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ABSTRACT

The corneas of rat, mouse and guinea pig were investigated using
light and electron microscopy as well as immunohistochemistry. We,
here, examined the cholinergic structures in the cornea by immunohis-
tochemistry for choline acetyltransferase of the two forms, the alternative
splice variant from choline acetyltransferase (ChAT) cDNA preferentially
located in peripheral nerves (pChAT) and the common type (cChAT).
Positive staining for cChAT was found only in non-neuronal epithelial
cells, while pChAT positive staining occurred exclusively in nerve
fibers being distributed throughout the cornea. Such pChAT positive
nerve axons were frequently smooth with few varicosities, except for
their terminal swellings. The distribution pattern of pChAT positive
nerves was compared with that of three neuropeptides known to be

found in corneal nerves, including protein gene product 9.5 (PGP
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9.5), substance P (SP) and calcitonin gene-related peptide (CGRP).
The co-localization of pChAT with either of these neuropeptides has
been assumed on the base of their great similarity in distribution
pattern and closeness in their routes inside the cornea. From these
results it is concluded that rat, mouse and guinea pig corneas have
little morphological differences and have a remarkable non-neuronal
cholinergic activity in their epithelium together with what can be
suggested to be cholinergic nerves represented in the pChAT positive
nerve fibers. The function of acetyl choline in the corneal epithelium
and the possible origin and function of corneal cholinergic nerves has

been discussed.

Key words: Cornea; innervation; acetylcholine; acetyltransferase; alternative

splicing.
INTRODUCTION

The cornea is a unique portion of the outer, fibrous ocular tunic that
1s transparent and serves a refractive function while maintaining a
mechanically tough and chemically impermeable barrier between the eye

and the environment (Klyce and Beuerman, 1988).

The anterior surface of the mammalian cornea plays an important
role in maintaining a smooth optical interface and consequently a sharp
retinal 1image. The smooth surface is produced by a tear film, which
adheres to a variety of microprojections, which increase the cell surface
area, improve the absorbance of oxygen and nutrients and aid in the
movement of metabolic products across the outer cell membrane. It meets
its oxygen requirement largely from atmospheric air via the anterior corneal
surface and most of its additional nutritional requirement from the
aqueous humour via the posterior corneal surface (Klyce and Beuerman,
1988; Dellmann, 1993 and Bloom and Fawcett, 1994).

Kafrelsheikh Vet. Med. J. Vol. 7 No. 1 (2009) 179




Histological And Immunohistochemical Studies Of The Cornea Of...

The mechanical strength of the cornea is provided by its collagen
matrix which requires the presence of mechanisms that regulate hydration
to maintain transparency. For protection, the cornea is endowed with
exquisitely sensitive nerves (Klyce and Beuerman, 1988). The transparent
nature of the cornea and its importance in the visual pathway as the
major refracting lens of the eye intrigued workers in many different
disciplines, and their studies have added immeasurably to the understanding
of the cornea in health and disease (Beuerman and Pedroza, 1996). The
corneal epithelium, stroma, and endothelium of mammals have been the
object of many histological studies and consequently there are divergent
opinions regarding morphology and histochemistry (Waltman, 1981;
Craig and Parry, 1981; Snyder et al., 1998; and Reim et al., 2001). 1t
was studied in rabbit (Al-Dhaheri, 1995), in cat (Carrington, et al., 1987),
in dog (Helper, 1989 and Gliger et al., 1991), in camel (Derbalah, 2001),
and in domestic animals (Prince, et al., 1960; Gelatt, 1981; Oehme, 1988;
Zurawski, et al., 1989; Dyce, et al., 1996, and Konsowa and Abd-Alaziz,
1999). Moreover, reviews of the structure of the cornea date back to the

earliest days of electron microscopy (Klyce and Beuerman, 1988).

The mammalian cornea, one of the most richly innervated organs in
the body, receives a sensory innervation from the trigeminal ganglion
and a sympathetic innervation originate from small to moderate numbers
of cells located in ipsilateral superior cervical ganglion (Marfurt et al.,
1989).

Since no evidence is available for the presence of choline acetyltra-
nsferase which is the most reliable marker for cholinergic fibers or
vesicular acetylcholine transporter, a recent marker for cholinergic nerve

fibers. And the morphological detail of both non-neuronal and neuronal
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cholinergic structures in the cornea is far from total understanding.
Therefore, we aimed at evaluating cholinergic innervation of the cornea
by immunohistochemical staining methods for antiserum against the
common type choline acetyltransferase enzyme (cChAT) and its splice
variant of peripheral type (pChAT) and comparing the resultant data to
those of the pan-neural marker protein gene product 9.5; (PGP 9.5),
calcitonin gene-related peptide (CGRP), and substance P (SP). It is also
proposed that to give more information about the morphological aspects,
using light and electron microscopy, of the cornea of rat, mouse, and

guinea pig.
MATERIALS AND METHODS

Tissue preparation:

Male Wistar rats, 250-350 gm, male ICR mice, 4 weeks old or
more (adult), and male Hartley guinea pig, 450-550 gm were
examined in this study. A total of (40) corneas from three different

species were examined as follow; 20 rats, 10 mouse and 10 guinea
pigs.
Conventional Histology:

For light and electron microscopical studies, the animals were
sacrificed by decapitation and the corneas were obtained. For light
microscope (LM) the corneas were fixed in formalin 10% and/or
Bouin’s solution for at least 24 hours. The samples were processed
for paraffin technique as usual and 5-7 pm-thick microtome
sections were obtained and stained with hematoxylin and eosin,
Mallory’s Trichrome: for C.T., Periodic Acid Schiff’s reaction and

Best’s carmine.
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Samples for electron microscopy (EM) were fixed in glutrald-
ehyde 2.5% in phosphate buffer, pH 7.4, for 24 hours, processed as
usual using osmic acid and embedded in Epon. Ultrathin sections
were cut using ultramicrotome and contrasted with uranyl acetate
and lead acetate. The observations were carried out using Hitachi
H-7500 TEM (Tokyo, Japan).

Immunohistochemistry:

For immunohistochemistry, under pentobarbital anesthesia (50-80
mg/kg, 1. p.), each animal was perfused on crushed ice through the
ascending aorta with 10 mM phosphate-buffered saline (PBS; pH 7.4),
followed by a fixative containing 4% paraformaldehyde in 0.1 M phosphate
buffer (PB; pH 7.4). The cornea together with the adhering corneoscleral
limbus of approximately 1-2 mm wide were dissected out and immersed
for 2 days in the same fixative at 4°C, and then cryoprotected by
replacing in 0.1 M PB containing 15% sucrose at 4°C for 24-48 hrs. Four
radial slits were made with a sharp razor blade in the periphery of the
tissues. This procedure produced a “cloverleaf” arrangement consisting
of four wedge-shaped corneal segments joined at the center and parallel
tangential 28 to 40 pum-thick sections were cut using a cryostat. The
sequential serial tangential sections were collected separately in 0.1 M
PBS containing 0.3% Triton-X 100 (PBST). Twenty pum-thick corneal

cross sections were used for both cChAT and pChAT immunostaining.

Immunostaining was performed using the avidin-biotin complex
(ABC) technique. Specificity, working dilution, and sources of the
primary antibodies used in this work are summarized in table 1.
Free floating tangential corneal sections were treated for 30 minutes
with 0.3% hydrogen peroxide in 0.1 M maleate buffer (pH 6.0) at
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room temperature to eliminate endogenous peroxidase activity, then
incubated for a period indicated bellow with a primary antibody,
for 1 h with biotinylated secondary antibodies of an appropriate
species (diluted 1:2,000; Vector, USA) at room temperature, and
for 1 h with avidin-biotinylated peroxidase complex (diluted 1:2,000;
ABC Elite, Vector) at room temperature. With antibodies to pChAT
and cChAT sections were incubated for 3-4 days at 4°C, while
with antibodies to PGP 9.5, CGRP and SP sections were reacted
overnight at room temperature or for 2 hr at 37°C. Dilution of the
reagents and washing sections between each step were done with
PBST. Color was developed by treating the sections for 10 min
with a mixture containing 0.02% 3,3 -diaminobenzidine, 0.0045%
H,O, and 0.3% nickel ammonium sulfate in 50 mM Tris-HCI
buffer (pH 7.6). The stained sections were mounted on gelatin-
coated glass slides, dehydrated by alcohol, cleared by xylene, and
cover-slipped by Entellan. Immunohistochemical controls, where
each primary or secondary antiserum or the ABC reagent was

omitted, gave no positive staining.

Table (1): Primary antibodies used.

Primary Antibodies Species Type Source Dilution

Choline acetyltransferase of . Kind gift of H.
Rabbit Polyclonal 1:1

peripheral type (pChAT) oot olyelona Kimura 00,000
Choline acetyltransferase of . )
common type (cChAT) Goat Polyclonal || Chemicon, USA 1:500
Protein gene product (PGP 9.5) Mouse Monoclonal || UltraClone, UK 1:2000
Calcitoni lated peptid
( Ca (:llzgr)un gene related pepude Goat Polyclonal || Biogenesis, UK 1:5000
Substance P (SP) Guinea-pig || Polyclonal || Peninsula, USA 1:10000
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To evaluate the overall feature of corneal innervation by
pChAT, PGP 9.5, SP and CGRP, we made line drawing of stained
nerve fibers in a quadrant of each tangential section using a camera
lucida equipped on a light microscope (Olympus BH-2, Japan).
Then, all the drawings in the same quadrant of 3 or 4 sections from

the entire corneal layer were superimposed.
Double fluorescence immunohistochemistry in the cornea:

To study the colocalization of pChAT with that for PGP 9.5,
CGRP and SP, corneal sections were double immunostained for
pChAT and each of these markers using fluorescence-labeled
secondary antibodies. The corneal sections were incubated overnight
at room temperature with a mixture of pChAT antiserum plus an
antibody either to PGP 9.5, CGRP or SP. After washing, the sections
were reacted for 3-6 hours at room temperature with Alexa Fluor
594-conjugated donkey anti-rabbit IgG (for pChAT) mixed with
either Alexa Fluor 488-conjugated goat anti-mouse IgG (for PGP
9.5), Alexa Fluor 488-conjugated donkey anti-goat IgG (for
CGRP), or Alexa Fluor 488-conjugated goat anti-guinea pig IgG
(for SP). All the reagents of Alexa Fluor 488 (Molecular Probes,
USA) were used at dilution 1:2,000. Dilution of the reagents and
washing tissue specimens between each step were done with PBS.
After washing, the corneal sections were mounted on glass slides,
cover-slipped with buffered glycerin, and observed under a
confocal microscope (LSM 510, Carl Zeiss, Thornwood, NY). Final
images were adjusted for brightness and contrast using Adobe
Photoshop 6.0 (Adobe Systems, San Jose, CA).
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RESULTS

Light microscopic observations:

The cornea was covered by stratified squamous non-keratinized
epithelium of 4-6 layers in rat (Fig. 1A) and mouse (Fig. 1B), and
5-8 layers in guinea pig (Fig. 1C). Blood vessels restricted to the
corneoscleral junction except in guinea pig which had additional

fine superficial blood vessels at the central cornea.

Mallory’s trichrome stain revealed that the cornea of the three
examined species composed largely from connective tissue stroma
namely collagen fibres. These collagen fibres arranged into bundles
formed neatly organized lamellae ran parallel to the corneal surface.
The second component of the corneal stroma was the flattened
keratocytes represented in the elongated nuclei those arranged
between the collagen lamellae and parallel to the corneal surface
without preferential localization between anterior and posterior
stroma (Fig. 1D).Using the PAS technique, the corneal epithelium
showed positive reaction that was also observed in both subepithelial
basement membrane and posterior limiting membrane (Fig. 1E).
Best’s carmine stain, revealed the presence of cytoplasmic glycogen

granules inside the corneal epithelium (Fig. 1F).
Electron microscopic observation:

Using the electron microscopy, the obtained results of the
corneal epithelium confirmed the LM observations that the cornea

was covered by stratified squamous epithelium of 4-6 layers in rat
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and mouse (Fig. 2A) and 6-8 layers in guinea pig (Fig. 2B).
Generally, the corneal epithelial cells usually had a fine granular
and fibrillar cytoplasm, a relatively few organelles and large amount
of glycogen particles. The surface structures were composed of
microvilli and interspersed among them are broader ridges; micro-
plicae thickened with rich glycoclyx (Fig. 2C). Light and dark
appearing superficial cells are distinguished by transmission electron
microscopy depending upon the electron reflex or light shades

from the cytoplasm (Fig. 2D).
Immunohistochemical observation:

Reaction products positive for cChAT appeared to be confined in
the cytoplasm of corneal epithelial cells only with no neuronal elements

in the cornea (Fig. 3A).

The present immunohistochemical study has demonstrated
that the cornea is richly innervated by nerve fibers positive for
pChAT. These pChAT positive nerves appeared to enter the cornea
via the corneoscleral limbus mainly at the deep corneal stroma. At
the chamber angle in the deep stroma close to the limbus pChAT
positive smooth fibres with few varicosities were seen to form a
series of nerve bundles extending centripetally (Fig. 3B). At the
limbus, networks of intensely stained pChAT positive fibers ran
parallel to corneal peripheral edges. From the networks, fine
pChAT positive fibers were ramified repeatedly into the inner
pericorneal zone of the limbus, where some pChAT positive fibers

seemed to locate near vascular elements of the superficial limbal
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arcades (Fig. 3C). A more complex network of thick- and thin-
diameter pChAT immunoreactive axons was seen in the superficial
corneal stroma of guinea pig at the inner pericorneal zone (Fig.
3D). Figure 3E shows pChAT staining in a very thin tangential
section of the epithelial cell layer. Here within the basal epithelial
layer, many pChAT axons shaped unique parallel pre-terminal
varicosities or boutons known as “epithelial leashes”. Most axonal
endings were tipped by a single conspicuous, bulbous terminal
expansion (Inset of Fig. 3E). In guinea pig, the subepithelial
leashes followed irregular directions and trajectories, especially at

the peripheral cornea (Fig. 3F)
Immunohistochemistry for PGP 9.5, CGRP, and SP in rat cornea:

In agreement with previous reports (Marfurt et al., 1998 and
2001), nerve fibers positive for PGP 9.5, SP and CGRP were
detected in the corneoscleral limbus, corneal stroma and corneal
epithelium of examined animals. The distribution pattern of each
of these positive fibers resembled closely to that of pChAT
positive nerves, though varying in density (Fig. 4). Figure 5 shows
confocal images of a corneal tangential section stained doubly for
pChAT and CGRP. In every part of the cornea, fibres stained for
pChAT ran closely to, or appeared identical with, those for the
other markers. Nerve fibres positive for CGRP showed dotty puncta
or varicose whereas most pChAT positive nerves were always
smooth in shape (Inset of Fig. 5). Similar results were obtained in

sections doubly stained for pChAT and SP or PGP 9.5.
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FIGURE LEGENDS

Fig. (1): Photomicrograph showing the corneal epithelium of 4-6 layers in rat (A) and
mouse (B) and of 6-8 layers in guinea pig (C) stained by H&E. D; trichrome
stain of the corneal stroma (St), E; PAS positive reaction in the corneal
epithelium (Ep), and the thick Descemet’s membrane (Des). F; Bests
carmine stain showing the glycogen granules in the corneal epithelium. End;
endothelium. X100 in A, B and C and X40 in D, E and F.

Fig. (2): Electron photomicrograph of the corneal epithelium of mouse showing
stratified squamous epithelium of 4-6 layers (A) and guinea pig of 6-8 layers
(B). The nuclei (N) of the corneal epithelium; the stroma (ST) with
keratocytes (K). In (C) the superficial cells have both dark (D) and light (L)
cells with tight junction (arrow) between the most superficial cells and
desmosomal junctions (arrow heads) between them and the underlying cells.
In (D) the microvilli (MV) and microplicae (MP) on the surface of
superficial corneal epithelium with a thickened cell membrane covered by
glycocalyx rich coat and the cytoplasm beneath them contained mats of
microfilaments (MF). X2000 in A and B, X30,000 in C and X7500.

Fig. (3): Immunohistochemistry of the cChAT (cross section) of rat cornea showing
positive reaction in the corneal epithelium (Ep) only (A) and pChAT
(tangential section) positive nerve bundle in the corneal stroma (B). In (C)
pChAT positive fibres run parallel to the corneal peripheral edge and around
the blood vessels (BV). In (D) guinea pig cornea shows a dense meshwork
of highly anastomosed pChAT positive fibres in the superficial layer of
pericorneal zone. In (E) the rat subepithelial leashes of parallel fibres some
of them ends in a bulbous expansion (arrow in the inset) while in guinea pig
these leashes follow irregular directions (F). X4 for C, X10 for A, D and E,
X20 for B and F and X100 for inset.

Fig. (4): The innervation of rat cornea with pChAT (A), PGP-9.5 (B), CGRP (C), and
SP (D) positive fibers as traced by camera lucida drawing in a single quadrant of
rat cornea. The distribution pattern throughout the cornea is almost similar
while the density of innervation insignificantly varied between them

Fig. (5): Confocal images of a corneal tangential section stained doubly by
immunofluorescence histochemistry for pChAT -red- (A), CGRP -
green- (B), and overlaid image for A and B (C). The two positive
fibers appeared identical to each other and often run closely without
apparent co-localization in all area of the rat cornea. Dotty puncta
and fine varicose fibers appeared more frequently in case of CGRP
than in case of pChAT positive ones (arrows in B and C). X20 for A,
B and C and X63 for Inset.

Kafrelsheikh Vet. Med. J. Vol. 7 No. 1 (2009) 188



Histological And Immunohistochemical Studies Of The Cornea Of...

Kafrelsheikh Vet. Med. J. Vol. 7 No. 1 (2009) 189



Elnasharty M. et al.,

Fig. (2)
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Fig. (3)
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Fig. (5)
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DISCUSSION

In the current study, the corneal epithelium was composed of 4-6
cell layers in both rat and mouse while it was composed of 6-8 cell layers
in guinea pig cornea. This was in agreement with the result reported by
Ehlers (1970b) in rat, mouse and guinea pig. Moreover, Ehlers (1970b),
Doughty (1990a) and Jester et al., (1992) reported in rabbit that the
corneal epithelium composed of 6-8 cell layers. In contrary, only
Mastropasqua et al., (1998) mentioned that the rat corneal epithelium
consisted of 12-15 cell layers. The presence of small blood vessels at the
peripheral cornea may suggest less transparency; however more rapid
healing after corneal injury at this region is more likely than in the
central cornea which lacks such blood vessels (Dwyer et al., 1983). The
demonstration of glycogen in the corneal epithelium in all the species
investigated is concordant with previous investigations of large number
of animals (Ehlers 1970a) and human corneas (Beuerman and Pedroza
1996). The abundance of PAS positive granules (glycogen) and the very
few mitochondria reflects the importance of the anaerobic mode of
metabolism and the energy production via glycolysis (Burkitt et al.,
1994). The glycogen metabolism gives also water which can be
considered as an additional source of fluid especially to the superficial

cell layer to overcome dryness (Derbalah 2001).

Dark and light cells observed by TEM here were described by many
investigators including Klyce and Beuerman (1988), Ringvold (1983),
Doughty (1991), Smolin and Thoft (1994), and Beuerman and Pedroza
(1996). Pfister (1973) postulated that, dark cells may be dark by virtue of
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density or length of the microvilli, the presence of more absorbed mucin,
the nature of plasma membrane, or a combination of factors. Moreover,
Smolin and Thoft (1994) and Doughty (1997) reported that the light cells
are those which have most recently migrated to the epithelial surface while
the dark cells are the “oldest” cells and the fewer microplicae they had

indicating that they are about to desquamate.

The presence of microvilli and microplicae was in accordance with
the result in mouse reported by Amemiya et al., (1980), Ringvold (1983),
and Hazlett et al., (1984) and in rabbit reported by Doughty (1990 and
1996). They function in increasing the surface area of the superficial cells
to maximize the absorbance of oxygen and nutrients, aid in movement of
metabolic products across the outer cell membrane, assist in holding,
stabilizing the tear film and so aid in maintaining the moisture of the
epithelial surface (Cormack 1987; Weiss 1988; Beuerman and Pedroza
1996).

Since ChAT is the catalytic enzyme involved in the synthesis of
ACh from choline and acetyl coenzyme A, the current result confirmed
the presence of acetylcholine in the rat corneal epithelium. The presence
of acetylcholine in the corneal epithelium has been well documented
(von Briike et al., 1949; Fitzgerald and Cooper, 1971; Gridinger et al.,
1973; Howard et al., 1973; Mindel and Mittag, 1976, Pesin and
Candia, 1982; and Gwin et al., 1979). Although our result showed that
rat cornea had strong reactivity with the cChAT antibody, the ChAT
activity was limited in the dog cornea (Gwin et., 1979) and little or not

detectable in cat cornea (Mindel and Mittag, 1976). These differences
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could be due to species variations or different techniques applied. Although
the role of the ACh in the corneal epithelium is unknown (Mindel and
Mittag, 1976), a role in ion and water transport and corneal transparency
(Stevenson and Wilson, 1975; and Pesin and Candia, 1982) or contribution
to the pain associated with corneal abrasions has been suggested (Tanelian,
1991). Since cholinergic receptors are not detectable in the cornea (Olsen
and Neufeld, 1979), Wilson and McKean (1986) suggested that, ACh
probably has no function in the cornea itself and corneal epithelial ACh

may affect a structure distant from its site of release.

Dense innervation of cornea with pChAT+ nerves using the splice
variant of ChAT enzyme pChAT antibody introduced by Tooyama and
Kimura (2000) were noticed for the first time and resembled greatly
those of the other three markers used in current investigation; PGP-9.5,
CGRP, and SP. All of them entered the cornea at the limbus in radial
bundles arranged almost evenly around the corneal circumference. These
bundles rapidly ascended across the stroma and branched dichotomously
to terminate in the corneal epithelium. Similar patterns of distribution
were previously described in the cornea of various mammalian species,
including human, as reported by Tervo and Palkama (1978), Sasaoka et
al., (1984) Terenghi et al. (1986), Chang-Ling (1989), Harris and Purves
(1989), Ogilvy et al. (1991), Marfurt et al. (1993), Jones and Marfurt
(1998), and Marfurt et al. (2001).

Lee et al.(1985),Kuwayama and Stone (1987), Uusitalo et al. (1989),
and Ma et al. (2001) reported that the sensory markers CGRP and SP co-
localize in the corneal nerves. In good agreement our doubly immunosta-

ined preparations indicated that pChAT+ nerves were situated very close,
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if not co-localization, with those of PGP-9.5, CGRP, or SP+ nerves.
Since both CGRP and SP are sensory markers, the pChAT+ fibres
documented in the rat cornea may have the same origin; i.e. sensory.
Nevertheless, in several studies, it has been hypothesized that sensory
nerves not only serve an afferent role, but also have an efferent function
in response to noxious stimuli, permitting sensory axon modulation of
autonomic neuron activity and triggering of protecting reflexes, such as
the ocular injury response (Beckers et al., 1993). A trophic role for
corneal sensory nerves has been recognized on the basis of clinical and
experimental observations (Jones and Marfurt, et al., 1993 and 1998).
Recent investigations have suggested that sensory nerves play roles in
corneal epithelial wound healing (Nishida et al., 1996, and Nakamura et
al., 1997). So far, although true cholinergic nerves have not been
demonstrated convincingly in the cornea yet, the presence of pChAT+
nerves in the rat cornea suggests the presence of cholinergic sensory
neurons. The cholinergic nature of some primary sensory neurons
especially of pChAT+ neurons was supported by previous results with
Western blotting, RT-PCR and ChAT enzyme assay (Yasuhara et al.,
2004 and Bellier and Kimura, 2007). Bellier and Kimura (2007) demon-
strated acetylcholine synthesis by pChAT in the rat dorsal root ganglionic
neurons and proposed a role of acetylcholine in neurotransmission of the
primary sensory afferents. The functional roles of pChAT in the corneal
nerves are unknown and need further investigations in the future.
Moreover, the mechanism by which sensory nerves exert their functions
1s unclear; however, the release of axonally transported peptides or
neurotransmitters has been proposed (Stone et al., 1987; and Garcia-
Hirschfeld et al., 1994).
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