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General Abstract

Purpose: The young adult mouse has become the preferred animal model in many areas
of ophthalmic research. For this reason, there is a need to validate its use in different
experimental settings and to assess its applicability to the human. The purpose of this research
was to firstly, evaluate the normal mouse cornea and conjunctiva, secondly to utilize the mouse
as an animal model, to investigate structural changes occurring in the dry eye and thirdly to

investigate ocular UVR transmittance of this small eye.

Methods: A total of 45 animals were utilized for these experiments. Ocular dryness was
induced in 16 by administration of scopolamine hydrobromide (0.5mg/0.2ml) QID, and exposure
to a dry environment for 5 (DS5) or 10 (DS10) days. After euthanization the corneas or eye lids
were fixed either in 2% glutaraldehyde and processed according to an established histology
protocol for light- (LM) and transmission electron microscopy (TEM) or in 10% formalin and
embedded in paraffin. Counts or measurements were obtained utilizing well defined specific
reference points allowing the observer to conduct accurate and repeatable intra-corneal or intra-
conjunctival measurements. Goblet cell density was investigated both on resin and paraffin
embedded tissues with a variety stains and histological protocols.

UVR transmittance of the whole mouse eye, the cornea and the crystalline lens was
also investigated. Immediately after euthanization the mouse eye was placed under a 0.2 mm
diameter detecting fiber optic illuminated by an Oceans Optics deuterium/halogen source (DT-
MINI-2-GS). The data were recorded and analyzed with an Ocean Optics spectrometer

(USB4000) and analyzed in Matlab.



Results: The mouse epithelium contributed to 1/3 and the stroma to 2/3 of the total
corneal thickness. A statistically significant (P < 0.001) decrease in overall thickness was found
in the periphery compared to the center. The central cornea had an average of 50 + 2 lamellae
with an average thickness of 2.1 um versus 36 = 3 and 1.8 pum peripherally (P < 0.005). The
mouse did not possess an anterior limiting lamina (ALL).

Near the junction between the lid margin and the normal palpebral conjunctiva the
epithelium had an average thickness of 46 £ 11 um and 9 + 2 cell layers, versus 42 £ 7 um and 8
+ 1 layers in the DS5 (P > 0.05) and 38 £ 6 pm and 7 £ 1 layers in the DS10 (P < 0.05). In the
goblet cell populated palpebral region the normal conjunctival epithelium averaged 24 £ 4 um
and was significantly (P < 0.05) thicker than in the DS5 (18 = 3 um) and the DS10 (19 + 3 pm).
In the control 43% of the goblet cells had epithelial coverage, compared to 58% for the DS5 and
63% for the DS10 (P < 0.05). Some stains indicated a decreased number of goblet cells in the dry
eye (PAS and Alcian blue), while (MUC5AC, histology) did not.

The mouse had a UVR transmittance cut off at 280 nm for the cornea and 310 nm for
the crystalline lens. 50% absorption of UVR was achieved at 330 nm and 375 nm by the cornea
and crystalline lens respectively. The combined transmittance spectra of the cornea and the lens
compared well with the total UVR transmittance for the whole eye and, thus, supported the

validity of our findings.

Conclusions: The mouse cornea becomes significantly thinner towards the periphery and
this was explained by a decreased thickness of both the epithelium and the stroma. Stromal

thinning was caused by a reduction in number of lamellae towards the periphery.



This finding suggests that not all lamellae cross the cornea limbus to limbus. A notable
difference between the mouse and the human cornea is the absence of an ALL in the former.

The palpebral conjunctival epithelium decreased in thickness in the dry eye and the
goblet cell access to the surface appears to be inhibited by surrounding epithelial cells, which
potentially may slow down their migration to the surface. Goblet cell density differed depending
on stain used for evaluation of mucous secreting cells, suggesting that there may be different
subtypes of goblet cells on the ocular surface or may be PAS and Alcian blue are mucin specific
and not goblet cell specific.

It is important to be aware of the ultrastructural and dimensional differences between
the mouse and the human cornea when utilizing the mouse as a model. The mouse conjunctival
epithelium has a structure similar to the human and appears to be viable model for conjunctival
and dry eye research. However, due to the differences between the mouse and human in UVR

transmittance, it is concluded that the mouse is not an ideal model for UVR experiments.
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Chapter 1 - General Introduction



Introduction

The cornea, conjunctiva and limbus form the ocular surface. The human cornea
has an average diameter of 11.7 mm horizontally and 10.6 mm vertically . In the human,
the cornea is thinner centrally where it measures approximately 535 um compared to 657
um at the thicker periphery 2. It is a transparent avascular tissue that is responsible for
two thirds (40D) of the eyes’ refractive power and is composed of five layers, epithelium,
anterior limiting lamina (ALL), stroma, posterior limiting lamina (PLL) and endothelium.

The epithelium is the outermost layer. It has an average thickness of 50 um and
makes up 10% of the corneal thickness in the human. It is composed of five to seven cell
layers of cells that have undergone different stages of differentiation. The basal cells are
tall, columnar and form the most internal layer of the epithelium. These cells attach to
their basement membrane via hemidesmosomes. Above the basal cells there are two
layers of intermediate sized cells, wing cells, which attach to each other by desmosomes.

Outermost, the cornea has two to four layers of flattened squamous cells held
together by desmosomes. Tight junctions (zonula occludentes) are present between the
superficial cells and function as a barrier by preventing fluid to leak into the cornea.
Additional functions of the epithelium include being a physical barrier against
microorganisms, contributing to an optically smooth surface by its smooth outline and by
secreting mucins to the tear film and assisting in ultraviolet (UVR) absorption.

The ALL is approximately 8 pum thick and located internal the epithelial basement
membrane. It is acellular, except for perforating nerve fibers and is composed of
randomly oriented type I collagen fibrils. One function of the ALL is to provide

attachments for the epithelial basement membrane by collagen V11 fibrils. These collagen



VII fibrils fuse with the epithelial basement membrane anteriorly and attach to
anchorning plagues found in the ALL posteriorly.

The stroma with its approximate 500 pm thickness makes up 90% of the thickness
of the cornea and consists primarily of collagenous extracellular matrix, with nerve fibers
and scattered keratocytes and immune cells. The keratocytes are the most abundant cell
type in the stroma, they reside mainly between the lamellae and are responsible for
synthesis and maintenance of collagen and proteoglycans. Collagens are a family of
proteins, composed of three collagen polypeptide a-chains, that form a superhelix.
Collagen polypeptide chains are synthesized on membrane bound ribosomes in the
keratocyte and dispensed into the endoplasmic reticulum as pro-a chains. Each chain is
subsequently hydroxylated, glycosylated and combined with two others to form a
hydrogen-bonded, triple stranded molecule, procollagen. The procollagen molecule is
secreted into the extracellular matrix and the propeptides are removed by enzymes. This
step converts the procollagen molecule to a mature collagen molecule, which self
assemble into collagen fibrils . The main component of the stroma, collagen type I,
contributes to physical strength, stability of corneal shape and transparency. Collagen
type 111 is involved in stromal repair, type IV is the major component of the lamina densa
of the corneal basement membranes. Collagen types V, VI are also present. In the corneal
stroma the collagen fibrils are organized into flattened sheets, lamellae. The human
cornea has an average of 242 + 4 lamellae *. The distribution of corneal lamellae differs
between the anterior and posterior stroma. The anterior stroma has 50% more lamellae
and these anterior lamellae are thinner and more intertwined compared to the posterior

stroma where the lamellae are thicker and arranged in flattened sheets running parallel to



the PLL *. Most studies report that the corneal lamellae bridge from limbus to limbus,
however a recent study showed evidence that this might not be the case °.

The second largest group of proteins in the corneal stroma is the proteoglycans.
They consist of a core protein, namely lumican, keratocan, mimecan or decorin, and one
or more glycosaminoglycan side chains e.g keratan- or dermatan sulfate. The
proteoglycans are present between the collagen fibrils, and their function is to maintain
regular spacing between the collagen fibrils which is necessary for corneal transparence °.

The PLL, the basement membrane of the corneal endothelium is composed of
collagen type IV. The material in this layer is synthesized by the corneal endothelial cells.
The PLL increases in thickness from 3 um at birth with approximately 1 um being added
per decade and is comprised of a thin banded pre-natal region and a thicker non-banded
post-natal region .

The endothelium is a 5 um thick layer of single flat predominantly hexagonal
cells that do not regenerate. These cells have a high metabolic activity as seen by the
presence of an abundance of organelles. Tight junctions are present to restrict fluid flow
between cells and gap junctions aid in cell to cell communication. The main function of
the endothelium is to maintain the transparency of the cornea by regulating the passage of
fluid in both directions .

The rabbit has for many years been the preferred animal model for studies of the
mammalian ocular surface. Recently, the young (6-8 weeks) adult mouse has become
widely utilized in research on the cornea and conjunctiva as well as studies involving
other ocular regions such as the retina or the crystalline lens ®°. The main reason for the

increased utilization of the mouse is that its genome has been sequenced and there are



many different transgenic and knockouts available for different types of research.
Additional advantages with the mouse include that it is easy to breed, it grows rapidly
and it is cost effective 1012,

Although the mouse is a widely used model, current literature contains incomplete
data in several areas of mouse ocular surface research and, therefore, its human
applicability is not assured. Mouse corneal morphology and its dimensions are one area
where the current literature contains limited data. To date, there are only a few reports
regarding the overall central corneal and central stromal thickness available.
Discrepancies are found among these reports, which may be related to variations in
measuring techniques, strains and ages of mice used **°. In addition to these
disagreements, available literature only provides central corneal measurements and no
information is available about the mouse peripheral cornea. Similar to the human cornea
and that of other mammals, the mouse cornea is reported to contain five corneal layers
(epithelium, anterior limiting lamina, stroma, posterior limiting lamina and endothelium)
as described by °, although, the presence of an anterior limiting lamina has been disputed
16—17.

The first aim of this dissertation was designed to investigate the hypothesis that
the shape, relative dimension and morphology of the overall mouse cornea and its
components are similar to the human cornea both centrally and peripherally. The
purpose of this study was to assess and validate the mouse as a mammalian model for
corneal research by using a histological approach and to provide needed dimensional and
morphological information on the cornea in the three most commonly used strains of

mice (chapter 3).



Over the last century several studies have utilized different methodologies to
measure the human corneal thickness centrally and peripherally. These studies have all
reached the same conclusion, that the human cornea is thinner centrally and thicker
peripherally 2. However, an explanation of this thickness difference has yet to be
offered. Increased understanding of corneal stromal architecture will aid in understanding
the effects of stromal thinning occurring in for example keratoconus (KC), but also to
better predict outcomes of surgical procedures involving the stroma.

Most studies concerning the structure of the mammalian cornea state that
the stromal lamellae bridge limbus to limbus *%’ but a recent report provided evidence
that this may not be the case °. In this study, electron dense formations are described and
these appear to be lamellar terminations within the central corneal region and, therefore,
contradicting the general belief that lamellae stretch from one side of the cornea to the
other. This discovery raises the question whether the peripheral and central cornea have
the same number of lamellae in a transverse section.

Keratocytes are the principal cells of the corneal stroma and it has been
estimated that the adult cornea has 2.4 million keratocytes 22*°. When these cells are
observed in a transverse section by TEM they are primarily noted to be located between
lamellae **, Is it therefore possible, that the number of keratocytes, present in a
transverse section, may provide an indication of lamellar contribution to the corneal
thickness at a particular corneal location?

One purpose of the second aim of this dissertation was to utilize the mouse as
an animal model to examine the general belief that corneal stromal lamellae span

from limbus to limbus. Another gquestion this aim intended to investigate was whether a



keratocyte count in a transverse section can give an indication of number of
lamellae present at a specific corneal location (chapter 4).

The conjunctiva is another tissue forming the ocular surface. This tissue is
comprised of three regions, the palpebral, fornix and bulbar conjunctiva. It is composed
of two different layers, the epithelium and the stroma. The conjunctival epithelium is
stratified non-keratinized, has two to four layers of cells and contains goblet cells. In the
human, the goblet cells are present in all three regions; however they are more numerous
in the fornix and the palpebral parts. Goblet cells are mucin secreting cells. Mucins are a
group of large heavily glycosylated glycoproteins with 50-80% of their weight comprised
of carbohydrates. The mucin monomers are synthesized and N-glycosylated in the rough
endoplasmic reticulum where they form disulfide linked dimers before they are
transported to the Golgi complex. In the Golgi complex the mucin precursors are O-
glycosylated and packaged for secretion **. The mucins can be membrane spanning, gel
forming or small soluble. Currently 11 mucins have been detected on the ocular surface
-3 Most of the mucins including MUC 1, 2, 4, 13, 15, 16, 17, 19, 20 are produced by
the corneal and conjunctival epithelium, however MUC5AC is produced by the goblet
cells and MUCTY by the lacrimal gland. The membrane spanning mucins such as MUC 1,4
and 16 make up the glycocalyx which extends from the tips of the microplicae on the
outside of the corneal and conjunctival epithelial cells. The functions of the mucins are to
act as a wetting agent to spread the tears over the ocular surface and/or to be disadhesive
to prevent e.g. pathogens from adhering to the ocular surface.

The conjunctival stroma resides below the epithelium and consists of the adenoid

and the deep fibrous layer. The adenoid layer is the most superficial layer and it contains



capillaries, nerves and lymphatics. The deep fibrous layer is comprised of larger blood
vessels, nerves and dense collagen fibers that provide strength. In the palpebral
conjunctiva the deep fibrous layer is replaced by the tarsal plate. In the human, the tarsal
plate of the superior lid houses the accessory palpebral lacrimal gland.

Nerves of both sensory and autonomic origin innervate the conjunctival
epithelium and stroma. The sensory innervation derives from the trigeminal nerve (CN
V), with the ophthalmic division innervating the superior- and the maxillary division the
inferior conjunctiva. Over 60 % of the conjunctival blood vessels receive dual autonomic
innervation, sympathetic fibers from (superior cervical ganglion) and parasympathetic
from (pterygopalatine ganglion CN VII) *”. In addition, parasympathetic innervation has
been reported to regulate goblet cell secretion *.

Dry eye or keratoconjunctivitis sicca is a disease that affects both the cornea and
the conjunctiva. ‘Dry eye is defined as a multifactorial disease of the tears and ocular
surface that results in symptoms of discomfort, visual disturbance and tear film instability
with potential damage to the ocular surface. It is accompanied by increased osmolarity of

3% Almost 5 million Americans, 50

the tear film and inflammation of the ocular surface
years or older - 3.23 million women and 1.68 million men — have dry eyes “**'. However,
the DEWS report suggested that tens of millions more have less severe symptoms, which
may become manifest only during stressful conditions for the ocular surface. These
conditions include, for instance, contact lens wear, airline travel, dry atmosphere working
conditions etc *.

Human specimens are not practical to use for ethical reasons. As a

consequence, studies into the pathology of the dry eye have required animal models, and



currently most studies have utilized rats or mice “**. The development of the mouse dry
eye model has proved useful in assessing several tear functions and properties ***7,

The palpebral conjunctival epithelium is another area along the ocular surface
where the literature surprisingly has limited histological information to offer, both in
humans and in mice ¢, Current literature have reported decreased amounts of MUC5AC
mRNA *° and a decreased number of goblet cells in the dry eye when these cells have
been stained and counted with PAS and Alcian Blue ***°*°. However, these findings have
never been confirmed ultrastructurally. The literature also contains sparse information
with regards to morphological alterations occurring due to a change in the tears and their
ability to provide for a wet and healthy ocular surface. What morphologically happens to
the conjunctival epithelium and to its goblet cells in the dry eye is not clearly understood.
Ultrastructural studies evaluating the normal and the dry eye conjunctiva therefore are
needed. By studying morphological changes of the palpebral conjunctival epithelium in a
well established dry eye model, my understanding of the dry eye can be enhanced.

The third aim of this dissertation was to investigate the hypothesis that there
will be a decrease in goblet cell size, density and epithelial dimensions in the
palpebral conjunctiva of the dry eyed mouse compared to the normal mouse of the
same strain. The purpose was to include a rigorous morphometric assessment and
description of the palpebral conjunctiva in both the normal and in the established dry eye
mouse model (chapter 5).

Since the young (6-8 weeks) adult mouse has become an increasingly popular
model in ophthalmic research there is an urgent need to enhance our understanding of the

mouse eye, and to validate its use in different experimental settings. One important role



of the cornea and the crystalline lens is to protect the retina from toxic solar and artificial
ultraviolet radiation (UVR), with solar radiation being the primary source of UVR for
humans and animals. The level of UVR irradiance at various positions in the eye depends
on the ocular media anterior to a particular point and the species investigated. In most
species that perceive visible light with wavelengths from 400 to 760 nm, such as humans
and rabbits, the cornea and the crystalline lens accomplish almost all of the absorption
and have spectral transmittance curves blocking the majority of UV-B and UV-A
wavelengths °*2. In contrast, both the aqueous and the vitreous are relatively transparent
to the entire solar UVR waveband > >3, Eyes from animals such as dogs, cats, horses,
cows, guinea pigs, hamsters, rats and mice transmit some UVR due to a decreased UVR
filter in the lens >*°°. Interestingly, rodents, including mice have photoreceptors sensitive
to the transmitted UVR and, as a consequence the mouse could potentially utilize the
transmitted UVR for enhanced vision °.

There are a number of studies that quantify the spectral transmittance of the
rabbit eye in particular >*>"*® but there are relatively few publications on the

transmittance of the mouse eye and its individual components >, It is

important to
precisely determine the contribution of each ocular component in the overall ocular UVR
filter for any chosen test species so that the effects of UVR exposure can be predicted and
related to the spectral sensitivity of the retina for the species in question. The
transmittance of the whole mouse eye and its individual components has not yet been

investigated. As a consequence, a study investigating the transmittance of the mouse eye

was needed.
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The fourth aim of this dissertation was to investigate the hypothesis that the
mouse eye will not be an applicable model for the human eye in regards to
ultraviolet radiation transmittance (chapter 6).

The mouse is today one of the most commonly used models in ophthalmic
research; however the similarities or differences between the mouse anterior segment and
the human is poorly understood. The four experiments included in this dissertation
represent the first attempts to validate the mouse as an animal model for studies of the
anterior segment or provide limitations to such investigation. The purpose of this research
was therefore, firstly to assess the normal structure of the mouse cornea and conjunctiva
to determine its human applicability. Secondly, my clinical need for improved ways to
diagnose the dry eye can benefit from an enhanced understanding of changes in the
conjunctival morphology from dryness. Thirdly, it is of interest to establish the part of the
UVR spectrum transmitted to the retina in the mouse eye.

My knowledge of the mouse corneal structure and its similarities and differences
to the human will be enhanced by this research. This knowledge is of interest and
importance when utilizing the mouse as an animal model for corneal research and when
applying the results to the human. The second aim of this research makes an attempt to
explain the central to peripheral thickness difference in the cornea by counting and
measuring thickness of lamellae in a transverse section. The conclusions from this study
provides an enhanced understanding of corneal stromal architecture, which is essential
for further understanding of structural changes occurring in stromal diseases such as
keratoconus or stromal changes occurring after surgery e.g. LKP, LASIK. Thirdly, the

ultrastructural investigation of the normal conjunctiva provides needed normative data in
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an area where the literature is lacking information both in the human and in the mouse.
What happens morphologically to the palpebral conjunctival epithelium is not clearly
understood and this research will enhance our understanding of ultrastructural changes
occurring in the dry eye, which is essential when diagnosing and treating this condition
clinically. Lastly, the UVR transmittance of the mouse eye and its individual components
has never been investigated. Thus, this research will increase our understanding of the
mouse in yet another experimental setting. This knowledge is of importance when
utilizing the mouse cornea and crystalline lens in transmittance studies and cataract

studies.
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Chapter 2 - Methods
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Methods

All experiments were conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research and all protocols have been approved
by the Institutional Animal Care and Use Committee of the University of Houston or by

the Baylor College of Medicine Center for Comparative Medicine.

2.1 Histological preparation of tissue (Chapter 3, 4 and 5)

Adult mice, 6-8 weeks of age were euthanized and a few drops of 2%
glutaraldehyde in 80mM sodium cacodylate buffer, 330mOsm/kg fixative ®* was
immediately applied to the cornea and the eye lids. The eyes with surrounding eye lids
were removed and immersed in fixative for 4-6 hours to ensure proper cross linking and
preservation of the tissue.

The tissue processing protocol that was utilized in the present study has shown
that a fixative maintaining near physiological osmolality values, produced minimal tissue
shrinkage with a resultant undistorted, natural contour of the tissue preserved *.

The fixed corneas or eye lids were dissected into small pieces (1 x 1.5 mm)
and washed three times in sodium cacodylate buffer pH 7.4 at room temperature and left
10 minutes in each wash. Subsequently, the samples were immersed in a freshly prepared
1 % solution of osmium tetroxide in 100mM sodium cacodylate buffer for 1 hour under
subdued light. The samples were once again washed several times in sodium cacodylate
buffer and left 10 minutes in each wash. A Leica EM TP tissue processor was used for
the following steps: dehydration, transition, infiltration and embedding. First the tissue
samples were dehydrated through a graded alcohol series (30% - 100% in 6 steps) at

room temperature. Next the tissue samples were infiltrated with propylene oxide.
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Embedding with agitation was achieved through an initial mixture of propylene oxide and
Avraldite resin 2:1 for 3 hours followed by overnight immersion in a 1:1 mixture of
propylene oxide and Araldite resin. Thereafter, the tissue samples were immersed in
propylene oxide and Araldite resin 1:3 for 4-8 hours before lastly being transferred to 100
% Araldite resin overnight. The tissue samples were then oriented in embedding molds
and left 12 hours for polymerization in an oven at 60° C.

An ultramicrotome (Research Manufacturing Co. Inc MT-7000) was used to
cut thick (0.5 — 1 pum) and ultrathin (60-100 nm) transverse sections. The thick sections
were stained with 1 % toluidine blue for examination with an Olympus BX51 light
microscope. For morphological analysis ultrathin sections were mounted on parallel bar
copper grids (200MP, Cat # G200P, Electron Microscopy Sciences) or oval slot (2x1
mm) formvar carbon coated copper grids (FCF2010-Cu, Electron Microscopy Sciences).
These sections were double stained, first, in 3.5 % uranyl acetate for 20 minutes at 60° C,
followed by Reynold’s lead citrate for 10 minutes at room temperature. The grids were
examined in a Tecnai G2 Bio Twin Spirit (FEI Company, USA) transmission electron

microscope (TEM) and images captured digitally.
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2.2 Methodology Chapter 3

After fixation, before tissue processing (section 2.1), measurements of the corneal
diameter were obtained under a dissecting microscope (Olympus SZ60) for increased
magnification on one eye per animal, utilizing a pair of digital calipers. The corneal
diameter was measured from limbus to limbus in triplicate using the easily visualized (at
25X magnification) corneo-scleral junction to define the limit of the cornea.

The corneal diameter measurements were obtained on fixed eyes for
consistency with the corneal thickness measurements. The average corneal radius
(diameter/2) was used to identify the location where the central corneal measurements
were made. After tissue processing (Section 2.1) digital images were captured at 40X and
200X of two thick toluidine stained corneal sections, cut from two levels of the same
block separated by approximately 200 um. Peripheral measurements were taken at the
extremity of the cornea, defined histologically as immediately central (anterior) to limbal
capillaries and central to the anterior edge of the trabecular meshes (Figure 2.1). Central
corneal measurements were taken at a distance, half the corneal diameter from the
peripheral measurements where the cornea has its natural contour, took up stain in a
uniform manner and was free of artifacts. All measurements were made in triplicate with
NIH Image Software, at the same location centrally and peripherally.

The layers of epithelial cells forming the epithelium were counted from
electron- micrographs taken from both the central and peripheral regions. Cells were
counted in a straight line from the basement membrane to the corneal surface and did not

have to display a nucleus in the plane of the section.
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Analysis

An unpaired student’s t-test was used to compare the two corneal sections cut
from two levels of the same block, separated by approximately 200 pm to ensure no
difference throughout the tissue sample. An unpaired student’s t-test was also used to
compare the average central with the average peripheral corneal measurements for three
mice from three different strains (129/SVJ, C57BL/6 and BALB/c). The statistical

significance was set to (P < 0.05).
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2.3 Methodology Chapter 4

Following tissue processing (Section 2.1), the grids were examined in a Tecnai
G2 Bio Twin Spirit (FEI Company, USA) TEM and consecutive slightly overlapping
micrographs were captured digitally at 890X magnification across the total thickness of
the cornea centrally and peripherally. Micrographs were assembled into montages using
image assembly software, PanaVue ImageAssebler 3 (Sharelt Inc, USA) and printed
(Roland FJ-52) at a final magnification of 5000X.

All measurements were carried out by one investigator (JTH) following strict,
preset criteria. According to these criteria the distinction between adjacent lamellae was
based on an obvious difference in contrast between collagen bundles generated by
different fiber orientations *. If obvious branching was noticed within the micrograph
care was taken not to double-count such lamellae. Presence of a keratocyte or its
cytoplasmic projection as an indication of a lamellar border and lamellae thinner than 0.2
pm were not included in the count.

For analysis, the corneal stroma was divided into anterior, middle and posterior
thirds, to investigate differences in the number of lamellae per unit length between the
regions. After the lamellae were counted their individual width was measured using a
millimeter ruler. According to the magnification used, one millimeter was equal to 0.2
pm.

Keratocytes were counted in the antero-posterior plane on digital images of
one representative, thick toluidine blue stained, LM section, from each cornea, at 200X
magnification. In addition, lamellar width and numbers were measured on TEM sections

at a magnification of 890X. Peripheral counts were made at the extremity of the cornea,
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defined histologically as immediately central to the limbal capillaries and to the anterior
edge of the trabecular meshwork (Figure 2.1). The morphometry was conducted in
triplicate, at the same location, within a defined anterior-posterior, 10 um wide axial
band, at the corneal apex and periphery. Central corneal counts were carried out 1300 pum
from the peripheral extreme of the cornea and were based on the corneal diameter for the
C57BL/6 mouse established and published previously °2. Keratocyte and lamellae counts,
individual lamellar thicknesses and epithelial thickness were measured by a single
observer (JTH) using specified criteria to minimize inter-observer differences. A single
observer was used, based on a previous study, which showed that the coefficient of
variation between trained observers was 1% when determining the number of lamellae
present in the human stroma *.

Keratocytes were counted if they did not possess a basement membrane, a
lobulated nucleus or dense staining granules. If more than one keratocyte appeared at the
same level within the defined 10 um band, only one was counted. To be included in the
count the keratocytes also had to measure 4 um horizontally and 0.2 um vertically.

Furthermore, full stromal thicknesses were also measured.

Analysis
A matched pair t-test was used to compare the average central with the average
peripheral corneal counts and measurements. The statistical significance was set to (P <

0.05).
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2.4 Methodology Chapter 5

6-8 week old C57BL/6 mice of both genders were utilized for this experiment.
Untreated (UT) C57BL/6 mice (control) were used for morphometric assessment and
description of the normal palpebral conjunctiva. The data obtained from the UT mice
were compared to data obtained from the palpebral conjunctiva of 16 mice, 8 per group
who were exposed to experimental ocular surface desiccating stress (DS) for 5 or 10 days
(DS5 and DS10). DS was created by injection of scopolamine hydrobromide
(0.5mg/0.2ml) QID, alternating between the left and right flanks . Mice (up to 5 per
cage) were exposed to a constant air draft for 16hr/day from a fan placed 6” away from a
side of their cage. Room humidity was maintained at 35-40% and temperature at 80°F.
Aqueous tear production/volume was assessed using cotton thread (Quick Zone Thread;
Oasis)®. Following euthanization, eyes with surrounding eyelids were dissected, the right
eyes processed for histology (Section 2.1) and the left eyes for histovhemistry and

immunohistochemistry (Please see below).

Histochemistry

The eyes with surrounding eyelids were fixed in 10% buffered formalin over
night and embedded in paraffin. 5 um thick serial sections from each sample were cut
with a microtome (Microm HM 340E). The sections were deparaffinized and stained with
0.5% periodic acid-schiff (PAS) stain, Alcian blue (pH 2.5) or with MUC5AC antibody
(SC-20118 Santa Cruz) for identification of goblet cells. Digital images of four sections,
(eight eye lids), from 3 animals per group were captured (DXM, 1200; Nikon) and

evaluated (NIS Elements, Nikon). The number of positively stained goblet cells was
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counted and the length of the basement membrane between the first and last goblet cell
measured. In addition the MUCS5AC positive area was also measured. The data are

presented as the average number of goblet cells and total goblet cells/mm per eye lid.

MUCS5AC Immunohistochemical staining

After deparaffinization, heat induced antigen retrieval was performed for 20
minutes in sodium citrate buffer (1L0mM sodium citrate, 0.05% Tween 20, pH 6.0).
Subsequently, the sections were treated with 0.3% H,0, in PBS to quench the
endogenous peroxidase activity and then incubated with an avidin-biotin block (Vector
Laboratories) for 10 minutes each. After blocking with 20% normal goat serum in PBS
for 30 minutes, the rabbit polyclonal primary antibody, SC-20118 Santa Cruz (1:200)
diluted in 5% goat serum was applied and incubated for 60 minutes at room temperature.
Next, the secondary antibody (rabbit polyclonal BD Pharmingen CN 550338, 1:50) in 5%
goat serum was applied for 30 minutes also at room temperature. The tissue was then
incubated in an ABC solution (Vectastain Elite ABC Kit, Vector Laboratories) which is
an immunoperoxidase procedure where the antibody is visualized through a peroxidase-
catalyzed reaction, and stained with a diaminobenzidine (DAB) solution (NovaRed
substate kit, Vector, CN-4800, red stain) for 2 minutes. The reaction was terminated in
distilled water, the sections counterstained with Mayer’s Hematoxylin, rinsed in tap
water, dehydrated, cleared and mounted with 1-2 drops of Permount (SP15-100, Fisher
Chemicals). Normal rabbit serum concentration (1:200) was substituted for the primary

antibody as an irrelevant control.
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Light (LM) and Transmission Electron Microscopy (TEM)

Subsequent tissue processing (Section 2.1), the thickness of the conjunctival
palpebral epithelium was measured in triplicate using NIH Image Software and the
number of cell layers counted in the marginal, central and peripheral palpebral
conjunctiva (Figure 2.2). Slightly overlapping digital images were captured with the LM
at 100X, montages assembled using PanaVue ImageAssembler 3 (Sharelt Inc, USA) and
printed (Roland FJ-52). On the printed montages the number of goblet cells was counted
based on histological criteria. Cells meeting one or more of the following criteria, a
triangular shaped nucleus, cytoplasm packed with secretory granules or a bloated or
ballooning cell body, were classified and counted as goblet cells. Their location within

the epithelium (basal or superficial) was also determined.

Morphometry

Stereology is a widely used biological technique utilized to obtain three
dimensional data from sampling in two dimensions (e.g from tissue sections) ®.
Statistical analysis was used to determine that 10 goblet cells from each sample were
sufficient for accurate morphometric analysis; a random number generator and systematic
random uniform sampling (SURS) were used for unbiased selection of 10 goblet cells
from each sample to include in the data analysis.

To determine surface density (Sv) of the goblet cell and volume fraction (Vv)

of granules per goblet cell °°° the point counting method was used, by randomly placing
a cycloid grid oriented perpendicular over the goblet cell of interest, Surface density (Sv)

was calculated by the formula, Sv = (2*XI)/ (I/p *£P) where I = the number cycloid
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intersects with the goblet cell plasma membrane or granule plasma membrane, P = points
falling on the entire goblet cell or on granules and I/p equals a constant corrected for
linear magnification ®* ®’. The volume fraction (Vv) was calculated by counting all dots
falling on granules and dividing by all dots falling on the goblet cell. To investigate the
volume fraction (Vv) of goblet cells per palpebral conjunctival epithelium a point
counting grid was used. (Vv) was computed by counting all dots falling on goblet cells
and dividing by the total number of dots falling on the palpebral conjunctival epithelium.

The average area per goblet cell in each of the three conditions was also measured.

Statistical Analysis

One way analysis of variance (ANOVA) with Dunnett post hoc testing was
performed to compare morphometry, palpebral conjunctival epithelial thickness
measurements and counts between the three conditions (UT, DS5 and DS10). Statistical
significance was set to (P < 0.05). Data is presented as mean + SD. Prism 4.0 software

(GraphPad Software Inc., San Diego CA) was utilized for the statistical analysis.
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2.5 Methodology Chapter 6

Adult C57BL/6 mice were euthanized and the intact eyes were carefully
enucleated. To determine the spectral transmittance of the whole mouse eye a small disc
of sclera was removed from the posterior pole to provide an anterior to posterior ocular
optical path. The cornea with a scleral rim and the crystalline lens were subsequently
removed by dissection and measured independently. Before corneal transmittance
measurements were obtained, the effects of post mortem optical deterioration of the
tissue was investigated to determine the time frame that corneal clarity may be
maintained. Earlier work has shown that the rabbit cornea will produce increased light
scatter with time and there is a 20 minute period immediately post mortem during which
the cornea remained clear **. This immediate post mortem period is essential for an in
vivo approximation of spectral transmittance. Corneal clarity can be prolonged with
careful handling during dissection and mounting and by irrigating with Alcon BSS
(Alcon, Fort Worth Texas). The crystalline lens is an isolated organ completely
enclosed and protected by its own basement membrane and more resistant than the
cornea to changes in its environment. Therefore, the transparency of this tissue is
maintained for a long period of time after removal from the whole eye allowing
measurements to be obtained without concerns for a change in light scatter produced by
its components.

To test the period of post-excision corneal clarity in mice a series of spectra
were recorded over a 90 minute period. One additional mouse cornea from the same
species (C57BL/6) was utilized and spectra obtained as soon as possible post mortem.

Spectra were initially recorded as rapidly as possible and periodically thereafter over a
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period of 90 minutes. During the experiment the excised tissue was kept artificially
hydrated by Alcon BSS to prevent dehydration and distortion of the tissue. For the
remainder of the data, the whole eye and component media were tested immediately post
mortem to minimize any optical deterioration. To ensure repeatability, transmittance
spectra were rapidly recorded at five test points near the center of each whole mouse eye,
cornea and crystalline lens. To minimize the decay in optical clarity post mortem, the
enucleated whole mouse eye, dissected cornea and dissected crystalline lens were
sampled within 10, 15 and 20 minutes respectively. In addition, left and right eyes were
measured to give intra-mouse consistency and inter-mouse variations by sampling four
mice in total, giving a total final value of n = 8 for each ocular component tested.
Spectral transmittance of the samples was measured using a non-cuvette based
fiber USB4000 optic spectrometer system (Ocean Optics, Dunedin FA), with a spectral
range of 200-800 nm. Samples were illuminated by an Ocean Optics DT-Mini-2-GS
deuterium-halogen light source, with a 200-2000 nm output spectral range. All media
were illuminated from the front with a collimated beam from a 400 pm diameter fiber
optic fitted with 10 mm focal length collimating lens that were coupled to the light
source. The bare front end of the 200 um diameter detecting fiber was placed
immediately behind the test medium, with the other end coupled to the 5 pm input slit of
the spectrometer that provided a spectral resolution of less than 3 nm >%. The overall set-
up is shown schematically and pictorially in (Figure 2.3) and the basic principles of the

system have previously been calibrated, tested and proven on contact lenses of known

68-69 5170

transmittance and on rabbit eyes as well as on its various media components
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After the spectrometer dark current and the reference spectra were established
transmittance spectra were computed and recorded in a few milliseconds. The rapid data
collection from the spectrometer CCD detector and the small aperture on the illuminating
and detecting fiber optics allow for transmittance of small tissue samples such as the
whole mouse eye, its cornea and crystalline lens to be recorded. The reference spectrum
is simply the spectrometer observing the lamp through the empty sample holder, which is
effectively the 100% transmittance baseline. The tissue transmittance is observed when a
specific sample is carefully placed normal to the light beam.

Intra-mouse, left versus right eye, as well as inter-mouse transmittance curves
were recorded to test homogeneity and variation throughout our sample eyes. Placement
variations will be greatly reduced by normalizing all spectra in the visible at 600 nm
where the test media have high transmittance and no absorption feature of note >* .

In addition, the spectral transmittance of a drop of Alcon BSS was determined
to ensure that it does not absorb any UVR in the region of interest. After testing whole
eyes, the individual corneas and crystalline lenses were carefully excised and placed in

the test beam for measurements, with less placement error than the whole eyes due to

their relative optical simplicity.

Analysis
The whole eye, the cornea and crystalline lens spectra were normalized based on
the mean of the five spectra taken on each of the eight test eyes. The relative thickness of

each test medium was incorporated and the amount of surface or Fresnel reflection was
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accounted for in the analysis. Transmittance data were saved using Ocean Optics

software and analyzed using Matlab (MathWorks).
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2.6 Figures

Limbal loop

Figure 2.1 Peripheral cornea

Peripheral measurements were taken immediately central (anterior) to limbal

loops and central to the anterior edge of the trabecular meshes (Magnification 100X).
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Figure 2.2 Normal palpebral conjunctiva
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Normal palpebral conjunctiva illustrating its three regions. M=Marginal,
C=Central and P=Peripheral. Close to the lid margin (arrow) is the stratified multi-
layered epithelium thickest and devoid of goblet cells. The region where goblet cells are

present is indicated between the two white arrow heads. (Magnification 100X).
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Illuminating fiber optic

Illuminating fiber optic |

Mouse Eye *

Detecting fiber optic

|

Spectrometer =55

A. B.

Figure 2.3 Spectrometer set up

Photograph of instrumentation set up (A) explained by schematic diagram (B).
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3.1 Abstract

Purpose: To use a histological approach to provide dimensional and

morphological information on the cornea in three commonly used strains of mice.

Methods: Adult mice (three each of 129/SVJ, C57BL/6, BALB/c) were
euthanized the eyes enucleated, immersed in 2% glutaraldehyde fixative and prepared for
light- and transmission electron microscopy. The full corneal, epithelial, stromal and
posterior limiting lamina (PLL) with endothelium thicknesses were measured at the same

location centrally and peripherally.

Results: All three strains showed a statistically significant (P < 0.001) decrease in
overall thickness in peripheral compared to central cornea. This was due to a decreased
thickness of both epithelium and stroma. The stroma and epithelium contributed to
approximately 2/3 and 1/3 of the total corneal thickness respectively. The epithelium had
the classic stratified layout, and consisted of 13.00 + 1.41 layers centrally versus 10.33 +
1.37 peripherally. Some adaptation of stromal tissue immediately adjacent to the
epithelial basement membrane was found, but a clearly defined anterior limiting lamina
did not exist. The stroma was organized into lamellae but lacked the anterior branching
and interweaving reported in humans and had unmyelinated nerve fibers within microns
from the endothelium. The PLL was 2.17 + 0.3 um thick and was divided into pre- and

post-natal layers, with striated bodies in the post-natal portion.
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Conclusions: This study demonstrated that in the three strains of mice examined,
the cornea becomes significantly thinner towards the periphery. Dimensionally,
proportionally and anatomically the three strains used appear to be similar. However
morphological differences were observed compared to other mammals and awareness of
these differences is important when using the mouse as an animal model applicable to the

human.
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3.2 Introduction

For many years the rabbit was generally the preferred animal model for
ophthalmic research but recently the mouse has become widely utilized in corneal
research and studies involving other ocular regions such as the retina or the crystalline
lens ®**. The main reason for the increased utilization of the mouse is that its genome has
been sequenced and there are many different transgenic and knockout strains available
for different types of research. Additional advantages with the mouse include that it is
easy to breed, it grows rapidly and it is cost effective *°*2.

An obvious disadvantage with the mouse as a model is that its corneal
diameter is much smaller than that of the human cornea. However, the mouse cornea
contains five corneal layers (epithelium, anterior limiting lamina, stroma, posterior
limiting lamina and endothelium) as described by Smith et al. °, although the presence of
an anterior limiting lamina has been disputed '**”. The literature also contains conflicting
data on the dimensions of the mouse cornea. For instance, there are large discrepancies
between different reports on the overall central corneal thickness and central stromal
thickness which may be related to variations in the measuring techniques and strains of
mice used. Zhang et al. reported a central corneal thickness of 170 um in the BALB/c
mouse utilizing a confocal microscope (Hund/Wetzlar). Zhang et al. also reported a
central epithelial thickness of 51 um and a central stromal thickness of 119 um. These
measurements were obtained from cryostat sections photographed with an Olympus
Photomicroscope OM-2 (Olympus/Japan)*2. In contrast Schulz et al. based their thickness
assessment on optical low coherence reflectometry and reported the central corneal

thickness to be 106 + 3.45 um in the same strain of mice, the BALB/c . Jester et al. used
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yet another technique, in vivo confocal microscopy by a Tandem Scanning Confocal
Microscope (Tandem Scanning Corporation, Reston, VA) to determine corneal thickness
and reported a central corneal thickness of 112.9 + 7.0 um in wild type littermates of
PEPCK- TGFp1 transgenic mice *°. Song et al. also utilized the same in vivo confocal
microscope to measure the central epithelial and stromal thickness in the wild type CD1
mouse and reported values of 49.3 + 5.7 pm and 81.5 + 10.7 um respectively *°.

In addition to these discrepancies available literature only provides central
corneal measurements and no information is available about the mouse peripheral cornea.
An understanding of the normal corneal structure together with normative data is
desirable for future comparisons when using the mouse as a model for anterior segment
research.

The purpose of this study was to use a histological approach to provide needed
normative morphometric data on the dimensions of the overall cornea and its
components, both centrally and peripherally, while also assessing the mouse corneal
morphology in three commonly used strains of mice, the BALB/c, C57BL/6 and

129/SVJ.
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3.3 Materials and Methods

All experiments were conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. Nine adult mice, 6-8 weeks of age,
(three 129/SVJ, three C57BL/6 and three BALB/c) were euthanized and a few drops of
2% glutaraldehyde in 80mM sodium cacodylate buffer, 330mOsm/kg fixative ** were
immediately applied to the cornea after resection of the eye lids. The whole eyes were
carefully enucleated and immersed in fixative for 4-6 hours to ensure proper cross linking
and preservation of the tissue.

After fixation corneal diameter measurements were obtained on one eye per

animal under a dissecting microscope (Olympus SZ60) for increased magnification. A
pair of digital calipers with sensitivity down to 0.1 mm was used to obtain measurements
from all eyes. The corneal diameter was measured from limbus to limbus using the easily
visualized (at 25X magnification) corneo-scleral junction to define the limit of the
cornea. The corneal limbus to sclera transitional zone is very narrow at approximately 0.1
mm and was for this reason not considered separately. The mouse cornea was found to be
circular, not oval like the human cornea, and, therefore, the measurements do not differ in
the horizontal and vertical meridians. All three measurements on the same cornea were
obtained along the same meridian and the corneal diameter measurements were
performed on fixed eyes for consistency with the other measurements. The tissue
processing protocol utilized in the present study has shown that a fixative maintaining
near physiological osmolality values produced minimal tissue shrinkage with a resultant

undistorted, natural contour of the tissue preserved ®*. The average corneal radius
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(diameter/2) was used to identify the location where the central corneal measurements
were made.

The fixed corneas were bisected and small pieces (1x 1.5 mm) were cut from
the central region. The corneal pieces were washed three times in sodium cacodylate
buffer pH 7.4 at room temperature and left 10 minutes in each wash. Subsequently the
samples were immersed in a freshly prepared 1 % solution of osmium tetroxide in
100mM sodium cacodylate buffer for 1 hour under subdued light. The samples were once
again washed several times in sodium cacodylate buffer and left 10 minutes in each wash.
A Leica EM TP tissue processor was used for the following steps: dehydration, transition,
infiltration and embedding. First the tissue samples were dehydrated through a graded
alcohol series (30% - 100% in 6 steps) at room temperature. Next the tissue samples were
infiltrated with propylene oxide. Embedding with agitation was achieved through an
initial mixture of propylene oxide and Araldite resin 2:1 for 3 hours followed by
overnight immersion in a 1:1 mixture of propylene oxide and Araldite resin. Thereafter
the tissue samples were immersed in propylene oxide and Araldite resin 1:3 for 4-8 hours
before lastly being transferred to 100 % Araldite resin overnight. The tissue samples were
then oriented in embedding molds and left 12 hours for polymerization in an oven at 60°
C.

An ultramicrotome (Research Manufacturing Co. Inc MT-7000) was used to
cut thick transverse sections (0.5 — 1 um). These sections were stained with 1 % toluidine
blue for examination with an Olympus BX51 light microscope. For morphological
analysis ultrathin sections were obtained and mounted on parallel bar copper grids

(200MP, Cat # G200P, Electron Microscopy Sciences). The sections were double stained,
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first, in 3.5 % uranyl acetate for 20 minutes at 60° C, followed by Reynold’s lead citrate
for 10 minutes at room temperature. The grids were examined in a Tecnai G2 Bio Twin
Spirit (FEI Company, USA) transmission electron microscope and images captured
digitally.

Digital images were captured at 40X and 200X of two thick toluidine stained
corneal sections, cut from two levels of the same block separated by approximately 200
pm. Peripheral measurements were taken at the extremity of the cornea, defined
histologically as immediately central (anterior) to limbal capillaries and central to the
anterior edge of the trabecular meshes (Figure 3.1).

Measurements for central cornea were taken at a distance, half the corneal
diameter + 14 % from the peripheral measurements where the cornea had its natural
contour, taken up stain in a uniform manner and was free of artifacts. All measurements
were made with NIH Image Software and done in triplicate, at the same location centrally
and peripherally.

The layers of epithelial cells forming the epithelium were counted from
electron- micrographs taken from both the central and peripheral regions. Cells were
counted in a straight line from the basement membrane to the corneal surface and did not
have to display a nucleus in the plane of the section.

An unpaired student’s t-test was used to compare the two corneal sections cut
from two levels of the same block but separated by approximately 200 pum to ensure no
difference throughout the tissue sample. An unpaired student’s t-test was also used to
compare the average central with the average peripheral corneal measurements for three

mice within the same strain. The statistical significance was set to (P < 0.05).
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3.4 Results

The averages of three measurements per mouse for the three strains (129/SVJ,
BALB/c and C57BL/6) tested in this study are presented in (Table 3.1). The corneal
diameter for the 129/SVJ mice measured 2.3 mm and was slightly smaller than the
diameter for the BALB/c and the C57BL/6 mice that both measured 2.6 mm. All three
strains of mice showed a statistically significant difference (P < 0.001) between the total
central corneal thickness compared to the periphery, with the periphery being thinner
compared to the center (Table 3.1, Figure 3.2 and 3.3).

All three strains of mice showed a similar dimensional relationship between
the stroma and the epithelium with the center being thicker than the periphery (Table 3.1,
Figure 3.4). In none of the strains did the endothelium with PLL measurement vary
between the central and peripheral cornea. The stroma contributed to approximately 2/3
of the total corneal thickness with the epithelium accounting for approximately 1/3.

Morphologically the epithelium had the classic stratified layout. Centrally it
consisted of 13 layers (Figure 3.5) while peripherally the epithelium was reduced by
approximately 3 layers (Figure 3.6). The increased number of layers compared to the
primate was attributable to the addition of multiple layers of squamous cells. The
epithelial cells were tightly packed and adhered to its neighbors through numerous
desmosomes and to its basement membrane through hemidesmosomes.

There was scant evidence of an ALL. However, collagen fibers oriented and
appearing like Type VII were in place at the epithelial basement membrane and at
intervals there were individual or a few collagen fibrils that departed from the

characteristics of the stromal lamellar organization (Figure 3.7).
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The substantia propria or the stroma was essentially organized into lamellae,
which anteriorly did not show the extensive and complex interweaving seen in the human
cornea. No electron dense formations suggesting mid-corneal lamellar terminations were
recorded (Figure 3.8). Posteriorly lamellae followed the human like layered arrangement.
Scattered across the cornea were keratocytes in a density that approximates that of the
primate. Gap junctions between adjacent keratocyte processes were noted (Figure 3.9).

Measurements and morphological analysis of the PLL and endothelium
individually were made from electron micrographs. The animals examined were all
young adults and the PLL measured on average 2.17 £ 0.3 um in crossection. The mouse
PLL did not possess the distinct banded and non-banded division seen in the primate
cornea but had a thin anterior layer facing the stroma that appeared to correlate to the
banded fetal portion. It had a texture that was different with a tendency towards banding
compared to the underlying and presumably post-natal basement membrane. Scattered
within the posterior portion of the basement membrane were numerous bodies with
collagen like cross striations. The endothelium, measuring on average 2.15 = 0.4 um in
thickness, provided full corneal coverage all the way to the trabeculum and had a smooth
anterior and posterior outline. The lateral sides showed intimate interdigitation with its
neighbors and a lateral flap extending from one cell to bridge the narrow gap between
two cells. This junction between two cells contained a zonula occludens (Figure 3.10).

An interesting departure from the primate pattern was the distribution of
corneal nerves. Stromal nerve fibers were observed throughout the full corneal thickness.
Unmyelinated nerve fiber bundles were regularly seen within a few microns of the PLL

and the endothelium, where they often exhibited axon varicosities (Figure 3.11).
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3.5 Discussion

The present study qualitatively and morphometrically assessed the corneal
anatomy of three strains of mice. With minor variations all strains of mice showed the
same general structural arrangement and dimensions, while also possessing features
distinct to this species.

Little information is available concerning the dimensions of the BALB/c and
the 129/SVJ and C57BL/6 mouse cornea. As noted in the introduction the existing data
show a large discrepancy between central corneal thickness measurements (106.00 £ 3.45
um versus 170 pm) *2*. This difference is likely to be due to the different methodologies
used to obtain the measurements. The protocol followed in the present study eliminated
shrinkage and tissue distortion, which, together with the presence of histologically well
defined reference points, allowed the observer to conduct accurate intra-corneal
measurements ®*.

Schultz et al. used optical low coherence reflectometry, which is a type of
noncontact pachymeter to obtain the measurements *. To use this technique the
refractive index of the cornea has to be accurately known. The refractive index used in
Schultz’s study was based on a rat schematic eye reported by Massof et al., which might
be similar but not exactly corresponding to the refractive index of the mouse cornea .
Another drawback with using optical low coherence reflectometry is that accurate
calibration of this type of instrument is known to be difficult ".

Zhang et al., on the other hand, used a *“Hund/Wetzlar’ confocal microscope on
one animal to arrive at a 170 pm central corneal thickness value for the mouse *2. In

addition to a small sample (n=1), this confocal instrument, of nondescript technical
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specification, may not have had the precision to make such an assessment. The corneal
diameter ranged from 2.3 to 2.6 mm in the three strains assessed in the present study.
Zhang et al. made a measurement on one BALB/c mouse eye and found a corneal
diameter of 3.5 mm, which is substantially larger than the measurements on our BALB/c
mice or the other strains used in this study *2. The reason for this discrepancy may be the
age of the animals, 6 to 8 weeks versus 6 months and likely also the methodology utilized
for this measurement. Higher magnification and resolution through the use of a high
quality dissection microscope, in conjunction with a precision caliper allowed our
measurement to be very precise. We also found a good agreement between the different

strains. Zhang et al., *2

also determined the stromal and the epithelial proportions towards
the total corneal thickness with cryosections, which have known disadvantages such as
poor morphological preservation and limited resolution ". Both Jester et al. and Song et
al. utilized in vivo confocal microscopy to obtain their measurements and the drawback
with this method is its poor reproducibility due to the difficulty in locating the
appropriate area for the assessment **°.

Another issue to consider relates to how the central cornea was defined in the
before mentioned studies. Schultz et al. defined the central cornea by the visual corneal
apex, ** whereas Zhang et al. did not state any criteria to locate the central cornea *2. In
the present study both the central and the peripheral measurements were taken from
clearly defined corneal zones. Therefore, we would like to argue that our measurements
are likely to be accurate for each of the three strains.

The data showed that there was a significant decrease (P < 0.001) in thickness

between the central and peripheral cornea in the 129/SVJ, C57BL/6 and the BALB/c
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mice. The cornea thinned between 55 to 66 % going from center to periphery depending
on mouse strain. The decreased thickness of the mouse cornea towards the periphery
appeared mainly to be due to tissue thinning of the stroma and the epithelium but some
compacting of the tissue may also occur towards the periphery.

It is also interesting to note the difference in shape between the human and the
mouse cornea. The average human cornea measures 535 £ 20 pum in the center compared
to 657 + 71 pm in the periphery 2. Thus the human cornea is thinner in the center than
periphery making it a negative meniscus lens. In contrast, the mouse cornea is thicker in
the center and thinner in the periphery and could, therefore, be described as having the
shape of a positive meniscus lens. For comparison, the rabbit cornea maintains a uniform
thickness across its width and is therefore, similar to a plano lens ™. The thinning of the
mouse cornea towards the periphery is a new discovery, and the structural cause to the
thinning has yet to be explained. One possible explanation for this thickness difference
may be that the peripheral cornea is formed by fewer stromal lamellae. Alternatively the
cornea may have the same number of lamellae centrally and peripherally but with the
peripheral lamellae being thinner. Further ultrastructural histological studies are needed
and under way in our laboratory to uncover the structural reason for this corneal thickness
variation which might also explain the non-uniform thickness of the human cornea.

It was also concluded in the current study that the epithelium contributes
approximately 30% percent and the stroma approximately 70% to the total central and
peripheral corneal thicknesses. In contrast, corneal epithelium represents approximately
only 10% and the stroma 90% of the total corneal thickness in humans . As an

experimental model it is important to be aware of the greater relative contribution of the

44



epithelium towards the overall corneal thickness in the mouse compared to the human.
Such differences are likely to have an impact when relating corneal wound healing
studies on the mouse to the human. For the mouse epithelium to heal and to return to full
thickness, may take longer compared to the primate, since the mouse epithelium is
formed by more layers of cells. Ultraviolet radiation experiments on the cornea are
another example where a species variation will make interspecies comparisons more
uncertain, since the epithelium and the stroma have different absorption characteristics >,

The stratified layout of the murine corneal epithelium is consistent with the
description of this epithelium in the mammalian cornea, such as rat, rabbit, cat and man ®
28768 Compared to the human the mouse epithelium consisted of approximately double
the number of layers of cells and the increased number of cells was due to a comparative
elevation in the number of squamous cells * ”°. The average of 13 cell layers in the
epithelium was a consistent finding in our specimens, as was the thinning of the
epithelium by approximately 3 layers in the peripheral cornea. Other epithelial features,
such as desmosomal junctions, hemidesmosomes and basement membrane were present
in numbers and a form similar to that described for the primate .

The presence or absence of an ALL in a cornea of a particular species is going
to vary according to how this layer is defined. If the criteria for the presence of an ALL
include a layer of primate-like thickness of 8 to 10 um, clearly the mouse does not
possess one. However, if some Type VII collagen fibers and one or a few Type | fibers
not strictly following the lamellar pattern of stroma proper is all that is required, then it

may be argued that the mouse has an ALL. However, we would propose that the ALL in

the primate is a distinct and separate layer sandwiched between the epithelium and the
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stroma. In the mouse there is no such layer but there is some adaptation of stromal tissue
immediately adjacent to the epithelial basement membrane. This is what other authors *
may have elected to call an ALL but to do so will only cause confusion because there is
no resemblance between the primate ALL and the same region in the mouse. In this
respect we are in agreement with Rehbinder, who also concluded that the mouse does not
possess an ALL 7,

The mouse corneal stroma was organized into lamellae crossing each other at
various angles while remaining parallel to the ocular surface, as is also the case in the
human cornea * 8. However, the anterior interweaving and branching lamellae reported in

humans *>

were not present in mice and electron dense formations recently described
in humans were also absent >. Therefore, significant differences between the anterior
stroma of the human and the mouse exist. In the mouse the anterior stromal layout
consisted essentially of lamellae parallel to the corneal surface and laid down on top of
each other at different angles. The architecture of the mouse anterior stroma was similar
to the human mid and posterior stroma.

Keratocytes were present primarily between the lamellae and had a morphology
similar to that reported in man and rabbit %**!. They seemed to be there in sufficient
numbers and possessed gap junctions to permit the intra-corneal network suggested by
Watsky 5.

1979 \which in the case of

The PLL consists of a fetal and a post-natal portion,
the human cornea divides the membrane into a distinctly banded and a more uniformly
textured portion. Our observations suggest that the mouse PLL had a similar but less

distinct organization into pre- and post-natal layers, perhaps because of the relatively
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shorter gestation period in mice. The presence of striated bodies in the PLL post-natal
portion was also noted by Smith et al. and pictured but not commented on by Rehbinder °
7 This feature may be peculiar to mice. Interestingly, similar features were observed in
the human PLL in a patient with Fuchs Endothelial Dystrophy but in this case the bodies
were located in the posterior collagenous layer, which is formed by the abnormal
basement membrane material pathologically produced by the endothelium in this disease
8 The function and exact composition of these collagen like bodies are not yet known.
The termination of the PLL at the trabeculum resembled the primate and the rabbit.

The structure of the mouse corneal endothelium closely resembled both the
human * ”® and the rabbit ®®*. However, the mouse endothelium at 2.1 pm in transverse
section is thinner than the rabbit (2.6 um) and human (5 pm) endothelia ® ®. The general
shape and outline, the extensive interdigitation of the lateral sides and the position of
junctions showed striking similarity between the two species and presumably also
provided the same functions.

The distribution of the mouse corneal nerve fibers was at variance with the
primate. In the primate cornea nerve fibers are not found deeper than 50 um from the
epithelium, especially in the central cornea where most stromal fibers will be within 25
um of the epithelium " 8. However, the mouse cornea contained unmyelinated nerves in
the deeper layers of the cornea within microns of the endothelium. Some of these fibers
harbored terminals and must, therefore, be carrying out their functions at this posterior
location. The mouse cornea, being a relatively thin one, may permit these terminals to

respond to stimuli from an anterior direction. Alternatively, the posterior corneal nerve
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fibers may have other functions than those associated with the primate corneal
innervation.

Dimensionally, proportionally and anatomically all three strains of mice used
for this experiment appear to be similar, and this may be true for other strains of mice as
well. However, significant dimensional differences exist between mice and other
mammals including human. Some noticeable variations were demonstrated
ultrastructurally. Overall the mouse is a useful model for corneal research; however
awareness of the morphological features peculiar to the mouse is important when using

the mouse as an animal model applicable to the human.
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3.6 Figures and Tables

Limbal loop

Figure 3.1 Peripheral cornea

Peripheral measurements were taken immediately central (anterior) to limbal

loops and central to the anterior edge of the trabecular meshes (magnification 100X).
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Periphery Center

Figure 3.2 Mouse cornea

Thick section stained with toluidine blue showing the thickness variation between

the central and peripheral mouse cornea in a C57BL/6 mouse (magnification 40X).
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Figure 3.3 Central and peripheral corneal thickness

Average full central and peripheral corneal thickness for the BALB/c, C57BL/6
and the 129/SVJ mice. Central and peripheral corneal thickness within each strain was
statistically compared using a student’s t-test. Asterisk = (P < 0.001). Error bars show

SD.
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Figure 3.4 Overall thickness of corneal layers
Central and peripheral overall, stromal, epithelial and endothelial with PLL
corneal thickness in the C57BL/6 mice. Central and peripheral corneal thickness of each
of the corneal layers individually were statistically compared using a student’s t-test.

Asterisk = (P < 0.001). Error bars show SD.
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Figure 3.5 Central epithelium

The stratified epithelium is formed by 13 layers of cells and most numerous are

the squamous cells. The cells are tightly packed with no obvious spaces between them.
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Figure 3.6 Peripheral cornea

The stratified epithelium is noticeably thinner than in the central cornea and
consists here of 10 layers. Subepithelially a limbal capillary (asterisk) is in view. The

stromal organization remains similar to the central cornea.
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Figure 3.7 Micrograph of epithelium and stroma

The internal aspect of the epithelium is outlined by hemidesmosomes (white
arrowhead) and a linear basement membrane (black arrow). Immediately internal to the
basement membrane the collagen fibers are organized as stromal lamellae. An

unmyelinated nervefiber bundle (asterisk) at preterminal level is present in the field of

view.
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Figure 3.8 Epithelium - stroma interface

Except for apparent collagen Type VIl anchoring fibers (black arrowhead) all
collagen fibers in this view are essentially parallel to the corneal surface. Inset: Higher
magnification to show collagen Type VII fibers (black arrowhead) inserting into the

basement membrane.
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I;.

Figure 3.9 Keratocytes
Processes from two separate keratocytes form a gap junction (arrow) in the mid-

stroma.
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Figure 3.10 Endothelium and posterior limiting lamina

Neighboring endothelial cells are linked by a zonula occludens (black arrow),
have essentially parallel apical and basal sides and are richly provided with organelles.
The posterior limiting lamina has a thin banded portion (black line) and a thicker non-
banded portion (white line). Collagen-like striated bodies (white arrowhead) are scattered
along the non-banded portion at all levels. Inset: High magnification of posterior limiting

lamina showing banded portion and striated bodies (white arrowhead) in greater detail.
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Figure 3.11 Stromal unmyelinated nervefiber bundle

Stromal unmyelinated nervefiber bundle within 10 um of the endothelium. The
nerve fiber (white arrows), here sectioned obliquely to longitudinally, runs parallel to the
endothelial layer (E) and is at a preterminal to terminal stage. Inset: Higher magnification
of this posterior stromal nerve fiber. One of its axons (white arrow) is forming a

varicosity and at this point it is devoid of its Schwann cell wrapping.
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129/SVJ C57BL/6 BALB/c
Corneal diameter (mm) 23%0.1 26x0.2 26%0.1
(n=4-5)
Full corneal thickness (um) C:122.7+48| C:137.0x14.0 C:1342+129
(n=3) P:68.0+6.8 P:90.6+1.9 P:745+5.38
Stromal thickness (um) C:80.6+6.7 C:90.9+14.8 C:819+8.1
(n=3) P:454+29 P:64.1+25 P:51.7+4.2
Epithelial thickness (um) C:37.1+£23 C:40.6+5.8 C:469+49
(n=3) P:179+6.6 P:224+25 P:18.9+4.2

Table 3.1 Corneal thickness

The mean and standard deviation of the measurements obtained from the 3 strains

of mice investigated in this study. C = measurements from central cornea and P =

measurements from peripheral cornea.
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4.1 Abstract

The mouse corneal stroma varies in thickness across its diameter. The purpose of
the present study was to explain this variation and to advance our understanding of
stromal lamellar architecture in the mammalian cornea.

Eight C57BL/6 mice were euthanized, eyes enucleated, immersed in 2%
glutaraldehyde fixative, processed and sectioned transversely for light (LM) and
transmission electron microscopy (TEM). Keratocyte numbers were counted light
microscopically and ultrastructurally, as those cells intersected along a narrow band,
passing at a normal to the corneal surface at its center or in its periphery. TEM
micrographs assembled into montages at 5000X magnification were used for keratocyte
counts and lamellar counts and thickness assessments.

On average, 11.6 + 0.2 keratocytes (LM) or 10.0 + 0.6 keratocytes (TEM)
were intersected and 49.8 + 2.4 (TEM) lamellae were present centrally, averaging 2.1 um
in thickness. Peripherally 8.0 = 0.6 keratocytes (LM) or 8.5 = 0.6 keratocytes (TEM)
were intersected, and 35.5 + 3.0 (TEM) lamellae, averaging 1.9 pum in thickness. The
central to peripheral decrease in number of keratocytes (LM), lamellae (TEM) and
lamellar thickness (TEM) was statistically significant (P < 0.005), but statistical
significance was not achieved with the ultrastructural keratocyte count.

This study demonstrated that the thickness difference between the thicker
central and thinner peripheral mouse cornea is explained primarily by the number of
lamellae present and that the peripheral lamellar drop out occurred in the anterior 2/3 of
stroma. The decreased lamellar count towards the periphery suggested that not all

lamellae cross the cornea limbus to limbus. An axial count of keratocytes with LM
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provided a relative assessment of lamellae present. These findings may be relevant to the

thickness variation of the human cornea.
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4.2 Introduction

The structure of the human corneal stroma has many functional implications. It

determines corneal refractive power %, the distribution of water in the presence of

85-93 94-95

stromal edema , the response of the cornea to refractive surgery and the evolution

of keratoconus, through a mechanism involving a loss of connective tissue adhesiveness
%-97 The latter underlies the current treatment of keratoconus by cross-linking therapy **
190 Consequently it is important to understand stromal architecture and in particular, the
organization of collagen across the full extent of the cornea.

The first accurate measurements of corneal thickness in the living human eye
were made in the 1800s when it was concluded that, across its width, the cornea was
thicker in its periphery than at its center *®. This was supported later by a major study
using optical pachometry *** and has since been confirmed by others, using various

d, %% optical coherence tomography, *. None of these reports

techniques - ultrasoun
offered a formal anatomical explanation for this thickness variation although it has been
suggested that it may be based on differences between the organization of the anterior
and posterior stromal collagen lamellae 1%,

Kokott *%, who studied the organization of collagen bundles in human cornea
and sclera by teasing their fibrils apart, concluded that the lamellae had an orthogonal
arrangement in the central cornea and extended without interruption from limbus to
limbus, with a circular arrangement at the limbus itself. This view has been adopted in
several textbook accounts of corneal structure 2*2°1% However, there is evidence that,
for a proportion of collagen bundles at least, this is not the case. Many anterior lamellae,

104-110

central to the limbus, insert into the anterior limiting lamina (ALL) or terminate
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focally, subjacent to the ALL, in electron-dense formations °. These insertions probably
make an important contribution to the asphericity of anterior corneal surface and hence to
the optical power of the cornea '°. They account too, for the greater antero-posterior
interweave in the anterior third of the stroma, which, together with differences in antero-

85-86

posterior stromal proteoglycan distribution (e.g. in bovine cornea - , IS thought to

limit the swellability of the anterior stroma considerably 5788 %3

). Their existence also
indicates that, at least in the anterior third of the stroma, collagen bundles are present
which are not interlimbal. In addition, narrow and wide angle X-ray diffraction studies
have indicated that the lamellae of the posterior two thirds of the stroma have a
predominantly orthogonal arrangement, registered on the vertical and horizontal meridian
111 Those of the anterior stroma are more obliquely aligned. Furthermore, this work,
supplemented by more recent microfocus X-ray techniques, has concluded that the
annular orientation of limbal and peripheral corneal lamellae, is due to the presence of
arcs of collagen bundles which traverse the sclera and enter the limbus tangentially 2,
In attempting to understand how the organization of collagen lamellae influences the
distribution of thickness across the mammalian cornea, we have chosen to study the
murine cornea, since it can be obtained in the fresh, unswollen state and has a more
simple structure than that of the human cornea. In contrast to the human, we have found,
in three different strains of mouse, that the thickness of the peripheral cornea is
significantly less than that of the central cornea, with up to a 60 % decrease from centre
to periphery ®2. This attenuation is due to a combined decrease in stromal and epithelial

thickness in the periphery. Although the mouse corneal thickness variation across its

meridional width is the reverse of that in the human cornea, it may serve as a model for
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how such a variation is accomplished in the mammalian eye. In the present study the
influence of stromal lamellar number on regional thickness variation was examined using
two techniques. The first, involved direct measurement of lamellar number and thickness
by TEM and the second, counting keratocyte numbers by light and electron microscopy,
across the antero-posterior width of the cornea, along a narrow band at a normal to the
surface. When observed in transverse sections by TEM, keratocytes are located
predominantly between lamellae * 731336283104 115116 ‘Tharefore the number of
keratocytes, intersected in a transverse section, could provide an indication of lamellar

number and the lamellar contribution to corneal thickness.
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4.3 Materials and Methods

All experiments were conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. Eight adult C57BL/6 mice, 6-8
weeks of age, were euthanized. A few drops of 2% glutaraldehyde in 80mM sodium
cacodylate buffer, 330mOsm/kg fixative ®* were immediately applied to the corneas after
resection of the eye lids. One intact eye was carefully enucleated from each mouse and
immersed in fixative for 4-6 hours to ensure adequate tissue preservation. The tissue
preparation protocol followed has been published previously %.

Thick, transverse sections (0.5 — 1 um) were cut from the central cornea with

an ultramicrotome (Research Manufacturing Co. Inc MT-7000) and stained with 1%
toluidine blue for assessment of orientation and data collection with an Olympus BX51
light microscope (LM). For morphological analysis ultrathin sections were obtained and
mounted on parallel bar, copper grids (200MP, Cat # G200P, Electron Microscopy
Sciences). The sections were double stained, first, in 3.5% uranyl acetate for 20 minutes
at 60° C, followed by Reynold’s lead citrate for 10 minutes at room temperature. The
grids were examined in a Tecnai G2 Bio Twin Spirit (FEI Company, USA) TEM and
consecutive slightly overlapping micrographs were captured digitally at 890X
magnification across the total thickness of the cornea centrally and peripherally.
Micrographs were assembled into montages using image assembly software, PanaVue
ImageAssembler 3 (Sharelt Inc, USA) and printed (Roland FJ-52) at a final magnification
of 5000X. All measurements were carried out by one investigator (JTH) following strict,
preset criteria. According to these criteria the distinction between adjacent lamellae was

based on an obvious difference in contrast between collagen bundles generated by
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different fiber orientations *. If obvious branching was noticed within the micrograph
care was taken not to double-count such lamellae. Presence of a keratocyte or its
cytoplasmic projection as an indication of a lamellar border and lamellae thinner than 0.2
pm were not included in the count.

For analysis, the corneal stroma was divided precisely, into anterior, middle
and posterior thirds, to investigate differences in the number of lamellae per unit length
between the regions. After the lamellae were counted their individual width was
measured using a millimeter ruler.

Keratocytes were counted in the antero-posterior plane on digital images of
one representative, thick toluidine blue stained, LM section, from each cornea, at X200
magnification. In addition, lamellar width and numbers were measured on TEM sections
at a magnification of X890. Peripheral counts were made at the extremity of the cornea,
defined histologically as immediately central to the limbal capillaries and to the anterior
edge of the trabecular meshwork. The morphometry was conducted in triplicate, at the
same location, within a defined anterior-posterior, 10 um wide axial band, at the corneal
apex and periphery. Central corneal counts were carried out 1300 um from the peripheral
extreme of the cornea and were based on the corneal diameter for this species established
and published previously ®. Keratocyte and lamellae counts, individual lamellar
thicknesses and epithelial thickness were measured by a single observer (JTH) using
specified criteria to minimize inter-observer differences. A single observer was used,
based on a previous study, which showed that the coefficient of variation between trained

observers was 1% when determining the number of lamellae present in the human stroma

4
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Keratocytes were counted if they did not possess a basement membrane, a
lobulated nucleus or dense staining granules. If more than one keratocyte appeared at the
same level within the defined 10 um band, only one was counted. To be included in the
count the keratocytes also had to measure 4 um horizontally and 0.2 um vertically.
Furthermore, full stromal thicknesses were also measured.

A paired t-test was used to compare the average central with the average
peripheral corneal counts and measurements. The statistical significance was set to (P <

0.05). Data are presented as mean £ SEM.
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4.4 Results

Under TEM, the stroma was found to be composed of collagen fibrils organized
into lamellae, most of which were well-demarcated and arranged as flattened sheets
running parallel to the surfaces of the cornea (Figure 4.1, 4.2). As in many other non-
primate, mammalian corneas, the ALL was absent. Also different from the human cornea,
the most anterior stromal lamellae were disposed in regular layers, without evident
interweaving (Figure 4.3). Keratocytes were present predominantly between lamellae.

Two assembled montages from each of the eight corneas, one from the center
and one from the periphery, were assessed for the overall corneal stromal thickness from
the basement membrane of the epithelium to the posterior limiting lamina (PLL), the
number of lamellae and individual lamellar and epithelial thickness was measured
(Figure 4.2). The stroma had an average thickness of 115.9 + 5.4 um centrally compared
to 72.9 £ 5.7 um peripherally. The epithelium measured 44.6 + 1.7 um in the central
cornea compared to 26.9 + 2.2 um in the periphery.

Utilizing LM for the axial, antero-posterior keratocyte count, the C57BL/6
mouse cornea had an average of 11.6 + 0.2 keratocytes centrally compared to 8.0 £ 0.4
keratocytes peripherally (Figure 4.1). In contrast, by TEM, an average of 10.0 + 0.6
keratocytes were found centrally compared to 8.5 + 0.6 peripherally. A significant
decrease in keratocyte numbers was found between central and peripheral cornea (P <
0.005) when keratocytes were counted under LM, but no significant difference (P > 0.1)
was found between the central and peripheral cornea when keratocytes were counted by

TEM (Table 4.1).
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The C57BL/6 mouse cornea had an average of 49.8 + 2.4 lamellae centrally
(range 39-63), compared to an average of 35.5 £ 3.0 (range 26-53) lamellae peripherally
(Figure 4.4A). The average individual lamellar thickness was measured as 2.10 £ 0.1 ym
centrally and 1.86 + 0.1 um peripherally (Figure 4.4B). A significant decrease in both the
average number and average thickness of the lamellae (P < 0.01) was found in the
peripheral compared to the central cornea.

When comparing the central versus the peripheral lamellar counts, of the three,
equal-sized stromal regions, the anterior and mid thirds of the central cornea had a greater
number of lamellae compared to the posterior 1/3. In contrast, the peripheral cornea had
an almost identical number of lamellae in the three regions (Table 4.1). The difference in
number of lamellae between the central and peripheral cornea was found to be
statistically significant for the anterior and mid regions (P < 0.05) but not for the

posterior region (P = 0.4) of the cornea.
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4.5 Discussion

The current study represents the first systematic attempt to provide anatomical
basis for the central to peripheral thickness variation in mammalian cornea, using the
mouse as a model. We employed a fixation protocol designed to maintain osmolality and
pH at approximately physiological levels to minimize shrinkage artifacts °*. The
measurement technique utilized provides the observer with well-defined reference points
for precise identification of intra-corneal interfaces. This is especially true with TEM,
which permits lamellae to be clearly distinguished on the basis of fiber direction.
Differentiation of lamellae is facilitated in the mouse by the lack of antero-posterior
interweave between adjacent lamellae, which complicates measurement in the human
cornea. The anterior lamellae in humans are often extremely thin and form a complex,
interwoven pattern, while those of the mouse are more like those of the mid-stroma of
human corneas.

There is some evidence that the lamellae in the mid and posterior regions of
the human corneal stroma are of similar antero-posterior width to those of the mouse
cornea. The average thickness of the central human cornea is 535 pm 2, which gives a
stromal thickness of around 480 um allowing 55 pm for the combined thickness of the
epithelium, PLL and the endothelium. It follows, that the central, human, corneal stroma
is 4 times thicker than that of the C57BL/6 mouse central corneal stroma. Recently, it
was established that the human central corneal stroma is formed, on average, by 242
lamellae * while the number calculated in the mouse, in the present study was 50. This

suggests that lamellar thickness is comparable between the two species and perhaps that
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the basic building block of the stroma is of the same vertical dimension regardless of
differences in corneal size.

One aim of the present study was to investigate whether counting keratocytes
along an anterior-posterior axial band, 10 um wide, using similar criteria for LM and
TEM, could indicate lamellar width and the contribution of lamellae to total corneal
thickness. This approach was based on the knowledge that keratocytes lie predominantly
between the stromal lamellae in the primate * 2% rabbit ' # mouse ®? and shark **°
cornea.

Using this approach it was found by LM, that 45% more keratocytes were
intersected in the mouse central cornea than in the periphery, whereas by TEM, the
number was only 18% greater (Table 4.1). The discrepancy between the two methods is
most likely due to the difference in section thickness using the two techniques. The LM
sections were approximately 10x thicker than the TEM sections and presumably
increased the likelihood of cutting across individual keratocytes located between lamellae
planes. Keratocyte counting by LM showed a smaller drop in lamellar count from center
to periphery than that shown by the direct counting of lamellae under TEM, probably
because of the scattered arrangement of the keratocytes within the inter-lamellar planes
116 59 that keratocytes are not always encountered at each interface. We conclude that
keratocyte counting under LM, which is a simple technique, may be of use as rough
guide to lamellar numbers in wider comparative studies, but that it is not a substitute for
direct lamellar counting under TEM.

A non-uniform antero-posterior distribution of stromal lamellae has been

demonstrated in human central cornea, where around 50% more lamellae are present in
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the anterior than in the posterior 100 pm of the stroma *. This emphasizes the value of
counting all the lamellae across the stromal thickness, rather than extrapolating lamellar
counts from regional samples. Using well-defined criteria, it is possible to achieve low
inter-observer variation in measuring lamellar number across the thickness of the human
cornea * and we used the same technique here, but with a single trained observer (JTH).

The central thickness of the corneal stroma reported in the present study is
comparable to that reported in other studies, using various methods, in mice of different
strains *°. While the value of 116 pm found here, is approximately 20 um thicker than
that found in our earlier study ®, this is likely to be due to the normal thickness variation
encountered in the strain studied. Age, is an unlikely explanation, since the mice were of
similar age in both studies ®%.

The mouse corneal stroma was found to be approximately 60% thicker
centrally than peripherally (116 pm versus 73 um). Part of this thickness variation was
accounted for by a peripheral thinning of the lamellae and of the epithelium. Thus the
average lamellar thickness was 2.1 um in the central cornea compared to 1.9 um in the
periphery, a reduction of about 11%. Also, the peripheral epithelium was reduced in
thickness by 40% (18 um), compared to the center. However, the major contributor to the
peripheral attenuation of corneal thickness was a significant fall in the average number of
lamellae across the thickness of the cornea, from 50 in the center to 36 in the periphery.

The different lamellar counts reported here for the central and peripheral cornea
of the mouse, and perhaps, to a lesser extent a minor reduction in lamellar thickness,
explain the stromal contribution to corneal thickness variation. An important conclusion

which may be drawn is that a proportion of lamellae in the center of the mouse cornea do
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not extend to the limbus. This is implied by the decrease in lamellar number from center
to periphery. The small decrease in lamellar thickness could also imply a decrease in
collagen fiber number per lamella, although this apparent thinning could also be
explained by a flattening of the lamellae in the plane of section.

This observation has a parallel in the human cornea, although operating in the
opposite direction. In the human, corneal thickness is greater in the periphery than the
centre and there appear to be more collagen lamellae in the periphery than in the central
cornea '*”. One explanation put forward to explain this is the entry of collagen bundles of
scleral origin to contribute to the limbal annulus **2. Further, as noted, many lamellae
presumed to originate from the limbus are inserted into the ALL. These insertions have

been likened to the sutural fibers found in the dogfish shark **®

which prevent swelling in
a cornea which possesses no endothelium **°. Morishige et al. have referred to these
lamellae as ‘sutural lamellae’ *#°. Additionally, as noted, anterior lamellae terminate in
electron dense formations subjacent to the ALL °.

A further structural finding in the present study was as follows: A comparison
between lamellar counts from the anterior, mid and posterior stromal regions revealed
that the posterior count did not show a statistically significant variation between central
and peripheral cornea. However, the anterior and mid stromal regions showed a
statistically significant lamellar drop out in the peripheral zone. This suggested that the
posterior lamellae may indeed all cross the entire corneal width while a proportion of the

more anterior ones do not. This conclusion is similar to that which has been drawn for the

lamellae of the posterior two thirds of the human cornea **.
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In conclusion it may be summarized that the stroma of mouse cornea differs
from that of the human cornea in several respects. The human cornea possesses an ALL,
and an anterior stroma with a marked lamellar interweave. A proportion of its lamellae in
the anterior third of the stroma either inserts directly into the ALL or terminate in
electron-dense formations. It is evident that such lamellae do not cross from limbus to
limbus and their peripheral origin may explain in part the greater thickness of the human
cornea in the periphery. Their superficial insertion at the surface of the stroma probably
contributes to its aspheric anterior contour. By contrast, the lamellae of the posterior two
thirds of the human cornea lie in parallel bundles with more limited antero-posterior
interweave. A high proportion of these lamellae are preferentially aligned in an
orthogonal manner in the vertical/horizontal meridians and are considered to run from
limbus to limbus. This arrangement contrasts with the situation in the mouse cornea
which does not possess an ALL and whose lamellae are arranged in an array parallel to
curvature of the cornea and do not end in electron-dense formations.

It is not known how this particular arrangement of the lamellae of the mouse
cornea contributes to its anterior curvature and hence to its optical properties but it may
be surmised to reflect an evolutionary response to biological forces. Various authors have
suggested a relationship between the preferred, orthogonal orientation of collagen
bundles in the posterior stroma of the human cornea and the disposition of forces
imposed by the rectus muscles *?°. This implies either a postnatal role for extraocular
muscle contraction in the adaptive modeling of the stromal lamellae or, more likely, the
past influence of evolutionary pressures. In the mouse, corneal modeling, including

completion of the limbal annulus, is not completed until the 28" postnatal day **. It may
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be relevant that in animals which, like the primate, have frontally placed eyes, eye
movements and thus activation of the extraocular muscles, play an important role in the
location and tracking of visual targets whereas in animals with laterally placed eyes, such
as the mouse, this function is subserved more by head movements. It is therefore of
interest that the central region of the mouse cornea, unlike that of the human cornea, does
not contain a significant amount of preferentially aligned, orthogonally disposed collagen
122 1t could be that the contribution to peripheral corneal thickness of arcing fibers of
scleral origin, thought to exist in the human cornea *** is lacking in those species in which
eye movements in the horizontal plane are limited.

Importantly, as in the human cornea, the observations presented here
indicate that all lamellae do not cross the cornea uninterrupted, from limbus to limbus.
Given that, in the mouse, the central cornea contains more lamellae than the peripheral
part, some central corneal lamellae must stop short of reaching the peripheral cornea. The
terminating lamellae of the human cornea, termed electron dense formations °, were not
noted in the mouse. The anterior stroma in the human and the mouse are different
structurally with the mouse lacking the interwoven, branching lamellar arrangement,
characteristic in particular of the human anterior stroma. It is possible that the mouse
utilizes an alternative biological solution to provide firm anchorage of the terminal end of
lamellae.

In summary, the present study provided evidence that corneal thickness in the
murine eye is modulated primarily by the number of lamellae present in the anterior 2/3
of the stroma. This intracorneal axial lamellar count variation suggested that not all

stromal lamellae bridge from limbus to limbus. These principals of stromal architecture
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may also apply to the human cornea, although its thickness variation is the reverse of that

in the mouse.
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4.6 Figures and Tables

Figure 4.1 Light micrograph of central and peripheral murine cornea
Light micrograph of central (A) and peripheral (B) cornea of the same eye.
Towards the peripheral cornea the thinning of the stroma is greater than the attenuation of

the epithelium. Magnification: X400
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Periphery

Figure 4.2 Transmission electron micrograph of montages
Transmission electron micrograph montages illustrating transverse section of
central (A) and peripheral (B) cornea in the same eye. The reduced number of lamellae in

the peripheral cornea compared to the central cornea is clearly demonstrated.
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Figure 4.3 Ultrastructural detail of epithelial- stroma interface

Ultrastructural detail of anterior stroma and its interface with the epithelium.
Lamellae of the anterior stroma are laid down over each other in a uniform manner and
the interwoven and thin lamellae of the primate anterior stroma are absent. Inset: High
magnification: The epithelial basement membrane (arrow) is lined by collagen fibers
(triangle) of parallel orientation. Note that the anterior limiting lamina with its randomly

oriented fibrils is not present.
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Figure 4.4 Number and thickness of lamellae
Average number (A) and thickness (B) of lamellae present centrally and
peripherally. A match paired t-test was utilized to compare number of lamellae and
lamellar thickness between the central and peripheral cornea. Data are presented as mean

+ SEM. Asterisk = (P < 0.01).
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Central (C) Peripheral (P) P-value
CvsP
Keratocyte Counts
Light microscopy 11.6+0.2 8.0+04 0.005
Transmission Electron 10.0+0.6 85x0.6 0.1
Microscope
Number of Lamellae

Anterior 1/3 185+1.0 106+1.2 0.05

Mid 1/3 179+16 13.0+1.3 0.05
Posterior 1/3 13.4+0.9 119+14 0.4

Table 4.1 Number of lamellae and keratocytes
Average number of keratocytes present within a 10 pum wide anterior-posterior
vertical band and average number of lamellae present in three stromal regions. A paired t-
test was used to compare between the central and peripheral cornea. Data are presented as

mean + SEM.
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5.1 Abstract

Purpose: To utilize a histologic and morphometric approach to provide needed
normative data on the normal palpebral conjunctiva and goblet cells in C57BL/6 mice,

and to investigating structural changes occurring in an established dry eye mouse model.

Methods: 24 C57BL/6 mice, 8 untreated (UT) and 16 exposed to experimental
ocular surface desiccating stress (DS). Ocular dryness was induced by administration of
scopolamine hydrobromide (0.5 mg/0.2 ml) QID for 5 (DS5) or 10 (DS10) days. The
eyes with surrounding lids were fixed in either 2% glutaraldehyde and processed
according to an established protocol for light- (LM) and transmission (TEM) electron
microscopy or in 10% formalin and embedded in paraffin. Stereology was utilized to
evaluate surface density and volume fraction of goblet cells and granules. All counts and
measurements were obtained using well established reference points and goblet cell

density was investigated with a variety of stains.

Results: Near the junction between the lid margin and the normal palpebral
conjunctiva the epithelium had an average thickness of 45.6 £ 10.5 um and 8.8 + 2.0 cell
layers, versus 41.8 + 6.5 um and 8.0 £ 0.9 layers in the DS5 (P > 0.05) and 37.7 £ 5.6 um
and 7.4 £ 1.3 layers in the DS10 (P < 0.05). In the goblet cell populated palpebral region
the normal conjunctival epithelium averaged 23.5 £ 4.0 um and was significantly
(P<0.05) thicker than in the DS5 (18.2 + 2.8 um) and the DS10 (19.0 = 3.1 um). In the
control 43% of the goblet cells had an epithelial coverage, compared to 58% for the DS5

and 63% for the DS10 (P < 0.05). No difference was found in surface density of goblet
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cells or volume fraction (approximately 43%) between the three groups. Some stains
indicated a decreased number of goblet cells in the dry eye (PAS and Alcian blue), while

(MUCS5AC, histology) did not.

Conclusions: The mouse palpebral conjunctival epithelium had a structure
similar to the human. In the dry eye, the palpebral conjunctival epithelium decreased in
thickness and this was associated with a decreased layer of epithelial cells at the junction
of the lid margin and the conjunctiva. After DS goblet cell access to the surface appears
to be inhibited by surrounding epithelial cells, which potentially may slow down their
migration to the surface. Goblet cell density differed depending on stain used for
evaluation of mucous secreting cells, suggesting that there may be different subtypes of
goblet cells on the ocular surface or may be PAS and Alcian blue are mucin specific and
not goblet cell specific. The mouse conjunctival epithelium has a structure similar to the

human and appears to be viable model for conjunctival and dry eye research.
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5.2 Introduction

‘Dry eye is defined as a multifactorial disease of the tears and ocular surface that
results in symptoms of discomfort, visual disturbance and tear film instability with
potential damage to the ocular surface. It is accompanied by increased osmolarity of the
tear film and inflammation of the ocular surface’ **. Almost 5 million Americans, 50
years or older - 3.23 million women and 1.68 million men — have dry eyes “***. However,
the Dry Eye Workshop (DEWS) report suggests tens of millions more have less severe
symptoms, which may become manifest only during stressful conditions for the ocular
surface e.g., during contact lens wear, airline travel and drafty environmental conditions
42.

Evaluating the pathological changes in the conjunctival epithelium in human dry
eye patients requires biopsying one or more sites and is not feasible due to ethical
considerations. As a consequence, studies concerning the pathology of the dry eye require
an animal model. The dry eye mouse has proved useful in assessing the effects of dryness
on the ocular surface epithelial and immune/inflammatory cells **. Although, the mouse
is widely used for ocular surface studies, literature has, surprisingly, only limited
structural information to offer on the normal conjunctiva in both humans and mice ° 2,

Morphological and dimensional alterations occurring in the dry eye palpebral
conjunctival epithelium are yet to be investigated. Therefore, ultrastructural studies
evaluating the normal and the dry eye palpebral conjunctival epithelium are needed and
will enhance our understanding of the dry eye. An increased understanding of the dry eye
palpebral conjunctival epithelium may help direct clinicians toward an improved

diagnosis and management of dry eye sufferers and can potentially also be beneficial in
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the future when designing pharmacological agents intended to cure or relieve patient’s
symptoms.

The purpose of the present study was to utilize a histologic and morphometric
approach to provide needed normative data on the normal palpebral conjunctiva and
goblet cells in C57BL/6 mice, while also investigating structural changes occurring in an

established dry eye mouse model.
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5.3 Materials and Methods

All experiments were conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. A total of 24 mice of both genders,
6-8 weeks of age were utilized for this experiment. Eight untreated (UT) C57BL/6 mice
(control) were used for morphometric assessment and description of the normal palpebral
conjunctiva. The data obtained from the untreated mice were compared to data obtained
from the palpebral conjunctiva of 16 mice, 8 per group who were exposed to
experimental ocular surface desiccating stress (DS) for 5 or 10 days (DS5 and DS10). DS
was created by injection of scopolamine hydrobromide (0.5mg/0.2ml) QID, alternating
between the left and right flanks “. Mice (up to 5 per cage) were exposed to a constant
air draft for 16hr/day from a fan placed 6” away from a side of their cage. Room
humidity was maintained at 35-40% and temperature at 80°F. Aqueous tear
production/volume was assessed using cotton thread (Quick Zone Thread; Oasis) ®.
Following euthanization, eyes with surrounding eyelids were dissected, the right eyes

processed for histology and the left eyes for immunohistochemistry.

Histochemistry

The eyes with surrounding eyelids were fixed in 10% buffered formalin over
night and embedded in paraffin. 5 um thick serial sections from each sample were cut
with a microtome (Microm HM 340E). The sections were deparaffinized and stained with
0.5% periodic acid-schiff (PAS) stain, Alcian blue (pH 2.5) or with MUC5AC antibody
(SC-20118 Santa Cruz) for identification of goblet cells. Digital images of four sections,

(eight eye lids), from 3 animals per group were captured (DXM, 1200; Nikon) and
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evaluated (NIS Elements, Nikon). The number of positively stained goblet cells was
counted and the length of the basement membrane between the first and last goblet cell
measured. In addition, the MUCS5AC positive area was also measured. The data are

presented as the average number of goblet cells and total goblet cells/mm per eye lid.

MUCS5AC Immunohistochemical staining

After deparaffinization, heat induced antigen retrieval was performed for 20
minutes in sodium citrate buffer (L0mM sodium citrate, 0.05% Tween 20, pH 6.0).
Subsequently, the sections were treated with 0.3% H,0, in PBS to quench the
endogenous peroxidase activity and then incubated with an avidin-biotin block (Vector
Laboratories) for 10 minutes each. After blocking with 20% normal goat serum in PBS
for 30 minutes, the rabbit polyclonal primary antibody, SC-20118 Santa Cruz (1:200)
diluted in 5% goat serum was applied and incubated for 60 minutes at room temperature.
Next, the secondary antibody (rabbit polyclonal BD Pharmingen CN 550338, 1:50) in 5%
goat serum was applied for 30 minutes also at room temperature. The tissue was then
incubated in an ABC solution (Vectastain Elite ABC Kit, Vector Laboratories), an
immunoperoxidase procedure where the antibody is visualized through a peroxidase-
catalyzed reaction, and stained with a diaminobenzidine (DAB) solution (NovaRed
substate kit, Vector, CN-4800, red stain) for 2 minutes. The reaction was terminated in
distilled water, the sections counterstained with Mayer’s Hematoxylin, rinsed in tap
water, dehydrated, cleared and mounted with 1-2 drops of Permount (SP15-100, Fisher
Chemicals). Normal rabbit serum concentration (1:200) was substituted for the primary

antibody as an irrelevant control.
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Light (LM) and Transmission Electron Microscopy (TEM)

A few drops of 2% glutaraldehyde in 80mM sodium cacodylate buffered,
330mOsm/kg fixative ®* was immediately applied to the right cornea and eyelids after
euthanization of the animals. Subsequently, the eyes with attached lids were carefully
removed and immersed in fixative for 4-6 hours to ensure proper cross linking and
preservation of the tissue. After fixation, transverse pieces (1x 1.5mm) were cut from
both the superior and inferior eyelids. Next, the tissue pieces were washed three times in
sodium cacodylate buffer (pH 7.4) at room temperature for 10 minutes per wash. The
samples were then immersed in a freshly prepared 1% solution of osmium tetroxide
in100mM sodium cacodylate buffer for 1 hour under dim light. After osmofication the
samples were washed several times in sodium cacodylate buffer, and at 10 minutes per
wash. A Leica EM TP tissue processor (Bannockburn, IL) was used for dehydration,
transition, infiltration and embedding. The tissue samples were dehydrated through a
graded alcohol series (30% - 100% in 6 steps) at room temperature and infiltrated with
propylene oxide. Embedding with agitation was achieved through an initial 2:1 mixture
of propylene oxide and Araldite resin for 3 hours followed by overnight immersion in a
1:1 mixture of propylene oxide and Araldite resin. Thereafter, the tissue samples were
immersed in a propylene oxide and Araldite resin (SPI, Westchester, PA) 1:3 mixture for
4-8 hours before being transferred to 100% Araldite resin overnight. The tissue samples
were then oriented in embedding molds and left 12 hours for polymerization in an oven at
60 °C. An ultramicrotome (Research Manufacturing Co. Inc MT-7000, Tucson, AZ) was
used to cut thick (0.5 — 1 um) and ultrathin transverse sections (60-100 nm). The thick

sections were stained with 1 % toluidine blue for examination with an Olympus BX51
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(Center Valley, PA) light microscope (LM). Slightly overlapping digital images were
captured at 100X, montages assembled using PanaVue ImageAssembler 3 (Sharelt Inc,
USA) and printed (Roland FJ-52). First, the thickness of the conjunctival palpebral
epithelium was measured in triplicate using NIH Image Software and the number of cell
layers counted in the marginal, central and peripheral palpebral conjunctiva. Second, the
number of goblet cells was counted based on histological criteria. Cells meeting one or
more of the following criteria, a triangular shaped nucleus, cytoplasm packed with
secretory granules or a bloated or ballooning cell body, were classified and counted as
goblet cells. Their location within the epithelium (basal or superficial) was also
determined.

For morphological analysis ultrathin sections were mounted on oval slot (2x1
mm) formvar/carbon coated copper grids (FCF2010-Cu, Electron Microscopy Sciences,
Hatfield, PA). These sections were double stained, first, in 3.5% uranyl acetate for 20
minutes, followed by Reynold’s lead citrate for 10 minutes at room temperature. The
stained grids were examined in a Tecnai G2 Bio Twin Spirit (FEI Company, Hillsboro,
OR) Transmission Electron Microscope (TEM). TEM micrographs of goblet cells were

captured digitally at a magnification of 890X.

Morphometry

Stereology is a widely used biological technique utilized to obtain three
dimensional data from sampling in two dimensions (e.g from tissue sections) ®.
Statistical analysis was used to determine that 10 goblet cells from each sample were

sufficient for accurate morphometric analysis; a random number generator and systematic
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random uniform sampling (SURS) were used for unbiased selection of 10 goblet cells
from each sample to include in the data analysis.

To determine surface density (Sv) of the goblet cell and volume fraction (Vv)
of granules per goblet cell, the point counting method was used, by randomly placing a
cycloid grid oriented perpendicular over the goblet cell of interest ®®®. Surface density
(Sv) was calculated by the formula, Sv = (2*XI)/ (I/p *XP) where I = the number cycloid
intersects with the goblet cell plasma membrane or granule plasma membrane, P = points
falling on the entire goblet cell or on granules and I/p equals a constant corrected for
linear magnification ® ®. The volume fraction (Vv) was calculated by counting all dots
falling on granules and dividing by all dots falling on the goblet cell. To investigate the
volume fraction (Vv) of goblet cells in the entire palpebral conjunctival epithelial goblet
cell region a point counting grid was used. (Vv) was computed by counting all dots
falling on goblet cells and dividing by the total number of dots falling on the palpebral
conjunctival epithelium. The average area per goblet cell in each of the three conditions

was also measured.

Statistical Analysis

One way analysis of variance (ANOVA) with Dunnett post hoc testing was
performed to compare morphometry, palpebral conjunctival epithelial thickness
measurements and counts between the three conditions (UT, DS5 and DS10). Statistical
significance was set to (P < 0.05). Data are presented as mean + SD. Prism 4.0 software

(GraphPad Software Inc., San Diego CA) was utilized for the statistical analysis.
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5.4 Results

The first part of this study utilized light microscopy and investigated whether
morphological differences existed between the normal superior and inferior palpebral
conjunctival epithelium. The only difference noticed between the two lids was at the lid
margin, where the superior conjunctival epithelium was approximately 14 um and 3 cell
layers thicker than the inferior. Since no other differences were found between the two
lids, the data are reported as the combined averages + SD from the superior and inferior
lids.

At the junction of the lid margin and palpebral conjunctiva the epithelium can
be described as a stratified multi-layered epithelium devoid of goblet cells. In this region
the epithelium was composed of 8.8 + 2.0 cell layers with average thickness of 45.6 +
10.5 pum. Going in a peripheral direction over the next 372.1 £ 79.3 um the epithelium
tapered down to 3-4 layers of cells but lacked goblet cells. However, goblet cells were
present over the next 1356.3 + 154.9 um where the epithelium maintained an
approximately uniform thickness (Figure 5.1).

In the goblet cell-rich region the thickness of the normal conjunctival
epithelium averaged 23.5 + 4.0 um and was significantly (P < 0.05) thicker than the DS5
(18.2 £ 2.8um) and the DS10 (19.0 = 3.1um). When comparing regional epithelial
thickness variations all three palpebral conjunctival regions (marginal, central and
peripheral) showed a statistical significant difference in thickness between the DS5 and
DS10 compared to the control (UT) (Figure 5.1, Table 5.1). A decreased thickness and a
loss of epithelial cells were also noticed at the junctional lid margin in the DS10

compared to the normal (Table 5.1). There was no statistically significant difference (P >
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0.05) in the number of goblet cells between the superior and inferior lids or between the
different treatment groups (Figure 5.2). However, in normal eyes, 43% of the goblet cells
were covered by epithelial cells, compared to 58% for the DS5 and 63% for the DS10 (P
< 0.05) (Figure 5.3 and Figure 5.4 A,B).

Since no difference in number of goblet cells was found between the normal
and the two dry eye groups, morphological analysis was utilized to investigate whether
the volume fraction of goblet cells per area of epithelium changed in the dry eye. No
statistical differences were found between treatments when evaluating volume fractions
of goblet cells, volume fractions of granules per goblet cell or the surface densities of
goblet cell and granule membranes (Table 5.2).

Finally, this study investigated whether experimental dryness would decrease
the number of goblet cells stained with mucous specific stains. This experiment showed a
statistically significant decrease of PAS and Alcian blue positive goblet cells in DS5 and
DS10 compared to the UT, however, no difference was found when the MUC5AC
positive cells were counted. Nor was any difference noticed between the three conditions
when the MUCS5AC positive area was measured. However, in the UT there was a
statistically significant lower number of MUCS5AC cells than cells stained by PAS or
Alcian blue (Figure 5.5, Table 5.3). This is in agreement with the observation that some
of the mucous filled goblet cells stained only with PAS, while others only stained with

Alcian blue or MUC5AC (Figure 5.6).
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5.5 Discussion

This study represents the first attempt to utilize a systematic, histologic approach
to morphometrically and dimensionally assess the normal palpebral conjunctival
epithelium, while also investigating structural changes occurring in the dry eye. To
ensure proper cross-linking and preservation of the tissue, a fixation protocol that
approximates physiological osmolality and pH values and, as a result, produce minimal
tissue shrinkage and distortion was employed ®*. The histological approach chosen
allowed the observer to conduct accurate intra-conjunctival measurements by utilizing
well defined specific reference points. In addition to counts and measurements, a
stereological approach was used to conduct morphometric analysis. Design-based
stereology became the method of choice since it allows the observer to sample in two
dimensions (e.g. from microscope slide), and relate the interpretations to three
dimensional space ©'.

Our data showed that similar to the human, the mouse palpebral conjunctival
epithelium can be described as a stratified multi-layered epithelium rich in goblet cells
with surface cells that feature a glycocalyx. The superior human palpebral conjunctiva is
stated to have only two layers of cells with a third layer appearing close to fornix, while
the inferior palpebral conjunctiva has on average 3-4 layers of cells “®. Both the superior
and inferior C57BL/6 mouse palpebral conjunctiva had an average of 3 cell layers, and
agrees with what has been documented for the human *, rabbit *2**#  gerbil *** and
guinea pig *?° but contrasts with the 5-8 layers of cells reported for the Sprague-Dawley

rat 127-128.
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The present study is unique in providing epithelial thickness values for the
different regions, and, in addition, morphometrically defining the portion of the lid
containing goblet cells in the normal and dry eye palpebral conjunctiva. The latter is
particularly applicable to the mouse conjunctiva where the goblet cells may only be
visualized in a limited region. Nor has a decreased epithelial thickness and reduction of
epithelial cells at the lid margin in the dry eye previously been reported. Increased
friction from desiccation of the tissue, an increased frequency of blinking or a
combination of both can be potential causes for the decreased epithelial thickness and
loss of cells at the lid margin in the dry eye. The lid wiper is defined as the portion of the
marginal conjunctiva of the upper lid that spread the tear film over the ocular surface *%°.
Clinically, this area has shown positive (rose bengal, lissamine green and/or flourescein)
staining in patients with dry eye symptoms *****°. The conjunctival epithelial thinning
and reduction of epithelial cells at the junction of the lid margin and the conjunctiva may
be a potential explanation behind the staining caused by this condition.

In the palpebral conjunctiva the goblet cells were noted as isolated cells or
were arranged in clusters. This configuration is in agreement with what has been reported

131

for the mouse bulbar conjunctiva **, the mongolian gerbil %, human **? and rabbit **

but contrary to the guinea pig where goblet cells have been reported to be arranged singly
126 and to the Sprague-Dawley rat, where goblet cells are found only in clusters %,

Goblet cells, their granules and secretion have been investigated

133-134

ultrastructurally in other organs e.g. lung and airway epithelium and intestines **

136 A few studies are available providing ultrastructural information on conjunctival

132 137—138’ rabbit 123—1241 125 127 138-140

goblet cells in different species e.g. the human rat and
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guinea pig *?° 1% The goblet cells were reported to be on average 11-15 um (rabbit)***

124 and 15-20 pm (human)** in height and rich in secretory granules. These membrane
bound granules were spheroid or ovoid in shape and between 0.3-1 pm in diameter 2%
137138 They had heterogeneous or homogenous electron density and their shades varied
from light gray to very dark 23124132137

Only two studies were found that incorporated ultrastructural analysis of the
normal mouse conjunctiva. While these studies provided valuable information on goblet
cells and their granules, they do not address conjunctival and goblet cell morphology in
the dry eye. The study by Aargona et al. *** used the superior bulbar conjunctiva and
investigated the effects of tear substitutes on the conjunctival epithelium in 3 month old

CD1 mice. Paz et al. }#

studied the role of calcium in mucin packaging within goblet
cells, in C57/129/sv hybrids but did not identify the conjunctival region examined nor
were the ages of the mice reported. None of these studies provided thickness
measurements of the conjunctival epithelium or studied the same region of the
conjunctiva (palpebral) as reported in the current study.

Ultrastructurally goblet cell granules were found to be homogenous with
different shades of gray to black. A variety of granule shades was observed both within
and between goblet cells. There was no difference in granule appearance between the
unstressed and dry conditions and thus, all shades were seen in all conditions. Aragona et
al. **! reported a homogenous light gray granule appearance while Paz et al. *** reported
goblet cells with mostly dark granules in normal mice and a mixture of electron-dense

granules in a group treated with sodium hyaluronate. Because all these varieties of

granules were seen in our samples, this study agrees with both of these previous reports.
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The majority of previously reported studies investigating goblet cell density
light microscopically, counted either PAS or Alcian blue positive goblet cells. The
present study detected a decreased number of goblet cells in the dry eye when either of
these stains were used, and this finding is in agreement with previous reports “***°, As
shown in Table 5.3, fewer goblet cells were detected by MUCS5AC staining in control
eyes (56.7 + 11.8) compared to immunohistochemistry (73.8 = 16.5 PAS), (68.9 + 13.3
Alcian blue). The total number of goblet cells detected by PAS, Alcian blue or MUC5AC
immunostaining was similar after 5 and 10 days of dry eye. Comparison of the number of
cells detected by histochemistry and immunohistochemistry in the present study suggests
that there is more than one type of goblet cell (Figure 5.5, Figure 5.6). A change in
histochemical characteristics of the goblet cells have previously been reported as a
consequence of treatments with different tear substitutes ***, but it is a novel finding that
the percentage of goblet cells staining with either PAS or Alcian blue but not with
MUCS5AC decreases in dry eye.

One possible explanation is that different subtypes of goblet cells present at
the ocular surface are programmed to produce mucin of different biochemical and
histochemical characteristics. If so, it appears that the goblet cells producing neutral
mucin (stained by PAS) or acidic mucin (stained by Alcian blue) are more likely to be
affected by a dry eye condition than those producing MUC5AC. MUC2, another mucin
secreted by goblet cells has been detected in human conjunctiva and tears ***% It is

possible that some of the PAS or Alcian blue positive cells that don’t stain for MUC5AC

secrete MUC2.
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Goblet cell counts carried out histologically showed a smaller number and no
difference was detected between groups. The discrepancy in counts between goblet cells
counted in semi-thin plastic sections and goblet cells counted in paraffin sections is
explained by the difference in thickness between the 0.5um thick resin embedded
sections versus the 5 um thick paraffin embedded sections.

A morphometric approach was utilized to enhance our understanding of how the
goblet cells are affected by the dry eye. Volume fraction of goblet cells within the
epithelium did not show a difference between the groups. Before drawing conclusions
from this experiment it is important to factor in the shrinkage of the reference space
(epithelium) in the dry eye **’. In the dry eye there was a 29% (5D) and 24% (10D)
decrease in epithelial volume while the volume fraction and shape (Sv) of the goblet cells
remained constant (Table 5.2). Taking this epithelial change into account we would like
to propose that the goblet cells size decreases in the dry eye and this reduction in size was
proportional to the decreased thickness of the epithelium. Although the goblet cell size
decreased in the dry eye, the volume fraction (approximately 43%) and surface density
(Sv) of granules remained unchanged between the three conditions. The same surface
density and volume fraction of granules could be explained either by the granules having
the same size or by the granules being smaller and more numerous in the dry eye.
However, if the size or the numbers of granules are altered in the dry eye it does not
appear to have an effect on mucin production, since the present study showed the same
number of MUCS5AC positive cells and the same area of MUC5AC staining in the three

conditions (Table 5.3).
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Earlier studies have proposed that parasympathetic innervation regulates goblet
cell secretion *%. In the current study experimental ocular surface desiccating stress was
induced by scopolamine injections, which generate dry eye by pharmacologically
blocking cholinergic receptors. If the administered scopolamine injections had an effect
on goblet cell secretion, a larger volume fraction of goblet cells and an increased area of
mucin in the dry eye epithelium would be expected as a result of the blocked secretion.
However, this was not seen and therefore, we would like to conclude that the results
shown in this study were not a side effect of the administered injections.

An increased epithelial coverage was detected in the dry eye (Figure 5.3). One
possibility is, therefore, that the dry eye has the same number of MUC5AC positive
goblet cells and produces the same amount of this mucin, as illustrated by the number of
MUCS5AC stained goblet cells and the total area of mucin detected. However, the goblet
cell access to the ocular surface is blocked by the surrounding epithelial cells. This
epithelial coverage could potentially lead to a slowing of the progress of the goblet cells
to the ocular surface and as a result there is a decreased release of mucin is in the tears in
dry eye *°.

In conclusion, this study explained a decreased epithelial thickness, with a loss
of cell layers at the junctional lid margin in the dry eye. The ability to detect a decrease of
goblet cells in the dry eye by histochemical stains but not MUCS5AC staining, indicates
that not all goblet cells produce mucin of the same histochemical characteristics. Goblet
cells secreting more neutral or acidic mucin seemed more likely to be susceptible to the

dry eye environment. Due to a greater epithelial coverage, the migration of the goblet

102



cells towards the surface appeared to be prevented by the surrounding epithelial cells in
the dry eye.
The mouse appears to be an applicable model for the palpebral conjunctiva and

dry eye research.
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5.6 Figures and Tables

Figure 5.1 Normal ppebral conjuhctiva
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Normal palpebral conjunctiva illustrating its three regions. M=Marginal,
C=Central and P=Peripheral. Close to the lid margin (arrow) is the stratified multi-
layered epithelium thickest and devoid of goblet cells. The region where goblet cells are
present is indicated between the two white arrow heads (triangles). (Magnification

100X).
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Figure 5.2 Average number of goblet cells

No statistical difference was found between the number of goblet cells between

the superior and inferior lids or between the three conditions (P > 0.05). Error bars show

SD.
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Figure 5.3 Percent covered goblet cells
Data showed a statistically significant difference in percent covered goblet cells
between the 5 and 10 day dry eye compared to the normal. Asterisk = (P < 0.001). Error

bars show SD.
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Figure 5.4 Goblet cells

Micrographs illustrating goblet cells at the surface (A) or covered by epithelial

cells (B).
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Figure 5.5 Conjunctiva stained with MUC5AC, PAS and Alcian blue

The same region of the conjunctiva stained with three different stains. These
images illustrate that the goblet cell count obtained will differ depending on stain used.

A = MUCS5AC, B = Alcian blue and C = PAS. (Magnification 100X).
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Figure 5.6 Goblet cells stain differently depending on stain
Images illustrating that not the same goblet cell is stained with all three stains.
A = MUCS5AC, B= Alcian Blue and C= PAS. Arrows indicate two apparent examples.

Black arrows = Example 1 and White arrows = Example 2. (Magnification 400X).
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Normal (UT) 5D 10D
Thickness Cell Thickness Cell Thickness Cell

(um) layers (um) layers (um) layers

Marginal | 228+25 | 3.5+0.6 | 180+£3.3*| 3.2+08 | 184+2.8* | 28+0.7
Central 26.3+3.0 | 3.3+06 |185+3.1*| 3.4+05 | 19.7+4.4* | 26+0.6

Peripheral | 214+21 | 3.3£04 |181+26*| 3.0+05 | 188+2.1* |27+£0.6
Junctional | 456+105| 88+20 | 418+65 | 80+09 | 37.7+£55* | 74+1.3*
lid margin

Table 5.1 Regional conjunctival thickness variations

Regional conjunctival epithelial thickness variations. Junctional region is where

the palpebral conjunctival epithelium meets the epithelium of the lid margin. Data are

presented as mean + SD. Asterisk = (P < 0.05).
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Normal (UT) 5D 10D
(Vv) of goblet cells in the
histologically defined goblet 125+ 3.7 155+3.2 14.0+5.0
cell region (%0):
(Vv) of granules per goblet 43.6 £6.7 426+3.1 43.2+2.9
cell (%):

(Sv) of goblet cells (um™): 1.3+0.2 1.2+0.1 1.3+0.1

(Sv) of granules (um™): 11.7+0.6 11.3+0.9 10.2+0.2

Table 5.2 Volume fraction (Vv) or Surface density (Sv) of goblet cells

Volume fraction (Vv) and surface density (Sv) of granules or goblet cells. Data

are presented as average * SD.
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Normal 5D 10D
(UT)

Alcian blue
Number of goblet cells 68.9 £ 13.3 50.2 £ 11.6* 55.0£9.1*
Goblet cells/mm 46.0 £ 10.9 38.8 £+ 7.4* 37.1+£11.7*
PAS
Number of goblet cells 73.8+16.5 55.3+13.1* 52.6 £ 9.8*
Goblet cells/mm 544+78 48.0 + 8.3* 41.3 +9.5*
MUCS5AC
Number of goblet cells 56.7 £ 11.8** 54.2+9.2 57.0+14.8
Goblet cells/mm 448+7.1 46.4+£5.0 45.1+59
Mucous area (um?) 2472 £57.4 231.7 £56.1 283.7£75.8

Table 5.3 Goblet cells counts with 3 different stains

Counts of goblet cells stained with mucin specific stains. The data show the

average number of goblet cells or the number of goblet cells/mm for Alcian blue, PAS
and MUC5AC. For MUCSAC the total mucous area (um?) was also investigated. UT =

Untreated. Data are presented as average + SD. Asterisk = (P < 0.05), UT vs 5D and 10D

within groups. Double asterisk = (P < 0.05), comparison between UT groups.
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6.1 Abstract

Recently, the mouse has become the preferred animal model in ophthalmic
research. Therefore, there is a need for enhanced understanding of the mouse eye to
validate its use in different experimental setting. The purpose of this study was to
determine the ocular transmittance of the whole mouse eye, the cornea and the crystalline
lens, particularly in the ultraviolet radiation (UVR) wavebands. This was carried out
using a non-cuvette based fiber optic spectrometer system and the resulting transmittance
curves were compared with published cone spectral response curves and mouse ocular
transmittance data.

First, transmittance curves of the whole mouse eye were measured by
removing a small disc of sclera from the posterior pole to provide an anterior to posterior
optical path. No statistical difference was found between left and right eye in each of the
four mice sampled, therefore, all eight eyes were included in the final statistical analysis.
The average of five test measurements from each left and right eye for the four test mice
showed a transmittance cut off at approximately 310 nm. Secondly, the cornea with a
scleral rim was excised and transmittance curves obtained for all eight eyes. This data
showed an average transmittance cut off at 280 nm for the cornea. Similarly measured
data for the excised crystalline lens showed UVR transmittance down to 310 nm.

The good correlation between total ocular UVR transmittance and the sum of
the individually measured components (i.e. the cornea and the crystalline lens) supported
the validity of our method and its findings. This experiment demonstrated that the mouse
cornea transmits more UV-B (280-315 nm) than the rabbit and the human corneal

transmittance. The mouse crystalline lens on the other hand showed a cut off in the UV-B
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at 310 nm, which is at a much lower UV-B wavelength than the approximate UV-A (315-
400 nm) cut off for the human crystalline lens at around 390 nm. The increased
transmittance of UVR in the mouse eye serves its vision, since the mouse has a cone
photopigment peaking at approximately 350 nm. Due to the above stated differences
between the mouse and the human it is concluded that the mouse is not an ideal model for

the human eye in experiments involving UVR.
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6.2 Introduction

An important role of the cornea and the crystalline lens is to protect the retina
from toxic solar and artificial ultraviolet radiation (UVR), with solar radiation being the
primary source for humans and animals. UVR is generally divided into three wavebands
defined by the Commission Internationale d'Eclairage (CIE) as UV-A extending from the
visible blue/violet at 400 nm down to 315 nm, UV-B from 315 nm down to 280 nm and
UV-C from 280 nm to 100 nm *** **°, These wavebands have increasing toxicity with
decreasing wavelength but when the ozone layer is intact the short waveband solar UV-C
will be filtered out by the atmosphere. Therefore it is UV-B that is the major concern
when investigating ocular damage caused by UVR with UV-A also exhibiting toxicity at
high dosages ***.

The level of UVR irradiance at various points in the eye depends on the ocular
media anterior to a particular point and the species investigated. In most species that see
primarily visible light, such as humans and rabbits, the cornea and the crystalline lens
accomplish almost all of the absorption and have spectral absorbance/transmittance
curves that block the majority of UV-B and UV-A respectively. In contrast, both the
aqueous and the vitreous are relatively transparent to the entire solar UVR waveband **
%2 However, animals such as dogs, cats, horses, cows and the guinea pig, as well as the
mouse transmit UVR, due to the lack of a UVR filter in the lens, but many of these
species do not have UVR receptors like the mouse ***°. In addition, the UVR filter in

some species appear to develop at or near birth and may continue postnatally in mice *°

152
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Literature has provided a great deal of experimental and epidemiological evidence
that UVR causes ocular defects. Excessive amounts of UVR exposure can cause acute

153-157

damage such as photokeratitis or be a contributing factor in regards to chronic

156 158-160 161-163

ocular damage in the form of cataract or pterygium formation

Animal eyes are frequently serving as a model for the human eye in
ophthalmic research. It is therefore, important to precisely determine the contribution of
each ocular component in the overall ocular UVR filter for a particular test species so that
the effects of UVR exposure can be predicted and related to the spectral sensitivity of the
retina for the species in question.

Lately, the mouse has become an increasingly popular model in ophthalmic
research due to its sequenced genome, which makes developments of knockout and
transgenic strains possible °1%*. Additional advantages when using mouse models are that
it is easy to breed, grows rapidly and is cost effective *'°*2 There is, therefore, a
requirement to enhance our understanding of the mouse eye, particularly the young adult
mouse (e.g. 6-8 weeks), and to validate its use in different experimental settings *°.

There are a number of studies that quantify the spectral transmittance of the rabbit
eye 2°"8 hut there appears to be relatively few publications on the transmittance of the
mouse eye and its individual components. For example, by using a cuvette based fiber

optic spectrometer system Dillon et al. ©°

reported that the mouse corneal spectral
transmittance starts at 285 nm and that the crystalline lens starts to transmit most of the
UVR above 300 nm. Lei et al. *° used a cuvette based fiber optic spectrometer system in

conjunction with a halogen lamp to obtain their measurements and concluded that the

mouse lens had a significant transmittance at 360 nm. Studies performed on the rat
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showed similar transmittance °° ***. Compare these to the same ocular components in
rabbits and humans where the cornea cuts off at around 300 nm in the UV-B and the
crystalline lens cuts off around 390 nm eliminating the UV-B and most of the UV-A.
Some species of fish also show partial transparency in the UVA range ‘®°. The probable
reason for the lower wavelength cut offs in mice is due to the fact that the mouse has
UVR sensitive cones that can detect down to 300 nm **"*®8 Recent literature suggested
that mice are using UVR for increased light and contrast detection while their short
lifespan minimizes the UVR dose at the retina *.

Non-cuvette based fiber optic spectrometer systems have previously been
shown to have advantages over conventional cuvette-based systems when measuring
ocular transmittance immediately post-mortem > 1%, These include short pathlength,
rapid spectral acquisition and minimum tissue handling **. To our knowledge the
transmittance of the whole mouse eye and its individual components has not been
investigated with these recent technological developments.

The purpose of this study was to utilize this improved technology to determine
the transmittance of the whole mouse eye, the cornea and the lens, and to compare the
measured transmittance curves with published mouse ocular transmittance data and cone

spectral response curves.
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6.3 Materials and Methods

All experiments were conducted in accordance with the ARVO statement for the
Use of Animals in Ophthalmic and Vision Research. Four adult C57BL/6 mice were
euthanized and the intact eyes were carefully enucleated. To determine the spectral
transmittance of the whole mouse eye a small disc of sclera was removed from the
posterior pole to provide an anterior to posterior ocular optical path. The cornea with a
scleral rim and the crystalline lens were subsequently removed by dissection and
measured independently. Before the corneal transmittance measurements were taken, the
effects of post mortem optical deterioration of the tissue were monitored, to determine the
time frame that corneal clarity could be maintained. Earlier work reported by the present
authors showed that the rabbit cornea becomes more scattering with time and there was a
20 minute period immediately post mortem during which the cornea remained clear .
This immediately post mortem period is essentially when an in vivo approximation of
spectral transmittance should be made. Corneal clarity can be prolonged with careful
handling during dissection and mounting and by irrigating with Alcon BSS (Alcon, Fort
Worth Texas). The crystalline lens is an isolated organ completely enclosed and protected
by its own basement membrane and more resistant to changes in its environment.
Therefore, the transparency of this tissue is maintained for a long period of time after
removal from the whole eye allowing measurements to be obtained without concerns for
a change in light scatter produced by its components.

To test this period of corneal clarity in mice a series of spectra were recorded over
a 90 minute period on one additional typical mouse cornea, starting as soon as possible

post mortem. The time it took to enucleate the mouse eye, dissect out the cornea and
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mount in the spectrometer was around 10 minutes. Spectra were initially recorded as
rapidly as possible and periodically thereafter over a period of 90 minutes. During the
experiment the excised tissue was kept artificially hydrated by Alcon BSS (Alcon, Fort
Worth, Texas) to prevent dehydration and distortion of the tissue. For the remainder of
the data the whole eye and component media were tested immediately post mortem to
minimize any optical deterioration. To ensure repeatability, transmittance spectra were
rapidly recorded at five test points near the center of each whole mouse eye, cornea and
crystalline lens. To minimize the decay in optical clarity post mortem, the enucleated
whole mouse eye, dissected cornea and dissected crystalline lens were sampled within 10,
15 and 20 minutes respectively. In addition, left and right eyes were measured to give
intra-mouse consistency and inter-mouse variations were determined by sampling four
mice in total, giving a total final value of n = 8 for each ocular component tested.
Spectral transmittance of the samples was measured using a non-cuvette based
fiber Ocean Optics USB4000 optic spectrometer system (Ocean Optics, Dunedin FA),
with a spectral range of 200-800 nm. Samples were illuminated by an Ocean Optics DT-
Mini-2-GS deuterium-halogen light source, with a 200-2000 nm output spectral range.
All media were illuminated from the front with a collimated beam from a 400 pm
diameter fiber optic fitted with 10 mm focal length collimating lens that was coupled to
the light source. The bare front end of the 200 um diameter detecting fiber was placed
immediately behind the test medium, with the other end coupled to the 5 pm input slit of
the spectrometer that provides a spectral resolution of less than 3 nm !, The overall set-

up is shown schematically and pictorially in Figure 6.1 and the basic principles of the
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system have previously been calibrated, tested and proven on contact lenses of known

68-69 as well as on rabbit corneas .

transmittance
After the spectrometer dark current and the reference spectra have been
established transmittance spectra can be computed and recorded in a few milliseconds.
The rapid data collection from the spectrometer CCD detector and the small aperture on
the illuminating and detecting fiber optics allow for transmittance of small tissue samples
such as the whole mouse eye, its cornea and crystalline lens to be recorded. The reference
spectrum was simply the spectrometer observing the lamp through the empty sample
holder, which is effectively the 100% transmittance baseline. The tissue transmittance is
observed when a specific sample is carefully placed normal to the light beam.
Transmittance data was saved by the Ocean Optics software and analyzed using Matlab.
Intra-mouse, left versus right eye, as well as inter-mouse transmittance curves
were recorded to test homogeneity and variation throughout our sample eyes. Due to their
minute size it was not always possible to place each mouse eye in the test beam in exactly
the same manner, causing variations in the overall transmittance levels from sample to
sample. Placement variations were greatly reduced by normalizing all spectra in the
visible at 600 nm where the test media have high transmittance and no absorption feature
of note **®8. The whole eye spectra were normalized to 65% and the cornea and
crystalline lens spectra to 80%, these values were based on the mean of the five spectra
taken on each of the eight test eyes and incorporated the relative thickness of each test
medium and the amount of surface or Fresnel reflection encountered. Subsequent

comparison of the absorption spectra of the whole eye and the cornea and crystalline lens

combined, shown in the results below, validated the normalization values at 600 nm for
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each test medium. In addition the spectral transmittance of a drop of Alcon BSS was
determined to ensure that it did not absorb any UVR in the region of interest. After
testing whole eyes the individual corneas and crystalline lenses were carefully excised
and placed in the test beam for measurements, with less placement error than the whole

eyes due to their relative optical simplicity.
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6.4 Results

First, transmittance curves for the whole mouse eyes were determined and the
average of these curves from the left and right eyes of the four test mice showed a
transmittance cut off at approximately 310 nm and transmittance increasing from the UV-
A to the visible wavebands (Figure 6.2). Subsequently the, transmittance spectra of the
cornea and crystalline lens were assessed. Due to the quicker degradation of the cornea
compared to the crystalline lens, corneal transmittance was measured first of the two
ocular media. The average of the corneal transmittance curves showed a cut off at 280 nm
and higher overall transmittance than the whole eye (Figure 6.3). The data for the mouse
crystalline lens showed a UVR transmittance down to approximately 310 nm, again with
higher overall transmittance than the whole eye (Figure 6.4). The significance of the cut
off wavelengths for the cornea and crystalline lens is highlighted in figures 6.2 to 6.4 by
superimposing the mouse cone receptor sensitivity curve on each graph *.

The error bars shown in figures 6.2 to 6.4 indicate the standard deviation about
the mean of the eight sampled eyes, as no statistical difference between left and right eye
was evident for each mouse. There is good consistency across the eight samples for the
whole eye and crystalline lens with slightly larger error bars on the corneal data, possibly
due to the corneal delicacy and the extra handling required in its excision.

Next, the decay in corneal transparency over 100 minute timeframe was assessed
by repeatedly measuring transmittance spectra on one cornea. The cornea was left in the
optical test set-up and hydrated using Alcon BSS during this test segment. The graph
generated in this experiment showed a decrease in transmittance due to an increase in

scatter with time. The decreased transmittance was mainly observed at 350 nm (Figure
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6.5). By plotting the transmittance at 350 nm against time, the period, over which valid
transmittance measurements may be acquired, can be determined and shows a 5% drop
within 20 min after euthanization of the animals (Figure 6.6).

From the transmittance data in figures 6.2 to 6.4 absorption spectra of the
mouse whole eye can be computed and compared to the sum of the corneal and
crystalline lens absorption. This showed that the cornea and the crystalline lens are the
two dominant absorbers in the mouse eye (Figure 6.7). The slightly higher absorption due
to the sum of the cornea and crystalline lens, being due to factors such as increased
Fresnel reflection from the individual media and optical decay due to the extra handling

involved.
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6.5 Discussion

The in vitro non-cuvette based fiber optic spectrometer system used for this
experiment produced consistent results as has been shown previously **. The close
correlation found between total ocular UVR transmittance and the sum of the individually
measured cornea and crystalline lens supported the validity of our findings. Optimal
readings were obtained due to a short post-mortem interval (less than 30 minutes), which
allowed the maintenance of good transparency and consistent transmittance. The rapid
data collection was made possible by the simplicity of the equipment design and set up.
Measurements taken postmortem after the optimal period, showed a significant decline in
transparency due to increased scattering over time. The decreased transmittance is a
result of handling and natural postmortem changes. Comparisons made in this study,
between optimal readings from whole eyes, crystalline lenses and corneas from four
different animals (8 eyes), showed little variation and suggested that the methodology
used in this experiment was accurate even for a small eye. The low broadband
transmittance in the UV-A and blue light wavebands may also protect the mouse retina
from excessive toxic exposure while allowing sufficient light through to permit UVR
vision with minimal glare, in the same way that humans use sunglasses in the visible with
a UV-A cutoff.

The few transmittance studies available on the mouse crystalline lens have all

60
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shown variable outcomes. Both Dilllon et al. ° and Lei et al. > used an Ocean Optics
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cuvette based system to obtain their data. Dillon et al. °* showed high absorbance up to
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about 320 nm and Lei et a showed 80% lens transmittance at 360 nm. In accordance

60
l.

with Dillon et al. > our study revealed a transmittance cut- off at 310 nm for the mouse
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crystalline lens, however, Dillon et al. ® showed a higher transmission, 70% for the
cornea and 80% for the crystalline lens in the UVR region compared to our data. This
discrepancy is likely due to that Dillon et al. ® first normalized the transmission spectra
to 90% and subsequently subtracted for Rayleigh and Tyndall scatter, caused by the long
pathlength present in a cuvette based system. This dilemma was eliminated in our study
by using a short pathlength by placing the detecting fiber optic immediately adjacent the
test lens or cornea to decrease scattering. Another possible explanation for the
discrepancy found could be due to the different strains and ages of the mice used in the
two studies. Dillon et al. ®° used a BALB/c mouse, an albino mouse, and in our study a
C57BL/6 mouse, a highly pigmented mouse was used. A study by Gouras et al. *"
comparing UVR sensitivity between albino Fisher-344 rats and pigmented Brown
Norway rats showed that the albino rats where more sensitive to UVR. Yet, another
possibility is that there is a genetically inherited difference in UVR sensitivity between
the two strains of mice (the C57BL/6 and the BALB/c) independent of eye pigment. Also

worth noting is that the spectrometer used by Lei et al. *°

only obtained transmittance
spectra above 350 nm, 40 nm above the cut off found in our study for the mouse
crystalline lens. The spectrometer system used in the present study was sensitive over a
greater range, and this may also be a factor in the discrepancy between the two studies.
Our system also has advantages over a cuvette based system by minimizing handling of
the tissue, allowing prompt measurements post mortem, minimizing beam pathlength to

reduce the effects of scatter and avoiding reflection and unwanted refraction from optical

interfaces and cuvette media.
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Discrepancies found when comparing literature on mouse crystalline lens
transmittance, were evident also in transmittance studies involving the human eye. As

pointed out by several authors > "7

multiple factors affect the validity of the findings,
including the condition and age of the eyes, time between enucleation and measurements,
and the accuracy of the instruments and measuring techniques used. Therefore, there is a
need for a standardized, accurate fast recording system that can be used measuring
transmittance of contact lenses and on different species such as the human, rabbit and
mouse eyes. The current instrument design appears ideal for such a purpose and variants

of this equipment set up has been successfully utilized on small fish °°.

Only one previous study, Dillon et al. *

, was found in regards to mouse
corneal transmittance. They recorded a corneal transmittance starting at 285 nm, which is
in agreement with the transmittance data in this study, but higher overall transmittance
possibly the same for reasons highlighted above. Another factor that may also be
important is the age of the test mouse °. It has been reported in the literature that the
ocular structures of the immature mouse are still developing and this may affect the
relative clarity of the media ",

An interesting observation was made when comparing the mouse transmittance
cut offs to other species such as the rat, rabbit and human. The mouse cornea had a cut
off at 280 nm which is further into the UV-B than corneal cut offs recorded for some
other species such as the rat 285 nm %, the rabbit 290 nm * and the human 290 nm >2*".
Therefore, this experiment demonstrated that the mouse cornea transmits more UV-B

than the rat, rabbit and the human corneal transmittance. The mouse crystalline lens, on

the other hand showed a cut off in the UV-B at 310 nm which is slightly lower than the
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cut-off in Dillon et al. ® and similar to the rat 310 nm ** and at a much lower UV-B
wavelength than the approximate UV-A cut off for the rabbit 360 nm *® and human 390
nm >2*"7 crystalline lens.

As stated above the mouse crystalline lens is transparent to the majority of the
UVA-B spectral waveband which in contrast differs to the human crystalline lens. Why
would the mouse lens need the ability to transmit UVR radiation? The mouse retina has a

167-168 and,

cone photopigment sensitive to UVR with peak sensitivity at 350 nm
according to the present study, the mouse cornea and crystalline lens have approximately
50% transmittance in this region. However, this apparently reduced transmittance may
still allow sufficient light in the related waveband to stimulate receptor cells containing
the UVR photopigment. When and how an animal, such as the mouse, that operates in a
twilight environment would utilize and benefit from this UVR perception is not yet

169 \we believe that the

clearly understood. In agreement with Gouras and Ekesten (2004)
UVR sensing cones allow the mouse enhanced electromagnetic radiation detection and
added contrast, which may help when searching for food, mates or escaping from
predators. Alternatively in its natural light starved environment the nocturnal mouse may
need to utilize any available electromagnetic wavelength available for its survival.

Due to the above stated significant differences that exist between the mouse

and the human it is concluded that the mouse is not an ideal model for the human eye in

experiments where UVR is a factor.
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6.6 Figures and Tables

Spectrometer ’fg E D

[Numinating fiber optic
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Detecting fiber optic

Detecting fiber optic

Figure 6.1 Spectrometer set up

Photograph of instrumentation set up (A) explained by schematic diagram (B).
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Figure 6.2 Mouse whole eye transmittance
Mouse whole eye transmittance with the mouse cone receptor sensitivity curve

superimposed to show that the transmittance needs to extend down to the UVB (after

Lyubarsky et al. 1999).
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Figure 6.3 Mouse corneal transmittance
Mouse corneal transmittance with the mouse cone receptor sensitivity curve

superimposed (after Lyubarsky et al. 1999).
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Figure 6.4 Mouse crystalline lens transmittance
Mouse crystalline lens transmittance with the mouse cone receptor sensitivity

curve superimposed (after Lyubarsky et al. 1999).
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Figure 6.5 Mouse corneal transmittance over time
Mouse corneal transmittance decreasing over time showing the increase in scatter

over a 90 minute hour period.
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Figure 6.6 Decreased corneal transmittance due to scatter
Decrease in corneal transmittance at 350 nm due to the increase in scatter over a

90 minute period, taken from figure 6.5.
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Figure 6.7 Absorbance curve
Mouse whole eye absorbance (——) compared to the sum of the corneal and

crystalline lens curves (----) that shows that these two ocular structures are the dominant

absorbers in the mouse eye.
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Chapter 7 - General Discussion
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General Discussion

The young adult mouse has recently become an increasingly popular model in
corneal and anterior segment research e.g. dry eye mouse models have proven to be

useful when investigating tear functions ** >/

and its genome has been sequenced,
which allows for development of knockout and transgenic strains ° ***. Although the
mouse is commonly used in ophthalmic research, current literature provides limited
information on the normal mouse anterior segment and its similarities or differences to
the human.

The first experiments in this dissertation were therefore, designed to
characterize and to assess the applicability of the normal mouse cornea and conjunctiva
to the human and subsequently to enhance our understanding of morphological changes
occurring in the dry eye. These studies represented the first attempts to investigate the
mouse cornea, the normal and dry eye palpebral conjunctiva by utilizing a systematic,
histologic approach using well defined reference points allowing the observer to conduct
accurate intra-corneal or intra-conjunctival morphometric assessments.

Since the mouse eye is commonly used in many different areas of ophthalmic
research, there was a need to enhance our understanding of this small eye in a variety of
experimental settings. An additional experiment was, therefore, designed to investigate
the applicability of this small eye to the human in regards to UVR transmittance.

As is illustrated above, this research investigated the relevance of the mouse
eye as a model for the human eye in various tissues and experimental settings. For clarity

the outcomes from these studies and the similarities or differences found between the

mouse and the human are discussed for each tissue or experiment below.
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7.1 Mouse Cornea

Dimensions

The histological evaluation of the mouse cornea in the three most commonly used
stains of mice (129/SVJ, C57BL/6, BALB/c) demonstrated an average diameter of (2.3-
2.6 mm depending on strain), which was much smaller than the human cornea that has an
average diameter of (11.7 x 10.6 mm)’. The measurements obtained in the current study
were substantially smaller than the 3.5 mm BALB/c corneal diameter reported by Zhang
et al. 2. This discrepancy may be explained by the difference in age between the mice 6
to 8 weeks versus 6 months 2%,

In contrast to the human, the mouse cornea was thickest centrally (123-137
pm) and thinned by 55-66% towards the periphery where it measured (68-90 um). This
thickness difference was explained by both a decreased thickness of the epithelium and
the stroma towards the periphery, but primarily due to a reduction in stromal thickness.

The nocturnal mouse has a relatively large eye and wide palpebral aperture for
its size. Together with a large almost spherical crystalline lens and a strongly curved
cornea this supplies the mouse eye an eminent light gathering ability needed for survival
in its natural habitat *"®. One possibility is therefore, that the mouse corneal shape has
evolved to benefit this nocturnal animal optically. Another source stated a crystalline lens
anterior radius of curvature for a 12 week old C57BL/6 mouse of 1.13 *"® and thus maybe
the corneal shape has evolved to be able to provide room for this relatively large steep
crystalline lens.

Contrary to the human, where the epithelium and the stroma contribute 10%

and 90% respectively ’ to the corneal thickness, the mouse corneal epithelium contributed
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approximately 30% and the stroma approximately 70% to the total thickness. This
finding was in agreement with proportional contributions of the epithelium and stroma to

the total cornea thickness previously reported on the BALB/c mouse *.

Epithelium

The ultrastructural investigation of the mouse corneal epithelium demonstrated
stratified epithelium similar to what has been described for the human 22 *%. An important
difference between the human and the mouse was the number of epithelial cell layers. In

180 the mouse cornea

contrast, to the average of 5-7 layers of cells reported in the human,
in all three strains of mice had an average of 13 layers centrally compared to an average
of 10 cell layers peripherally. This decrease of cell layers amounted to a thinning of the
epithelium by 40% (18 um) in the periphery. The difference in cell layers between the
two species was explained by an increased number of squamous cell layers in the mouse
cornea. In its natural habitat the relatively protruding mouse cornea is likely to be
exposed to dangers from the surrounding vegetation and it is, therefore, possible that the
additional cell layers serve as enhanced corneal protection. The greater relative
contribution of the epithelium to the overall corneal thickness and the increased number

of epithelial cells in the mouse cornea are significant differences that may have an impact

when relating, for instance, wound healing studies on the mouse to the human.

ALL
In the human, the ALL may be described as a well defined 8-10um thick layer

located between the epithelium and the stroma. The mouse cornea did not possess such a
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layer and | therefore, confirmed Rehbinder’s observation * who reported that the mouse
cornea lacked this corneal layer. The ALL is present in some species and not in others.
The need to develop an ALL, or, indeed its functions have not been explained. Therefore,
it is not clear why the mouse does not possess one. It has been proposed, that the ALL
may have evolved for optical or structural reasons or may be a combination. Future

research may be able to provide an answer to this question.

Stroma

Similarly to what has been reported for the human, the mouse corneal stroma was
composed of collagen fibers, organized into lamellae, with keratocytes present mainly
between the lamellag 3" 31336283 104115180-181 ‘e numper of keratocytes present along a
vertical line in a thick (0.5-1 pm) transverse section can give an approximate estimate of
the number of lamellae present at a specific corneal location.

The mouse corneal lamellae were arranged as flattened sheets oriented parallel
to the epithelium and resembled the architecture of what has been reported for the human
middle and posterior stroma *. The complex interweaving of the anterior lamellae >
and the presence of electron dense formations indicating mid-corneal stromal
terminations ° found in the human were absent in the mouse, but, EDF may have been
present peripheral to central cornea. As mentioned previously the mouse corneal stroma
decreased in thickness towards the periphery, and hence has a shape opposite to what has
been reported for the human *#19#23 191 "1 the mouse, the central to peripheral thickness

variation was explained by both a significant decrease in number (50 versus 36) and

thickness (2.1 um versus 1.9 um) of lamellae. The decrease in number of lamellae
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towards the periphery was mainly due to a lamellar drop out in the anterior 2/3 of the

stroma. In contrast to previous reports, 2> 78 103-104

these lamellar counts suggested that
not all stromal lamellae cross the cornea from limbus to limbus. Although, the human
cornea has the opposite shape of the mouse cornea, this observation might have a parallel
in the human, since there appear to be more lamellae in the peripheral human cornea **’
compared to the center *. Intra-corneal counts, (central and peripheral lamellar counts
within the same cornea), have yet to be performed in the human cornea to confirm this
statement.

Another interesting difference between the human and the mouse was the
distribution of corneal nerves. In contrast to the primate, where corneal nerve fibers
primary function are defense and they only are present within 50 pm of the epithelium,
18 corneal nerves were located throughout the entire corneal stromal thickness in the

mouse. Since the mouse cornea is significantly thinner than the human cornea it is

proposed that the more posterior nerve fibers still mainly respond to anterior stimuli.

LL

In the human the PLL terminates at the trabeculum and it consists of a fetal
(banded) and post-natal (more uniform) portion and function as a basement membrane to
the endothelium *°*%. The mouse PLL had a similar organization but in contrast to the
normal human, the mouse PLL has striated bodies located in the post-natal portion. These
striated bodies are shown in images from the mouse cornea but have not been discussed
in the text ° *”. Similar striated bodies have been imaged and described in the posterior

collagenous layer in the pathological human cornea as a result of Fuchs’ endothelial
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dystrophy 2. These striated bodies are part of the abnormal basement membrane laid
down by the diseased endothelium. It appears that in the mouse the endothelial basement
membrane production is not a perfect secretion, however due to the short lifespan of the

mouse it does not seem to have an effect on corneal or endothelial health.

Endothelium

The structure of the mouse corneal endothelium corresponded to what has been
described ultrastructurally for the human **¥°. In a transverse section the mouse
endothelium measured 2.1 pm in thickness, and was thinner than the 5 um that has been

reported for the human %,

As stated above, significant dimensional and some noticeable ultrastructural
differences existed between the mouse cornea and the human. It is therefore of
importance to take these differences into consideration when applying research from the

mouse to the human.
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7.2 Mouse Conjunctiva

Epithelium

Analogous with the human, the mouse palpebral conjunctival epithelium can be
described morphologically as a stratified multi-layered epithelium rich in goblet cells
with surface cells that feature a glycocalyx. The human superior palpebral conjunctiva
has an average of 2 and the inferior an average of 3-4 layers of cells *®. Both the superior
and inferior C57BL/6 mouse palpebral conjunctiva had an average of 3 cell layers, thus
structurally the palpebral conjunctival epithelium of the mouse was similar to what has
been documented for the human.

A decreased epithelial thickness was detected in the dry eye; this was
accompanied by a loss of cell layers at the junctional region, where the palpebral
conjunctival epithelium meets the epithelium of the lid margin. Increased friction from
desiccation of the tissue, an increased frequency of blinking or a combination of both are
likely causes for the decreased thickness and loss of cells in this region.

The lid wiper is defined as the portion of the marginal conjunctiva of the upper
lid that spread the tear film over the ocular surface **°. Clinically, this area has shown
positive (rose bengal, lissamine green and/or flourescein) staining in patients with dry eye
symptoms. This condition is named lid wiper epitheliopathy (LWE) 2> The
conjunctival epithelial thinning and loss of epithelial cells at the junction of the lid
margin and the conjunctiva reported by this research may be a potential explanation

behind the staining caused by this condition.
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Goblet cells

In the mouse palpebral conjunctiva the goblet cells were found either singly or in
clusters and this arrangement was similar to what has previously been reported for the
human ¥ 1% A feature of the mouse palpebral conjunctiva was that the goblet cells may
only be visualized in a restricted region.

Goblet cells were counted utilizing different techniques to investigate whether
goblet cell density would change in dry eye. These counts differed depending on
technique used. In agreement with previous studies, this study also detected a decreased
number of goblet cells when PAS and Alcian blue stains were used ***°. However, this
decrease was not detected when MUCS5AC positive goblet cells or goblet cells were
counted based on histological criteria. One possible explanation was that different
subtypes of goblet cells are present at the ocular surface programmed to produce mucin
of different histochemical characteristics, and thus, different numbers of goblet cells were
visualized when different stains were used. If so, it appears that the goblet cells producing
neutral mucin (stained by PAS) or acidic mucin (stained by Alcian blue) are more likely
to be affected by the dry eye condition. It is possible that some of the PAS or Alcian blue
positive cells that don’t stain for MUC5AC secrete MUC2.

A thicker section is more likely to contain goblet cells. Yet, another potential
explanation for the discrepancy in counts between goblet cells counted histologically and
goblet cells stained with mucin specific stains may be the difference in thickness between
the 0.5um thick resin embedded versus the 5 um thick paraffin embedded sections.

The goblet cell size reduction in the dry eye was proportional to the decreased

thickness of the epithelium. However, there was no change in volume fraction
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(approximately 43%) and surface density of the granules between the three conditions,
thus indicating, the same amount of mucin production in the normal and the dry eye. This
finding was in agreement with the area of MUC5AC staining found in the epithelium.

Another factor affecting the goblet cells in the dry eye was a greater coverage
of epithelial cells. Perhaps it is not a decreased number of goblet cells or decreased mucin
production (as illustrated by our MUCS5AC staining and histological counts) but instead
the slower or inhibited migration of goblet cells from the basement membrane to the

surface that resulted in a lower amount of MUC5AC in the tear film in the dry eye .

The mouse superior and inferior palpebral conjunctiva has a structure similar

to the human and | would therefore, like to conclude that the mouse palpebral conjunctiva

is an applicable model for conjunctival and dry eye research.
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7.3 Mouse Eye and UVR Transmittance

These experiments utilized a non-cuvette based fiber optic spectrometer system
and demonstrated a transmittance cut off at approximately 280 nm for the cornea and 310
nm for the crystalline lens. These results were in agreement with previous reports by
Dillon et al. ® In contrast to our study, Dillon et al. ® reported a higher transmission in
the UVR, 70% for the cornea and 80% for the crystalline lens. These discrepancies were
likely due to the fact that Dillon et al. ® corrected their transmission spectra for Rayleigh
and Tyndall scatter, caused by the longer pathlength present in their system. The
difference in strains and ages of mice could be another explanation for the variability in
transmittance between the two studies *° %2,

In contrast to the mouse, the human cornea and crystalline lens have
transmittance cut offs at 290 nm 2% and 390 nm °2**° respectively. Transmission at
lower wavelengths allows the majority of the UVA-B spectral waveband to reach the
mouse retina. These wavelengths are for safety reasons blocked out in the human mainly
by the cornea and the crystalline lens.

The mouse has a cone photopigment sensitive to UVR, peaking at 350 nm ¢’
but, how this UVR perception benefits a nocturnal animal, such as the mouse, is not
clearly understood. One possibility is that the UVR sensing cones allow the mouse
enhanced electromagnetic radiation detection and added contrast, which may help when
searching for food, mates or escaping from predators *°°. Mouse urine has shown to be
highly UVR reflectant *®3. The mouse uses its urine to mark its territory or trails to
common wallowing places, *** suggesting that the UVR sensitivity of the mouse eye is

needed for orientation ** or to establish social rankings %,
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Due to the differences stated above between the mouse and human in UVR

transmittance, it is concluded that the mouse is not an ideal model for UVR experiments.

The first topic of my studies focused on validating the young adult mouse as a
model for ocular surface research by investigating structural similarities and differences
between the normal mouse anterior segment and the human. The morphological
differences between the two species described in these studies are especially important to
take into consideration when extrapolating results from mouse studies to the human. For
example, due to the difference in corneal shape, stromal thickness and architecture
between the two species, the mouse would most likely not be an ideal model for studying
effects of a new refractive surgery method. The results from my studies will also be of
importance to researchers starting a new project, mainly to help determine whether the
mouse cornea or conjunctiva would be an applicable model for a particular project or if
another animal model will be a more suitable choice.

If a researcher is planning to utilize mouse as an animal model for UVR research
or transmittance studies it is essential to be aware of the difference in transmittance of the
mouse eyes’ individual components compared to the human illustrated in my study. The
corneal transmittance cut off is similar to the human and the cornea might therefore, be
suitable for these types of experiments. It is however, important to be aware of the
difference in corneal thickness and proportions compared to the human. The mouse
crystalline lens will most likely not be suitable for transmittance studies due to the

difference in absorption compared to the human. The above stated studies have given
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insight to the importance of experimentally validating an animal model and investigating
its applicability to the species of interest before it becomes commonly used.

A second main topic of this research was to assess structural changes occurring in
the dry eye. Dry eye is a disease without a cure that affects millions of people world-
wide. To one day find an exclusive test for diagnosis, a treatment or a cure for this
disease it is important to obtain an enhanced understanding of all aspects of the dry eye
e.g. etiology, structural epithelial changes, changes in goblet cell density, tarsal gland
secretion etc. My research on this topic contributes to the research community by
providing an increase understanding of how the dry eye effects goblet cells and the
epithelium.

The studies included in this dissertation only investigated the applicability of the
young adult mouse to the human. Since the literature provides limited information on the
structure of all ages of the normal mouse anterior segment it would be interesting to
investigate how corneal dimensions, and corneal and conjunctival structure changes with
age. Is it possible that an older mouse develops dry eye naturally due to aging, as is
commonly seen in humans? If so, how would the conjunctival findings of these mice
compare to the dry eye model utilized for my studies and to the human? In my
transmittance study the C57BL/6, a mouse strain with a heavily pigmented eye was
utilized. Would transmittance increase if for example the BALB/c, an albino mouse
strain, was used? The transmittance of the human crystalline lens decreases with age.
Taking the short lifespan of the mouse into account, does the mouse live long enough to

show the same relationship? The above stated questions are only a few examples of areas

149



where more research is needed to further evaluate the mouse as an animal model for the

human.
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7.4 Summary of Significant Observations
Cornea:

The mouse cornea was thicker centrally and thinner peripherally, thus had a shape
opposite the human.

The stroma contributed 2/3 and the epithelium 1/3 to the total corneal thickness.
Both the epithelium and the stroma showed a decreased peripheral thickness,
however, the reduced number of stromal lamellae was the main reason for this
thickness loss.

The difference in number of lamellae between the central and peripheral cornea
was explained by a lamellar drop out in the anterior 2/3 of the stroma and
suggested, that not all lamellae cross the cornea from limbus to limbus.

The ALL is composed of randomly oriented collagen fibers but such a corneal
layer was not present in the mouse. This is a significant structural variation
between the human and the mouse.

Due to the above stated difference in dimensions and ultratructure between the
human and the applicability of the mouse cornea will depend on the research

question being investigated.
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Conjunctiva & dry eye:

The mouse conjunctival epithelium had a structure similar to the human.

There was no difference in number of goblet cells between the superior and
inferior conjunctiva.

The palpebral conjunctival epithelium decreased in thickness in the dry eye. This
was associated with a loss of epithelial cells at the junction of the lid margin and
the conjunctiva.

The Vv (approximately 43%) and Sv of granules stayed concordant between the
three groups (UT, DS5 and DS10).

Goblet cell numbers differed depending on technique used. Suggesting that
maybe there are different subtypes of goblet cells on the ocular surface.

In the dry eye the surface access of the goblet cells appeared to be inhibited by the
epithelium and this could possibly slow down the ascension of goblet cells
towards the conjunctival surface.

The mouse superior and inferior conjunctiva is an applicable model for human

conjunctival and dry eye research.
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UVR transmittance:

e The mouse had a transmittance cut off at 280 nm for the cornea and 310 nm for
the crystalline lens, which was significantly different to the human where the
cornea and the crystalline lens had cut offs at 290 nm and 390 nm respectively,
allowing an increased transmittance of UVA and UVB to the retina.

e The mouse eye UVR transmittance renders it a less applicable model in regards to

UVR research.
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Appendix A - Protocols in Alphabetical Order
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8.

9.

Alcian blue (pH 2.50)

For paraffin-embedded tissue, remove paraffin with xylenes and hydrate through
decreasing concentrations of alcohol as described in “paraffin removal from slides”.
Incubate slides in Acetic Acid for 3 minutes.

Incubate slide in Alcian Blue (pH 2.5) solution for 15 minutes at 31 degrees Celsius
on the “long” hot plate.

Rinse briefly in Acetic acid solution to remove excess Alcian Blue.

Rinse for 2 minutes in running tap water followed by 2 changes of distilled water.
Stain slide in neutral fast-red solution for 5 minutes.

Rinse for 2 minutes in running tap water followed by two changes of distilled water.
Dehydrate in 2 x 1.5 minute changes of 95% alcohol.

Dehydrate in 2 x 1.5 minute changes of 100% alcohol.

10. Clear through 2 x 5 minute changes of xylene.

11. Mount with 1-2 drops of Permount and coverslip.
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1.

Immunohistochemistry(IHC) MUCS5AC antibody (SC-20118 Santa
Cruz)

For paraffin-embedded tissue, remove paraffin with xylenes and hydrate through

decreasing concentrations of alcohol as described in “paraffin removal from slides”.

Heat induced antigen retrieval

2.

3.

Leave slide rack in tap water.

Add the antigen retrieval buffer solution: Sodium Citrate Buffer (L0mM Sodium
Citrate, 0.05% Tween 20, pH 6.0) 1000-1500 ml into the microwaveable vessel and
place in the microwave.

Wait until the solution comes to a boil (approximately 5-10 minutes), add the slide
rack with slides.

Boil for 20 minutes. The solution will evaporate, so make sure the vessel is big
enough to hold enough buffer to keep the slides covered with solution at all times.
When 20 minutes has elapsed, remove the vessel and run cold tap water into it for 10
minutes.

Proceed to IHC.

IHC: MUC 5AC using NovaRed DAB.

5 min Wash slides in PBS

5 min Blot dry. Wax slides. Add PBS (5 min) Never let the samples dry out!!! Work
slides 2 by 2. Prepare blocking solution = (20% Goat).

10 min Incubate EYES ONLY in 0.3% H,0, in PBS (quench endogenous

peroxidases) Prepare 75mL of PBS + 0.75ml of 30% H,0O, Copplin jar.

5 min Wash in PBS.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

10 min Apply 2 drops/section of Avidin block. Timer is counting up. Do not rinse.
Aspirate it out.

10min Apply 2 drops/section of Biotin block, work slides 2 by 2.

3 min Rinse with PBS

30 min, RT Block with 20% Goat serum in PBS. Prepare 1° Antibody.

Aspire it out the GS, blot around the tissue. Work slides 2 by 2.

60 min, RTApply 1° Antibody in 5% Goat serum-PBS (or O/N, 4°C).

5 min x 3Wash in PBS. Prepare 2° Ab

Prepare Vectastain ABC Solution (to stand at RT at least for 30 min prior to use):
5ml PBS + 2 drops A +2 drops B

Aspire it out the 1° Atb, blot around the tissue. Work slides 2 by 2.

30 min, RT Apply 2° Antibody: see below (in 5% GS-PBS)

3 min x 3 Wash in PBS.

30 min Blot around tissue. Incubate in ABC reagent. Work slides 2 by 2.

3 min x 3 Wash in PBS.

Prepare DAB solution (NovaRed substrate kit, Vector, CN SK-4800, red stain) right

before use: 5 mL glass ddH,O + 3 drops Reagent 1 (mix) + 2 drops reagent 2 (mix) +

Look at scope Blot around tissue. Add DAB solution to develop.

MUC 5AC:2 min. THIS STEP IS CRUSIAL FOR TIME. MAKE SURE
EXACTLY 2 MINUTES!!!

1 x Terminate reaction with rinse in distilled H,O in rack.

5 min x 2 Wash in ddH,0.
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23. 2min Counterstain with Mayer’s Hematoxylin

24. Rinse in tap H,O in rack. This step is performed 4X in different beakers

25. 1 min x 2 95% EtOH

26.1 min x 2 100% EtOH

27.5 min x 1 Xylene (100%)

28. 5 min x 1 Xylene (100%)

29. Add 1-2 drops of Cytoseal solution (or permount) and attach 22x50 coverslip. Let it

dry before using the microscope for at least 40~60 mins at room temperature, in a flat

surface.
Antibody Stock concentration Exp conc Ab + 5%
GS-PBS
Rabbit a-human SC-20118. Santa Cruz. 1:200 2uL+
MUC 5AC (n=4) 200ug/ml 398uL (=400 pL)
Biotin Goat a- BD Pharmingen CN 0.5ug/mL 8uL+ 392
rabbit 550338. 0.125mg/ml (1:50) pL (=400 pL)
(n=4)

Blocking solution: 20% Goat serum: 1 ml goat serum + 4 ml PBS. Can be stored
at 4C for 2-3 weeks then throw out.

To make 5% GS- PBS: Take 1 ml from the 20% Goat serum and add 3 ml of
PBS.

Important for the antibodies: Count how many individual sections that are

going to be stained (normally 4 per slide). You need approximately 50-75 ul per section.
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Depending how many sections that are being stained 400 pl might not be enough. It
could be necessary to double or tripple the antibody recipe.
1gG control: Use normal rabbit serum instead of the 1° antibody and make sure to

use the same concentration = (1:200).

174



10.

11.

12.

13.

14.

15.

Periodic acid schiff (PAS) stain (0.5%o)

For paraffin-embedded tissue, remove paraffin with xylenes and hydrate through

decreasing concentrations of alcohol as described in “paraffin removal from slides”.

Rinse in tap water 2 x 10 minutes.

Oxidize 10 minutes in 1% periodic acid.

Wash 5 minutes in running tap water.

Immerse 5 minutes in Schiff’s reagent.

Pass directly into 3 successive washes of 2 minutes each in 0.25% sodium meta-
bisulfite (2.5g in 1000 ml H,0).

Wash 10 minutes in running tap water.

Stain 90 seconds in acid hematoxylin.

Briefly rinse in two changes of H,0.

Counter stain 1 minute in 1% aqueous Orange G (2g in 200 ml H,0).
Water wash 10 dips.

Dehydrate in 2 x 1.5 minute changes of 95% alcohol.

Dehydrate in 2 x 1.5 minute changes of 100% alcohol.

Clear through 2 x 5 minute changes of xylene.

Mount with 1-2 drops of Permount and coverslip.
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Removal of paraffin from slides

Solvent Repetition x Duration
. Xylene 3 X 5 minutes
100% Ethanol 2 X 3 minutes
. 95% Ethanol 2 X 3 minutes
. 80% Ethanol 2 X 3 minutes
. 70% Ethanol 2 X 3 minutes

Rinse in running tap water for 5 minutes.
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Uranyl acetate (3.5%) and Reynold’s lead citrate staining

Put copper grids in small tubes, (3-4 grids per tube).

. Cover grids with uranylacetate.

Put the small tubes with grids in the oven at 60 degrees Celsius for 20 minutes.

Rinse grids with distilled water with pipette 4 times.

Keep rinsing with distilled water by putting grids in a beaker. Rinse 4-5 times.
Make CO2 free chamber

Use paraffin paper to make wells, (3-4 grids per well).

Put lead citrate into these wells.

. Add sodium hydroxide to make CO2 free chamber.

Let chamber sit for about 5 minutes.

Dab grid on filter paper, (non section side towards the paper).

Put grids in CO2 free chamber, section side down.

Leave grids in chamber for 10 minutes.

Rinse 3-4 times in a beaker with distilled water.

Dab grid on filter paper and put back.
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