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Abstract:

 

Four different types of lectin were applied to the rabbit conjunctiva and the lacrimal
sac to examine the distribution of glycoconjugates. The conjunctival epithelium is comprised
of goblet cells and nongoblet cells. The mucus granules of the goblet cells were stained with
soybean agglutinin (SBA), and the cell body of the nongoblet cells was labeled with con-
canavalin A (Con A). The glycocalyx of the apical surfaces of the goblet cells and of the non-
goblet cells was labeled with 

 

Maculura pomifera

 

 agglutinin. The lacrimal sac mucosa is com-
prised of superficial light and dark cells, and basal cells. The cell bodies of the light cells were
stained with SBA. The glycocalyx of the apical surfaces of the light and dark cells was charac-
teristically labeled with Con A. These results suggest that the composition of glycoconjugates
is markedly different between the conjunctiva and the lacrimal sac, especially in the cell surface
glycocalyx.
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Introduction

 

Tears enter the lacrimal sac through the lacrimal
punctum and the canaliculus after moistening the ep-

 

ithelial surface of the cornea and the conjunctiva.

 

1

 

Although the conjunctiva is connected to the lacri-
mal sac via the canaliculus, there is a marked differ-
ence in the cell composition and function of these
membranous structures. The conjunctival epithelium
is characterized by goblet cells, which secrete mucins
into the innermost layer of the laminar preocular
tear film.

 

2,3

 

 The stroma (substantia propria) of the
conjunctiva is highly vascularized, with well-devel-
oped lymphoid tissues, which function as a defense
system against infectious microbes.

 

4

 

 Although the
lacrimal sac mucosa has a number of goblet cells, its
main function is the excretion of tears into the nasal
cavity. The human lacrimal sac also contains foci of
ciliated epithelium, which facilitate the transporta-
tion of tears.

 

1,5

 

The term 

 

glycocalyx

 

 is often used to describe the
carbohydrate-rich layer on the apical surfaces of
cells. This layer can be visualized by a variety of
stains, such as ruthenium red, as well as by labeled
lectins.

 

6

 

 It is known that cell surface glycoconjugates
play an important role in cell identification, cell-to-
cell recognition, and defense mechanisms against mi-
crobes.

 

7

 

 Although there are a few histochemical
studies of the conjunctival glycocalyx,

 

8–10

 

 an analysis
of the glycocalyx of the lacrimal sac has not been
reported.

Lectins have been used as probes for the charac-
terization of glycoconjugates in various tissues,

 

11,12

 

In the present study, four different types of biotiny-
lated lectins were applied to the rabbit conjunctiva
and the lacrimal sac to reveal differences in the com-
position of the glycoconjugates. Lectin-binding sites
were observed by light and electron microscopy.

 

Material and Methods

 

Fifteen male New Zealand white rabbits weighing
approximately 3 kg each were used this study.
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Dacryocystography

 

Dacryocystography was undertaken on several
rabbits under ketamine hydrochloride (10 mg/kg)
anesthesia. Contrast medium (lipiodol ultra fluid)
was injected into the lacrimal drainage system through
the lacrimal punctum.

 

Histological Procedures

 

Rabbits were sacrificed by an overdose of ket-
amine. The palpebral conjunctiva in the vicinity of
the lacrimal punctum and the lacrimal sac were re-
moved 

 

en bloc

 

 and dissected in chilled saline. Fol-
lowing immersion fixation in 3.5% formaldehyde so-
lution for 1 hour, the conjunctiva and lacrimal sac
were embedded in paraffin. All sections were cut at
10 

 

m

 

m and stained with hematoxylin-eosin for light
microscopic observation. A portion of each speci-
men was fixed with 2.5% glutaraldehyde (in 0.1 mol/
L sodium cacodylate) for 2 hours. After postfixation
with 1.0% OsO

 

4

 

 (in 0.1 mol/L sodium cacodylate)
for 2 hours, they were dehydrated with an ethanol
series and embedded in Epon for electron micro-
scopic observation.

 

Lectin Cytochemistry

 

Reagents.

 

Biotinylated soybean (SBA), 

 

Ulex euro-
paeus

 

 I (UEA), concanavalin A (Con A) and 

 

Macu-
lura pomifera

 

 (MPA) agglutinins (Vector Laborato-
ries, Burlingame, CA, USA) were commercially
obtained; haptenic sugars, N-acetyl-D-galactosamine,
L-fucose, 

 

a

 

-methyl-D-mannoside, and D-galactose
were used against SBA, UEA, Con A, and MPA, re-
spectively.

 

Staining with biotinylated lectins.

 

Following immer-
sion fixation in 4% paraformaldehyde (in 0.1 mol/L
sodium cacodylate) for 30 minutes, a part of the
specimen was embedded in OCT compound to be
sectioned at 10 

 

m

 

m on a cryostat at 

 

2

 

20

 

8

 

C. The cryo-
sections were incubated with 25 

 

m

 

g/mL biotinylated
lectins, and then with ABC complex consisting of
avidin and biotinylated horseradish peroxidase (Vec-
tor). After rinsing several times, the sections were
developed with diaminobenzidine solution (Sigma
Chemical, St. Louis, MO, USA). The specificity of
lectin binding was verified by competitive inhibition
of haptenic sugars at 200 mmol/L.

 

Ultrastructural pre-embedding labeling.

 

The spec-
imens, fixed with 4% paraformaldehyde (in 0.1 mol/
L sodium cacodylate), was incubated with 100 

 

m

 

g/
mL biotinylated lectins, and then with the ABC
complex. After development, specimens were post-

fixed with 1.0% OsO

 

4

 

 and embedded in Epon. Ul-
trathin sections were cut with a diamond knife on an
MT-II ultramicrotome (Du Pont, Newtown, CT,
USA), and examined by electron microscopy. Speci-
ficity of lectin binding was verified by competitive in-
hibition of haptenic sugars at 200 mmol/L.

 

Results

 

Topological Anatomy of
Lacrimal Drainage System

 

The excretory portion of the rabbit lacrimal sys-
tem consisted of the single lacrimal punctum, the
canaliculus, the lacrimal sac, and the nasolacrimal
duct. The punctum lay slightly anterior to the nicti-
tating membrane and opened in a slit-like manner
with a length of 1.0 mm. During dacryocystography,
the contrast dye filled the lacrimal sac and nasolacri-
mal duct (Figure 1a). The lacrimal sac gradually de-
creased in diameter and connected to the nasolacri-
mal duct. The mucous membrane within the sac was
sometimes arranged into membranous folds.

Figure 1. (a) Postero-anterior view of left dacryocystogram
showing free flow of contrast medium into rabbit nose.
Proximal end of lacrimal sac and distal end of nasolacrimal
duct are indicated by arrowheads. Note retention of some
contrast medium in conjunctival sac (arrow). (b) Light mi-
crograph of hematoxylin-eosin (H-E) stained paraffin sec-
tion of conjunctiva. Conjunctiva is covered by nonkerati-
nizing cuboidal epithelium intermixed with goblet cells
(arrows). There is lymphoid cell infiltration (arrowheads)
in substantial propria (S). (c) Light micrograph of H-E
stained paraffin section of lacrimal canaliculus mucosa.
Mucosa is covered by squamous stratified epithelium. (d)
Light micrograph of H-E stained paraffin section of lacri-
mal sac mucosa. Lacrimal sac is lined with nonkeratinized
columnar epithelium, and contains a number of light cells
with clear cell bodies (arrows). S: substantia propria, V:
vasculature 3 150. Bar 5 100 mm.
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Structure of Lacrimal Drainage System

 

Conjunctiva.

 

The epithelium of the conjunctiva
was three to four cells thick. The goblet cells were
distributed among the epithelial cells (Figure 1b).
The external surface of the conjunctiva mainly com-
prised the apical surfaces of the goblet cells and the
nongoblet epithelial cells. Both types of cells had
short microvilli on the apical surfaces, and they were
loosely interconnected by interdigitating desmosomes
(Figure 2). There was a small number of light cells in
the superficial layer of the epithelial cells. The basal
cells were cuboidal and rested on a basement mem-
brane.

The substantia propria comprised well-developed
connective tissue, which was filled with a large num-
ber of mononuclear cells.

 

Lacrimal canaliculus.

 

The epithelial lining of the
canaliculus had a nonkeratinizing stratified appear-
ance of squamous cells (Figure 1c). There seemed to
be no goblet cells or mucus secreting cells in the epi-
thelium.

 

Lacrimal sac.

 

The lining of the epithelium had a
two-layered columnar appearance (Figure 1d). In
the superficial layer, the light epithelial cells with
pale cytoplasm and a few mitochondria were inter-
mixed with the dark epithelial cells, which were
filled with a large number of mitochondria, and with
well-developed rough endoplasmic reticula and the
Golgi apparatus. Both types of epithelial cells had
microvilli on the luminal surface of the lacrimal sac.
There seemed to be no ciliated epithelium. The basal
cells were cuboidal and rested on a basement mem-
brane (Figure 3).

The substantia propria was composed of richly
vascularized connective tissue.

Figure 2. Electron micrograph of conjunctiva. Epithelial
layer is three to four cells thick. Epithelial cells are polygo-
nal and tightly packed with interdigitated desmosomes.
Mucus-forming cells, goblet cells (G), are intermixed with
epithelial cells. Apical surfaces of epithelial cells and gob-
let cells have short microvilli. L: Light-epithelial cell, B:
Basal cell. 3 3000. Bar 5 5 mm.

Figure 3. Electron micrograph of lacrimal sac mucosa. Ep-
ithelial layer shows two-layered arrangement. Superficial
layer is comprised of dark (D) and light (L) epithelial cells.
Former have many mitochondria and well-developed en-
doplasmic reticulum and Golgi apparatus. Latter have pale
cytoplasm, and resemble holocrine-secreting cells. Apical
surfaces of both types of cells have short microvilli. Basal
cells (B) reside on basement membrane. 3 3000. Bar 5 5 mm.
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Lectin Staining

 

Soybean agglutinin.

 

Soybean agglutinin was strongly
bound to the goblet cells and weakly to the nongob-
let cells in the conjunctival epithelium. Soybean ag-
glutinin was also bound to the vasculature in the sub-
stantia propria (Figure 4a), and weakly to the light
cells in the lacrimal sac epithelium. There seemed to
be no positive reactions in the substantia propria of
the sac (Figure 4b).

By ultrastructural pre-embedding labeling, there
seemed to be vestigial labeling on the apical surfaces of
the conjunctiva and the lacrimal sac (data not shown).

 

Ulex europaeus.

 

Ulex europaeus

 

 was bound to the
external surface of the conjunctiva and to the lumi-

nal surface of the lacrimal sac mucosa (Figures 4c
and 4d). Positive reactions were not found in other
parts of the conjunctiva and lacrimal sac. The vascu-
lature in the substantia propria of these tissues also
did not show reactions.

Ultrastructural pre-embedding labeling revealed
DAB products deposited on the apical surfaces of
the goblet and nongoblet cells in the conjunctival ep-
ithelium (Figure 5a), and also on the corresponding
surfaces of the light and dark epithelial cells in the
lacrimal sac mucosa (Figures 5b and 6b).

 

Concanavalin A.

 

Concanavalin A was bound to
the nongoblet epithelial cells and the substantia pro-
pria of the conjunctiva. The goblet cells did not show
positive reactions (Figure 4e). In the lacrimal sac, the
luminal surface of the epithelium and the substantia
propria were stained with Con A (Figure 4f).

By electron microscopy, the apical surfaces of the
conjunctival cells showed only vestigial labeling (Fig-
ure 5c). In contrast, the apical surfaces of the light
and dark lacrimal epithelial cells were positively
stained with Con A. However, some groups of dark
epithelial cells showed negative labeling. (Figure 5d).

 

Maculura pomifera.

 

Maculura pomifera was bound
to the external surface as well as to the goblet cells of
the conjunctiva. There was no positive reaction in
the substantia propria (Figure 4g). The lacrimal
sac showed negative reactions over all regions. (Fig-
ure 4h).

By electron microscopy, DBA products could be
seen deposited on the apical surfaces of the goblet
and nongoblet cells in the conjunctiva. However,
some groups of dark epithelial cells showed negative
labeling (Figures 5e and 6a). The corresponding sur-
faces of light and dark cells in the lacrimal sac epi-
thelium showed no positive reactions (Figure 5f).

In the specimens incubated with a mixture of bi-
otinylated lectin and a specific haptenic sugar, reac-
tion for lectin was significantly reduced over all re-
gions (Figure 6c). Observations of lectin binding in
the conjunctiva and the lacrimal sac are summarized
for each epithelial cell category and their cell sur-
faces in Tables 1 and 2.

We did not find any differences in the lectin bind-
ing pattern between the proximal and distal parts of
the lacrimal sac.

 

Discussion

 

The nasolacrimal duct and the lacrimal sac de-
velop from a linear thickening of ectoderm in the
floor of the nasolacrimal groove. The thickening

Figure 4. Light micrographs of soybean agglutinin (SBA)-
stained frozen sections of conjunctiva (a) and lacrimal sac
(b). Conjunctival goblet cells (arrows) and vasculature (V)
in substantia propria are strongly stained with SBA. In
contrast, light epithelial cells (arrows) in lacrimal sac are
weakly stained with SBA. Light micrographs of Ulex euro-
paeus (UEA)-stained frozen sections of conjunctiva (c)
and lacrimal sac (d). External surface of conjunctival epi-
thelium (arrowheads) and luminal surface of lacrimal sac
(arrowheads) are positively stained with UEA. Light mi-
crographs of Concanavalin A (Con A)-stained frozen sec-
tions of conjunctiva (e) and lacrimal sac (f). Cell body of
nongoblet cells (arrows) and substantia propria (S) in con-
junctiva are stained with Con A. By contrast, luminal sur-
face (arrowheads) and substantia propria (S) of lacrimal
sac are stained with Con A. Light micrographs of Macu-
lura pomifera (MPA)-stained frozen sections of conjunc-
tiva (g) and lacrimal sac (h). Conjunctival goblet cells (ar-
rows) are weakly stained with MPA. External surface of
conjunctiva is stained with MPA (arrowheads). By con-
trast, lacrimal sac is negatively stained with MPA. 3 120.
Bar 5 100 mm.
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gives rise to an epithelial cord, and its cranial end ex-
pands to form the lacrimal sac. Then, the lacrimal
sac merges with the conjunctiva, which is derived
from surface ectoderm via the lacrimal canaliculus.

 

13

 

Although the conjunctiva and the lacrimal sac are of
ectodermal origin and their epithelia are connected,
the present study reveals that the composition of cell
surface glycocalyx is markedly different from the
conjunctival epithelia and the lacrimal sac mucosa in
the rabbit.

In the present study, UEA, which has an affinity
for fucose,

 

14

 

 was specifically bound to the glycocalyx
of the conjunctiva and the lacrimal sac. Therefore,
there are common UEA-binding glycoconjugate res-
idues in the conjunctiva and the lacrimal sac. How-
ever, the glycocalyx showed a different labeling pat-
tern than the other lectins. Concanavalin A, which

has an affinity for mannose,

 

12

 

 was specifically bound
to the glycocalyx of the lacrimal sac, but showed no
binding to that of the conjunctiva. By contrast,
MPA, which has an affinity for galactose,

 

11

 

 specifi-
cally labeled the glycocalyx of the conjunctiva, but
did not bind to that of the lacrimal sac. These results
indicate that the glycocalyx of the conjunctiva is
characterized by galactose, and that of the lacrimal
sac by mannose. As cell surface carbohydrates are
thought to play an important role in the defense
mechanism against infectious microbes,

 

7

 

 the differ-
ence in glycocalyx composition of the conjunctiva
and the lacrimal sac may indicate that the absorption
process of the microbes or the molecular mecha-
nisms of inflammation may be different in these
structures. There have been few reports concerning
the changes in the constituent glycoconjugates of the
conjunctiva and the sac during the process of inflam-
mation. Our next goal is to reveal the changes in lec-
tin-binding patterns during conjunctivitis and dacry-
ocystitis.

It is of interest that there are Con A-negative and
Con A-positive dark epithelial cells in the lacrimal sac
mucosa, as well as MPA-positive and MPA-negative
dark epithelial cells in the conjunctival epithelium.

Figure 6. (a) High magnification of apical surface of con-
junctiva after labeling with Maculura pomifera (MPA).
HRP-reactive products are deposited on apical surface of
goblet (arrows) and nongoblet cells (arrowheads). (b)
High magnification of apical surface of lacrimal sac after
labeling with Ulex europeaus (UEA). HRP-reactive prod-
ucts are deposited on apical surface of lacrimal epithelial
cell (arrowheads). (c) Electron micrograph of apical sur-
face of lacrimal sac after labeling with UEA and its hap-
tenic sugar. There seems to be negative reaction on apical
surface of epithelial cell. 310000, Bar 5 1 mm.

Figure 5. Electron micrographs of conjunctiva (a) and lac-
rimal sac (b) after labeling with Ulex europaeus (UEA).
(a) Apical surfaces of nongoblet epithelial cells (arrow-
heads) and goblet cells (arrows) show positive reaction to
UEA binding. (b) Corresponding surfaces of lacrimal epi-
thelial cells (arrowheads) are also stained with UEA. Elec-
tron micrographs of conjunctiva (c) and lacrimal sac (d) af-
ter labeling with concanavalin A. (c) There appears to be
vestigial labeling on apical surfaces of nongoblet (arrows)
and goblet cells (arrowheads). (d) HRP-reactive products
deposited on apical surface of lacrimal epithelial cell (ar-
rowheads). The corresponding surfaces of some dark epi-
thelial cells are without labeling (double arrows). Electron
micrographs of conjunctiva (e) and lacrimal sac (f) after la-
beling with MPA. (e) HRP-reactive products are depos-
ited on apical surfaces of goblet (arrows) and nongoblet
cells (arrowheads). Corresponding surface of some epithe-
lial cells is not labeled (double arrows). (f) There seems to
be negative reaction on apical surfaces of epithelial cells.
33000. Bar 5 5 mm.
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These findings indicate that there are at least two types
of dark cells in these structures. There is a possibility
that the presence of Con A- or MPA-binding glyco-
conjugate residues may represent different stages of
secretory activity and cell maturity in the dark cells
of the lacrimal sac and the conjunctiva, respectively.

In the present study, the mucus granules in the
goblet cells were positively labeled with SBA and
MPA. The positivity to SBA and MPA indicates the
presence of terminal N-acetyl-galactosamine

 

15

 

 and
of galactose residues on the mucin macromolecule,
respectively. Although MPA is also bound to the
glycocalyx of the conjunctival cells, in addition to the
goblet cell mucus, SBA shows negative reaction to
the cell surface glycocalyx. The carbohydrate is at-
tached mainly to intrinsic plasma membrane mole-
cules.

 

6

 

 However, the glycocalyx can also contain
both glycoproteins and proteoglycans that have been
secreted and then absorbed through the cell sur-
face.

 

16

 

 Therefore, the negativity of the external sur-
face of the conjunctiva to SBA seems to be inconsis-
tent with other findings. It is possible that some kind
of inhibiting factor might influence the SBA binding
to the glycocalyx on the apical surface of the con-
junctiva. In the human conjunctiva, peanut aggluti-
nin (PNA) shows similar binding patterns to SBA;
positive binding to the goblet cell mucus and nega-
tive binding to the external surface of the conjunc-
tiva.

 

10

 

 Pretreatment of cryosections of human con-
junctiva with neuraminidase caused increased
staining of the external surface of the epithelium
with PNA.

 

10,17

 

 Neuraminidase digestion can be at-
tributed to the removal of terminal sialic acid resi-
dues, which inhibit PNA binding to galactose-galac-
tosamine residues.

 

12

 

 In our preliminary labeling,
wheat germ agglutinin,

 

8

 

 which has an affinity for

sialic acids, showed positive reaction on the external
surface of the conjunctiva. Therefore, terminal sialic
acid residues might inhibit the binding of SBA to
N-acetyl-galactosamine residue on the cell surface of
the conjunctival epithelium.

In the lacrimal sac, it appears that SBA specifi-
cally labels the cell body of the light epithelial cells.
The light epithelial cell is characterized by pale cyto-
plasm and fewer mitochondria than the dark cell.
The appearance of the light cells might indicate that
SBA-positive substances are reserved in the cyto-
plasm like a holocrine-type secreting cell. Although
the physiological meaning of the SBA-positive sub-
stance in the cell body remains to be established, the
specific SBA labeling of the light cell may imply that
the light cell has a markedly different glycoconjugate
metabolism as compared with the dark cell.

The lacrimal sac is connected to the nasal cavity
via the nasolacrimal duct. The present study focused
on the difference in the lectin-binding pattern be-
tween the conjunctiva and the lacrimal sac. Whether
there is a resemblance of the lacrimal sac mucosa to
the nasal mucosa has been a continuing biological
question. A number of lectin cytochemical studies
have been reported for the murine nasal mucosa.

 

18,19

 

Based on those findings, the nasal mucosa is charac-
terized by the presence of sialic acid. In the present
study, SBA, UEA, Con A, or MPA did not show
specific affinity to sialic acid. A study using sialic
acid-specific lectins in the rabbit lacrimal and nasal
mucosa might provide new data on this question.
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