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SUMMARY

I n most ani mal s,
the cornea of the eye, and lies between the sur-
face epithelium and the stromal extracellular matrix
that makes up the bulk of the cornea. It is com-
prised of a condensation of disorganised collagen
fibrils. However, it has been conjectured that not
al |l species possess
a species that has classically been stated to lack
this anatomical structure, although there is disa-
greement in the published literature. Here, we
studied the porcine cornea using transmission and
scanning electron microscopy (TEM and SEM) to
ascertain whether
identified a thin band of disorganised collagen fi-
brils between the epithelial basement membrane
and corneal stroma. SEM images of the central
and peripheral corneal surfaces, following removal
of the corneal epithelium by cell maceration, re-
vealed a disorganised meshwork of collagen fibrils,
with a highly aligned annulus of collagen at the
limbus. In between the peripheral cornea and lim-
bus, a fAtransition zonebod
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fibrils start to align. Quantification of fibril alignment
demonstrates a significant increase in collagen

B o wma n dalignrheatyfremn 0.08st 0.84 té @.38t+u0r08 (p & f

0.001; n = 60; 0 = no alignment, 1 = full alignment)
with increasing distance from the corneal centre.
These data together lead us to conclude that the
porcine cornea does i n
though it is thin (contributing roughly 0.2% of cor-

corneat6s similarity to
usefulness as a model system.
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INTRODUCTION

In most mammals, the cornea of the eye is com-
prised of four or five layers (Fig. 1). Distally, is the
surface epithelium, a cellular multi-layer that sup-
ports the tear film and which is constantly replen-
ished throughout life. Beneath these cells and their
hasomesrtr vememivhane tbkbka
tively thin acellular meshwork of collagen fibrils
that is continuous with the anterior aspect of the
corneal stroma. The collagen-rich corneal stroma,
which is approximately 500 pum thick in the human
cornea, represents the bulk of the tissue. Proximal
to this i s Descemet 6s
membrane of the corneal endothelium), and the
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Fig 1. Corneal structure. Depending on the species, the cornea consists of four or five layers. From anterior to posteri-
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endothelium itself, which is a monolayer of meta-
bolically active cells separating the cornea from
the aqueous environment of the inner eye.

Interestingly, not all species appear to possess a
Bowmands | ayer. An
Hayashi and colleagues (2002) suggests that in
those that do its thickness ranges from approxi-
mately 1 em (rat) to 10 em (human). Likewise, Ko-
mai and Ushiki (1991) and Morishige and associa-
tes (2006) report
8-12 em thick. It consists mostly of collagen types
I, I, V and VI (Marshall et al. 1991b, a), with the
diameter of the collagen fibrils in the range of 20-
36 nm (Kayes and Holmberg 1960; Teng 1962).

The function of
cularly as it is not present in all animals. It has
been suggested that this dense, interwoven mesh-
work of collagen fibrils beneath the surface of the
cornea might play a biomechanical role, helping to
mai ntain the corneads
breaks in Bowmanoés
ted in a condition called keratoconus (Sawaguchi
et al., 1998), a disease of unknown cause in which
a patientbés cornea
and mor el ifkeadne However,
that photorefractive keratectomy, an ablative laser
surgery that reshapes the front surface of the cor-
nea and which removes
cause corneal ectasia (Wilson and Hong, 2000)
could mean Bowman's layer may be less important
for maintaining the corneal curvature (and thus the
eyebdbs refractive status).
t hat the acellularity of
protective function by preventing the spread of in-
fections from the epithelium to the stroma (Wilson
and Hong, 2000).

Whet her or not there is
porcine cornea is currently contested. Several
sources menti on obser vi
(Bueno et al., 2011; Du et al., 2011; Zhang et al.,
2019), but there have been reports claiming its
absence in porcine tissue (Merindano et al., 2002;
Svaldeniena et al., 20083
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Patruno et al., 2017). Here, we show that Bo-
wmanodés | ayer is indeed a
cornea, and reveal that an abrupt and significant
increase in the non-random alignment of collagen

el ect rfoinb rniilcsr oisnc oBd vemasnt Gusd yl abyye r

the cornea, where it merges with the sclera of the
eye, just before its termination.

MATERIALS AND METHODS

humans Bowmanodos |
Tissue acquisition

Four porcine eyes, sourced from a local abattoir
(W.T. Maddock, Kembery Meats, Maesteg, Wales,
UK), were dissected within hours of slaughter.

ayer is

from whole eye globes. Four limbal tissue seg-
ments of approximately 2 mm x 4 mm were dissec-
ted from three of the corneas. These segments
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frig 2. Tpyienvseoaents yere takenyfrany four limbal
sites in the porcine cornea after identification of the hori-

zontal and vertical meridians from measurements of
corneal diameters. The central cornea was also sam-
pled. White area = sclera, blue area = cornea. Not to
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comprise scleral and peripheral corneal tissue and
were taken from the assumed 3, 6, 9 and 12
o06clock positions (Fig.
oriented by measuring the longest and shortest
diameters of the oval-shaped corneas, and assu-
ming the longest diameter to be the horizontal me-
ridian (Sanchez et al., 2011). Similarly sized cen-
tral corneal segments were also dissected from
the same corneas. The remaining cornea had a
central corneal segment and one limbal segment
dissected. The samples from the first three cor-
neas were then prepared for scanning electron
microscopy (SEM) and the central and limbal seg-
ments from the remaining cornea were prepared
for transmission electron microscopy (TEM).

Transmission electron microscopy

The central corneal segment and limbal segment
for TEM were immediately fixed in 2.5% glutaral-
dehyde/2% paraformaldehyde (PFA) in 0.1 M so-
dium cacodylate buffer (pH 7.2) overnight at 4°C.
The segments were then washed in 0.1 M sodium
cacodylate buffer and processed using a modifica-
tion of the method described by Deerinck et al.
(2010) that provides high contrast for observation
of general cell and tissue morphology. All solutions
and distilled water were passed through Minisart®
syringe filters (Sartorius Stedim Biotech GmbH,
Goettingen, Germany) onto the tissue sample.
Next, the tissue was immersed in 1.5% potassium
ferricyanide/1% osmium tetroxide for 1 hour, fo-
llowed by washing in distilled water. The samples
were then transferred to 1% aqueous thiocar-
bohydrazide for 30 mins, again followed by wa-
shing in distilled water. After this, the samples
were immersed in 1% osmium tetroxide followed
by 1% aqueous uranyl acetate, both for 1 hour
each followed by a distilled water wash after each
step. All of these steps were carried out at room
temperature. The tissue was then immersed in
Wal tonbés | ead aspartate
lled water wash was then carried out at room tem-
perature once again. Next, the tissue was
dehydrated in an ethanol series: first 70% then
90% (both for 15 mins), followed by 100% (2 x 15
mins) and then propylene oxide (2 x 15 mins). The
tissue was then placed in a 1:1 mixture of Araldite
CY212 epoxy resin, without benzyl dimethylamine
(BDMA) accelerator, and propylene oxide over-
night. After several changes of Araldite resin
without BDMA accelerator, the specimens recei-
ved several changes of Araldite resin including the
BDMA accelerator over two days. The segments
were then placed into embedding moulds with furt-
her resin and polymeris
least 24 hours.

Tissue sections of the polymerised blocks were
cut using a Reichert-Jung Ultracut E microtome.
The tissue segment was oriented inside the resin
block so that radial sections were taken. Semi-thin
sections of 300 nm thickness were cut first and

—+

stained with toluidine blue for light microscopy to
select appropriate regions of interest. Ultrathin

Zgctiors f1A0 exm thickomera thenscut bsengla dine e n

mond knife and collected on uncoated G300 cop-
per electron microscopy grids (Gilder Grids, Grant-
ham, UK). The sections were imaged using a Jeol
1010 transmission electron microscope (Jeol (UK)
Ltd, Welwyn Garden City, UK) in Cardiff University.
Unless specified, all reagents and equipment are
from Agar Scientific Ltd (Stansted, UK) or Taab
Laboratory Equipment Ltd (Aldermaston, UK).

Scanning electron microscopy

All tissue segments from the other three corneas
were fixed in 2.5% glutaraldehyde/2% PFA in 0.1
M sodium cacodylate buffer (pH 7.2) for approxi-
mately 16 hours at room temperature. They were
then washed in 0.1 M sodium cacodylate buffer.
Cell maceration was carried out by immersing the
tissue segments in 10% aqueous sodium hydroxi-
de over five days at room temperature. They were
then washed in distilled water over approximately
24 hours. The samples were then transferred to
aqueous 2% tannic acid for 6 hours. The tissue
segments were washed in distilled water again,
followed by immersion in agueous 1% osmium
tetroxide for 2 hours. After another wash in distilled
water, the tissue segments were dehydrated in an
ethanol series, going from 70% to 90% (both 1 x
30 mins) to 100% (2 x 30 mins). The tissue was
then dried using hexamethyl-disilazane (HMDS)
(Thermo Fisher Scientific, Heysham, UK). The tis-
sue segments were transferred to a 1:1 solution of
100% ethanol and HMDS for 1 hour, followed by 2
x 1 hour in 100% HMDS. The tissue segments
were then left in fresh HMDS in a desiccator in a
fume hood until all of the liquid had evaporated.
Finally, the dehydrated tissue segments were
mounted on 12.5 mm aluminium stubs and then
coated with ~15 nm gold-palladium, using a Bio-
radr SC300 bpatterr coatet witle @&rghrCas tha spdtd
tering gas. In- lens secondary electron images
were acquired on a Zeiss Sigma HD field emission
gun scanning electron microscope (Carl Zeiss Ltd,
Cambridge, UK) in Cardiff University under high
vacuum conditions. A beam energy of 5 kV was
used with a 30 pm final aperture and a nominal
beam current of ~150 pA. Working distance was
maintained at approximately 5 mm and images
were acquired at 5,000, 10,000 and 50,000x mag-
nification. Again, unless specified, all reagents and
equipment are from Agar Scientific Ltd (Stansted,
UK) or Taab Laboratory Equipment Ltd
(Aldermaston, UK).
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fibrils was assessed using the ImageJ/Fiji plug-in
AFi bril Tool o (Boudaoud

areas in each limbal sample were identified for
guantification of fibril alignment: peripheral cornea,
a transition zone and the limbal annulus of colla-
gen. The images used for quantification were ac-
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Fig 3. Transmission electron micrographs of the superfi-
cial porcine corneal and limbal stroma. A: a band of dis-
organised collagen fibrils beneath the epithelial base-
ment membrane in the central cornea that is consistent
wi t h t he anatomical
(black arrows). B, C: the basement membrane at the
limbus exhibits an irregular profile (white arrows) com-
pared to central cornea and the collagen fibrils immedi-
ately subjacent to it appear more organised than those in
the putative Bowmands
seen in transverse section, suggesting this is the annu-
lus of collagen around the limbal circumference, with
some fibril bundles visible also (C, black arrowheads).
Epi = epithel i um, BL =

quired at 10,000x magnification; one from each of
the three areas in all four limbal sites from the
three eyes, and four from the central cornea of
each eye. FibrilTool was applied to the same five
set regions of interest in each image examined,
resulting in 60 values generated for each distinct
area (central cornea, peripheral cornea, transition

appear
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Fig 4. Scanning electron micrographs of the decellular-
ised central corneal surface (A, B) and the peripheral
corneal surface (C, D). Collagen fibrils demonstrate no
alignment but rather a completely random distribution
with much interweaving. Occasional pores can be seen
in both the central and peripheral corneal surface
(arrows).

zone and limbal annulus) across three eyes.

The means were calculated from these values
and i ndependent s a-tegh wass
then performed to compare the averages.

Stud

RESULTS

Transmission electron microscopy

Subjacent to the epithelial basement membrane
of the central cornea, a band of unorganised colla-
gen fibrils was found lying distally to typical lame-
llae of the central cornea characterised by collagen
fibrils with highly regular orientation (Fig. 3A). This
unorganised band of fibrils varied in thickness bet-
ween approximately 1-2 em, and was not detected
in images of the porcine limbus (Fig. 3B, C). In the
limbus, the epithelial basement membrane profile
appeared less regular than at the corneal centre
together with a predominance of transversely-
sectioned collagen fibrils, consistent with the ap-
pearance of the limbal annulus of collagen.

Seanring elgctrorBicioseopyd s | ayer
Observations of the decellularised anterior surfa-

ce of the central cornea revealed no apparent or-

ganisation or alignment of the collagen fibrils (Fig.

4A, ), Instead, an intgrweayinggmesh of unifory -,

diameter collagen fibrils was observed. The perip-

heral corneal surface has the same appearance as

the central cornea (Fig. 4C, D). Pores of varying

B o wmady8sSoctuf $pbradically within the ocular surface

across both the central and peripheral cornea.
The limbal region can be separated into three
distinct areas (Fig. 5): the peripheral cornea as
menti oned above, a fAtransitic
bal annulus of collagen. The sclera can also be
seen beyond the limbal annulus. These areas are
distinguished by the variation in alignment of their
collagen fibrils.



