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Ocular surface epithelial and stem cell development
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ABSTRACT Phenotypic features and developmental events involved in the genesis of the limbo-
corneal and conjunctival epithelia are described. Together, these two epithelia define the ocular
surface. They derive from a small cohort of optic vesicle-induced PAX6 * head ectodermal cells that
remain on the surface following lens vesicle formation by the main PAX6 * cell cohort. Both epithelia
are stratified, and display wet, non-keratinizing phenotypes. The most significant spatial feature of
the limbo-corneal epithelium is the segregation of its supporting stem and early precursor cells to
the limbus, the outer vascularized rim separating the cornea from the conjunctiva. These stem cells
express ABCG2, a xenobiotic transporter present in stem cells from other organs. ABCG2
transport activity excludes the DNA dye Hoechst 33342, allowing the isolation of the ocular stem
cells by flow cytometry, as a unique cohort known as a side ‘side population’. Limbal stem cells
do not form gap junctions and exist as metabolically isolated entities. Tracking of expression
changes in Cx43, the main gap junction protein expressed in both the pre-epithelial ectoderm and
in the mature central corneal epithelium, indicates that a limbal stem cell phenotype starts
developing very soon after lens vesicle invagination, in advance of the appearance of any
recognizable anatomical sub-epithelial limbal feature. Differences in Cx43 expression also reveal
the very early nature of the divergence in limbo-corneal and conjunctival lineages. The putative
involvement of several early genes, including gradients of PAX6 and differences in expression

patterns for members of the /d or msh gene expression regulators are reviewed.
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Introduction

The spatial approach and full apposition of the neural ecto-
derm-derived optic vesicle to a small strip of outer surface head
ectoderm represents the central event in eye development. The
earliest recognized ectodermal gene expression change associ-
ated with this phenomenon is the delimitation of the homeobox
PAXE gene expression, which at an earlier stage occurs through
a wide swat of the head ectoderm, to the apposition area. The
close range interaction leads to a dramatic, overt elongation in the
affected ectodermal cells, establishing the lens placode. The
morphologically altered cells invaginate and excise from the outer
surface to form the lens vesicle. The cellular excision leaves at the
surface a small number of cells that, though lacking the morpho-
logical features of the cells of the placode, express PAX6. Head
surface ectodermal cells that lack PAX6 expression continue
through a default differentiation path to establish the epidermis.
The small cohort of PAX6™ cells follows divergent pathways to
become the limbo-corneal (LC) and conjunctival (CNJ) epithelia
(Davis and Reed, 1996; Koroma et a/, 1997; Nishina eta/., 1999).
The different ocular surface domains are discernable by about the

seventh week of human fetal development (Fig. 1), corresponding
to embryonic day 12-13 in rodents.

The study of lens development has been facilitated by a well-
defined morphological chronology and the availability of landmark
genes. The knowledge gathered is contributing to the identifica-
tion of multiple controls genes downstream from the initial PAX6
expression event (Grindley er a/, 1995; Ashery-Padan et a/,
2000; Chauhan et af/., 2002). In contrast, events related to lineage
determination and domain segregation for the ocular surface
epithelia are very poorly defined. This chapter will describe what
is known about these processes and lay a conceptual framework
for future studies.

Ocular surface epithelial phenotypes

The ocular surface epithelial lineages share many of the basic
features of the epidermal system including, a) a stratified pheno-
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type in which only basal cells retain proliferative capacity and
undifferentiated features; b) expression of universal and tissue
specific cytokeratin pairs; and c) a rapid renewal plan relying on a
reservoir of semi-quiescent stem cells (Wei et a/, 1996). Initial
differentiation in the epidermis is associated with a switch of
cytokeratin expression from the universal stratified epithelial
cytokeratin pair, K5 and K14, to K1 and K10, the tissue specific
cytokeratins (TSCKs) of the skin (Moll ef a/, 1983; Cooper et al.,
1985; O’'Guin et al., 1987). Similarly, in the ocular surface epithelia
there is an equivalent cytokeratin switch from the K5/K14
cytokeratins to their TSCKs, K3 and K12 (Schermer ef a/, 1986),
and K4 (Kurpakus et a/, 1994) for the cornea and conjunctiva,
respectively. The main phenotypic differences with the epidermis
occurinthe late differentiation stages. While whereas late differen-
tiation stages in the skin include the synthesis of skin-specific
proteins to generate the cornified envelope (keratinization), ocular
surface epithelia differentiation involves the acquisition of pheno-
typic components, apical ion and metabolite transporters, mucin
proteins, and tight junctions, components typically found in simple
secretory and absorptive epithelia (Wang et a/, 1993; Watanabe
etal, 1993; Chen eral, 1994; Hamann ez a/, 1998; Turner et al,
2001). None of these components have so far been identified as
being corneal or conjunctival epithelium-specific.

However, it should be stressed that, even though the ocular
outer surface phenotypes appear to be quite distinct from those of
the epidermis, the actual mechanisms controlling the differences
may be determined by a limited number of critical genes. Stratified
epithelial keratization is universally and negatively regulated by
retinoids. The degree of keratinization in different stratified epithe-
lia primarily reflects their distinct sensitivity to retinoids (Green and
Watt, 1982). In this sensitivity hierarchy the ocular surface epithe-
lia, and in particular the conjunctiva, occupy the highest point. The
corneal and conjunctival epithelia synthesize or are potentially
able to express all the proteins needed for the synthesis of cornified
envelopes (Nakamura ez al/, 2001). However, under normal physi-
ological conditions the levels of circulating and tear retinoids is
sufficient to prevent expression of the cross linking activities
needed for formation of cornified envelopes. Cornification with
devastating consequences does occur though in certain diseases
or in newborns subjected to a diet completely devoid of vitamin A
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Fig. 1. Schematic description of the ocular surface epithelial zone. (A) The ocular surface at fetal

sources (DeMaeyer, 1986). The mechanisms controlling the cellu-
lar retinoid responses associated with the modulation of the
stratified epithelial phenotype appear to be highly complex and are
poorly understood.

With respectto the comparative analysis of cornea and conjunc-
tiva, a prominent difference is the existence of a single differentia-
tion path in the cornea. The conjunctival precursors can differen-
tiate into either a mosaic type cell similar to the corneal cell, or a
mucin secreting goblet cell. Another significant difference relates
to the angiogenic properties of the tissues. The avascular nature of
the transparent cornea implies that, collectively, its cellular compo-
nents either do not secrete any angiogenic inducer and/or secrete
undetermined angiogenic inhibitors. This is not the case for the
conjunctival epithelium; invasion of the corneal surface by conjunc-
tival cells promptly induces neo-vascularization. Presently the
molecular basis for the an-angiogenic or anti-angiogenic nature of
the corneal epithelium is poorly understood. During epithelial
wound healing, when angiogenic processes are greatly stimulated,
matrilysin, a metalloproteinase, plays a critical anti-angiogenic role
(Kure et al, 2003). Finally, a recent comparative study of global
gene expression in the human limbo-corneal and conjunctival
epithelia using large Affymetrix™ oligonucleotide arrays has iden-
tified more than 11,000 transcripts in each tissue, representing
more than 8,000 unique genes (Turner and Wolosin, manuscriptin
preparation). Of those, transcripts 256 were present exclusively in
the CNJ and, conversely 181 were present only in the LC system.
Thus, the phenotype differences between the two ocular surface
epithelia appear to be underpinned by large subsets of genes that
are present only in one of the two tissues

Dual domain phenotypeinthelimbo-corneal epithelium

In addition to the phenotype features described above, the
limbo-corneal epithelium possesses a unique basal cell dual
domain arrangement (Wolosin eza/, 2000). The stem cells localize
exclusively to the basal layer of the outer vascularized limbal rim
(Cotsarelis ef al, 1989). Using animal chimeras in which the
progeny of stem cells can be visually tracked by following -
galactosidase activity, Collinson et a/. (2002) have estimated that
the limbo-corneal epithelium in this small rodent is maintained by
as little as 100 limbal stem cells. The basal
cells of the corneal domain exhibit a more
differentiated phenotype, expressing the
tissue specific cytokeratins K3 and K12
(Schermer er al., 1986). The expression
switch from universal (K5/K14) to TSCKs,
which in the epidermis and other stratified
epithelia occurs with stratification and ces-
sation of proliferation, takes place in the
limbo-corneal epithelium along the basal
cell plane in sharp manner, as cell transi-
tion from limbal to corneal domains
(Schermer et a/, 1986) and does not
involve loss of proliferative capacity. In-
stead, the cells proliferation rate increases,
indicating that this partially differentiated
population represents the main transient
amplifying (TA) cells for tissue renewal at
steady state (Leblond er a/, 1959;



Fig. 2. Connexin43 expression in the human limbo-
corneal epithelium. Micrographs are negative images
of immunofluorescent stainings. (A) Differential inter-
ference light micrograph of a frozen section depicting
the area of study. In this micrograph the corneal periph-
ery (Co) is located on the left side and the limbus is
located to the right. The prominent incursions of the
stroma into the plane of the epithelium are the Palisades
of Vogt (PV). To include several Palisades in each single
section, the frozen tissue was sectioned at an angle
oblique to the main limbo-corneal axis. This is indicated
by the black line (cutting plane) placed over in anen face
light micrograph of the intact limbo-corneal tissue (in- |
sert). (B) Immunofluorescence micrograph of Cx43 dis-
tribution in the right framed zone of A. The basement
membrane (BM) separating epithelial and subepithelial
zones is easily identifiable. Connexin staining in the
epithelium is extremely sparse and limited to some
suprabasal cells. Sub-epithelialendothelial vessels (End.),
including those within the Palisades are strongly Cx4.3-
positive. (C) Immunofluorescence micrograph of Cx43
distribution in the left framed (i.e., peripheral corneal)
zone of A. Basal and the proximal suprabasal cells are
intensively stained. The strong subepithelial stain seen

in the limbal zone is absent. :

Cotsarelis er al, 1989; Lavker et a/, 1991). This transition is
associated with several other phenotypic switches, including de
novo expression of at least one sialyltransferase (Wolosin and
Wang, 1995) and a major increase in connexin43 gap junctions
(Matic et a/, 1997). When the adult tissue is at steady state, the
enzyme a-enolase is present almost exclusively within the limbal
basal cells (Zieske era/, 1992). The corneaand limbus display also
distinct patterns of integrin expression (Stepp ef a/., 1995). The
corneal zone expresses a dramatic accumulation of large quanti-
ties of globular metabolic enzyme, in particular aldehyde dehydro-
genases and transketolase (Abedinia ez al/, 1990; Sax et al., 1996;
Jester et al, 1999). The expression of these enzymes may relate
to transparency and refractive properties, though puzzlingly, the
ALDH null mice have so far shown no phenotype (Ness et a/,
2002). In the rabbit, the copious expression of the ALDH class 1
(Hough and Piatigorsky, 2003) is limited to the corneal domain
(Wolosin, unpublished). The magnitude of the changes in the
phenotype at the limbo-corneal demarcation is also suggested by
the differences in shape, size and intracellular complexity in the
basal cells of both domains in rodents and in the human (Romano
et al, 2003). Corneal basal cells are substantially larger than their
limbal counterparts. The accumulation of large amount of globular
proteins in them maybe a major contributor to this difference.

Functionally, the limbal epithelium displays a lower rate of
proliferation than the corneal domain (Cotsarelis eza/,, 1989). This
may indicate that the slow cycling phenotype may extend beyond
the bona fide stem cells and include some or many of the early
progenitors. The presence of a high density of TGF-3 receptors in
this domain is consistent and may mediate such slower prolifera-
tive rate (Joyce and Zieske, 1997).

One of the most consistent features of the limbo-corneal pheno-
typic dichotomy is the difference in expression of gap junctions.
These junctions are large aggregates or plaques of intercellular
channels formed by the connexin (Cx) family of proteins. The gap
junction channels allow diffusion of ions, low molecular weight
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metabolites and second messengers between cells and thus,
determine the extent of cell metabolic synchrony or cooperation
within a population. The corneal epithelium expresses multiple gap
junction proteins. Cx26, Cx30 and Cx43 gap junctions have been
confirmed at the protein level by immuno-histology in the human,
rat and rabbit (Dong ef a/,, 1994, Matic er a/., 1997; Ratkay-Traub
et al, 2000; Richard et a/, 2002). The presence of Cx50 has also
been reported (Dong et a/, 1994; Matic et a/, 1997). However
immunostainings in Cx50 ‘knockout’ mice has demonstrated that
the monoclonal antibody that was used in the corneal studies, while
showing great selectivity towards Cx50 in the lens, generates false
positives in other ocular tissues, including the corneal epithelium
(White at al, 2001). We have confirmed the absence of Cx50
expression atthe gene levelin the human cornea by both microarray
analysis and real time quantitative PCR (Wolosin, unpublished).
The most visible and studied corneal gap junctions are those
made of connexin43. Whereas the basal cells of the corneal zone
contain numerous large Cx43 gap junctional plagues and possess
excellent cell-cell transmissibility of metabolites and ions, Cx43 gap
junctions are either absent from, or poorly expressed in the limbal
basal cells (Fig. 2). In addition the limbal cells show no substantial
transmissibility of metabolite tracers, indicating the absence of other
functional Cxs in this domain. We have proposed that the paucity of
gap junctions in the limbal basal cell is reflective of a gap junction-
negative phenotype of the epithelial stem cells, a feature that may
also apply to other epithelial stem cells (Matic et a/, 1997; Wolosin
et al,, 2000). Fittingly, in the human the lowest level of expression
occurs in the recedes of the Palisades of Vogt (Fig. 2), the site
assumed to harbor the highest concentration of limbal stem cells
(Townsend, 1991; Dua and Azuara-Blanco, 2000). In the mature
bovine epithelium, the distribution of K12 and Cx43 expression
identifies two distinct limbal zones. Distal to the cornea, basal and
suprabasal cells are K12 and Cx43 negative. In the proximal zone,
K12 and Cx43 are expressed in suprabasal cells. This concurrence
of expressionis one of aseries of observations related to Cx43/TSCK
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Fig. 3. Summary of some of the functional and expression features
of the limbo-corneal epithelium. The upperframe describes the growth
and differentiation plan. The basal cell layer of the limbal zone contains
the stem cells and their early progenitors (EP). The return arrow and
question mark have been introduced to indicate the possibility that some
of these precursors could, given the proper environment, revert to a full
stem cell phenotype. At he limbo-corneal demarcation, in unison with the
transition to a distinct avascular environment there is a sharp differentia-
tion change into the more differentiated but rapidly proliferating transient
amplifying (TA) cells. The lower frames describe some known phenotypic
transitions taking place at the limbo-corneal demarcation. (TSCK) The
basal layer of the limbal epithelium does not express TSCKSs, as indicated
by the stain-free cytosol. TSCK expression begins at the limbo-corneal
demarcation within the basal cell layer or, within the limbus, upon
stratification. (Enolase) Under stationary conditions a-enolase is prefer-
entially expressed in the cytosol of the limbal basal cells. (Pigment) /n
many pigmented species, the limbal basal cells acquire heavy pigmenta-
tion, most likely due to pigment granule transfer from melanocytes.
(Glycosylation) /n rabbit, cellmembrane O-glycan linked a-2, 3 sialylation
(indicated by the darkness of the membrane traces), is limited to the
cornea. This change is due to the de novo expression of a a-2,3 sialylyl-
transferase within the basal cell compartment at the limbo-corneal
demarcation. It coincides with the de novo expression of TSCKs. Unlike
the case for the TSCK's this sialylation does not occur during intralimbal
stratification. (Cx43) The limbal zone shows very little Cx43. In some
cases the expression is present in the first layer of supra-basal cells. The
density of Cx43 gap junctions and the size of individual plaques sharply
increase at the limbo-corneal demarcation.

expression pointing to a causal link between Cx43 expression and
initial differentiation (Wolosin, 2000). Several of the features de-
scribed in this section are graphically exemplified in Fig. 3.

Toidentify further differences betweenthe limbal and corneal cells
we have recently implemented a RT-PCR differential gene display
comparing expression in rabbit corneal and limbal basal cells. Our
differential gene display protocol yielded over fifty gene sequences
showing preferential limbal over-expression. Gene over-expression
was reconfirmed by real time PCR. Blast analysis of the reconfirmed
sequences identified 29 orthologues of known mammalian genes.
Table 1 displays the most interesting of the identified genes, along
with limbal/corneal gene expression ratios, accession numbers and
ascribed functions. Their involvement in anti-apoptotic and cell
growth activities raises the possibility that they may play a role in the
limbal stem cell.

The limbal stem cell

The confinement of the corneal epithelial stem cell to the vascu-
larized limbal rim has serious health consequences. Pathological,
environmental or developmental conditions that resultin full or partial
loss of limbal tissue are associated with a set of clinical syndromes
of distinct severity encompassing conjunctival epithelial colonization,
neovascularization, and corneal edema, inflammation and opacity.
These conditions reflect the depletion of the stem cell reservoir
needed for long-term replenishment of the epithelial population (Tsai
et al, 1990; Huang and Tseng, 1991). The development of the
concept of stem cell segregation in the LC epithelium has led to rapid
advances in the clinical application of limbal transplantation for the
treatment of limbal deficiencies (Pellegrini etal, 1996; Tsubota etal,
1996).

Naturally, there is a strong interestin the study of this stem celland
the overall homeostatic mechanisms that foster its survival within the
limbal zone. One critical factor for progress in this area is the ability
to isolate viable stem cells. Stem cells are identified by their unique
slow cycling behavior. This feature is demonstrated by a cell’s ability
to preserve radiolabeled thymidine molecules that were incorporated
into its DNA during a prior round of proliferation. Stemness can also
be inferred in a number of ways from cell culture tests. Stem cells can
be expected to yield a much larger number of cell doublings (i.e., the
generational capacity) than TA cells prior to senescence. Another
test relies on the ability of stem cells and the less differentiated TA
progeny to proliferate from an isolated state (clonogenic growth;
Barrandon and Green, 1987). Stem cell-derived clones can continue
to proliferate for many generations to form large (> 1 cm diameter; ~
20 celldoublings), compact colonies and evenyield new clones upon
dissociation and reseeding. TA cells also yield colonies, but owing to
their limited proliferative potential, growth in these colonies will stop
after arelatively small number of divisions. These tests demonstrate
the presence of stem cells but they do not provide ways to character-
ize the cell. The development of surface markers for stem cells in the
hematopoietic system (Civin, 1992; Silvestri ef a/, 1992) has fos-
tered extraordinary advances in both stem cell basic sciences and
clinical practice in hematology. More recently, markers for some
neural stem cells have also been identified (Uchida ef a/, 2000).
However, the search for equivalent markers in epithelial systems has
been met with very limited success.

Recent developments are likely to overcome the limitations
imposed by the absence of surface markers. For several years a



subpopulation of blood stem cells have been isolated by flow
cytometry based on their ability to efficiently efflux the fluorescent
DNA binding dye Hoechst 33342 (Goodell ef a/, 1996). In dilute
solution, under excitation with UV light, Hoechst emits blue fluores-
cence but DNA-bound Hoechst exhibits a strong concentration-
dependent, large bathochromic shift; the higher its concentration in
the nuclei, the larger the transference of fluorescent light from the
blue to the red spectral zone. The high efficiency of efflux in the stem
cells implies that, under proper conditions of incubation, these cells
will accumulate much less dye than the rest of the cells in the
population so that in blue/red flow cytometer emission plots these
cells appear as a distinguishable cohort positioned to the (blue) side
ofthe main blue/red cell spot. They have been named side population
(SP)cells. Recently, the ATP Binding Cassette subtype G2 (ABCG2),
has been proven to be over expressed in these SP cells and to be the
source of the efficient Hoechst efflux (Zhou era/, 2001). In addition,
ABCG2 and SP properties have been associated with presumptive
stem cells in many lineages, including, neurons (Murayama et a/.,
2002), muscle (Zhou eta/,2001) and epithelia (Summer efa/, 2003).
These findings suggest that the SP phenotype may be a ubiquitous
feature of stem cells.

We have analyzed the presence of SP cells in enzymatically
dissociated limbo-corneal cell populations (Fig. 4A; Wolosin ef al,
unpublished). In the human limbus approximately 2,500 cells/tissue
(0.5 % of a total of 500,000 cells derived from a ~1.5 mm wide tissue
rim comprising both the limbus and some corneal periphery) be-
longedtothe side population. Considering the differencesineye size,
the 2,500 figure for the human seem to be generally consistent with
the 100 cells estimate obtained by Collison efa/. (2002) in the mouse.
The majority of the SP was abolished by fumitremorgin C, an
ABCG2-specific inhibitor (Robey ef a/, 2001), confirming that this
ocular SP phenotype reflects primarily the activity of this transporter.

Thelimbal SP cells exhibited unique physical properties. Inunison
with the fluorescence measurements, the flow cytometer acquires
the side (SSC) and forward light scattering properties of each cell. For
reasons related to the dependence of light scattering angle to particle
size, the SSC reflects the cytosolic complexity of the cells, typically
referred to as cell ‘granularity’. Our analysis showed that 60- 80 % of
the limbal SP cells belonged to a cohort of cells displaying the lowest
SSC of all the cells. In other words, the SP cells are devoid of
intracellular complexity, a feature consistent with the undifferentiated
nature of stem cells. Full demonstration of the stem cell nature of the
SP cells, will require further tests of their /77 vivocycling features and

TABLE 1

SURVIVAL AND DEVELOPMENTAL GENES DIFFERENTIALLY
EXPRESSED IN THE LIMBUS

Gene,  oes # R yco Annotation

IAP2 1 021752 424 Member of the survivin family. Binds and blocks
caspases. Inhibits apoptosis.

PIM 8.80 Ser/Thre kinase of the JAK-STAT pathway. Synergy

NM_002648
with C Myc in proliferation and anti-apoptotic activity.

Trans-membrane multifunctional protein.
Scaffold for multiple regulatory proteins.

15.4 Regulatory component of the SWI/SNF nuclear
protein complex. Global gene expression activity.

SIRP-G , ggors, 355

Smarcfl M_ 139135

R values represent the average of 5-7 independent experiments. Each R value was
calculated from the limbal and corneal C, values. All C,were measure in triplicate in
each experiment and were normalized using the geometrical average of the Cs for
G3PDH and B-actin.

Ocular surface epithelial development 985

clonogenic properties. In contrast to the limbus, no SP or low SSC
cells were found in the stem cell-free corneal zone. We have also
examined the expression of ABCG2 in the ocular surface epithelia.
Immunostaining confirmed the presence of ABCG2-positive cells in
limbus but not in the cornea (Fig. 4 B-D). In the limbal zone, the
highest density of positive cells occurred at the recedes of the
Palisades of Vogt, the Cx43-negative zone believed to contain the
highest accumulation of limbal stem cells.

Limbus

Hoechst blue

0 10 1
Hoechst red

Fig. 4. SP cells and ABCG2 expression in the human limbo-corneal
epithelium. Human corneas unsuitable for human transplant were ob-
tained from the National Disease Research Interchange. (A) Flow cytometry
blue/red emission dot plots of Hoechst 33342-loaded limbal and corneal
human epithelial cells. Single cell suspensions were prepared by sequen-
tial digestion with Dispase and trypsin. Cells were incubated in culture
medium containing 1.5 g/ ml Hoechst for 90 min at 37°C, spun down and
resuspended in ice-cold HBSS containing 2 % fetal calf serum and 2 ug/ml
propidium iodide. The Hoechst-loaded cells were analyzed in a MoFlo flow
cytometer equipped with UV and Argon lasers. Blue and red emissions
from the UV excitation are used to generate fluorescent emission dot plots.
Dead cells, labeled by propidium iodide, have been electronically excluded
(“gated out”) from these plots. Each dot in a plot represents the relation-
ship between the Hoechst blue and Hoechst red emissions for each live
cell. For most cells the blue/red ratio approaches or exceeds the normal
ratio (represented by the light gray line). The main spot (GO/G1) gathers
most cells containing one copy of DNA. The higher intensity zone (S/G2-M)
along the gray line contains all cells with higher DNA content. This includes
cells that are actively engaged in DNA synthesis (S) or cells that have
completed the DNA duplication process but have not yet undergone or
completed the cell division cycle (G2-M). In addition, the limbal population
contains a cohort of cells, which both, displays lower blue and red emission
intensities, and blue to red ratios that place them to the blue side of the gray
line. These cells are known as side population (SP) cells. Note that such
cells are not present in the corneal population. (B-D) Indirect immunofiuo-
rescence staining of cryosections of limbo corneal tissue for ABCGZ2. (B)
Limbal Palisades of Voogt (PV). A broken black line has been added to
indicate the location of the basement membrane. (C) Peripheral corneal
zone. (D) Central cornea.
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The conjunctival stem cell

Since the conjunctiva is a highly vascularized tissue, and the
epithelium is quite extensive, its stem cell may be either fully
decentralized or located in more than one area. Label retaining
experiments performed in rat, mouse and rabbit have led different
researchers to advocate, palpebral, fornical and mucocutaneous
zones as alternative stem-cell rich locations (Wei et a/, 1995;
Wirtschafter et a/, 1999; Chen et a/, 2003).

Developmental expression of ocular surface epithelial
genes

The study of ocular surface epithelial determination and differ-
entiation is dependent on the availability of lineage markers. This
became possible following the recognition of the relationship
between the distinct stratified lineages and the expression of
unique TSCKs (Moll ef a/,, 1983). In the rabbit cornea, Chaloin-
Dufau et al, (1990) detected the initial expression of K12 and K3
on embryonic (E) days 17 and 21, respectively. In mouse, where
only K12 is expressed, Kurpakus ef &/, (1994) identified initial
expression of TSCKs on the corneal zone on E15; K4 was initially
expressed on E14 on the conjunctival zone overlying the lid bud
(Pei and Rodin, 1970). An intriguing question that has not yet
been addressed is whether expression of the universal type
cytokeratins K5/K14 precedes the de novo appearance of the
TSCKs.

Qin et al, (1997) examined changes in laminin and collagen
IV isoforms in mouse, over the same time period. They found that
expression of a conjunctival basement membrane laminin protein
(alpha2 chain) is first synthesized at about the same time in which
keratin K4-positive cells appear. This temporal coincidence may
reflect a role for external influences on the differentiation path-
ways of the conjunctival cells. However, the expression could also
reflect a predetermined autonomous epithelial differentiation pro-
gram. To resolve this issue it will be necessary to determine
whether the laminin is secreted by the epithelial cells or by the
developing mesenchyme.

More recently, using the gene knockout approach, Yoshida er
al,, (2000) identified IkB kinase a (Ikka) as a major component in
the signal transduction leading to the activation of TSCK expres-
sion. At birth, the latest viable age of the Ikka -/- mice, only trace
amounts of K12 and K4 were observed in the cornea and conjunc-
tiva, respectively. Conversely, expression of K5 was augmented.
The physical results are epithelia consisting of multiple layers of
basal-like cells in both tissues, rather than the single flattened
suprabasal layer typical of this developmental stage. Ikks phos-
phorylate kB, a factor that masks the localization sequence for
nuclear binding of NFkB. Fittingly, NFKB is not found in the nuclei
in the null mouse, indicating the potential involvement of this
ubiquitous transcription regulator in the differentiation. It should
be emphasized that these effects are not unique to ocular surface
epithelia. They occur also in the epidermis, consistent with the
similarities in early differentiation events in all stratified epithelia
(Li eral, 1999, Hu er al, 2001).

The study of late stages of ocular surface development has
been facilitated by the highly immature nature of this surface in
neonate rodents. At birth the eyelids are sealed and the ocular
surface epithelium is composed of one basal cell layer and a

partial layer of suprabasal cells. Rodent eyelid opening occurs
around postnatal day 13 (Wider, 1963). Stratification starts around
this time and it is completed over the third week of life. Many other
differentiation events occur in the postnatal stage. Corneal
glycoconjugates, and/or glycocalyx proteins critical for the protec-
tion against pathogen colonization are not present in the neonate
(Hazlett and Mathieu, 1989). Expression of gel-forming mucins
begins at the fornix seven days after birth and is correlated with
the appearance of goblet cells (Watanabe era/, 1993; Tei et a/,
1999). Expression of membrane-spanning mucins begins later
and correlates to eyelid opening. The concurrent de novoexpres-
sion of a sialyltransferase for O-glycans may act as a regulator of
this latter development (Uehara ef a/, 1995). It has been postu-
lated that light may be involved in the coordination of corneal gene
expression with eyelid opening. Sax ef &/, (2000) report that
developmentally dependent expression of corneal transketolase
is partially inhibited in animals maintained in the dark for the first
four weeks of life.

Norman et a/, (2004) has recently taken advantage of the
postnatal nature of ocular surface development. The corneal
epithelial gene complement associated with stratification was
identified and quantified using serial analysis of gene expression.
Comparison of expression profiles for the corneas of the post-
natal day nine (D9) mouse (i.e., somewhat prior to eye opening
and the initiation of rapid stratification), and the fully stratified
tissue of the adult animal, showed that of the approximately
19,000 identified mRNAs, about one third display higher expres-
sion in the D9 and similar fraction do so in the adult tissue. In the
authors’ words the results provide “new probes for exploring
corneal epithelial cell stratification, development, and function
and for exploring the intricate relationship between programmed
and environmentally induced gene expression in the cornea.”

Limbal development

Since the absence of TSCKs and expression of a-enolase act
as markers of the stem cell rich basal layer of the limbal zone,
these two components have been used to identify the earliest
point at which limbal and corneal basal cells become distinguish-
able. For TSCKs, the initial prenatal expression at the center of
the cornea in suprabasal cells expands gradually towards the
periphery and into the basal cells during the early post-natal
weeks. The expansion stops at the morphologically identifiable
limbo-corneal demarcation. Chung et a/,, (1992) studied a-eno-
lase protein expression. For the first 10-11 days after birth, this
adult limbal marker is present in all basal cells in the cornea and
the limbus. At this point the basal corneal cells are oval shaped.
Over the subsequent two weeks, as basal cells at the central
cornea change their shape to large and cuboidal and rapid
stratification develops, expression of the a-enolase protein be-
comes sequestered to the limbal area.

Cx43 expression and early ocular surface epithelial
differentiation

Overall, the results described in the previous two sections
pertain to relatively late stages of the differentiation process.
Clearly, there is a substantial temporal gap from the start of the
corneo-conjunctival epithelial determination at eye ontogeny



(approx. on E5 in chicken, E 9.5 in mouse, E10.5inratand E11.5
in rabbit) and overt expression of the TSCK markers.

Recently, earlier events in the chronology of ocular surface
epithelial development have been revealed by studies of gap
junction expression. Since both the pre-ocular embryonic head
ectoderm (Ruangvoravat and Lo, 1992) and the adult corneal
epithelium are Cx43-positive, we reasoned that the developmental
path to the genesis of the Cx43-negative limbal/stem epithelial cell
must include down regulation of expression or assembly of this
connexin at some developmental stage. Hence, Cx43 expression
was tracked in rat from E 8.5 onwards (Wolosin ez a/,, 2002). Atthe
center of the cornea Cx43 gap junctions remained visible through-
out development, implying that the transition from surface ecto-
derm to corneal epithelial phenotype occurs without a transition
through a Cx43-negative, limbal stem cell-like stage. Figure 5
describes changes occupying prior to the excision of the lens
vesicle. The images show that before the lens placode is induced,
the outer ectoderm at the future ocular site consists of two layers
of round cells expressing a more or less uniform level of well
defined Cx43 gap junctions (Fig. 5A). The first change in ectoder-
mal Cx43 expression or distribution occurs with the formation of the
lens placode. The elongated lens precursor express copious
amounts of Cx43 (Fig. 5B). The protein is accumulated in the cell
apices ratherthatatthe cell-cell contact zones. The apical connexin
accumulation stops abruptly at a non-elongated cell at the margin
of the placode. This margin represents the lens vesicle excision
point (Fig. 5C).

Figure 6 describes the events that occur after lens vesicle
separation. Between E11.5 and E12.5, cells in the ocular surface
epithelial zone in maximal proximity to the outer leaflet of the
developing retina becomes Cx43 negative (Fig. 6 A-C). During the
subsequent prenatal period the Cx43-negative zone continues to
expand (Fig. 6D). By E19-E20, the location of the Cx43-negative
cells conforms to the anatomically identifiable characteristic limbus
of the rat and coincides with the K12 negative zone (Wolosin eta/,
2002).

Overall, the distribution of Cx43 gap junctions in the developing
ocular surface suggests that underlying phenomena leading to the
segregation of the two domains within the limbo-corneal lineages
substantially precedes the overt expression of events, which only
later on are revealed, or unmasked, by TSCK expression. The
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Cx43 developmental pattern is consistent with a model where two
interrelated but distinct populations, ‘plain’ Cx43-positive embry-
onic CE cells and Cx43-negative embryonic CE stem cells, are
present at the ocular rat surface from at least E12.5 onward. Since
over time cells migrating from the limbus replace corneal epithelial
cells, these embryonic central cornea cells can be seen as a
temporary, or tether population. It will be interesting to see whether
its gradual replacement by the progeny of the limbal stem cells
during the first months of life (Collinson er a/, 2002) involves
changes in cell phenotype.

In summary, this developmental study shows that a) prior to lens
vesicle excision the Cx43 expression pattern acutely defines the
demarcation between future lens epithelium and future corneal
epithelium (Fig. 5), and b) following the excision, the expression
levels define four head surface domains (Fig. 6). As described, the
corneal zone over the developing lens displayed moderate levels
of Cx43 and was ringed by the Cx43" precursors of the limbus.
Beyond these cells (i.e., at the presumptive conjunctival epithe-
lium), expression started again but at a frequency or strength
substantially lower than that of the corneal zone. All three zones at
this point consisted of roundly shaped cells. The presumptive
conjunctiva ended at a stratified zone, expressing higher levels of
Cx43, consistent with developing epidermis. A schematic sum-
mary of these events is provided in Fig. 7.

What regulates the earliest stages of ocular surface
epithelial development?

As suggested by the early divergence in Cx43 expression
levels, critical inductive events in the development of corneal and
conjunctival lineages and limbal and corneal segregation may
occur far in advance of the expression of overt morphological or
protein markers. There is currently little information on the factors
that may drive or mediate this event(s).

The first element to consider for lineage determination events is
PAX6, the master gene for oculogenesis. Beyond the initial effect
onlineage determination, this gene plays critical roles in the mature
tissue (Sivak ez a/, 2004). In humans, heterozygous loss of PAX6
function results in a number of multiple ocular developmental
defects, the main one of which is aniridia, the absence of iris. The
corneal epithelium of the human aniridic eye displays marked

, Ect./Lp

Fig. 5. Cx43 immunostaining in the head ecto-
derm during early stage of oculogenesis. Micro-
graphs are negative images of immunofluorescent
stainings. (A) Section of the £9.5 rat head. The optic
vesicle (Ov) has approached the head ectoderm
(Ect.) and has flattened against it. Note that the
ectoderm is composed of two layers of uniformly
Cx43-positive round cells. (B) An E10.5 sample
showing the changes in Cx43 expression during
formation of the lens placode. Cx43 increases dra-
matically in the elongating lens placode cells and
concentrates in the apical surface The distribution
of Cx43 seems to define the demarcation between
ectodermal and induced placodal cell (Ect. /Lp). The

developing retina (Rt.) is indicated. (C) The distribution of Cx43 during lens vesicle (Lv) excision from the surface ectoderm. Note the difference in Cx43
expression between the outer most cell of the excising lens vesicle, and the adjacent cell, that will not undergo excision, i.e, the future corneal epithelial

cell. The insert shows a larger zone of the same micrograph.
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Fig. 6. Cx43 immunostaining of the de-
veloping rat ocular surface of the eye
following lens formation. Unless stated
otherwise micrographs are negative im-
ages of immunofluorescent stainings. (A-
C) Images from E11.5-12.5 stages. As
development progresses the tip of the
retina (Rt.) becomes in very close apposi-
tion to the outer ectodermal zone lying
just outside the ectoderm overlying the
lens vesicle. (A1-A3; A4 is a positive light
micrograph of the A3: after capturing the
A3image the glass slide was dismounted,
the section was fixed in formalin and stain-
ing with H&EA). Careful examination of
the ectodermal zone near the tip of the
retina shows the presence of single Cx43
cells (asterisks in A2 and A3 and arrow-
heads on B and C). In a move away from
the developing eye along the ectodermal
surface, one finds sequentially a cell mono-
layerexpressing alow level of Cx43puncta,
ending inamultilayered epithelium. Based
on the developmental features observed
in the subsequent stages, the presump-
tive corneal (Co), conjunctival (Cnj) and
epidermal (Skn) domains are indicated in
C. The embryonic retina expresses large
amounts of (Cx43. (D) (Cx43

immunostaining in an E14.5 eye. The upper insert is a thumbnail of Cx43 immunofluorescent for the whole eye. At this stage, the eye is fully formed
and protrudes upwards. Hairpin-shaped folds (framed areas) herald the ontogeny of the conjunctival sac (sulcus). The eyelids will start forming within
the next 48-72 hr. Beyond the hairpin loops the surface epithelia thickens and shows higher Cx43 levels, consistent with the skin (Skn) phenotype. The
main frame is a high-resolution micrographs of the area highlighted by the left frames in the thumbnail. A journey-like examination of the outer epithelial
layer-starting from the Cx43* epithelium of the cornea (Co}reveals a substantial Cx43 zone, which begins just ahead of, and continues half way into, the
bulbar side of the hairpin (segment indicated by the linked arrows). Deeper within the hairpin, still on the bulbar side, the epithelium again becomes Cx43"*.
The stain occurs in discreet puncta. This expression pattern continues uninterruptedly throughout the bottom of the fold and the contra lateral side of
the hairpin until the juncture with the skin (Skn). Based on Cx43 expression levels within the sulcus, the respective areas are identified as the early limbal
(Li), and bulbar (bCnj), fornical (Fnx) and palpebral (pCnj) conjunctival domains. The lower inserts is a Nomarski-interference micrograph of the stained

area showing the physical integrity of the Cx43-negative epithelial cells

functional abnormalities consistent with a deficiency in the number
or functional capacity of the limbal stem cell (Puangsricharern and
Tseng, 1995; Dua et a/, 2000). Limbal stem cell deficiency is
further indicated by the prompt recurrence of epithelial pathology
following standard corneal transplants in aniridic patients (Gomes
eral, 1996) as well as the relative success of heterogeneic limbal
transplantation in restoring corneal epithelial function, immune
complications notwithstanding. In mouse, rather than aniridia the
main phenotype of PAX6* heterozygocity is microphthalmia,
probably as a result of impaired lens growth. The corneal epithe-
lium of these animals exhibits a decrease in the expression of
adherence proteins and keratin K12 and shows conjunctival inva-
sion consistent with limbal cell deficiency (Davis et a/, 2003;
Ramaesh er a/, 2003). Finally, in PAX6 **/PAX6 - mouse
chimeras, PAX6" cells are fully excluded from the corneal epithe-
lium, pointing to the acute dependence of the phenotype on PAX6
expression (Collinson et a/, 2003). Itis conceivable that gradients
of PAXE6, or of some of the identified optic vesicle-induced genes
associated with placode development (Xu ef a/, 1997; Kamachi,
1998), influence the cells at the edge of the placodal zone and
thereby activate limited subsets of downstream genes to deter-
mine the distinct ocular surface domains.

The second element consists of regulators of gene expression
that can be identified in the ectoderm overlying the early lens
vesicle. In particular, any such a regulator that is either expressed
only after placodal development, or, if having been expressed in
the early head ectoderm, is then excluded from the placode. Two
such gene families may fulfill these criteria. The first family can be
derived from a close look at figures in articles dealing with the
muscle segregation homeobox (/77s/) gene, Msx-2/Hox 8.1 (Foerst-
Potts and Sadler, 1997), indicate that in the E10 mouse, Msx-2, is
expressed in the presumptive limbo-corneal epithelium but not in
the forming lens (Monaghan eza/, 1991; Wu eta/,2003). Lincecum
etal., (1998) have shown that mixed cell lines expressing Msx-1or
Msx-2 differentially sort the cells on the basis of /ms/ isoform
expression and that this segregation is mediated by control of
cadherin-mediated cell-cell adhesions. The Msx-Zisoform is also
expressed in the ectodermal cells (Monaghan ez a/, 1991). Thus,
the expression of msh genes in the early ocular surface could be
related to the establishment or segregation of the limbal and
conjunctival domains. A second intriguing gene family is the
inhibitor of DNA (/') family. /d s are Helix-Loop-Helix (HLH)
proteins, which negatively regulate the activity of differentiation-
associated HLH transcription factors. They are expressed during



TABLE 2
SIGNAL INTENSITY IN THE AFFYMETRIX HU 133A HUMAN
OLIGONUCLEOTIDE ARRAY IN OCULAR SURFACE EPITHELIA FOR
THE MRNAS OF THE B-ACTIN, PAX6, ID AND MSH GENES

Signal intensity

Gene name Limbo-corneal epithelium Conjunctival epithelium
B-actin 7,008 5,699

Pax6 5,469 3,611

/a1 6,334 1,720

1az 49 37

a3 235 absent

la4 46 absent

Msx-1 absent absent

Msx-2 110 absent

Note the extraordinary high levels of PAX6 and Id1 in the LC system.

embryonic development and are important for the regulation of cell
phenotypes in adults. Kee and Bronner-Fraser (2001) identified a
patch of /d'type 4 (/d49)-positive ectodermal cells on the head
ectoderm of the E2 chick (developmental stage 14). In the whole
embryo mount, the patch appears as a rim encircling the develop-
ing ectoderm/neural apposition zone, i.e, before placodal develop-
ment. On E3, following invagination of the placodal cells, /a4
expression is present on the presumptive ocular surface epithe-
lium overlying an /d4-negative lens vesicle and embryonic retina.
The micrographs presented in the msh and Id expression studies
suggest gene levels for the Msx-2 and /a4 isoforms are at its
highest in the zone overlying the tip of the developing retina, i.e.,
in the area that will become either the limbus or the conjunctiva, or
both.

An Affymetrix oligonucleotide microarray study of gene ex-
pression in the adult human LC and CNJ epithelia provides
relevant information on this latter point (Table 2; Turner and
Wolosin, unpublished). Consistent with previous studies, PAX 6
is expressed at very high levels in both LC and CNJ. The level of
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Fig. 7. Schematic representation of the fate of cells derived from the

ectoderm between E9 and E15 in terms of Cx43 expression levels.

Levels are represented by degrees of darkness. The ectodermal (Ect),

corneal (Co), limbal (Li) and conjunctival (Cn) domains of the ocular surface,

in addition to the skin (Skn) and lens (Ln) are indicated. Arrowheads point
to a (putative) fixed location throughout development.
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expression is somewhat higher in the LC, a difference that, at
least superficially, is consistent with the gradient hypothesis
formulated above regarding PAX6. However, it is with respect to
the Msx-2 and /d genes, that the LC/CNJ differences are truly
pronounced. We found that Msx-2 is expressed only in the LC
system and that Msx-1 is not expressed in either tissue. With
respectto /dgenes, /d1, /d3 and /a4 display a marked LC to CNJ
differential expression pattern. Overall, the expression patterns
for Msx-2 and /d genes in the adult human support the notion that
these two gene families may be involved in domain segregation
and determination and/or phenotype maintenance of the distinct
lineages. In addition, /dZ is expressed at such high levels (see
Table 2) inthe LC, that a critical role for this gene on adult corneal
function is likely. It will be interesting to see how PAX6and these
two additional genes distribute in the LC between limbal and
corneal domains.

Finally, as inferred from the studies of Cx43 down regulation
(Fig. 6), the potential involvement of the embryonic retina as an
inductive influence needs to be taken into account.
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