems with the Tearlab, reflex tearing, or the difficulty in establishing a dry eye diagno-

sis with the recommended tests may account for these results. Further investigations are necessary 

before recommending this tool for daily clinical practice. Copyright © 2010 S. Karger AG, Basel

In 1941, von Bahr [1] postulated an association of tear film osmolarity with tear pro-

duction and evaporation. Balik [2], in 1952, was the first to propose that hyperos-

molarity of the tear film was a pathogenetic factor in dry eye syndrome (DES). The 

recent definition of DES published by the Dry Eye Workshop in 2007 supports this 

hypothesis and explicitly mentioned hyperosmolarity as a central finding in DES. 

Moreover, it established hyperosmolarity as one of the major pathogenetic mecha-

nisms in dry eye [3].

Hyperosmolarity of the tear film stimulates a cascade of inflammatory events in 

corneal and conjunctival epithelial cells. Activation of protein kinases (MAP kinases) 

and nuclear transcription factors causes the production of proinflammatory cytok-

ines, such as IL-1α, IL-1β, TNF-α, IL-8 and metalloproteinases (MMP-1, 3, 9 and 
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13) [4–6]. A subsequent inflammatory response results in apoptosis of conjunctival, 

corneal and lacrimal gland epithelia, keratinization and neuronal damage [4, 6–10]. 

Hyperosmolarity of the tear film significantly correlates with rose bengal staining of 

the ocular surface and the use of artificial tears [11, 12]. It is inversely proportional to 

tear production, as measured by Schirmer test with anesthesia [11].

Osmolarity of the normal tear film is 302 ± 6.3 mosm/l [13, 14]. In DES, tear film 

osmolarity increases up to 340 mosm/l [14] and is most pronounced in patients with 

combined aqueous deficiency and evaporative dry eye [15].

Some authors feel that tear film osmolarity testing is the most important diag-

nostic tool in the diagnosis of DES [16]. Tear film osmolarity as a single test was 

superior to lactate measurements, Schirmer testing and bengal rose staining of the 

ocular surface in a study by Tomlinson et al. [16]. Unfortunately, measurement of tear 

film osmolarity was mainly confined to laboratory settings using osmometers, which 

analyze colligative properties (such as freezing-point depression, vapor pressure or 

boiling-point elevation).

Only few months ago, a user-friendly osmometer came to the market (TearlabTM 

Osmolarity System, OcuSense, Los Angeles, Calif., USA). In contrast to older osmom-

eters, this tool only needs tiny tear volumes for analysis. Osmolarity is determined 

semi-automatically.

We examined tear film osmolarity of 200 healthy individuals and patients with 

DES using the Tearlab osmometer in order to evaluate its potential in differentiating 

between patients with and without dry eye.

Patients and Methods

Tearlab Osmolarity System

The Tearlab Osmolarity System requires less than 50 nl of tear fluid for analysis. After calibration of 

the instrument, tears are collected directly from the eye, eliminating the need for a standard glass 

capillary tube. Embedded nanofluidic channels move the tear sample to the measuring electrodes. 

Sampling time is reduced to less than 1 s. At the core of the Tearlab is a disposable lab-on-a-chip 

system that functions as both a tear collection device and a measurement system (fig. 1). A desktop 

instrument converts the electrical signals generated from the lab card into a quantitative measure-

ment and displays it to the user. The cutoff value provided by the company is 316 mosm/l. The 

entire workflow, from sample to result, requires less than 2 min.

Patients

Two hundred healthy volunteers and patients with DES were included in this study.

Dry eye symptoms were documented with the Ocular Surface Disease Index (OSDI) 

questionnaire, and artificial tear use was recorded. Thereafter, patients underwent visual acuity 

testing and a thorough slit lamp examination. Before any additional tests, Tearlab osmolarity was 

analyzed in the subjectively worse eye or the left eye. Subsequently, lissamine staining of the 
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conjunctiva, fluorescein staining of the cornea, break-up time and Schirmer test with and without 

anesthesia were performed. Corneal and conjunctival staining were evaluated using the Oxford 

Scheme [23]. The lowest Schirmer test value was used for analysis. Special attention was paid to the 

presence/absence of blepharitis and/or meibomitis.

An OSDI score >15, any staining of the cornea and/or conjunctiva in the typical interpalpebral 

area, a break-up time <7 s, a Schirmer test <7 mm in 5 min, and the presence of blepharitis/

meibomitis was judged as a dry eye sign. When ≥3 of 6 dry eye signs were present, the patient was 

recruited into the DES group. Subjects with <3 dry eye signs/symptoms were assumed to have no 

clinically relevant DES.

Statistical analyses were performed using Pearson and Spearman correlations, as well as 

Wilcoxon and Mann-Whitney U tests.

Results

Only 16 of 200 patients showed no signs and/or symptoms of DES. In 71 patients, up 

to 2 signs/symptoms of DES were obvious. These individuals constitute the control 

group. On the other hand, 129 patients suffered from 3–6 dry eye signs/symptoms 

and were recruited into the DES group. Only 8 patients showed all 6 dry eye signs and 

symptoms (table 1). Median ages were 39 years (16–83) and 55 years (19–86) in the 

control and DES groups, respectively. In the DES group, 81 of 129 patients (62.8%), 

and in the control group 44 of 71 individuals (62.0%), were female.

Correlation of Tear Film Osmolarity with Age

Tear film osmolarity correlated significantly with the age of the patient (p = 0.007; 

fig. 2). However, when analyzing osmolarity values in the various age groups, no clear 

rise in osmolarity with increasing age was evident.

Fig. 1. Tearlab chip that that 

functions as a tear collection 

device and a measurement 

system.
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Correlation of Tear Film Osmolarity to Single Signs of DES

Tear film osmolarity was correlated to all 6 signs of dry eye. No correlation of 

Tearlab osmolarity was seen with subjective symptoms of DES, as documented by 

the OSDI questionnaire (fig. 3), break-up time, Schirmer test values (fig. 4), the pres-

ence or absence of corneal/conjunctival staining, and blepharitis. Moreover, tear film 

Table 1. Number of dry eye signs and symptoms in the study group

DES signs or symptoms, n Patients, n

0 16

1 29

2 26

3 44

4 46

5 31

6 8
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Fig. 2. Correlation of tear film 

osmolarity with age. A statisti-

cally significant correlation 

was obvious (p = 0.007).
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Fig. 3. Correlation of tear film 

osmolarity with dry eye symp-

toms as documented by OSDI. 

No correlation was evident.
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Fig. 4. Correlation of tear film 

osmolarity with Schirmer test. 

No correlation was detected.
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osmolarity as analyzed by Tearlab did not correspond to the degree of fluorescein 

staining (grades 1–4) (fig. 5) and lissamine staining (grades 1–3).

Correlation of Tear Film Osmolarity to Diagnosis of DES

Tear film osmolarities were 307.1 (SD 11.3) and 308.9 mosm/l (SD 14.0) in nor-

mal individuals and patients with DES, respectively. Tear film osmolarity in dry eye 

patients did not differ significantly from values obtained in the control group, even 

when ≥5 of 6 dry eye signs/symptoms were present and patients were clinically per-

ceived as severe DES patients (fig. 6).

Moreover, tear film osmolarity did not correspond to the use of artificial tears (fig. 

7).

Discussion

Tear film osmolarity testing is thought to be a useful parameter in dry eye diagnosis. 

Some authors even propagate introducing tear film osmolarity as the gold standard. 

If a cutoff value of 311 mosm/l is used, a single measurement of tear film osmolar-

ity would reach a sensitivity of 59–95% with a specificity of 84–94% and a predictive 
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value to diagnose ‘dry eye’ in 89% of published studies [13, 14, 16]. However, a signifi-

cant overlap of values occurred between 293 and 320 mosml/l [16].

In our hands, tear film osmolarity testing using the recently available Tearlab 

Osmolarity System could not discriminate between healthy volunteers and patients 

with DES. A number of reasons may account for these results.

Tearlab Does Not Measure What It Is Supposed to Measure

The exact measurement principle of Tearlab is not publically available, nor could it be 

ascertained by direct enquiry to the company. Moreover, it is unknown whether the 

Tearlab measures osmolarity directly or indirectly (e.g. by determining salinity). In 

test solutions used for the calibration process for the instrument before use, however, 

meaningful results are obtained. Unfortunately, no studies analyzing tear film osmo-

larities with the Tearlab osmolarity system were available before introduction of the 

tool into the market.

We Measured the Wrong Area

In normal individuals, tear film osmolarity is supposed to be around 300 mosm/l. 

In dry eye patients, tear film osmolarity (as measured in the tear meniscus) only 

increases by approximately 50 mosm/l to reach 343 ± 32 mosm/l [14]. However, there 

are immense differences in tear film osmolarities between the tear meniscus and the 

bulbar tear film. Liu et al. [17] postulated osmolarity spikes of 800–900 mosm/l in 

areas of tear film break-up in DES. It may be difficult to measure small changes in 

tear film osmolarity in the tear meniscus by this technique. Thus, osmometry directly 

at the ocular surface may be a better technique for diagnosing DES.

We Measured Reflex Tears

Pathological changes can only be analyzed in basal tears, not in reflex tears [2, 14, 18]. The 

collection of tears is, therefore, critical for the measurement of meaningful osmolarities. 

Using filter papers or pipettes induces major reflex tearing by contact with conjunctiva 

and lids. In dry eye patients, harvesting of tears is even more difficult as tear volumes are 

significantly decreased [19]. The Tearlab chip is supposed to collect only minimal tear 

volumes directly from the tear film meniscus without inducing reflex tearing.

In our hands, medium tear film osmolarities in normal individuals and in DES 

patients were all below the given cutoff value of 316 mosm/l. It therefore seems quite 

possible that we did not obtain basal tears, but reflex tears with reduced osmolar-

ity in our patients. As instructed in the operating manual, we tried to collect tears 
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only from the temporal tear meniscus; however, touching the conjunctiva slightly was 

inevitable in most cases. Nevertheless, if measurements are distorted by such minimal 

alterations in harvesting tears, the Tearlab Osmolarity System is not ready for use in 

daily clinical practice.

Clinical Dry Eye Signs/Symptoms Used in This Study Are Not Able to Establish the 

Diagnosis of DES

The report of the International Dry Eye Workshop [3] recommends utilizing a clini-

cal history, dry eye questionnaires, fluorescein break-up time, ocular surface staining, 

Schirmer testing, lid/meibomian morphology, and meibomian expression as practi-

cal tests for dry eye diagnosis. These tests were also applied in our study. Surprisingly, 

only 16 of 200 subjects showed no single feature of DES; 55 patients showed 1 or 2 

signs/symptoms of dry eye, but were finally grouped into the control group according 

to other study protocols. Therefore, the discrimination between health and disease is 

not as clear as desirable. This could be a further reason for the missing correlation of 

tear film osmolarity with the diagnosis of DES. A weighting of specific dry eye signs 

and symptoms may be necessary to obtain better results. However, patients demon-

strating all 6 dry eye signs and showing clinically severe DES did not show increased 

tear film osmolarity as compared to normal individuals in our study.

In conclusion, tear film osmolarity as measured by the Tearlab osmolarity system 

did not discriminate between our healthy volunteers and patients with DES. Further 

analysis is definitely necessary before recommending this instrument to the general 

ophthalmologist.
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Abstract
Objective: The purpose of this review is to outline the mechanism of action of a novel ocular lubri-

cant incorporating hydroxypropyl-guar (HPG) and the demulcents polyethylene glycol 400 and pro-

pylene glycol. Methods: The literature relating to the mechanism of action of Systane Ultra is 

presented. The literature search covered the period prior to June 2008. A manual search was also 

conducted based on citations in the published literature. Additional original reports were referenced 

if relevant to the subject matter of the review. Results and Conclusion: The published literature 

supports the efficacy of an ocular lubricant containing HPG at reducing the signs and symptoms of 

dry eye through its multiphasic behavior and duration of action. This new formulation presents an 

additional benefit of a delivery system to further reduce the assimilation time of the product on-eye. 

Beneficial outcomes have been documented for tear film interaction, blur profile, viscoelasticity and 

tensile strength. Copyright © 2010 S. Karger AG, Basel

Dry eye disease is a complex, multifactorial and highly prevalent ocular condition. 

Recent data indicate that approximately 20–30 million Americans suffer from dry eye 

[1]. Based on current living conditions and lifestyles as well as an aging population, 

dry eye disease is anticipated to significantly increase. It is estimated that over USD 1 

billion per year is spent worldwide on treating dry eye conditions.

Studying dry eye disease and the design of effective treatments have proven dif-

ficult due to the multifactorial nature of the disease. Insight into dry eye disease clas-

sification and management has recently been addressed in a recent publication from 

the International Dry Eye Workshop [2]. As research continues in this area, day-to-

day treatment of dry eye is often challenging for the practicing eye care professional 

(ECP). An understanding of the mechanism of action and proposed benefits of the 

over-the-counter and prescription products used for dry eye is essential for the ECP. 

Presented in this paper is a detailed description of the mechanism of action of a new 

artificial tear product.
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Physiology of the Tear Film

The classical picture of the tear film is described as a trilaminar structure consisting 

of: (1) a mucin layer overlying the corneal epithelium; (2) an aqueous layer com-

posed of proteins and proteoglycans including soluble mucins; (3) a lipid layer at the 

tear-air interface [3]. Current opinion suggests that the structure of the tear film is 

complex and the layers are not discrete, but rather have interactive functionality. For 

example, the aqueous layer is now recognized to contain, in addition to ions, a variety 

of polyelectrolyte proteins which can interact with the superficial lipid layer to gen-

erate interfacial molecular structures that impart stability to the tear film [4–6]. In 

addition, Mugdil et al. [7] found the protein lysozyme usually present in the aqueous, 

to also be present at the surface of the tear film where it contributes to decreasing the 

surface tension through adsorption and penetration of meibomian lipids for further 

stability of the tear film.

Tear mucins are glycoproteins with high molecular weights ranging from 0.5 to 20 

MDa. Normal tears contain predominantly membrane-bound and secretory mucins. 

They also contain soluble (monomeric) mucins. The membrane-bound (or trans-

membrane) mucins have increased residence time at boundaries of the cells gener-

ating them, the ocular epithelial cells. These mucins are intrinsic to the glycocalyx, 

interacting with the tear film to enhance wettability as well as providing a barrier to 

abrasion and invasion. Secretory and gel-forming mucins, produced by goblet cells, 

provide shear-dependent viscoelasticity for reduced viscosity during a blink and 

increased viscosity between blinks for greater tear film stability. The lacrimal and 

accessory lacrimal glands generate primarily soluble mucins along with the major 

volume of the tears. The properties of mucin are often emulated in over-the-counter 

artificial tear solutions with the inclusion of polymers possessing shear-dependent 

characteristics.

Dry Eye Management

Artificial tears are the most commonly used treatment for the signs and symptoms 

of dry eye [8]. These aqueous solutions of different formulations comprising soluble 

polymers are designed to improve lubrication of the ocular surface and increase tear 

film stability [9, 10]. These polymers include cellulose derivatives such as hydroxy-

propyl methylcellulose, carboxymethylcellulose, HPG and hyaluronic acid. Oil-water 

emulsion products are also available (table 1). Early formulations of artificial tears, 

based primarily on cellulose derivatives, tend to have a transient effect on tear film 

stability [3] due to a relatively brief period of ocular retention. More viscous solutions 

increase residence time [11], yet have a tendency to blur vision upon instillation [12]. 

The introduction of HPG as a gelling agent in artificial tears has allowed formula-

tions to exhibit viscoelastic and tribological (evaluation of friction) properties. These 
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properties can be optimized to allow for increased ocular retention time of the active 

ingredients while maintaining minimal blur upon instillation [13, 14].

HPG: Properties and Characteristics

In its natural form, guar is a plant-derived polysaccharide gum with a linear back-

bone of mannose units and side chains of galactose [15]. Because of its tendency to 

form a viscous gel through inter-chain hydrogen bonding, guar has a history of use as 

an excipient and a thickening agent in the food and pharmaceutical industries. Guar 

treated with alkaline propylene oxide yields HPG, which is readily hydrated and eas-

ier to dissolve [16–19] than native guar. HPG is favored in many industrial applica-

tions to prolong the efficacy of active ingredients [15]. HPG is pH-sensitive due to the 

condensation reaction of borate onto the guar backbone. Borate ion concentrations 

increase with pH and the availability of borate at pH >7 will lead to cross-linking and 

subsequent gelation of the polymer. Factors that control the gelation process include 

the HPG and borate concentrations and the pH.

Use of HPG in the Treatment of Dry Eye

The gelling properties of HPG are well suited for use in artificial tear preparations and 

have advanced the treatment options for the ECP. Systane® Lubricant Eye Drops (Alcon 

Table 1. Commonly used artificial tear preparations

Key component Preservative Usage Manufacturer

Refresh Tears® CMC purite 1–2 drops as needed Allergan

Tears Naturale® HPMC Polyquad 1–2 drops as needed Alcon

GenTeal® HPMC sodium 

perborate

1–2 drops as needed Novartis

Bion® Tears HPMC and 

dextran 70

none as often as needed Alcon

OptiveTM Glycerin and 

CMC

purite 1–2 drops as needed Allergan

Systane® PEG 400 and 

PG with HPG

Polyquad 1–2 drops as needed Alcon

Blink TearsTM hyaluronic acid OcuPureTM AMO

CMC = Carboxymethylcellulose; HPMC = hydroxypropyl methylcellulose; PEG 400 = polyethylene glycol 400; PG = 

propylene glycol.
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Laboratories, Fort Worth, Texas, USA) contain the demulcents polyethylene glycol 

400 (PEG 400) and propylene glycol (PG), the gelling agent HPG, the buffer borate 

and the preservative Polyquad 0.001%. HPG interacts with borate ions in solution dif-

ferently depending on the pH. At a pH of 7.0, the pH of the solution in the bottle, the 

solution exhibits low viscosity. However, once exposed to the pH of the ocular tears 

(pH of approximately 7.5) [20], the HPG cross-links with borate and increases in vis-

cosity to form a thin gel with bio-adhesive properties for retention of the demulcents 

on the ocular surface [19, 21]. It appears that the large HPG molecules preferentially 

associate at more hydrophobic zones in the tear film (i.e. at compromised areas of epi-

thelium where the glycocalyx is no longer intact) [22], thereby providing a protective 

coating over the ocular surface that facilitates healing and lubricates the eye [19, 23].

Clinical Efficacy of an HPG-Containing Ocular Lubricant

Ubels et al. [19] showed that artificial tears containing HPG facilitate corneal epithe-

lial cell recovery in vivo and provide long-term desiccation protection of the intact 

cornea both in vivo and in vitro. To investigate the effect of different eye drops on 

reducing the coefficient of friction, Meyer et al. [24] tested various eye drops on sta-

bilized umbilical vein tissue. Systane showed a significant reduction in the coefficient 

of friction compared to the other artificial tears tested (p < 0.01).

In clinical studies, it has been shown that Systane produces a significant (p < 0.0001 

at day 28) improvement in the signs and symptoms of moderate dry eye disease [25]. 

Results from Gifford et al. [12] concur with a reduction in symptoms of ocular dis-

comfort and in ocular staining scores in dry eye patients after 4 weeks. Christensen 

et al. [22] found Systane to have even greater efficacy in patients with higher levels 

of baseline corneal staining, indicating a contribution to corneal recovery. Moreover, 

the authors suggest that regular use of Systane promotes natural tissue repair. Cervan-

Lopez et al. [26] found that use of Systane facilitated epithelial regeneration and thus 

enhanced barrier function.

Christensen et al. [22], in a 6-week study, found that Systane showed statistically 

significant improvements in the signs (corneal and conjunctival staining) and symp-

toms of dry eye (p = 0.015 in the morning and p = 0.023 in the evening) compared to 

another commercially available lubricating solution containing carboxymethylcellu-

lose. With Systane, both corneal and conjunctival staining were significantly reduced 

(p = 0.024 and p = 0.025 respectively), with a 52% reduction in corneal staining com-

pared to baseline and a statistically significant treatment effect shown for conjunctival 

staining compared to the carboxymethylcellulose-containing solution (p = 0.025).

Systane has demonstrated a significant effect on extension of the tear film break-up 

time with significant increases after instillation of the drop reported by Christensen 

et al. [27], Pollard et al. [28] (in a pilot study), Guillon et al. [29] and Gifford et al. 

[12]. Systane also showed statistically significant extensions in tear film break-up time 

compared to lubricating solutions containing carboxymethylcellulose and glycerin/

polysorbate, presumably due to the HPG borate complex [27, 29–31].
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A key requirement of artificial tears, besides lubrication and tear film stability, is 

that they have minimal effect on vision immediately after instillation. While this has 

been an issue for most artificial tears to some degree, those that have greater viscosity 

tend to exhibit greater blurring. Systane, with its ability to remain a liquid on initial 

contact with the eye and to subsequently form a gel on-eye serves to minimize blur on 

contact while providing greater viscosity in situ [22]. Based on the finding that tran-

sient blurred vision is the main adverse event reported with PEG/PG lubricant eye 

drops, it has been proposed that certain individuals may have a predisposition to blur 

based on the pH of their natural tears. While the average tear pH is approximately 7.5, 

the range of normal ocular pH values lies between 7.1 and 7.8. This may account for 

the infrequent/inconsistent reports of subjective blur immediately after instillation 

with Systane [12].

New Formulation Systane Ultra

Systane® Ultra Lubricant Eye Drops (Alcon Laboratories) contain PEG 400 and PG 

as demulcents in solution with HPG as the gelling agent. Borate and sorbitol are key 

ingredients in the formulation. The multidose preparation is preserved with Polyquad 

[32]. Sorbitol is a water-soluble non-ionic compound often used as a tonicity adjust-

ment agent. Sorbitol, in Systane Ultra, competes with the HPG in complexing with 

borate [16] in order to control viscosity in the bottle for effective delivery in the eye. 

The addition of sorbitol allows for efficient spreading upon instillation to the eye. The 

mechanism of action of the technology, from the bottle to contact with the eye and 

tear film mixing, is described below.

Mechanism of Action of Systane Ultra

In the bottle, at a pH of 7.9, the weakly cross-linked sorbitol-borate-HPG complexes 

are in a state of dynamic equilibrium. In applying the weakly structured gel to the 

eye, the pressure exerted on the bottle to extract a drop creates a reduction in the gel 

viscosity due to ‘shear thinning’. Ketelson et al. [13] demonstrated that the relation-

ship between the shear stress and the strain rate are nonlinear (non-newtonian) with 

Systane Ultra. The non-newtonian property is designated since the flow properties 

cannot be described by a single constant value of viscosity. As this relates to the deliv-

ery to the ocular surface, the high shear rate exhibited by Systane Ultra allows for very 

low viscosity upon instillation and immediately after blinks. The resultant drop deliv-

ered to the eye is a liquid with non-newtonian characteristics. It is during this time 

that the conditions of the ocular environment influence the chemistry of the solution. 

In the tear film, the low-molecular-weight hydrophilic sorbitol dissociates from the 

borate and is diluted in the tear film, minimizing the critical effect it exerted in the 

bottle in controlling viscosity. The HPG is then able to complex with free borate ions, 

increasing the cross-link density and subsequently the liquid viscosity to form a gel 
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[15]. Other factors in the ocular environment that also play a role in enhancing the 

cross-linked network and adhesion properties in the eye include the pH 7.5 (SD ± 

0.23) [20], and the presence of natural divalent ions in the tear film [15]. The change 

in tonicity as the solution mixes with the tears as well as the interaction of tear-based 

divalent ions increase the strength of the cross-linked network and retention in the 

eye. The presence of calcium ions in the tear film in particular appears to have a key 

role in increasing the strength of the network [33]. The interaction of the solution 

with the tear film creates a matrix on the ocular surface allowing the retention of 

HPG and the demulcents.

Recent Clinical Findings

Laboratory testing by Lu et al. [15], analyzing the association of HPG and borate to 

the tear film, has shown that the HPG-borate complexes behave as negatively-charged 

macromolecules (polyelectrolytes) that slowly complex with cationic lysozyme at pH 

7.8. These molecular interactions verify that pH and electrostatic attraction contrib-

ute to the close association of the HPG-borate complex with the tear film constituents 

for retention of the introduced components on the eye.

Systane Ultra is expected to demonstrate the same behavioral characteristics attrib-

utable to the HPG on-eye as in original Systane with respect to lubricity, affinity for 

the epithelium, retention on the ocular surface, ocular surface protection and restora-

tion of ocular health [19, 21, 22, 27, 34–37].

Meadows et al. [38] evaluated changes in solution characteristics relating to lubric-

ity of Systane Ultra. Under conditions simulating initial introduction to the eye, the 

formulation was found to decrease in viscosity and in elastic modulus with a reduc-

tion in pH from 7.9 to 7.6. A subsequent increase in viscoelasticity and a significant 

reduction in friction occurred when the formulation was modified to simulate dilu-

tion in the eye. Experiments on rheology (defined as the study of the flow of matter) 

at the tear film interface showed lysozyme and mucin had an additional synergistic 

effect on increasing the elastic moduli of this novel lubricating eye drop for long-

lasting lubrication and surface protection in the eye.

Ketelson et al. [13] measured the extensional rheology properties of HPG solu-

tions to model the properties of Systane Ultra when dropped into the eye. The data 

showed significant extension in long filament break-up times in a simulated dilution 

experiment. Extensional viscosities decreased slightly after decreasing the pH from 

7.9 to 7.6 and then extensional elasticity dramatically increased after dilution of the 

sorbitol, indicating increased tensile strength. The extensional rheological properties 

of Systane Ultra appear to be an important physical property that may benefit and 

improve tear film stability.

A two-period crossover, single-dose per period study involving 20 dry eye patients 

comparing Systane Ultra to Optive® (Allergan, Inc., Irvine, Calif., USA) investi-

gated the blur profile immediately after instillation of the 2 ocular lubricants (fig. 1). 

Initially, and through the first 90 s after instillation, there was no clinically significant 
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difference in blur between Systane Ultra and Optive, supporting the notion that 

Systane maintains reduced viscosity when it is required and that the subsequent gela-

tion is controlled [14].

Conclusion

The published literature supports the efficacy of an ocular lubricant containing HPG 

at reducing the signs and symptoms of dry eye through its multiphasic behavior and 

duration of action. A new formulation, Systane Ultra, presents an additional ben-

efit of a delivery system to further reduce the assimilation time of the product on 

the eye. It exhibits non-newtonian characteristics, with low shear and viscosity upon 

instillation. Once on the eye, the elastic modulus and viscoelastic properties allow for 

retention of the active ingredients and a low coefficient of friction during the blink 

process. Superior outcomes have been documented for tear film interaction, blur 

profile, viscoelasticity and tensile strength, suggesting a beneficial lubricant eye drop 

product for dry eye patients.
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