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Abstract-—Mucins are present at the ocular surface in both secreted and membrane-bound forms. Mucins are produced
in part by the conjunctival goblet cells, and are complemented by non-goblet secretions. This review focuses on secreted
ocular mucins. They are present in the tear film, probably both in gel and soluble form, and play a role in lubrication
and ocular defence. It is apparent that mucins are highly adapted to their functions. State of the art techniques for
mugcin purification and analysis are presented. Density gradient centrifugation, gel filtration, ion-exchange chromatography
and agarose gel electrophoresis are discussed, together with methods of oligosaccharide analysis. Reagents for the detection
of mucin are considered in conjunction with these methods, which we have employed in the analysis of human and canine
ocular mucins. The general structure of mucins is reviewed. The biosynthesis and glycosylation of ocular mucins are
not yet fully understood, and are discussed in relation to currently established concepts. The impact of disease on the nature
and secretion of mucins is considered, as well as the physiological and pathological significance of mucus degradation.

© 1997 Elsevier Science Ltd

1. INTRODUCTION—MUCINS IN THE
TEAR FILM

The tear film is vital for the normal function
of the ocular surface, influencing transparency,
optical quality and defence against the external
environment. A functional understanding of the
tear film depends on a knowledge of its com-
ponents and their interactions. The classical
description of the tear film (Wolff, 1954) encom-
passed three layers: an outer lipid layer comprising
meibomian secretions, an intermediate aqueous
layer derived from the lacrimal and other accessory
glands, and an inner mucus layer. The model
put forward by Holly and Lemp (Holly and
Lemp, 1971; Holly, 1973) proposed that the
surface of the cornea was hydrophobic, and
required the presence of a mucus layer in order to
protect and hydrate it. This has been revised in the
light of data showing that the corneal surface
possesses an extracellular glycocalyx, now con-
sidered to be an integral part of the tear film.
This structure is rich in carbohydrates, at least
1 um thick, essentially hydrophilic and inherently
wettable (Nichols et al., 1985; Tiffany, 1990, 1994a;
Dilly, 1994).

In recent work, laser interferometry and
confocal microscopy were used to accurately
measure the thickness of the tear film and its
component layers. Earlier estimates of overall
tear film thickness were around 7 um. The recent
data indicate a figure between 35 and 40 pm, the

majority (=30 pm) contributed by a mucous
gel situated adjacent to the epithelial surface
(Prydal er al., 1992, 1993; Dilly, 1994) (Fig. 1). The
existence of such an extended gel layer has focused
attention on the contribution of mucins to the
physiology of the tear film: specialized defensive,
surfactant and rheological properties of the tear
film may be reflected in the structure of its mucins
(Holly and Lemp, 1971, 1977; Holly, 1973;
Dilly, 1994).

Ocular mucins were initially believed to
be entirely derived from conjunctival goblet cells.
More recently, an alternative synthetic pathway
has been defined in the stratified epithelial cells of
the ocular surface (Dilly, 1985; Greiner et al., 1985;
Gipson et al., 1992; Dilly, 1994; Gipson et al.,
1995; Gipson and Inatomi, 1997). Goblet cells
probably secrete the most mucin, but shedding of
membrane-bound mucin from conjunctival and
corneal cells may also contribute to secreted
mucus.

This chapter is concerned mainly with the
biology, biochemistry and functions of secreted
ocular mucins. The ocular surface glycocalyx is
considered only briefly.

2. WHAT ARE MUCINS?

Mucins are large glycoconjugates with molecular
weights in the range 5 x 10* to over 4 x 10* kDa.
Sugar residues contributing up to 85% of dry
weight are mainly O-linked to one of the two
domains of a polypeptide backbone (Fig. 2). The
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Fig. 1. Diagram showing the composition of the preocular tear film. Insets show interactions occurring at the glycocalyx,
mucinous phase and meibomian lipid/aqueous phase.

multiple functions exhibited by mucins relate to
their unique chemical structure (Carlstedt et al.,
1985; Strous and Dekker, 1992; Allen and Pearson,
1993; Forstner and Forstner, 1994; Van Klinken
et al., 1995).

Mucins secreted on to epithelial surfaces
throughout the body form viscoelastic gels and
constitute a physical barrier with functions specific
to their mucosal location. Native secreted (syn-
thetically complete and undegraded) mucins share
a common structural organization, displaying

subunits linked end to end through disulphide
bridges (Carlstedt et al., 1985; Strous and Dekker,
1992; Forstner and Forstner, 1994) (Fig. 2).
A different group of mucins is integrated into
cell membranes. These are generally smaller than
secreted mucins and do not form extracellular gels.
Normally, they lack disulphide-linked subunits
and are not secreted via classical goblet cell vesicles
(Hilkens et al., 1992; Shimizu and Shaw, 1993;
Van Klinken et al., 1995). Mucin metabolism is
described in Section 7.
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Fig. 2. Schematic representation of a typical secreted mucin, based on information known for MUC2 (Gum, 1995).
(a) The monomeric subunit contains two main polypeptide regions: (1) protease-susceptible region: low glycosylation,
some O-linked and N-linked oligosaccharide chains; high cysteine content; presence of von Willebrand factor motifs,
containing intramolecular disulphide bridges. (2) Protease-resistant region: high glycosylation, mostly O-linked through
GalNAc to serine and threonine; a small number of N-linked chains are present; variable number tandem repeat (VNTR)
sequences, rich in serine, threonine and proline; low cysteine content. (b) Simplified representation of the proposed
multimerization of subunits into native mucins. Linear (head to head or tail to tail) covalent linkage through disulphide

bridges is shown. The number of S-S bonds and the precise linkage nature are not known. (1) and (2) indicate
protease-susceptible and protease-resistant regions as in (a).
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2.1. Mucin Genes and Polypeptides

The identification of nine mucin (MUC) genes
has provided important data that could not be
obtained by classical biochemical studies (for a
review, see Gipson and Inatomi, 1977). Full
sequence data are only available for MUCI,
MUC2 and MUC 7. One of these mucin genes,
MUCI, encodes a membrane-bound mucin pos-
sessing the characteristics typical of such mol-
ecules, including a transmembrane sequence and a
cytoplasmic tail (Gum, 1992; Gendler and Spicer,
1995). Other MUC genes are candidates for the
major secreted mucins found in the tear film.
However, complete gene sequence data are
required to confirm whether their products are
secreted or membrane-inserted.

Each MUC gene contains a variable number
of characteristic tandem repeats (VNTR), flanked
by non-repeating sequences. The VNTR sequences
code for peptide domains rich in serine, threonine
and proline. Allelic variation of the number of
tandem repeats contributes to mucin polymor-
phism. Serine and threonine are linkage sites
for oligosaccharide side-chains. The flanking
sequences, which have not been fully sequenced
in all cases, code for poorly glycosylated globular
peptide domains containing numerous cysteine
residues. These residues form disulphide bridges
that are involved in the aggregation of mucin
subunits and the folding of the peptide chain.
In MUC2 and MUCS5AC, the globular domains
also contain motifs similar to those found in
von Willebrand factor. These are implicated in
storage and secretion phenomena (Gum, 1992,
1995; Gendler and Spicer, 1995). In MUCS3,
a disulphide-bond linked motif analogous to
the epidermal growth factor receptor has been
identified (Kim et al., 1995). The positioning of the
disulphide bonds in these peptide sequences is
significant for the identification of such motifs.
Analysis of the nucleotide sequence alone does not
predict their presence (Gum, 1995).

2.2. Mucin Glycosylation

The glycosylation of MUC gene polypeptides
varies from tissue to tissue and is a feature of

mucin structural complexity (Gum, 1992; Gendler
and Spicer, 1995). The tissue-specific nature of
mucin glycosylation is believed to be related to the
functional requirements at each mucosal site

(Roussel et al., 1988; Corfield et al., 1995;
Montreuil et al., 1996).
Each serine and threonine residue in the

mucin polypeptide backbone is a potential site for
O-linked N-acetyl-galactosamine (GalNAc), which
is the first sugar in all oligosaccharide chains. The
VNTR regions contain the bulk of the oligo-
saccharide side chains in a mucin molecule.
Repetition of these regions amplifies the overall
proportion of carbohydrate within the molecule.
The oligosaccharide side chains contain char-
acteristic monosaccharides: galactose, fucose,
N-acetylhexosamines and sialic acids, but no
uronic acids and little mannose (Carlstedt
et al., 1985; Strous and Dekker, 1992; Forstner
and Forstner, 1994). Chains vary in length and
branching, with charges ranging from neutral to
highly negative, depending on the presence of sialic
acid and sulphate (Roussel et a/., 1988; Montreuil
et al., 1996) (Fig. 3).

Mucins from many sources have been examined
for carbohydrate content and oligosaccharide
patterns. These data constitute a vast body of
structural information (Moore and Tiffany, 1979;
Roussel et al., 1988; Schachter and Brockhausen,
1992; Montreuil et al., 1996). Mucin-type oligo-
saccharide chains show a great variety in
length, branching and terminal substitution.
Chains consist of three regions: core, backbone
and periphery (Fig. 3). Variation exists in each
region. Thus, for any mucin molecule, hundreds of
O-linked oligosaccharides may occur.

The importance of individual carbohydrate
structures is best illustrated by the blood group
antigens. These carbohydrate motifs are present on
secreted mucins, depending on an individual’s
secretor status. The specificity of this glycosylation
is reflected in the fidelity of blood group antigen
expression for each individual. The specificity
of glycosylation pathways resulting in this
level of fidelity is the same for all oligosaccharides
expressed in mucins: each mucin possesses struc-
tures typical for its site of expression. It is
important to identify these structures in order to
correlate them with tissue-specific function.
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(b) contd.
STRUCTURE OF OLIGOSACCHARIDE ANTIGENS IN MUCINS

O-glycosyl link :- GalNAca - O - Ser.Thr

Examples of oligosaccharide core structures :-

core 1 Galp1-3GalNAca - O - Ser/Thr core 3 GlcNAcB1-3GalNAco - O - Ser/Thr
GlcNAce GlcNAc
31-6 Bl|-6
core 2 GalBl-SGalNAcoc - O -Ser/Thr core 4 GlcNAcB1-3Gal|NAc0L - O -Ser/Thr

Short saccharide structures found in ocular mucins :-
Tn GalNAco. - O - Ser/Thr

Sialyl Tn NeuSAca2-6GalNAca - O - Ser/Thr

Fig. 3. (a) Hypothetical composite oligosaccharide structure found in mucins. Principal features include: O-glycosidic

linkage of N-acetyl-D-galactosamine to serine and threonine residues on the polypeptide chain; CORE region, with core

4 as an example; BACKBONE of poly-N-acetyllactosamine type; PERIPHERAL groups such as sialic acid, sulphate and

a blood group antigen. Many combinations based on these arrangements are possible: some examples are given in (b),
including several that are directly relevant to the ocular mucins.

3. ORIGINS AND SUBCELLULAR
LOCATION OF OCULAR MUCINS

3.1. Goblet Cells and Secreted Mucins

The precise cellular origin of each mucin cannot
be determined from the mixture found in tears,
conjunctival homogenates or whole eye washings.
It is possible that shedding of membrane-bound
mucins may contribute to the adherent gel layer of
the tear film, but there is much more evidence for
conjunctival goblet cells being the major producers
of secreted ocular mucins.

Goblet cells can be detected in tissue sections,
epithelial sheets and surface impressions, confirm-
ing their location in the conjunctiva and not
the cornea. Their exact origin and life cycle have
not been determined, but it is probable that
they arise in the basal layers of the conjunctival

epithelium, and mature as they approach the
surface. Biomicroscopy of these cells in vivo and
in vitro suggests that they are derived from other
goblet cells within a small number of cell divisions
(Chen et al., 1994; Zieske, 1994; Dartt et al., 1995;
Kessler et al., 1995, Wei et al., 1996). It has been
suggested that the maturation of mucin granules
in goblet cells takes around 2 weeks (Aitken et al.,
1988). Identification of goblet cell precursors
is hampered by them being devoid of secretory
granules.

It is not yet possible to quantify total secreted
mucin at the ocular surface and in tears, by either
histochemical or biochemical methods. Goblet
cell numbers, determined by impression cytology
and histology, have been used to estimate the
secretory status of the conjunctiva (Friend et al.,
1983; Kinoshita et al., 1983). Histological methods
reveal a considerable variation in goblet cell
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numbers per unit area in normal control con-
junctiva (Kessler ez al., 1995). Periodic acid Schiff
(PAS) probably stains all goblet cells containing
mucin. In human and canine conjunctiva, only
a proportion of these goblet cells stains with

Alcian Blue [Fig. 4(a)], which detects sialylated or
sulphated groups, depending on the pH (McGhee
and Lee, 1985; Yamabayashi and Tsakahara,
1987, Adams and Dilly, 1989). Cross-reaction
with anti-M1, antibodies to the peptide core of

Fig. 4. Differential staining of goblet cells in canine and human conjunctiva. Canine conjunctiva stained with: (a) Periodic

acid Schiff/Alcian Blue; (b) anti-M1 antibodies with Light Green counterstain; (c) polyclonal antibody PCcanl, prepared

against purified canine ocular mucin. Serial sections of human limbal conjunctiva stained with: (d) Periodic acid Schiff;

(e) anti-M1 antibodies; (f) antibody 1E3. Sections (d)-(f) were counterstained with haematoxylin (for all sections,
bar =2 um).
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gastric mucins (Bara et al., 1986; Garcher et al.,
1994), gives a very similar picture to PAS in human
[Fig. 4(d)], but not in canine conjunctiva
[Fig. 4(b)]. An antibody to rabbit ocular mucin
(Huang and Tseng, 1987) was also reported to bind
to most goblet cells. We have found similar results
with a polyclonal antibody (PCcanl) prepared
against a fraction of canine ocular mucin
[Fig. 4(c)]. Antibodies to human and rat mem-
brane-bound mucin-like glycoproteins also showed
reactivity with goblet cell membranes, but did not
bind uniformly to all goblet cells (Gipson et al.,
1992; Watanabe et al., 1993). Other antibodies, e.g.
to the Tn antigen (GalNAcwx-O-serine/threonine),
stain a sub-population of goblet cells in histologi-
cal sections and impression cytology specimens
{Ellingham et a/., in preparation, Fig. 4(f)]. Lectins
(Gipson et al., 1983; Kawano et al., 1984; Versura
et al., 1986) also show differential binding to goblet
cells. Shared epitopes on mucins and other
glycoproteins, including blood group antigens,
complicate the interpretation of stains for carbo-
hydrate groups (Garcher et al., 1994; Watanabe
and Gipson, 1994).

Differential staining of mucin granules within
and between goblet cells may be due to the
segregation of different glycoproteins within
cells or granules (Watanabe et al., 1993) or to a
maturation process (Tseng ef al., 1984; Watanabe
et al., 1993). Cell culture experiments may help to
resolve these two processes. Goblet cells differen-
tiate in conjunctival epithelium in both organ-
otypic cultures (Kruse and Tseng, 1993; Chen
etal., 1994; Tsai et al., 1994; Wei et al., 1994, 1996)
and in epithelial monolayers grown on plastic.
We observed the disappearance of goblet cells
from epithelial monolayers derived from human
conjunctival explants after 7 days in culture.
After 14 days in culture, cells appeared with large
cytoplasmic granules that cross-reacted with
anti-M1 (anti-mucin) antibodies, suggesting that
they were goblet cells in culture (Ellingham et al.,
in preparation) (Fig. 5).

In nude mice, sub-dermal implants of only a few
rabbit conjunctival cells can produce cysts having
either entirely stratified squamous or both goblet
cell and squamous phenotypes (Wei et al., 1993,
1994, 1996). Analysis of mucins within these cysts
will help to differentiate which types of mucin are

Fig. 5. Goblet-like cell in culture. Confluent conjunctival
epithelial cells at 17 days, showing a cell stained positively
with anti-M1 (bar = 10 um).

derived from goblet cells, and which are derived
from squamous cells. It will also provide a basis for
examining whether staining differences between
cells relates to cell maturation.

Corneal epithelial cells in culture also synthesize
soluble mucins with electrophoretic properties
similar to mucins from conjunctival epithelial
tissue. As these corneal cultures are devoid of
goblet cells, an alternative source of mucin
and mechanism of secretion must be proposed
(Ellingham et al., in preparation).

3.2. Membrane-bound Mucins

Initial evidence for the existence of two distinct
origins for ocular mucins came from electron
microscopic observations in guinea-pig (Nichols
et al., 1983, 1985) and human conjunctivae (Dilly,
1985). A glycocalyx was visible, which was
differentiated from an overlying layer of secreted
mucus. Both components stained for carbo-
hydrate, suggesting the presence of mucin in both
membrane-bound and secreted form.

The detection in human conjunctival epithelium
of small subsurface vesicles rich in carbohydrate
(Greiner et al., 1980; Dilly and Mackie, 1981;
Dilly, 1985; Greiner et al., 1985) suggested that not
all surface mucin was derived from goblet cells.
The material stored in these vesicles was reported
to be externalized as part of the glycocalyx, which
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was particularly prominent at the tips of the
corneal and conjunctival epithelial microplicae
(Dilly, 1985; Greiner et al., 1985). Confirmation
and characterization of rat and human glyco-
calyx mucin-like molecules, corresponding to
the small vesicle pathway, have been provided
using antibodies raised against corneal apical cells
(Gipson et al., 1992; Watanabe et al., 1993, 1995).
In addition, membrane-bound MUC]! has been
detected in corneal and conjunctival epithelial cell
membranes (Inatomi ez a/., 1995). Currently, there
is insufficient evidence to prove that the glycocalyx
mucin-like molecules detected in the small vesicle
pathway are identical to MUCI.

3.3. The Lacrimal Glands

Lacrimal gland secretions have been considered
a source of mucins in the tear film. Evidence
for this has not been forthcoming, in spite of
histological investigations demonstrating an abun-
dance of carbohydrate reactive material in the
gland (Versura et al., 1986; Ahmed and Grierson,
1989; Breipohl et al., 1994). Earlier studies with
a polyclonal antibody to semipurified human
ocular mucin failed to show any cross-reactivity
with the lacrimal gland (Moore and Tiffany, 1979).
Furthermore, biochemical studies of lacrimal
gland explants (Chao et al., 1980) showed the
synthesis of high molecular weight material
representing IgA and IgG, but failed to demon-
strate the presence of mucins. Confirmation of
lacrimal gland mucins requires examination of
MUC gene expression in the gland, and analysis of
its secretions using techniques described in this
chapter.

4. PURIFICATION AND IDENTIFICATION
OF OCULAR MUCINS

Purification of intact mucins requires the
protection of samples from degradation or
aggregation during dispersal, storage and purifi-
cation. The purity of the isolated products can be
determined only if appropriate methods are
available for the constituents of each mucosal
system.

4.1. Collection and Extraction of Secreted Mucins

Collections of tears, surface aspirates and
external ocular epithelia are suitable sources of
mucin. Different sources may yield different
mucin complements. Tear sampling methods
may influence the quality and quantity of mucins
collected, since mucin release from goblet cells
can be triggered mechanically (Kessler er al.,
1995).

Guanidine hydrochloride (4-6 M) or urea
(6-8 M) have been used to obtain dissociation
of mucus samples (Carlstedt et al., 1985). These
reagents will dissolve most mucous gels, but
some insoluble gels have been described (Carlstedt
et al., 1993, 1995). Where such material is present,
addition of thiol reagents, such as dithiothreitol,
mercaptoethanol or N-acetylcysteine, will induce
dissolution. These reagents, however, convert
native mucins into subunits, by reduction of
disulphide bridges, precluding studies of native
mucins.

Samples require immediate stabilization by
inactivation of proteolytic enzymes. Guanidine
inactivates many enzymes, but during subsequent
purification, adherent enzymes may reactivate if it
is removed. Inhibitor cocktails block proteolysis
as a result of cytosolic, membrane-associated and
microbial sources. The most effective inhibitors for
mucin preparations are phenylmethylsulphonyl-
fluoride (or diisopropylfluorophosphate) and soy-
bean trypsin inhibitor. The general protease
inhibitors EDTA, benzamidine and N-ethyl-
maleimide are also frequently used. For each
mucosa, the optimal mixture can be identified by
using the target mucins as substrate in proteolytic
assays (Corfield and Paraskeva, 1993). When such
experiments are not possible, a broad-spectrum
cocktail of inhibitors can be substituted (Carlstedt
et al., 1985).

4.2. Density Gradient Centrifugation

Solubilized mucins can be separated from other
proteins, glycoproteins, polysaccharides, proteo-
glycans and nucleic acids by isopycnic centri-
fugation. Mucins show a characteristic buoyant
density (1.3-1.5 g/ml), depending, to some extent,



Ocular Mucins 637

on the solubilizing mixture (Section 4.1). Centri-
fugation through a concentration gradient (rate
zonal centrifugation) can effect separation on
the basis of hydrodynamic volume (size in
solution).

4.2.1. Isopycnic centrifugation

This technique represents the gold standard for
purification of mucins (Carlstedt and Sheehan,
1984). Samples are centrifuged at high g values
in the presence of a caesium salt (Creeth and
Horton, 1977). This generates a density gradient
in which each component segregates according
to its buoyant density. The formation of a
gradient, ranging from 1.25g/ml to 1.6 g/ml,
is appropriate for the separation of mucins.
Depending on the g values employed, this will
take a minimum of 24 hr. In practice, the
complete separation of mucins from other con-
taminants, particularly nucleic acids and proteo-
glycans, is not achieved in one centrifugation.
Removal of nucleic acids can be optimized by
running the first gradient at 4-6 M guanidine
hydrochloride, pocling the mucin rich densities
and re-running the sample in a second gradient
at 0.2M guanidine hydrochloride. Reduced
and alkylated subunits, or proteolytically cleaved
mucin fragments, will have the same buoyant
density as native material, with an identical
resolution on gradients.

Membrane-bound mucins can be fractionated
on density gradients (Baeckstrom er al., 1991;
Carraway and Hull, 1991) after isolation using
suitable surface active agents. The inclusion of low
concentrations (<0.1%) of detergents, such as
Triton X100, octyl glucoside or CHAPS, shifts
these mucins into the 1.3-1.5-g/ml buoyant density
range. Without detergents, the presence of lipids
(Scheiman et al., 1992) may lead to artefactual
mucin-lipid coacervation or the generation of
micellar structures (Scheiman e /., 1992; Fung
et al., 1995). These complexes fractionate at
the lower densities associated with proteins and
poorly glycosylated glycoproteins. Some mucin—
lipid complexes may be physiological (Scheiman
et al., 1992; Fung et al., 1995). They have been
implicated in the removal of degraded mucins

from the ocular surface (Holly and Lemp,
1971, 1977; Tseng et al., 1987). Figure 6 shows a
gradient of canine ocular mucus where a buoyant
mucin fraction is present, attributable to lipid
complexation,

4.2.2. Rate zonal centrifugation

Mucin fractions derived from isopycnic density
gradients are separated only on the basis of
buoyant density. Separation by molecular size
will resolve native mucins and subunits. This is
of considerable relevance for studies of synthetic
precursors, degradation products and their rela-
tive proportions. The technique is accomplished
by centrifuging a mucin mixture through a salt
gradient. Guanidine hydrochloride, or a similar
chaotropic salt, forms the gradient and minimizes
aggregation as a result of non-covalent inter-
actions. The mucin sample is layered on to a
preformed gradient and centrifuged for 4-6 hr
at high g values. Larger mucins, containing
a greater number of subunits, sediment more
rapidly (Sheehan and Carlstedt, 1987; Thornton
et al., 1995). Thus, mucins of a different mol-
ecular size, or with different numbers of cova-
lently bound subunits, are identified by their
distribution across the gradient. Subsequent
reduction and alkylation separates all subunits,
and comparison with the previous profile confirms
their size.

4.3. Gel Filtration

Size fractionation by gel filtration has been
widely used to obtain partially purified mucins
without the prior use of CsCl gradients (Carlstedt
and Sheehan, 1984; Carlstedt er al., 1985; Parker
et al., 1993). The limitations of this technique
for mucin analysis should be considered. First,
the fractionation range of most gel filtration
media is not sufficient to resolve the very
high molecular weights encountered in native
mucins or their reduced and alkylated subunits.
Second, the technique is unable to separate
mucins from other high molecular weight contami-
nants, such as nucleic acids, proteoglycans and
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Fig. 6. Density gradient profile of canine ocular mucus (starting density: 1.41 g/ml). Slot blots of gradient fractions were
stained with PAS (Periodic actd Schiff), anti mucin antibodies (anti-M1; Bara et al., 1986) and wheatgerm agglutinin
(WGA). The presence of low density material (< 1.3 g/ml) suggests that there may be complexation with lipid.

polysaccharides. Third, lower molecular weight
mucins will be discarded with contaminants. Some
contaminants can be removed by pretreatment
with nucleases and proteoglycan/polysaccharide
degrading enzymes (Strous and Dekker, 1992; Jass
and Roberton, 1994). However, this introduces a
further variability into the purification process,
and requires the removal of enzymes after each
digestion.

Canine and human ocular mucus contains a
range of mucins that can be partially separated by
gel filtration (Fig. 7). Large mucins eluting in
the excluded volume may constitute a mixture
while the smaller mucins are fractionated. Separ-
ation and identification of the lower molecular
weight mucins is achieved only if density gradient
centrifugation (which is dependent on carbo-
hydrate content and not molecular size) is
performed first. Gel filtration has also been used to
fractionate membrane-bound mucins.

Rapid analysis of mucin-rich fractions derived
from metabolic labelling experiments in cell
and organ culture can be undertaken by using gel
filtration. In these experiments, only trace amounts
of mucins are produced. As a result, losses
resulting from adsorption on to labware surfaces
may be significant. Good recoveries are achieved
using all glass apparatus, whereas plastics should
be checked for losses. Identification of mucins can
be undertaken using specific enzyme digestion of
suspected contaminants such as proteoglycans
(Corfield and Paraskeva, 1993).

Cross-linked agarose (e.g. Sepharose, BioGel
A) and agarose—polyacrylamide copolymers
(Sephacryl) are suitable for gel (filtration in
high- or low-salt elution buffers. An assessment
of recovery is necessary in all experiments, to
ensure that no selective or non-specific losses
are occurring. Despite the concentrating effects
of isopycnic centrifugation and gel filtration,
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Fig. 7. Gel filtration profiles of secreted ocular mucin. (a) Canine ocular mucin (Pool 2; see Fig. 6) on Sepharose CL-4B.
High MW excluded material (¥ range = fractions 8-14) and lower MW included material are present. (b) Human
conjunctival mucins from tissue homogenates (buoyant density 1.3-1.4 g/ml) on Sepharose CL-2B. Material positive for

WGA, anti-M1, TKH2 and 1E3 is present in

samples may be tco dilute for further purifi-
cations. We find that using a buffer containing
very dilute urea during gel filtration avoids the
production of insoluble aggregates on lyophilation
and is compatible with subsequent ion exchange or
electrophoresis.

both the excluded and included volumes.

4.4. Ton-exchange Chromatography

Ton-exchange chromatography is a technique for
identifying mucin glycoforms that are not resolved
using other methods (Thornton et al., 1994, 1995).
As many mucins show some variation in their
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sulphate or sialic acid content, they can be
fractionated on the basis of charge. Mucins are
adsorbed on to a column matrix in salt-free buffer,
then eluted with an increasing linear salt gradient
(Podolsky and Isselbacher, 1984; Shimamoto et al.,
1989; Raouf et al., 1991).

The best matrices are mild anion exchangers
such as DE Sephadex, and Mono-Q (Podolsky
and Isselbacher, 1984; Thornton et al., 1994).
The elution of adsorbed mucin species from
ion-exchange resins is best accomplished using
continuous salt gradients at suitable pH, since
discontinuous gradients may lead to elution
artefacts (Raouf et al., 1991). Sample losses due to
non-specific adherence of mucins to exchange
matrices have been overcome by including urea
and CHAPS in the equilibration and elution
buffers (Thornton et al., 1995).

Human ocular mucins, separated by density
gradient centrifugation and gel filtration, have
been reduced and radio-alkyiated. The labelled
subunits were successfully separated using Mono-
Q and visualized on Western blots of agarose
electrophoresis gels (Berry et al., in press; Fig. 8).

4.5. Electrophoresis

Electrophoresis of mucins has been used to
assess the complexity and contamination of mucin
preparations. Most studies have employed sodium
dodecyl sulphate-polyacrylamide electrophoresis
(SDS-PAGE) under reducing and non-reducing
conditions (e.g. Irimura et al., 1988; Dekker et al.,
1991; Klomp ez al., 1994; McCool et al., 1994).
Demonstration of contamination in the molecular
weight range below 200--300 kDa can be achieved
reliably using this method, but polydisperse
cationic mucins of a higher molecular weight are
difficult to resolve. Even 3% polyacrylamide gels
give a limited resolution, and much of the sample
may not even enter the gel. The influence of acidic
groups on the migration of high molecular weight
mucin precursors in SDS-PAGE is unpredict-
able (Tytgat et al., 1995), especially for mature
mucins. This renders estimations of molecular size
inaccurate.

Electrophoresis in 1% agarose has been
introduced to improve the resolution of mucins

and their subunits. Migration differences are due
to both size and charge, and comparisons must be
made on this basis (Thornton er al., 1995).

Western blotting has been used with both
SDS-PAGE and agarose gel electrophoresis.
The latter method has identified secreted and
membrane-bound ocular mucins/mucin-like glyco-
proteins and their subunits (Fig. 8). Fluorometric
systems have greatly increased the sensitivity of
detection,

4.6. Mucin Detection Methods

Reagents for mucin detection include histo-
chemical stains, lectins and antibodies. These can
be used in direct liquid assays, in blotting assays
and in ELISA.

Histochemical methods have been adapted to
detect mucins during purification. PAS, Aician
Blue and high iron diamine detect glycol or
cationic groups. Standard liquid assays based on
these and other carbohydrate reactions are greatly
hampered by salts, but the reagents are valuable
for probing mucin fractions immobilized on poly-
vinylidine difluoride or other transfer membranes
(Thornton et al., 1989). Blotting concentrates the
sample, ensures that salts are removed before
probing and provides a stable archive.

Lectins are sensitive probes for carbohydrate
moieties. Many lectins have specificities for
glycosyl subgroups that are widely expressed in
glycoconjugates. They do not detect mucins
specifically but may be used as general reagents.
We routinely use wheat-germ agglutinin in this way
(Figs 8 and 9). Lectins with a specificity for sialic
acids (Sambucus nigra and Maakia amurensis)
may have more value in mucin detection. Other
useful lectins may be identified by their differential
or specific binding to goblet cell granules or cell
membranes in tissue. Monoclonal antibodies to
carbohydrate epitopes can be selected in the same
way. Antibodies to sialyl-Tn and Tn (Kjeldsen
et al., 1988; Takahashi et al., 1988) were found
to be valuable in ocular mucin preparations
[Fig. 7(b)].

Antibodies against mucin-specific epitopes
are also useful during mucin purification. Many
anti-mucin antibodies recognize peptide epitopes
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Fig. 8. Charge separation of human ocular mucin subunits by ion exchange chromatography. Upper panel: the elution

profile on Mono-Q demonstrates the relatively low negative charge of most radiolabelled subunits, and shows the presence

of a distinct population of higher charge (eluting at high salt concentrations). Lower panel: vacuum blots of 1% agarose

gels, stained with WGA. Electrophoresis of the two peaks distinguishes bands of differing migration. Each blot is positioned
under the corresponding area of the elution profile.

only after deglycosylation (Durrant et al., 1994), a
procedure that can destroy the peptide. The
newly described anti-MUC2 and anti-MUCS5AC
antibodies (Carlstedt et al., 1995) are valuable as
they react with fully glycosylated native or sub-
unit mucins. Antibodies to human gastric mucin
peptide (anti-M1; Bara et al., 1986) react with
native and subunit canine ocular mucins, but only
native human ocular mucins. Other useful reagents
are listed in Table 1.

5. CHARACTERIZATION OF OCULAR
MUCINS

5.1. Separation

We have isolated a number of mucin popu-
lations from human conjunctival tissue and
total canine ocular surface mucus. The prep-
arations have mucin characteristic buoyant den-
sity (Fig. 6), high MW on Sepharose gel filtration
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Fig. 9. (a) Electrophoretic mobility of normal canine ocular mucins (vacuum blot of 1% agarose gel, stained with WGA).
Pools 1, 2 and 3 refer to mucins isolated by density gradient centrifugation (see Fig. 6). Lanes a, ¢ and ¢: pools 1, 2 and
3 native material. Lanes b, d and f: pools 1, 2 and 3: reduced and alkylated. Lane g: high MW marker proteins. Material
from pools 1, 2 and 3 show limited migration, indicating a very high MW for mucins in the normal canine eye. In each
pool, reduction and alkylation lead to conversion into subunits: in pool 2, the subunit is of a very high MW; in pools 1
and 3, apparently similar subunits migrate substantially further. (b) Electrophoretic mobility of normal membrane-bound
canine ocular mucins (vacuum blot of 1% agarose gel, stained with WGA). Lane a: standard (bovine submaxillary
mucin—MW ~6 million Da). Lane b: standard (IgM—MW ~1 million Da). Lane c: normal canine ocular surface
membranes, extracted with octyl glucoside. Lane d: material from lane c, reduced and alkylated. Two components of
extremely high MW are resolved after octyl glucoside extraction of membranes (lane c¢). Upon reduction and alkylation
of this material, the apparent MW of the larger component is decreased, causing it to comigrate with the smaller component
(lane d). This change indicates subunit structure: a feature not previously recorded for membrane bound mucins or
‘mucin-like’ glycoproteins in any system.
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Fig. 9(b). Caption on opposite page.

(Fig. 7) and are polydisperse on agarose gel
electrophoresis (Fig. 9). They are susceptible to
reduction yielding high MW subunits (Fig. 9)
and bind anti-mucin antibodies. Ion exchange
chromatography further separates several sub-
populations within the largest human mucins
(Fig. 8).

5.2. Glycosylation

Shared carbohydrate epitopes obligate the
separation of mucins from other glycoconjugates
before oligosaccharide analysis. The low pro-
portion of carbohydrate and significant mannose
content of partially purified ocular mucins (Moore
and Tiffany, 1981; Chao er al., 1983, 1988) suggest
co-purification with non-mucin components.
Rabbit ocular mucins purified using density
gradient centrifugation have 84% carbohydrate,
and no mannose, suggesting a higher purity (Tseng
et al., 1987).

Lectin and antibody staining of tissue sections
has indicated the presence of hexosamines,
galactose, and sialic acids in goblet cell vesicles.
Ocular mucins are characterized by high pro-
portions of N-acetyl galactosamine, N-acetyl
glucosamine and galactose, variable amounts of
sialic acids and low amounts of fucose (Moore
and Tiffany, 1981; Tseng et al., 1987; Chao et al.,
1988). The release of total oligosaccharides by
p-elimination yields short chains only (Moore and
Tiffany, 1981; Chao et al., 1988).

Radiolabelling of the oligosaccharide side
chains from human and canine mucins by
fB-elimination in the presence of borotritide
suggests very short oligosaccharides. The preva-
lence of GalNAc-ol and NeuSAca2-6GalNAc-ol
was confirmed by gel filtration on Biogel P4
(Fig. 10) and oligosaccharide thin-layer chroma-
tography. Cross-reaction with anti-Tn (1E3) and
anti-Neu5Aca2-6GalNAc-peptide (anti-sialyl-Tn,
TKH2) was observed throughout purification
[Hicks et al., unpublished; Berry et al., in press;
Fig. 7(b)]. Purified bovine and ovine salivary
gland mucins show a similar pattern of short
oligosaccharides (Tettamanti and Pigman, 1968,
Corfield et al., 1991a). Such short oligosaccharide
chains require few glycosyltransferases for syn-
thesis: these pathways are therefore amenable to
study.

As an alternative to f-elimination, oligo-
saccharides may be released by hydrazinolysis
and examined electrophoretically (Bigge et al.,
1995; Starr et al., 1996). Glycosidase digestion,
NMR and mass spectrometry can be used for the
absolute determination of oligosaccharide struc-
ture (Dell et al., 1993; Hounsell, 1995).
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Table 1. Specificity of probes used to detect mucins

Name of probe Specificity Type
Wheat germ agglutin (WGA) GlcNAcg, sialic acid Le
Ricinus communis toxin (RCA,) D-GalNAc, $-D-Gal Le
Peanut agglutinin (PNA) f-Gal(1-3)GalNAc Le
Ulex europaeus (UEA I) o-L-Fuc Le
Maakia amurenis (Mal II) %-2.3 linked sialic acid Le
Sambucus nigra (SNA) %-2,6 linked sialic acid Le
Anti-M1 Human gastric mucin core protein Mab
1E3 GalNAc-peptide (Tn) Mab
TKH2 Sialyl-Tn Mab
Periodic acid Schiff (PAS) Vicinal glycol groups C
Alcian Blue (AB) Negative charge (SOi~, COO™) C

Le, lectin; Mab, monoclonal antibody; C, chemical reagent.

)

Tn and sialyl-Tn, constitutively expressed in  are normal constituents of ocular tissue may affect
normal ocular mucins, are considered cancer  its physiology.
markers in other mucosae (Singhal er al., 1991;
Fonsega et al., 1994; Jass and .Roberton, 1994; 5.3, Molecular Biology
Itzkowitz et al., 1995), and used in cancer therapy
(O’Boyle et al., 1992; Longenecker et al., 1993). The major secreted mucins in human ocular
Therapeutic use of antibodies against epitopes that  tissues are MUCS5AC (Gipson and Inatomi, 1997)
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Fig. 10. Example of size-fractionation on Biogel P4 of oligosaccharides released from normal canine secreted ocular mucin

(pool 2; see Fig. 6) by S-elimination. The majority of oligosaccharides are very short, the major peaks coeluting with

the standards GalNAc-ol and Neu5Aca2-6GalNAc-ol (not shown), which elute in the range 4648 ml and 51-53 ml,
respectively.
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and perhaps MUC4 (Jumblatt et al., 1995; Gipson
and Inatomi, 1997). MUC2 expression has been
reported in human tears and conjunctiva (Bolis
et al., 1995; Jumblatt et al., 1995), but in-situ
hybridization experiments failed to confirm this
(Gipson and Inatomi, 1997; Ellingham et al.,
unpublished). The description of the full comp-
lement of mucin genes expressed at the ocular
surface remains an immediate objective.

6. FUNCTION OF MUCINS IN THE TEAR
FILM

Mucins lubricate the ocular surface and form
a physical protective barrier that may also act
as a matrix for smaller molecules. They optimize
the refractive surface of the eye, and provide
structures to which micro-organisms and immune
cells can bind both specifically and non-
specifically. Secreted and membrane-bound mucins
are likely to interact to achieve these functions. The
nature of interactions within the gel layer of
the tear film is not well defined, but is likely to
involve many other molecules, such as IgA, IgM,
lysozyme, hyaluronan, amylase and lactoferrin
(Fullard and Tucker, 1994; Kijlstra and Kuizenga,
1994).

The relationship between mucins in aqueous
tears and in the gel layer awaits clarification.
It is not yet clear whether the gel and aqueous
phases exist in tears as separate entities. Mucins
initially present in the gel phase might be
solubilized by blinking. However, biochemical
modification or degradation may be required for
solubilization to occur. Soluble or aqueous tear
mucins may be secreted as a distinct subgroup.
Evidence suggesting this has been reported in the
human gastric mucus layer (Ota and Katasuyama,
1992).

6.1. Tear Film Rheology

The eyelids and ocular surface are constantly in
relative motion. The delicate extraocular muscles
that move the eyes demand minimal frictional
forces opposing them, especially during saccadic

movements. During a blink, the eyelids must be
able to move rapidly across the eye and spread
secreted mucus. At the same time, it is necessary
to avoid mechanical damage to the ocular surface
due to the shear forces generated.

The rheological properties of tears are believed
to be largely due to mucins. Solutions of mucins
or hyaluronan (a normal component of the tear
film) show non-Newtonian behaviour (Hamano
and Mitsunaga, 1973; Tiffany, 1991, 1994b; Holly
and Holly, 1994). This means that when a shear
force is applied, e.g. during blinking, the viscosity
of the solution falls. Newtonian behaviour is
shown by solutions in which viscosity is indepen-
dent of shear rate. Mucins form networks of
entangled linear polymers. They separate during
shearing, and re-entangle once the shear rate is
reduced.

It is important that interpretation of tear film
rheology measurements should be made in relation
to the method used for sample collection. The
aqueous and gel phases of the tear film may
contain different concentrations and types of
mucin, and the relative proportions of the two
phases may vary with the sampling techniques
employed.

6.2. Tear Film Stability

Between blinks, when the eye is open, the
aqueous surface layer tends to evaporate. Without
blinking and continued secretion, the tear film
breaks up and dry spots can be seen on the ocular
surface (Fig. 11). The mechanism of dry spot
formation in normal eyes is unknown. It is possible
that local shear forces generated at the margins of
dry spots displace a proportion of the gel layer.

Tear film break-up time is thought to be
influenced by mucins (Holly and Lemp, 1971,
1977): instability of the tear film being observed in
dry eye syndromes in which there are mucin
abnormalities (Bron, 1985, 1994). The presence
of mucin in tears has been shown to lower the
surface tension (Holly and Lemp, 1971, 1977)
by interaction with tear lipids. The stability of
the tear film is also influenced by: blink reflex;
surface irregularities causing incongruity and
loss of mucus layer; composition of the lipid
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Fig. 11. Breakup of the precorneal tear film in a dog

with KCS. The area of the corneal epithelium underlying

the resulting ‘dry spot” has a granular appearance
(magnification: x 50).

layer influencing evaporation; and changes in the
concentration of other tear film components (Bron,
1985, 1994).

The rate of formation of the ocular glycocalyx
may influence the time taken for the tear film to
break up. The glycocalyx develops as squamous
cells reach the epithelial surface (Gipson et al.,
1992). It has been proposed that such sites
presenting an immature glycocalyx, or other mucin
depleted regions, may contribute to the initiation
of dry spots (Sharma and Coles, 1990).

The anchoring of the gel layer to the ocular
surface may be explained in part by molecular
entanglement. Very high molecular weight (MW)
mucin-like glycoproteins can be detected in octyl
glucoside extracts of cell membranes derived from
the canine ocular surface [Hicks, Carrington and
Corfield, unpublished observation; Fig. 9(b)].
These membrane-bound molecules probably
extend well beyond the conventional thickness
of the glycocalyx, rendering entanglement with the
secreted mucins possible.

6.3. Interactions with Micro-organisms

Mucins allow non-specific interactions with
many particulates and chemicals at the ocular
surface, enabling their neutralization or removal.
The bulk carbohydrate properties of mucins
are complemented by the expression of specific
carbohydrate structures, which act as ligands in

cell or pathogen adhesion (Rogers et al., 1986;
Shimizu and Shaw, 1993; Schultze and Herrler,
1994; Yolken et al., 1994; Lasky, 1995; Van
Klinken et al., 1995).

Whereas the ocular surface supports a commen-
sal flora, it is generally accepted that secreted
mucins protect epithelia by binding and entrapping
pathogens. Part of the defensive function of the
preocular surface involves anti-bacterial and
anti-viral mechanisms. Ocular mucins, rich in
sialic acid, may present themselves as binding
partners in such mechanisms: influenza virus,
coronavirus and rotavirus commonly bind to
receptor sialic acids in intestinal mucins (Rogers
et al., 1986; Chen et al., 1993; Schultze and
Herrler, 1994; Yolken et al., 1994). However, sialic
acids also afford mucins protection from microbial
proteolytic degradation (Nieuw-Amerongen et al.,
1995).

Pseudomonas aeruginosa, an aetiological agent
in corneal ulcers, is known to bind scarified
and immature intact corneal epithelium (Laibson,
1972; Hazlett et al., 1995). Several carbohydrate
epitopes capable of binding P. aeruginosa have
been identified in the cornea, and implicated in
the pathogenesis of corneal ulcers. These include
2-6-sialylated glycoprotein (Hazlett et al., 1995),
N-acetylmannosamine (Hazlett et al., 1987),
asialo-GM1 (Hazlett er al., 1993; Gupta et al.,
1994) and sialic acids (Hazlett er al., 1986). We
have found predominant expression of NeuSAca2—
6GalNAc-O-Thr/Ser and GalNAc-O-Thr/Ser
in secreted ocular mucins. This may suggest a
2-6-sialylated receptor similar to that found by
Hazlett et al. (1995).

Demonstration that mucins too are binding
partners supports the hypothesis that they also
play a role in protection of the ocular surface
(Fleiszig et al., 1994) by blocking microbial
binding sites before pathogens have penetrated the
mucin barrier. Exposure of the corneal cell surface
in wounding experiments has demonstrated that
P. aeruginosa adherence at these sites is increased.
A protective ‘anti-adherence’ mechanism has
also been shown (Klotz et al., 1989). In general,
the diversity of oligosaccharide structures present
within mucins offers a considerable scope for
specific interactions (Ramphal and Pyle, 1983;
Ritchings et al., 1995) with potential microbial
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pathogens. The interactions between ocular flora
and pathogens remain to be fully explored.

7. MUCIN METABOLISM

Mucin synthesis requires considerable sub-
cellular organization and integration. Incomplete
knowledge of the structure, assembly, packaging
and secretion of these molecules precludes a
reliable overview of the biosynthetic processes
for any mucosal system. Synthesis of mucins by
the classical and the non-goblet cell pathways
(Section 1) may share many processes, but
probably differs in the modes of storage, targeting
and secretion.

7.1. Biosynthesis of Secreted Goblet Cell Mucins

Studies in other raucosae show early dimeriza-
tion or polymerization of mucin precursor
polypeptides following translation. This is con-
sidered important for packaging of mucins into
vesicles, and may involve disulphide linkages in
von Willebrand domains as found in the salivary
mucin MG1, in MUC2 and MUC 5AC. The
addition of N-linked oligosaccharide chains targets
the mucin precursors to the correct subcellular
compartments for subsequent O-glycosylation
(Dekker and Strous, 1990; Hilkens et al., 1992).
Separation of different mucins into vesicles
destined for distinct constitutive and stimulated
pathways has been demonstrated in cultured
colonic cells (McCool et al., 1995).

After subcellular sorting of a mucin polypep-
tide to the correct vesicles, transfer of the
first monosaccharide N-acetyl-D-galactosamine
occurs, followed by further O-glycosylation to
yield the tissue specific oligosaccharide comp-
lement (Carlstedt et al., 1985; Schachter and
Brockhausen, 1992; Brockhausen, 1993). This
O-glycosylation of apomucin acceptor substrates is
an integrated process involving a series of de-novo
and salvage pathways generating nucleotide-sug-
ars. These activated monosaccharides are the
substrates for glycosyltransferases. O-glycosyla-
tion is thought to involve multi-enzyme complexes
integrated with nucleotide sugar antiporters. These

antiporters ensure a sufficient supply of nucleotide
sugars for glycosylation (Carlstedt er al., 1985,
Schachter and Brockhausen, 1992; Brockhausen,
1993). Compartmentalization at each stage allows
the optimal interaction of a selected group of
glycosyltransferases with the mucin apoproteins,
giving rise to fully glycosylated mucins. Other
post-translational processes may result in the final
product for secretion. These include sulphation,
acylation and phosphorylation.

The majority of these processes remain to be
elucidated at the enzymic level in the eye. However,
the simplicity of glycosylation in ocular secreted
mucins (Section 5.2.) suggests a less complex
system than that found at many other mucosal
surfaces.

7.2. Mucin Secretion

Mucins are stored in goblet vesicles under
conditions that regulate their water binding.
The precise nature of this packaging is not fully
understood, but is thought to include ion-binding
(Verdugo, 1991) and disulphide bridge formation
related to von Willebrand domains (Gum et al.,
1992; Gum, 1995).

Preocular secreted mucin is a mixture of distinct
subtypes. These may arise from separate popu-
lations of vesicles within individual goblet cells, or
from subpopulations of goblet cells expressing
different mucins. Regulation of the proportion
of different mucins may occur at the level of
biosynthesis, release from individual secretory
granules or release from individual goblet cells.

The mechanism of mucin secretion is not fully
understood, but consists of extrusion of vesicle
contents, hydration and creation of an extracellu-
lar gel. Progress has been made in the identification
of stimuli that are involved in triggering this
secretion. Neural control of ocular mucin secretion
has been elegantly shown in experiments with
corneal wounding, which leads to the release
of mucins from conjunctival cells (Kessler et al.,
1995). Direct innervation of conjunctival goblet
cells has been shown through neurons containing
synaptophysin and vasoactive intestinal poly-
peptide (VIP) (Dartt et al., 1995). Stimulation
of goblet cell secretion may also be effected by
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diffusion of neurotransmitters from the variety of
nerves in conjunctival epithelium and stroma.
Parasympathetic, serotonergic, dopaminergic and
sympathetic nerves may trigger secretion (Dartt,
1994; Kessler and Dartt, 1994; Kessler ez al., 1995).
This pattern is distinct from that seen in other
mucosae (Forstner, 1995). Osmolarity has also
been identified as a factor controlling goblet cell
vesicles and the overall integrity of goblet cells
in conjunctival tissue (Huang er al., 1989).
Hypertonic solutions applied to the rabbit
conjunctiva disrupt the surface epithelium, reduce
goblet cell numbers and induce abnormal dis-
charge of mucin granules—intact vesicles being
shed under these conditions (Huang et al., 1989).
A paracrine ‘mucin stimulating factor’, as yet
uncharacterized, has also been demonstrated in
tears (Franklin and Bang, 1980).

Shedding of membrane-bound mucins from the
glycocalyx may add to the secreted mucins of
the tear film (Ligtenberg et al., 1992; McGuckin
et al., 1995; Zhang et al., 1996). Identification of
glycocalyx mucins is incomplete (Watanabe et al.,
1993, 1995), and the mode of release has not yet
been identified. In human conjunctiva, we have
found high-molecular-weight (> 300 kDa) mucin-
like molecules with a glycosylphosphatidyl inositol
(GPI) membrane anchor (Corfield et al., 1991b). In
other tissues, GPI-anchored molecules are at-
tached to apical membranes (Lisanti ef al., 1988,
1989). The anchor comprises phosphatidyl inositol,
linked to a characteristic glycan and terminating in
ethanolamine. The ethanolamine is, in turn,
attached to the C terminus of the target molecule
(Ferguson, 1992).

Release of GPI-anchored molecules from sur-
face membranes may be controlled by the action of
cellular phospholipases, cleaving at the phosphodi-
ester bonds between inositol and diacylglycerol.
Cellular and subcellular location of these mol-
ecules in the eye has not been determined, but will
be of great interest with regard to glycocalyx
targeting, the small vesicle pathway and membrane
shedding.

The GPI-membrane anchor is different to
the transmembrane peptide anchor identified for
MUCI. At present, it is not possible to ascribe
these GPI-anchored molecules to any MUC prod-
ucts or to other glycoproteins in their size range.

7.3. Mucin Degradation

The mechanism of mucus turnover at the
ocular surface is unclear, and several fundamental
questions remain unanswered. The presence of a
mucus thread in the lower conjunctival fornix,
containing insoluble mucus, proteins, lipids and
desquamated cells (Tseng et al., 1987), has been
suggested as a mechanism for mucin elimination
from the ocular surface. Although previous studies
have used such mucus threads as a principal source
of mucin (Moore and Tiffany, 1979; Chao et al.,
1983), the relation between mucin within the
thread and the gel layer of the tear film is not yet
clear. It is not known whether mucin is removed
from the ocular surface as an insoluble complex, or
as soluble mucin after proteolytic degradation.

Examination of human tear fluid revealed
mucins with a different electrophoretic mobility
than those derived from tissue homogenates.
The difference in mobility suggests that larger
mucins do not appear as soluble products in the
aqueous component of the tear film (Fig. 12).
The faster-migrating components may be smaller
mucins or degraded mucin fragments. Studies of
purified ocular mucins degraded by commensal or
pathological bacteria may shed light on the manner
of mucin removal from the ocular surface.

There is very little evidence for the presence
of specific mucin-degrading enzymes in the
tear film, although proteolytic activity has been
detected (Sack et al., 1992; Hamdi et al., 1995) as
has hyaluronidase. Hyaluronan has been demon-
strated in the ocular surface epithelia (Madsen
et al., 1989; Rittig et al., 1992) and in tears
(Frescura et al., 1994). Interactions of mucins with
this glycopolymer may be significant in tear film
rheology: proteoglycan-degrading enzymes, there-
fore, may also be involved in turnover of the tear
film gel layer.

8. OCULAR MUCINS IN DISEASE

There are relatively little data on the biochemical
changes in ocular mucins in disease. The number
of goblet cells in the conjunctiva has been assessed
using standard histology, flat preparations of
conjunctival biopsies and impression cytology
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Fig. 12. Electrophoretic mobility of mucins in human
tears (vacuum blot of 1% agarose gel, stained with
WGA). Excluded fractions of conjunctival homogenate
and tears (buoyant density 1.3-1.35 g/ml) were compared.
Reduction and alkylation of conjunctival mucin give rise
to a component that has a similar mobility to mucin found
in native tears (N = native mucin; R/A = reduced and
alkylated mucin).
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(Nelson et al., 1983; Tseng, 1985; Adams and
Dilly, 1989). In each case, stains chosen to identify
mucin are used to assess goblet cell numbers.
Differential staining of goblet cells may complicate
quantitative assessment (Section 3.1).

Flat preparations have the advantage of
providing a sheet of conjunctiva in which the
number of goblet cells present an accurate
representation of the number in vivo. However,
adjustment for shrinkage and stretching of the
tissue must be made when calculating density. This
method shows a considerable normal variation
in the number of goblet cells in the conjunctivae
of rats of very similar age and weight and which
have been housed in identical conditions (Kessler
et al., 1995). Biopsy techniques have the obvious
disadvantage of excisional tissue loss, and in
human studies, ethical considerations must be
made.

Impression cytology has the advantage of being
simple and non-invasive. It can be performed
repeatedly and extensively on the same subject, and
a particular area of conjunctiva may be sampled
more than once. Although it is straightforward to
define the area sampled, it is uncertain as to what
proportion of the goblet cells leave an impression
on the filter. The wide variation in goblet cell
impressions from normal controls (Rolando et al.,
1994) makes comparisons difficult.

Vernal allergic conjunctivitis, which may be
associated with increased mucous discharge, has
been studied with impression cytology. Goblet cells
are found to be present in increased numbers and
produce impressions that are characteristically
smaller than in normal controls (Aragona et al.,
1996).

Dry eye in humans results in various patterns of
epithelial change reflected in squamous metaplasia
and loss of goblet cells. The term ‘dry eye’ covers
many tear film abnormalities (Bron, 1985, 1994;
Bron et al., 1985), and the symptoms of dry eye in
man are common to several surface pathologies.
It is not always clear whether ocular surface
changes cause, or are a result of, dry eye. Loss of
goblet cells is associated with secondary dry eye
symptoms and decreased tear film break up time
(Toda et al., 1995). However, increased tear
osmolarity, as in meibomian and lacrimal gland
diseases, causes a loss of goblet cells (Gilbard et al.,



650 A. P. Corfield et al.

1987, 1988). Return to normal tear osmolarity,
by applying a hypotonic artificial tear solution,
increases the number of goblet cells (Gilbard
and Rossi, 1992). In addition to the changes in
osmolarity, the pathological mechanisms in dry eye
may include the loss of hyaluronan (Inoue and
Katakami, 1993), retinoids (Driot and Bonne,
1992; Gilbard and Rossi, 1992; Ubels et al., 1995)
or cytokines such as epidermal growth factor
(Inoue and Katakami, 1993).

Not all areas of the human conjunctiva are
equally affected in dry eye, and different pathol-
ogies cause different regional effects. In kerato-
conjunctivitis sicca (KCS), reduced numbers of
goblet cells were observed in the interpalpebral
bulbar conjunctiva, whereas both this area and
the inferior tarsal region had reduced goblet
cell numbers in ocular cicatricial pemphigoid
(Nelson and Wright, 1984). The superior bulbar
conjunctiva revealed no change in KCS patients
(Petroutsos et al., 1992). Both the inferior tarsal
and the superior bulbar regions are protected from
exposure to the atmosphere and are less likely to
show surface pathology through drying than the
inferior bulbar conjunctiva. In contrast, the whole
conjunctiva will be affected by a primary ocular
surface disease, such as ocular cicatricial pemphi-
goid. Some KCS patients with Sjogren’s syndrome

may have a primary conjunctival immune dysfunc-
tion resulting in a non-selective loss of goblet cells
in all regions of the conjunctiva (Pflugfelder ez al.,
1990) differing with the pattern described by
Nelson for ocular cicatricial pemphigoid (Nelson
and Wright, 1984).

The pathological changes in dry eye may result
in structural alterations to the mucins secreted by
the conjunctival epithelial cells. Lectin staining of
mucus granules in dry eye patients has suggested
a reduction in sialic acids, N-acetyl-glucosamine,
N-acetyl-galactosamine and galactose-N-acetyl-
galactosamine, and an increase in glucose and
mannose (Versura et al., 1986). Whether or not the
results indicate mucin-related changes cannot be
concluded from these lectin binding studies.

The dog is a particularly suitable model for the
study of changes in ocular mucin secretion in
disease because affected dogs produce a copious
secretion (Fig. 13). Differences in electrophoretic
mobility exist between normal and KCS mucin
samples (Hicks, Carrington and Corfield, unpub-
lished). Some alteration in the relative proportions
of oligosaccharides may also occur (Hicks,

Carrington and Corfield, unpublished). The impact
of such chemical changes on the rheology of the
tear film has not been assessed, but is likely to be
of pathological significance.

Fig. 13. Beagle dog with keratoconjunctivitis sicca: a copious accumulation of abnormal ocular mucus is visible (photograph
courtesey of S. M. Crispin).
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9. SUMMARY STATEMENT AND
FUTURE DIRECTIONS

The ocular surface is covered by a mixture of
membrane-anchored and secreted mucins that
interact with the tear film and ocular epithelia.
The study of ocular mucins is still in its infancy,
and more questions are raised here than are
answered.

We know that secreted ocular mucins, both
canine and human, show multiple subunits and
have short oligosaccharide chains. However, the
total number of mucins that are normally present
is unknown. We do not know any details of
mucin biosynthesis in the normal or diseased eye.
Membrane-bound mucins and mucin-like mol-
ecules are present in the ocular glycocalyx, but it
is not yet clear how or if they are shed into the tear
film. The ocular surface sustains a bacterial flora,
but we do not yet know which micro-environmen-
tal factors select the commensals, and whether they
contribute to mucin degradation. The detailed
manner in which spent mucin is eliminated from
the ocular surface is also unclear, since this may
involve more than the mucus thread alone.

This chapter presents sensitive biochemical
methods that ensure the isolation and purification
of the whole complement of ocular mucins.
An understanding of the detailed biochemistry of
preocular mucins may hold the key to understand-
ing and manipulating their physiology.
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