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Abstract

Primary open-angle glaucoma is recognized as a disease of aging, and studies show a relationship
between aging and trabecular meshwork (TM) cell density. Human TM cell division occurs primarily
in the anterior, non-filtering region. A commonly used glaucoma treatment, laser trabeculoplasty
(LTP), triggers and increases cell division, as well as cell migration of these anterior TM cells. These
freshly-divided migrating cells repopulate the burned laser sites, suggesting that they are stem cells.
Several studies concerning this putative TM stem cell will be discussed.
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1. Introduction

Regenerative studies of tissue regrowth originated in the late 17th century with investigations
on the sliced polyp, Hydra. Studies with earthworms, snails, and salamanders also produced
regrowth, but a specialized cell population that proliferated after injury was not found in adult
animals until 1892. This cell population was suspected to be responsible for the regenerative
capacities of many invertebrates, and these specialized cells were further identified in
freshwater planarians in 1904 (Birnbaum and Sanchez Alvarado, 2008).

Regenerative studies with invertebrates have sparked interest in similar studies to treat loss
and dysfunction in vertebrates. Regenerative therapies with similar specialized cells, stem cells,
may potentially improve outcomes for damaged and diseased tissues. The therapeutic potential
of stem cells is now well-appreciated, and understanding stem cell characteristics and types
will speed progress in regenerative medicine. Stem cells can replace differentiated cells that
are lost due to insults or injuries, thereby facilitating and advancing innovative disease
treatments. They can provide trophic support to maintain homeostasis, and provide a reservoir
of replacements throughout an organism’s life (Yamaguchi et al., 1990; Yu and Silva, 2008).
Tissue regeneration can occur through transplantation of embryonic or adult stem cell
populations (Morrison et al., 1997). Tissues maintain adult stem cells, or induce stem cell
potential in differentiated cells. Growth, homeostasis, and repair processes are also affected
by stem cells (Jones and Wager, 2008). Even the central nervous system (CNS), long accepted
as incapable of regeneration, shows promise for plasticity and regeneration in adult tissue
(Ohta et al., 2008).
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In regenerative medicine, it will be important to establish criteria for what cell types can be
classified as stem cells. The very definition of a stem cell, with the attendant notions of lineage
restriction and the permanency of the differentiated cell state, is in a state of flux, and is now
being revised (Lovell-Badge, 2001; Seaberg and van der Kooy, 2003). Adult mammalian
tissues often possess adult stem cells and progenitor cells. Although there is some overlap, the
distinction between the two types of cells has been blurred in recent years, and some suggest
that these differences should be more rigorously emphasized instead to test specific hypotheses
in stem cell biology (Seaberg and van der Kooy, 2003). Neural stem and progenitor cell types
appear to be distinguishable from each other on the basis of Notch pathway signaling, which
is thought to maintain stem cell characteristics, and also by functional traits (Hitoshi et al.,
2002; Yanagi et al., 2006). These functional traits, found in both stem and progenitor cells,
permit self-renewal and differentiation, but stem cells have a higher capacity for self-renewal
in vivo and in vitro, and have the ability to give rise to progeny that are committed to
differentiation. The progenitor cells, in general, have a more limited capacity for self-renewal,
less self-renewal potential in vitro, and do not have the complex cellular interactions of stem
cells (Dor and Melton, 2004; Ohta et al., 2008).

2. Stem cell properties

Indefinite self-renewal is a crucial property of stem cells. Both symmetric and asymmetric
divisions are observed (Morrison et al., 1997). Symmetric division produces two copies of the
parent stem cell, while asymmetric division produces a copy of the parent stem cell, and a
daughter cell committed to differentiating along a specific lineage. The parent tissue stem cell
is generally found in a specialized area, crypt, or niche (Jahagirdar and Verfaillie, 2005; Yu
and Silva, 2008). Symmetric division, which is more common in mammalian systems, allows
the stem cell pool to be regulated by factors that control the probability of self-renewing versus
differentiation (Morrison et al., 1997). Stem cells typically cycle slowly, being in a mitotically
quiescent form most of the time (Hall and Watt, 1989; Potten and Loeffler, 1990; Morrison et
al., 1997).

3. Types of stem cells

3.1. Embryonic stem cells

When fertilized eggs and early blastomeres develop into fetuses, they are said to be
totipotent; they can give rise to all cell types and to an individual organism (Do et al., 2006).
At the blastocyst stage, ESCs, which derive from the inner cell mass, are clearly distinguished
(Fulka et al., 2008). The ESCs of the inner cell mass are pluripotent, and can give rise to all
cell types of an organism, but not to an entire organism. Cultured ex vivo, ESCs propagate as
a homogeneous, uncommitted cell population for an almost unlimited period of time without
losing their pluripotency or stable karyotype (Prelle et al., 2002; Yu and Silva, 2008). ESCs
have the greatest differentiation plasticity and the most potential for tumor formation (Prelle
et al., 2002; Brevini et al., 2008; Dunn, 2008). Human ESC cells were initially established
from embryos (Thomson et al., 1998) and early fetuses (Shamblott and Gearhart, 1998; Prelle
et al., 2002). However, human ESCs have not currently been used clinically, although efforts
have been made to approve their use (Choumerianou et al., 2008).

3.2. Adult stem cells (somatic stem cells)

3.2.1. Possible uses of adult stem cells—Although they are less flexible than ESCs,
multipotent stem cells have an unexpected plasticity; they can develop into several cell types
(Prelle et al., 2002). Their identification and ex vivo expansion can be difficult, but they have
a relatively unlimited capacity for self-renewal (Herrera et al., 2006; Schaffler and Buchler,
2007; Mimeault and Batra, 2008).
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There are a variety of multipotent adult stem or progenitor cells for cell replacement strategies
and tissue engineering to treat disease in a number of organs and tissues (Mimeault and Batra,
2008). Bone marrow-, umbilical cord-, adipose tissue-, skin- and amniotic fluid-derived
mesenchymal stem cells may be acceptable alternatives to ESC in many cases. Bone marrow-
derived stem cells have been used with some success in the clinic for bone, cartilage, spinal
cord, cardiac and bladder regeneration (Korbling and Estrov, 2003; Bajada et al., 2008).
Clinically, phase Il and phase I11 studies for ischemic heart disease are in process
(Choumerianou et al., 2008). Neuronal stem cells have great potential in cell-based therapy in
brain and spinal cord injuries, and in disease. In other studies of multipotent cells, fetal
dopaminergic cells have been investigated for use in Parkinson’s Disease (Freed et al., 2001),
mesenchymal cells have been examined for use in osteogenesis imperfecta (LeBlanc et al.,
2005), and replacement cells for type | diabetes (Goss et al., 2002) have recently been
investigated. Many other studies are in progress.

Tissues often have multipotent stem cells, which can self-renew and generate specialized cell
types within the tissue of origin (Prelle et al., 2002). Tissue-specific stem cells differentiate
into the cells of that tissue. Heart-specific stem cells, for example, can differentiate into
cardiomyocytes, smooth muscle, and vascular endothelial cells. Tissue-specific stem cells are
less likely to trigger immune rejection, but isolation, ex vivo expansion, and availability may
limit their use (Choumerianou et al., 2008).

3.2.2. Multipotent bone marrow stem cells—Hematopoietic stem cells (HSCs) and
mesenchymal stem cells (MSCs) are two subtypes of multipotent bone marrow stem cells.
They are attracted from distant sites after injury and aid in tissue repair (Lavker et al., 2004,
Mimeault and Batra, 2008). They are self-renewing, inhabit the bone marrow, and may be used
for autologous transplantation. MSC transplantation avoids immune rejection and formation
of teratomas, with few ethical or political concerns (Kan et al., 2007). Commercial cell culture
media facilitate their easy differentiation into chondrogenic, osteogenic, and adipogenic cells
€ex Vvivo.

3.2.3. Reprogramming somatic stem cells—Because of the ethical controversies
associated with embryonic stem cells, pluripotent cells generated without destroying embryos
are attractive, and may avoid immunorejection problems found with ESCs. Pluripotent stem
cells may be generated by reprogramming adult somatic or germ cells by several methods, each
with its own advantages and disadvantages.

Induced pluripotent stem (iPS) cells have been established by stably transfecting mouse and
human fibroblasts with the transcription factors Oct-3/4, Sox2, KIf4, and c-Myc, which are
expressed at high levels in ESCs. These transfected cells can differentiate into all three germ
layer-derived cells and are syngeneic (Yuasa and Fukada, 2008). They closely resemble ESCs,
but the reprogramming efficiency is low (Huangfu et al., 2008). A new method of
reprogramming using a histone deacetylase inhibitor, valproic acid, avoids transfection of the
oncogenes KIf4 and c-Myc (Yamanaka, 2007; Huangfu et al., 2008; Okabayashi and Asashima,
2008). Human fibroblasts may then be reprogrammed with only two transcription factors, Oct4
and Sox2. This inhibitor thereby facilitates reprogramming efficiency, safety, and practicality.
These two factor-induced human iPS cells are similar to human ESCs in pluripotency, global
gene expression profiles, and epigenetic states.

Pluripotent cells may also be obtained by transferring a nucleus from a somatic cell into an
enucleated egg by Somatic Cell Nuclear Transfer (SCNT). The resulting blastocyst will have
the same genetic material as the donor nucleus. This technically demanding procedure
produced the first clone of an adult mammal, Dolly the sheep, and has since been repeated for
a cat, cow, horse, mule, monkey, and dog (Yamanaka, 2007; Choumerianou et al., 2008).
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4. Stem cell niches

Wolf and Trentin noted in the 1960s that stem cells were destined to differentiate upon leaving
the bone marrow microenvironment (Wolf and Trentin, 1968). Since then, surface markers for
individual stem cells have been identified, and gene knockouts have established essential
environmental components for stem cell survival in the bone marrow microenvironment
(Powell, 2005). The niche sites that stem cells occupy are composed of other types of cells and
extracellular matrix (ECM) (Watt and Hogan, 2000; Spradling et al., 2001; Lin, 2002; Fuchs
et al., 2004; Li and Xie, 2005; Scadden, 2006). Other niche cells have roles in secretion and
organization of the ECM, and in balancing self-renewal with differentiation (Fuchs et al.,
2004). ECM components, like laminin, influence self-renewal and differentiation by directly
interacting with the housed stem cells via cell or membrane contacts, or indirectly by growth
factors, e.g. BMP-4 (Lovell-Badge, 2001). Once a cell commits to a differentiation pathway,
it initiates a journey leading away from the stem cell niche. Injuries can trigger a stem cell to
migrate to an environment that initiates differentiation (Jahagirdar and Verfaillie, 2005).

Successful expansion of bone marrow multipotent cells ex vivo for therapeutic use may require
specific three-dimensional stem cell niche units (Prelle et al., 2002; Wilson and Trumpp,
2006). For growth of some stem cells, modifications of artificial stem cell niches for expansion
may be necessary to provide cells with the proper growth factors and other signals found in
vivo in the stem cell niche. Understanding how different individual stem cells interact with
their own microenvironments in adult mammalian tissues may be necessary for further
exploitation of this potential resource (Lensch et al., 2006).

5. Trabecular meshwork and stem cells

5.1. TMinsert cells as replacement cells

Is there an individual stem cell for the trabecular meshwork (TM)? Does it have its own
microniche? Can it be used as a replacement cell for age or glaucoma-related reduced TM
cellularity? Approximately 30 years ago, Raviola identified a population of unusual cells at
the anterior end of the TM, just beneath Schwalbe’s line (SL) (Raviola, 1982). These cells
formed a discontinuous cord, oriented circumferentially at the corneal periphery and deep to
the corneal endothelial lining of the anterior chamber (Fig. 1). They were different from those
of the filtering meshwork, with inclusions that morphologically resembled whorled multi-
lamellar bodies of type Il alveolar epithelial cells of the lung. However, stem cell characteristics
were not attributed to these cells (Raviola, 1982).

Around this time, decreases in TM cellularity were observed to occur with both age and
glaucoma (Alvarado et al., 1981, 1984; Grierson and Howes, 1987; Tschumper et al., 1990;
Liton et al., 2005). Similar age-dependent cellular losses in the TM were found in canines with
congenital glaucoma (Samuelson et al., 2001). Mechanical stresses, oxidative challenges, or
other insults and injuries also may contribute to cell death or dysfunction in TM (Oertel et al.,
2000; Gonzalez et al., 2006).

Although time, disease, and various insults decrease TM cellularity, one clinical glaucoma
treatment caused increased cellularity. In 1989, a study that subjected human anterior segments
in organ culture to laser trabeculoplasty found that TM cell division increased (Acott et al.,
1989). Laser-treated explants showed a 4-fold increase in cell division over non-treated
controls. More than 60% of the cell division localized to the anterior, non-filtering region of
the TM. This region was designated the insert area, reflecting where the TM appears to insert
into the cornea beneath Schwalbe’s line, and was suggested to contain “stem-like cells”.
Normal, unstimulated cell division was also observed predominantly in this insert region. Sixty
percent of tritiated thymidine labeled cells migrated out of the insert region to repopulate laser
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burn sites within one week. This study suggested that the insert cells serve as a source for TM
cell renewal, indicating that they may be stem cells. Rigorous analysis of this possibility
remains to be accomplished. Others obtained similar results on TM cell division subsequent
to using argon or Nd: YAG lasers in human or monkey eyes, although the insert area in these
studies was not examined in detail (Grierson et al., 1983; Alexander and Grierson, 1989;
Alexander et al., 1989; Dueker et al., 1990).

More recently, studies showed that a small number of cells escape replicative senescence in
primary cultures of HTM cells (Challaetal., 2003). The expression profile of these cells, known
as the novel cells, was compared with that of normal human TM cells (HTM), Schlemm’s
Canal (SC) cells, or fibroblasts by microarray. This novel cell type showed a different pattern
of gene expression, with a high expression of ankyrin G, which is absent in SC cells, and is
very weakly expressed in HTM cell cultures. Human milk fat globule-1 protein (HMFG-1 or
breast epithelial antigen) was also highly expressed in the novel cell, but not in fibroblasts.
Other genes, including chitinase-3-like-1 (also known as YKL-40, cartilage glycoprotein-39,
HC-gp39, and CHI3L1), tissue inhibitor of metalloproteinases-3 (TIMP-3), and interstitial
collagenase, had lower expression levels in the novel cell than in TM, SC, or fibroblasts,
respectively. These gene expression differences further established the novel cell as different
from other TM or local cells, and were consistent with differences in morphology,
ultrastructure, and growth patterns.

Since that time, our immunohistochemistry observations (Kelley et al., in preparation, Fig. 2),
show differences in corneal endothelium, TM insert cells, and TM cells with CHI3L1,
reaffirming the above-mentioned microarray studies. HMFG-1 also showed differences
between the non-filtering TM insert cells and filtering HTM cells, with a distinctly increased
amount of HMFG-1 expression in TM insert cells (Kelley et al., in preparation, Fig. 3). The
similarities between the unique cell described by Raviola, the insert cell, and the novel cell
strongly suggest that these cells are all the same cell type, which appears to have stem-like
properties.

5.2. Isolation of TM insert or progenitor cells

Currently, several approaches to isolation of TM adult stem or progenitor cells seem feasible.
One method to separate TM insert cells is by surgical dissection of the TM insert area with a
high resolution surgical microscope. The insert cells comprise approximately 2-5% of the total
TM cell population; hence, this is a difficult surgical technique (Kelley et. al., in preparation).

To isolate undifferentiated TM progenitor cells, production of free-floating neurospheres from
HTM cultures may be a suitable method (Chipperfield et al., 2005; Moe et al., 2005; Gonzalez
etal., 2006). HTM primary cells cultured in serum-free media on non-adhesive substrates will
form spherical clusters of cells, and these may contain multipotent progenitor cells. Microarray
analysis of neurospheres showed high expression of two TM markers, matrix Gla protein
(MGP) and CHI3L1, which indicated that these free-floating spheres originated from HTM
cells. Nestin, a marker for neural precursor cells, and leukemia inhibitory factor, a gene
involved in maintenance of undifferentiated progenitor cells, were found in high amounts as
well. The undifferentiated cells in the neurospheres cultures appeared morphologically
identical to mature TM cells, and the overall gene expression profile of the spheres was similar
to those previously reported for TM cell monolayers. These undifferentiated progenitors,
however, had a greater resistance to trypsin digestion than normal HTM. Production of these
cultured neurospheres may allow collection of possible TM stem/progenitor cells. The
neurospheres can be expanded in vitro for 3 months and then stored with cryopreservation in
serum-free media supplemented with 10% DMSO (Gonzalez et al., 2006).
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To optimize and facilitate procuring TM insert cells, we have initiated molecular marker
studies, using microarray to compare mature filtering TM cells with non-filtering TM insert
cells. These studies (Kelley et al., in preparation) are in progress and have found some
differences between TM insert cells and mature TM cells, as did previous microarray studies
reported in the novel cell type and in neurospheres (Challa et al., 2003; Gonzalez et al.,
2006). We are also using TM markers established by others searching for a corneal and limbal
stem cell population (Whikehart et al., 2005). Their studies showed that DNA replication,
nestin, alkaline phosphatase, and telomerase were all found in both the TM and TM insert
region (McGowan et al., 2007). Telomerase, an enzyme involved in maintaining telomere
lengths, isa marker of transient amplifying cells and stem/progenitor cells (Ulaner and Giudice,
1997; Amit et al., 2000). After wounding the cornea, additional markers were found in the TM
and TM insert region, including two potential markers for stem cells, Oct-3/4 and Wnt-1, and
two differentiation markers, Pax-6 and Sox2 (McGowan et al., 2007).

6. Summary

Reprogramming of adult somatic or germ cells to become induced pluripotent cells or somatic
nuclear transfer cells resolves immunorejection problems found with ESCs. Generation of
induced pluripotent status may side-step some of the ethical controversies found with ESCs,
but may not satisfy all critics. Although these pluripotent cells may be patient-specific, the
overall level of safety with these therapies, fusion with cells other than ESCs, and other factors
must be determined for reprogramming methods to be used clinically. In the trabecular
meshwork, the putative stem cells investigated as the Schwalbe’s Line cell, as the novel non-
senescent cell type, or as the TM insert cell, may well be the same, undifferentiated cell type.
This putative adult stem/progenitor cell might be expanded ex vivo to replace missing or
nonfunctional TM cells in glaucomatous patients, thereby preventing vision loss, and
alleviating the need for lasers, drugs, and compliance. Additionally, to devise safer, more
reliable therapies to trigger division and migration of these cells to places of cellular loss in
the TM would be very valuable. In substituting for repetitive and expensive laser treatments,
stem cell applications could hopefully provide a lasting solution for glaucomatous patients.
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Schlemm’s Canal

Fig. 1.
Schematic of position of the TM insert region (in yellow) inferior to Schwalbe’s line and
anterior to the juxtacanalicular region of the TM (JCT) and Schlemm’s Canal.
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Corneal Endothelial Cells Trabecular Meshwork Insert Cells Trabecular Meshwork Cells

Fig. 2.
YKL-40 immunostaining in cultured mature corneal endothelium, TM insert and TM cells.
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Corneal Endothelial Cells Trabecular Meshwork Insert Cells Trabecular Meshwork Cells

Fig. 3.
HMFG-1 immunostaining in cultured mature corneal endothelium, TM insert cells, and TM
cells.
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