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ABSTRACT

The three-dimensional (3D) microanatomy of the cornea is the major determinant of its optical and
mechanical properties. Scanning electron microscopy (SEM) is the most commonly used method to obtain
information on the overall 3D microanatomy of organs. However, SEM has not been successful in revealing
the 3D microanatomy of the cornea, because the interior of the cornea is too compact to be explored by the
electron beam. In this study, the 3D organisation of the cells and extracellular materials of human and
rabbit corneas was examined after exposure by HCl and NaOH digestion, and by microdissection by the
adhesive tape method. In the cornea of both species, all epithelial cells exhibited microplicae regardless of
their location. This raises doubts about the tear film-holding role assigned to the microplicae of the
superficial cells. Human and rabbit corneas differed in the collagen fibre patterns of the epithelial basement
membranes. The 3D organisation of the stromal lamellaec was similar in both species. In humans and
rabbits, the keratocytes showed similar 3D features. However, the surface of human keratocytes located near
Descemet’s membrane exhibited small fenestrations that were not present in the rabbit keratocytes. The
pattern of keratocyte innervation by the stromal neural plexus and 3D keratocyte microanatomy confirms
that keratocytes form a large intercommunicating network within the corneal stroma. Two morphologically
discrete subpopulations of keratocytes located at different stromal levels were identified in both human and
rabbit corneas, suggesting that keratocytes are not functionally homogeneous. In addition, the density of the
stromal neural plexus appeared to be greater in rabbits than in humans. Clear differences between human
and rabbit corneas were observed in the collagen arrangement in Descemet’s membrane, which may reflect

their different biomechanical requirements.
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INTRODUCTION

Understanding the complexity of the microanatomy
of the normal cornea requires the combined use of
many strategies and methods. Scanning electron
microscopy (SEM) is a versatile method, because it
provides direct information on the overall three-
dimensional (3D) organisation of the specimen
examined.

Most SEM studies of the cornea have been
restricted to the apical surfaces of the epithelium and
the endothelium (see Doughty, 1990). Since the

interior of the cornea is too compact to be explored by
the electron beam, and its cellular components are
completely embedded in extracellular matrices, SEM
has not been successful in revealing the overall
morphology of the cornea. However, knowledge of
corneal microanatomy is essential for an under-
standing of its pathology because the 3D organisation
of the extracellular matrix and cells is the major
determinant of the optical and mechanical properties
of the cornea (Klyce & Beuerman, 1988 ; Beuerman &
Pedroza, 1996). The introduction of chemical micro-
dissection methods (see Ojeda, 1997), which allow
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Fig. 1. Anterior view of the epithelium in a rabbit cornea microdissected by the adhesive tape method. Note that the cells of the second
(asterisk) and third (star) epithelial layers exhibit numerous microplicae. CN, cell nucleus. x 2500.

Fig. 2. Basal views of the epithelium of two rabbit (a, ¢) and one human (b) corneas exposed by HCI digestion which show penetration of

nerve fibres. In (@) the fibre penetrates without division, whereas the fibres bifurcate in (¢) and branch several times in () before penetration.
x 2500 (a, ¢); x 1250 (b).
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selective removal of the extracellular matrix or cell
organ components, has greatly extended the ap-
plication of SEM for study of the interior of compact
organs. However, to date, these methods have not
been used in a systematic 3D microanatomical study
of the cornea.

The present paper describes new aspects of the 3D
organisation of the cells and extracellular materials in
human and rabbit corneas exposed by chemical and
mechanical dissection. A comparative study of the
cornea in humans and rabbits was undertaken because
the rabbit is commonly used in corneal research.

MATERIALS AND METHODS

Rabbit and human corneas were used in this study.
New Zealand white rabbits (n = 10) of both sexes and
weighing 2-3 kg were used. Animals were euthanised
by an injection of 100 mg/kg pentobarbital sodium
into a peripheral ear vein. Immediately after death,
several drops of cacodylate-buffered 2 % paraformal-
dehyde and glutaraldehyde 0.5 %, pH 7.3, were gently
instilled onto the corneal surface. The contents of the
anterior chamber were then replaced with fixative by
means of a 27-gauge needle inserted close to the
limbus after a puncture hole had been made close to
the limbus on the other side of the limbus. After
enucleation of the globe, the cornea was freed from
the underlying tissues, transferred to a vial of fixative
and placed in a refrigerator at 4 °C for 10 h.

Eight human autopsy eyes (4-10 h postmortem)
were used. Proper informed consent was obtained in
all cases. The donors were males and females between
18 and 41y old, and there was no evidence that
they suffered from ophthalmological disecase. The
specimens were fixed in the same fixative as the rabbit
corneas.

After fixation, rabbit and human corneas were
rinsed in the cacodylate buffer and subjected to
chemical and mechanical microdissection. For chemi-
cal microdissection, 2 complementary procedures
were used. To visualise cellular components, small
corneal fragments were digested with HCI (Evan et al.
1976). Collagenase digestion was omitted in all cases.
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To visualise the extracellular material, small corneal
fragments were digested with NaOH (Ohtani, 1987).
After chemical digestion, some specimens were care-
fully microdissected under a stereo-microscope with
sharpened tungsten needles. The specimens were
dehydrated in graded acetone, dried by the critical
point method, and attached to aluminium stubs with
silver paint.

After drying, some specimens were dissected mech-
anically with the adhesive tape method (De Ruiter et
al. 1993).

All specimens were coated with gold/palladium and
viewed with a Philips SEM 501.

RESULTS
Epithelium

Microdissection with the adhesive tape method ex-
posed the surface of the cells located in the deeper
portion of the superficial or squamous cell layer. All
cells in the deeper portions showed numerous micro-
plicae, which were wider and more elaborate than
those in the light superficial cells (Fig. 1). After
removal of the extracellular material, the basal pole of
the corneal epithelium appears as a smooth surface,
on which the cell boundaries cannot be resolved (Fig.
2a, b). This surface was perforated randomly by
numerous nerve fibres. In most cases, these fibres
penetrate the epithelium without division (Fig. 2a).
However, in some cases the fibres branched 2 or more
times immediately before penetration (Fig. 25, ¢).

The microanatomy of the corneal epithelium and its
innervation showed no significant differences between
rabbits and humans. In contrast, the epithelial
basement membrane (EBM) was clearly different. The
rabbit EBM appears as a flat network of straight
fibres with no defined order (Fig. 3, inset), whereas
the human EBM exhibits a network of straight and
curved fibres, forming characteristic birdnest-like
structures (Fig. 3b, d).

Both the rabbit and the human EBM were formed
by a thin layer of fibres (Fig. 3 ¢) that showed periodic
cross striations (Fig. 3« inset, 3b), and both EBMs

Fig. 3. Micrographs of the epithelial basement membrane anterior surface after removal of the corneal epithelium by NaOH digestion. Note
that in the rabbit cornea (a, inset) the fibres run without a defined pattern, whereas in the human cornea (b, ¢, d) they form characteristic
repeating patterns (arrowheads). In (c), the epithelial basement membrane (asterisk) was partially eliminated by adhesive tape dissection,
showing it to consist of a thin layer of fibres in close relationship to the anterior face of Bowman layer (star). Arrows, holes. x 2500 (a, ¢, d);

13000 (inset b).

Fig. 4. Anterior view of the epithelial basement membrane (asterisk) of a partially HCI-digested, rabbit cornea showing the subepithelial

plexus. Arrow, Schwann cell; star, epithelial basal surface. x 650.

Figs 5, 6. Micrographs showing the arrangement of lamellae within the rabbit (Fig. 5) and human (Fig. 6) corneal stroma. NaOH digestion.

Arrows, bifurcation of lamellae. x 160.
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Fig. 7. Detailed views of lamellae demonstrating their collagen fibre arrangement. Arrowheads, collagen fibres arranged transversally.

Arrows, collagen fibres running antero-posteriorly and joining two lamellar layers. NaOH digestion. (¢) Human cornea; (b) rabbit cornea.
x 10000 (a); %2500 (b).

Fig. 8. Images of the network of keratocytes in the rabbit (¢—d) and human (e, f) corneal stroma exposed by HCI digestion. (a, d, f)
keratocytes in anterior stroma; (b, ¢, e) keratocytes in posterior stroma. Detailed views of large and medium-sized fenestrations (c inset, small

arrowheads) and of a field of small fenestrations (e inset, small arrowheads). Short arrows, furrows; large arrows, stromal neural plexus.
x 325 (a, b); x 1400 (¢, d); x 1250 (e, f); x 6000 (insets).
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presented numerous holes (Fig. 3 a, d), presumably
occupied by the nerve fibres for the corneal epithelium.

Partial HCIl digestion of the corneas allowed
observation of the subepithelial plexus directly
opposed to the EBM inner surface (Fig. 4). In both
rabbit and human corneas, the plexus consisted of
nerves that frequently bifurcated and anastomosed,
thus forming a loose network. Occasionally the nerve
fibres exhibited varicosities (Fig. 4).

Stroma

Chemical and mechanical microdissection of the
cornea exposed the 3 basic components: lamellae,
keratocytes and the stromal neural plexus.

In the rabbit and human cornea, the lamellae
appear as flattened ribbons arranged in superposed
layers parallel to the corneal surface (Fig. 5). Their
thickness was uniform but their width was extremely
variable (from 7 to 250 um). This variation occurred
not only between different lamellae, but also within
the same lamella. The lamellae frequently branch out
in 2 or 3 subsidiary branches (Figs 5, 6), sometimes
remaining in the same layer and sometimes forming
part of a contiguous layer (Fig. 6). Thus the lamellae
of the corneal stroma were not merely superposed but
formed a truly intertwined structure (Fig. 6). No
differences in their morphology or in their arrange-
ment were observed in relation to their position within
the cornea.

Most of the collagen fibres constituting the lamellae
were packed in parallel arrays that followed the
lamellar long axis; however, some fibres lay almost
transverse to this axis, and others ran perpendicular to
the corneal surfaces to join two lamellae located in
different layers (Fig. 7b). After NaOH digestion, the
lamellar collagen fibres appeared less compactly
packed in the human than in the rabbit cornea.

Within the same stromal layer, the long axes of the
lamellae were oriented in different directions. The
lamellae located in contiguous layers were seen to
cross each other at many different angles (Figs 5, 6),
but only occasionally at right angles.

After removal of the stromal extracellular matrix by
HCI digestion, the keratocytes were readily viewed by
SEM. In humans and rabbits, they appeared as
flattened cells, lying parallel to the corneal surface,
and were stellate with several cellular processes (Fig.
8a, b) that made contact with neighbouring kerato-
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cytes or less frequently with keratocyte bodies. By
SEM, no discontinuities were observed in the area of
contact between two keratocytes so that the kerato-
cytes appeared layered and arranged like a syncytium
(Fig. 8a, b). Occasionally, keratocyte bodies and their
processes were seen to be orientated obliquely,
forming bridges from one keratocyte layer to the next.

The keratocyte surface was furrowed by numerous
linear depressions (Fig. 8c—f), lying parallel to one
another and, after incomplete HCI digestion, collagen
fibres were observed in association with these
depressions. Unlike what tends to occur in other flat
cells, the keratocyte surface did not exhibit nuclear
bulges.

In the rabbit cornea, the keratocyte density (number
of keratocytes per surface unit) differed according to
the stromal level. In Figure 8a and b, the keratocyte
density is seen to be about 3 times higher in the
anterior stroma (the half of the stroma nearer the
epithelium) than in the posterior stroma. Morpho-
logically, the keratocytes were a heterogeneous cell
population in both rabbits and humans. In the rabbit,
the keratocytes located in the posterior stroma (PSK)
were characterised by the presence of long slender
cellular processes that branched three to five times
(Fig. 8¢) before making contact with other kerato-
cytes. These keratocytes usually sent out cell processes
from 2 opposite points of the keratocyte body so that
they can be described as forming a rectangular outline.
In addition, the PSK possessed large and medium-
sized fenestrations (Fig. 8¢, inset). In contrast, the
keratocytes of the anterior stroma (ASK) presented
short wide cellular non-branching processes (Fig. 8d)
sent out radially from the keratocyte body (Fig. 8d).
Thus the ASK can be described as having a circular
outline, and no fenestrations were observed in the
ASK.

In the human cornea, the PSK cellular processes
were, as in the rabbit, long and slender, but only
occasionally branching (Fig. 8¢). The most charac-
teristic feature of the PSK was the presence of
numerous small fenestrations grouped in fields (Fig.
8e, inset). Occasionally, some medium-sized fenes-
trations were present in the PSK. In contrast to what
was seen in the rabbit cornea, the ASK cellular
processes were not arranged radially and were
extremely wide (Fig. 8f), so that it was difficult to
distinguish the cellular processes from the cell body.

The corneal stroma contained a network of axons

Fig. 9. Micrographs showing the keratocyte-stromal neural plexus relationships. Note («) the varicosities (arrows) and (b) the great number
of axons (arrowheads) in close contact with one keratocyte. Rabbit corneas. HCI digested. Asterisk, keratocyte. x 5000.
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Fig. 10. Micrograph showing the close relationship between axons and keratocytes. Human cornea. HCI digested. Arrowheads, varicosities

in a axon; Arrow, stromal neural plexus. x 7000.

Fig. 11. Posterior views of banded portion of Descemet’s membrane in the rabbit (a, ) and human (c) cornea. (a, ¢) Central cornea; (b)
peripheral cornea. Asterisk, anterior layer; star, posterior layer. NaOH digestion. x 5500.

Fig. 12. Basal view of the corneal endothelium showing the lateral cell interdigitations (arrowheads). Human cornea. HCI digestion. x 3000.

of different diameters (Figs 8c—f, 9a), the stromal
neural plexus. This plexus appeared apposed to the
keratocyte layers. The axons often exhibited varico-
sities (Figs 95, 10) and ran in close contact with the
keratocyte bodies, appearing to be fitted into a shallow
depression on the keratocyte surface (Figs 95, 10).

Several axons could be seen to establish contact with
the same keratocyte (Fig. 9b). Axon density appeared
to be higher in the rabbit (Fig. 84) than in the human
cornea (Fig. 8¢). No differences in axon density
between the anterior and posterior parts of the stroma
were observed in rabbits or in humans.
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Descemet’s membrane

NaOH-digestion eliminated the non-banded portion
of Descemet’s membrane, allowing us to observe its
banded portion.

In the rabbit cornea, the 3D arrangement of the
banded portion of Descemet’s membrane varied
according to the corneal area studied. In the central
cornea, this membrane, as viewed from its endothelial
surface (non-banded zone), consisted of 2 layers of
collagen fibrils (Fig. 11a). The posterior layer was
discontinuous and was formed by parallel bundles of
fibres, whereas the anterior layer was a continuous
plate of parallel fibres. The fibres of the 2 layers
crossed each other at an angle of about 110°. In the
peripheral cornea, close to the sclerocorneal angle, the
collagen fibres of Descemet’s membrane were
arranged in reticular fashion (Fig. 115).

In contrast, in the human cornea, the banded
portion of Descemet’s membrane exhibited in all areas
a thin layer of fibres crossing each other in without a
definite pattern (Fig. 11¢).

Endothelium

In both the rabbit and the human cornea, the
endothelial basal surface exhibited tortuous inter-
digitations between neighbouring cells (Fig. 12).

DISCUSSION

Our SEM observations provide new data on the
microanatomy of all layers of the rabbit and human
cornea, and also reveal a number of differences
between the corneas of these 2 species.

Epithelium

It has been suggested that one function of the
microplicae present in the more superficial epithelial
cells of the cornea may be to assist in holding the tear
film. The tear film forms an air-liquid interface that
constitutes the main refractive surface of the mam-
malian eye. The presence of microplicae in cells of fish
corneas (Harding et al. 1974) has raised doubts about
the tear film-holding role of the microplicae. The
presence, in our observations, of microplicae in
epithelial cells not in contact with the tear film seems
to support the idea (Lemp et al. 1970) that they could
have other functions, such as facilitating the transport
of molecules by increasing cell surface.
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Transmission electron microscopy has revealed the
presence of a complex system of extracellular fibres
and surface specialisations which serves to attach the
corneal epithelium to the Bowman layer (Marshall et
al. 1993). The methods used here do not allow us to
repeat those observations.

The present results indicate that the 3D organ-
isation of the human and rabbit EBM is similar to
that observed with SEM in other basement mem-
branes (Sawada, 1981; Allen et al. 1988). Our
observations also reveal that the human and rabbit
EBM are formed of a thin layer of fibres. The
differences in the 3D organisation of the EBM
between rabbits and humans have not previously been
described. These differences could be due to the close
relationship between the EBM and the Bowman layer
in humans, whereas the rabbit cornea lacks this layer
(Kaye & Pappas, 1962). The presence of cross-striated
fibres should correspond to the collagenous com-
ponent of the lamina fibroreticularis. Curiously, our
morphological observations on the human EBM are
very similar to previous observations reported to
pertain to the Bowman layer (see Figure 6 from
Komai & Ushiki, 1991). We believe that this is a
misinterpretation. The Bowman layer can be clearly
differentiated from the EBM by the adhesive tape
method (Fig. 3¢)

The access of nerve fibres to the epithelium is a
controversial topic in corneal innervation. It is not yet
clear whether epithelial innervation is derived from
the limbal neural plexus (Lim & Ruskell, 1978) or
from both the limbal neural plexus and stromal neural
plexus (Matsuda, 1968; Schimmelpfennig, 1982). In
the first case, the nerve fibres reach the epithelium
directly, whereas in the second, the stromal nerve
fibres would penetrate both the Bowman layer and the
EBM to gain access to the epithelium. This study
provides evidence that the EBM of both the rabbit
and human cornea is perforated by the stromal nerve
fibres, results which are consistent with the obser-
vations of Miiller et al. (1996) and of Komai & Ushiki
(1991) for the human cornea.

Stroma

The 3D lamellar organisation has been studied with
SEM by means of cryofracture in the rabbit cornea
(Cintron et al. 1982) and by NaOH digestion in the
human cornea (Komai & Ushiki, 1991). We have
observed that the lamellae frequently branch, as
suggested by Polack’s (1961) findings with silver
stains. In addition, the lamellae are not simply
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superposed but intertwined (Komai & Ushiki, 1991).
This finding is important for corneal biomechanics,
since this arrangement could provide the cornea with
high tensile strength (Maurice & Monroe, 1990), and
for corneal transparency. Our observation of the high
variability of the angles formed by two contiguous
lamellae is consistent with light microscopic studies
(Polack, 1961 ; Maurice, 1984). No clear differences in
lamellar microanatomy between the rabbit and the
human cornea were found in the present study.

Keratocyte morphology has only been studied with
a methodology similar to ours in the rat cornea
(Nishida et al. 1988). We used HCI digestion to
remove stromal extracellular materials and this
method, as occurs with other organs (Ojeda, 1997),
results in good preservation of the keratocyte surface
structures. In the current SEM study, we demon-
strated for the first time the presence of linear
depressions in the keratocyte surface. They may
simply be the imprint left by the collagen fibres on the
keratocyte surface or they may represent extracellular
compartments that allow proper assembly of the
collagen fibres. Matrix deposition requires active
cellular participation to produce a matrix with the
proper size, shape, location and orientation, and it is
with this purpose that the fibroblasts, in general,
compartmentalise the extracellular space (Birk &
Trelstad, 1984 ; Birk et al. 1991).

One remarkable observation in this study is the
presence of fenestrations in the keratocytes. Large and
medium-sized fenestrations are present in the kerato-
cytes of both rabbit and human corneas, but the small
fenestrations grouped in fields were only observed in
the human PSK. This type of fenestration was first
demonstrated by Miiller et al. (1995). The present
finding of a greater number of fenestrations in the
PSK than in the ASK in the 2 types of cornea studied
seems to support the notion that the fenestrations
represent pathways for free nutrients and metabolite
diffusion, as proposed by Miiller et al. (1995). Since
the traffic of molecules through the cornea is
accomplished fundamentally in the endothelium-
epithelium direction (Klyce & Beuerman, 1988), the
presence of numerous fenestrations would facilitate
diffusion by enabling molecules to overcome the
obstacle presented by superposed layers of kerato-
cytes.

The current data provide unsurpassed images of the
3D organisation and interconnectivity of the kerato-
cyte network. In addition to the horizontal com-
munication between keratocytes (Watsy, 1995; Poole
et al. 1996), our observations show interconnectivity
between keratocytes located in contiguous layers by

means of cellular bridges. This provides the mor-
phological basis of the antero-posterior communi-
cation between keratocytes, and is consistent with the
dye-injection study of Watsky (1995).

Nerve fibres invaginating keratocytes have pre-
viously been described in light (Tervo, 1977) and
transmission electron microscopy (Miiller et al. 1996)
studies, but had not been observed with SEM. Our
observations reveal that the keratocytes are frequently
in contact with 2 or more nerve fibres. This suggests
that the keratocytes are directly innervated. The
implications of these observations are not fully
understood. It is possible that the nerve fibres
modulate the cohesive responsiveness of keratocytes.

Our SEM observations also reveal that the stromal
neural plexus is richer in rabbits than in human. The
significance of this finding is uncertain. Axon density
also appears to be different in the rat (Jacot et al.
1997). However, direct comparison between the 2
studies is difficult due to the different methods used.
The presence of nerve fibres with varicosities is
consistent with previous transmission electron micro-
scope observations (Matsuda, 1968).

The existence of several types of keratocyte has
been reported for lectin-staining (Schanzlin et al.
1990), confocal laser (Poole et al. 1996) and trans-
mission electron microscopy (Miiller et al. 1995), in
the cornea of different mammalians including humans
and rabbits. The 2 keratocyte types observed in the
present study do not coincide with those previously
described, which may be due to the different methods
used. The functional significance of the different
keratocytes remains unknown.

Our observation of a greater ASK than PSK
density agrees with the results of Moller-Pederson &
Ehlers (1995).

Descemet’s membrane

Descemet’s membrane is the thick basement mem-
brane of the corneal endothelium. It is composed of
an anterior banded portion, very rich in collagen, and
a posterior non-banded portion, which shows a
homogeneous granular appearance (Beurman &
Pedroza, 1996). Short attachment fibres are found
perpendicular to the interface between the stroma and
the Descemet’s membrane (Binder et al. 1990).
NaOH digestion eliminates the non-banded portion
of the Descemet’s membrane, leaving in place the
banded, collagenous portion. This portion exhibits a
uniform 3D organisation in humans, and has been
apparently mistaken with the posterior side of the
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stroma in a previous study (Komai & Ushiki, 1991).
Structural differences between the human and rabbit
Descemet’s membrane may be attributable to the
different biomechanical requirements of the 2 corneas.

Endothelium

The tortuous interdigitations presented by the en-
dothelial lateral cell membranes in the 2 types of
cornea studied considerably increase their lateral
surface area, and may be related to the active
metabolic pump function of these cells (Green, 1991).

In conclusion, in addition to the lack of a Bowman
layer in the rabbit cornea, the main differences in the
3D microanatomy between the human and rabbit
cornea lie in the arrangement of the basement
membrane collagen fibres, the presence of small
fenestrations in the human PSK, the density of the
stromal neural plexus, and the arrangement of the
collagen fibres in Descemet’s membrane.
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