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I. Abstract

The ocular lens consists of two cell types: epithelial cells at the anterior surface
and the highly elongated and crystallin-rich core of fiber cells which differentiate from the
epithelial cells at the lens eqator. The cells of the vertebrate lens are joined into a
functional synctium by gap junctions, clusters of intercellualr channels that mediate the
direct transfer of low-molecular weight substances between the cytosols of adjoining
cells.

The highest levels of gap junctional ‘intercellular communication (GJIC) in the lens
are at the equator, where secondary fiber differentiation is initiated. In many organs, gap
junctions play an important role in coordinating growth and/or differentiation signals. The
possibility that gap junctions are involved in epithelial-to-fiber differentiation was
addressed in experiments presented in Chapter One. The experimental system used
throughout this thesis was primary cultures of embryonic chick lens epithelial cells
because they most closely recapitulate in vivo lens differentiation and, unlike cultured
rodent lens cells, also develop extensive intercellular junctions and intercellul_ar
communication between differentiated cells. It was found that reducing GJIC in these
cultures with a known gap junction blocker (18B-glycyrrhetinic acid) had no effect on
fiber differentiation. Thus, the high level of GJIC characteristic of the lens equator i vivo
is not required for secondary fiber formation as assayed in culture.

A related issue is the nature of the growth factor that induces epithelial-to-fiber
differentiation in the chick lens. In mammals, fibroblast growth factors (FGFs) are
thought to be involved in this process. In contrast, chick lens cells have been reported to
be unresponsive to FGF and an insulin/IGF-type factor was proposed to be the
physiological effector of differentiation. The data presented in Chapter Two reinvestigate
this paradox and demonstrate that FGFs are in fact potent determinants of chick lens cell

fate when used for periods (>5h) in excess of those used in previous investigations. These



studies also addressed the role of ERK MAP kinases in cultured chick lens epithelial cells.
Both FGF and insulin/IGF-type factors were shown to induce cell proliferation in an
ERK-independent manner whereas the differentiation-promoting activities of the two
factors differed in their requirement for ERK activity.

The asymmetric distribution of GJIC in the lens, with the highest level of GJIC in
the equator, is believed to be important in setting up a non-vascular microcirculating
system that brings nutrients into the lens and flushes out waste products. Despite its
importance for lens function, it it unknown how the gradient of GJIC in the lens is
established. One possibility was that a factor, or factors, that upregulate lens
differentiation in the bow region may also play a role in upregulating GJIC in this same
region. Based on the findings presented in Chapter Two, FGF, insulin, and IGF-1 were
tested for their effect on GJIC in primary chick lens cultures. The studies reported in
Chapter Three demonstrated that FGF, but not insulin or IGF-1, increased GJIC and that
this increase required sustained ERK activation. Moreover, sustained ERK activation was
shown to be sufficient to increase GJIC. Vitreous humor was identified as an in vivo
source of an FGF-like intercellular-communication-promoting activity. These results,
along with the demonstration that FGF-induced ERK activation in the intact lens is
highest in the equatorial region, led us to propose the first model of how the asymmetry
in GJIC required for lens clarity is established. This is the first investigation, to our
knowledge, of the regulation of gap junctions by growth factors in the lens and the

downstream signalling events initiated by these factors.



II. Introduction

A. Structure and Function of the Ocular Lens

The ocular lens is located posterior to the iris and is held in place by its suspensory
ligaments (Figure 1). The primary task of the lens is to allow precise focusing of light on
the retina from a nearby source, a process called accommodation (Figure 2) (Marieb and
Mallatt, 1992). Accommodation requires that the lens be transparent, a property that is
dependent on several physical features of the lens. First, there are no blood vessels within
the lens. Second, the cells in the center of the lens have no intracellular organelles that
could scatter light. Third, the intercellular spaces are smaller than the wavelength of light.
Disruption of any of the physical properties described here leads to cataréctogenesis, a
major health problem in humans, in which the lens becomes clouded and is no longer able
to focus light on the retina. This may occur for a number of reasons ranging from
hereditary abnormalities to excessive exposure to sunlight (Horwitz and Jaffe, 1992).

The lens consists of only two types of cells - epithelial cells at the anterior surface
of the organ and the highly elongated fiber cells that differentiate from the epithelial cells
(Figure 3). The lens epithelial cells are polygonal cuboidal cells that contain all the usual
intracellular organelles, including mitochondria that are responsible for oxidative
phosphorylation (Trukel, 1962). Transport of ions within the lens requires Na*-K*-
ATPase pumps which are concentrated in the epithelial layer (Kinsey and Reddy, 1965).
As a consequence of lens development (see Section 2), the polarity of th;s lens epithelial
cells is reversed such that the apical surface faces the inside of the organ and the basal
domain faces the outside environment. This orientation allows the lens epithelial cells to
secrete the basal laminal capsule that envelops the organ. The lens capsule is composed
primarily of collagen type IV, laminin, entactin, heparan sulfate proteoglycan, and
fibronectin (Cammarata et al., 1986; Parmigiani and McAvoy, 1984).

The bulk of the lens is made up of the fiber cells. They lack most cellular
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Figure 1. Location of the lens in the vertebrate eye. The lens is encased in a thin elastic capsule and is held
in place posterior to the iris by its suspensory ligaments.

divergent rays from
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nearly parallel rays from
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Figure 2. Lens accomodation. (A) At rest, the eye is set for distance vision and the parallel light rays from
a distant object are focused directly on the central fovea of the retina. (B) To focus on a nearby object, the
ciliary muscle contracts, pulling the ciliary body and choroid forward, and rounding the lens which bends
the light rays toward the central fovea. This increase in lens curvature is called accomodation.



organelles including endoplasmic reticulum, mitochondria, and nuclei because such
structures would scatter light. The two major components of the cytosol of the
differentiated lens fiber cells are crystallins and cytoskeletal elements. The crystallins are
a somewhat heterogeneous population of low molecular weight, water-soluble proteins
that make up more than 90% of the total mass of the lens fibers and that are responsible
for producing the high index of refraction necessary for proper lens function. Crystallins
are present in extraordinarily high concentration (reaching values greater than 400 mg/ml)
in fiber cells and must remain in solution for lens transparency (Horwitz and Jaffe, 1992).
The cytoskeletal system of the lens contains actin, myosin, vimentin, o-actinin and
microtubules, which are present in both epithelial and fiber cells (Benedetti e al., 1981;
Ramaekers and Bloemendal, 1981), as well as cytoskeletal proteins specific to fiber cells
such as CP115 (filensin) and CP49 (phakinin) (FitzGerald and Gottlieb, 1989; Hess et al.,
1993). Scanning electron microscopy reveals the hexagonal shape of the fiber cells and
the presence of “ball and socket™ specializations on the plasma membranes (Dickson and
Crock, 1972). By interlocking fibers with each other, these structures prevent sliding of
fibers and allow the intercellular junctions that join fiber cells to remain intact during the
lens shape changes associated with visual accommodation .

The lens is surrounded by two ocular fluids that are thought to be important
sources of substances needed for lens development and function (Figure 1). The aqueous
humor in the anterior chamber is a clear fluid similar to blood plasma. This fluid forms
as a filtrate of the blood from capillaries in the ciliary processes and provides nutrients and
oxygen to the lens epithelium (Marieb and Mallatt, 1992). The posterior chamber is filled
with vitreous humor, a jelly-like substance containing fine fibrils of collagen that is over
98% water. The vitreous humor supports the posterior surface of the lens and contains
growth factors that are thought to be important in lens differentiation (Beebe ef al., 1980;

Schulz et al., 1993).



B. Development of the Lens

The lens develops as an invagination of surface ectodermal cells overlying the
optic vesicle that differentiate into lens cells as the optic vesicle folds in on itself. The
surface epithelium then thickens to form the lens placode, which invaginates to form the
lens pit, which subsequently closes to form the lens vesicle. Immediately after the
formation of the lens vesicle, cells from the posterior wall of the lens vesicle begin to
elongate and eventually fill the cavity of the vesicle. These terminally differentiated,
crystallin-rich cells are called the primary fiber cells and will become the embryonic
nucleus. The cells that were not induced to form the primary lens fibers remain a cuboidal
monolayer of lens epithelial cells, which (unless injured) will never divide except in a
narrowly defined area lying anterior to the lens equator. After primary fiber cell formation
is complete, secondary fiber cells are formed by.differentiation of epithelial cells at the
equator of the lens. Proliferation and ‘differentiation occur throughout life, causing layer
upon layer of new lens fibers to form on top of each other. As the fibers internalize, the
anterior shift of cell nuclei produces a pattern known as the lens bow. The development
of the lens therefore results in four distinct regions: a nonproliferative central epithelium,
a proliferative zone of epithelial cells immediately anterior to the lens equator, an
equatorial zone of cellular elongation and differentiation, and a posterior and central zone

(nucleus) of crystallin-containing fiber cells (Figure 3) (Kuszak, 1990).

C. Role of growth factors in lens development

In mammals, the major family of growth factors thought to be involved in
epithelial-to-fiber differentiatibn are the fibroblast growth factors (FGF) (McAvoy ét al.,
1991). The FGF family has about twenty members that share 30-70% identity in their
primary sequences. A feature common to all FGFs is their high affinity for the
glycosaminoglycan heparin. FGF-1, FGF-2, and several other family members (FGF-9,-

11,-12,-13,-14, and-16) lack signal peptides, and their mechanism of release into the
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Figure 3. Lens development. Development of the lens begins with a thickening of the surface ectoderm
overlying the optic vesicle, the lens placode, which invaginates to form the lens pit, and subsequently
pinches off to form the Jens vesicle. Primary fiber cells elongate and fill in the cavity of the vesicle and
become the embryonic nucleus. All subsequent growth of the lens is due to differentiation of equatorial
region epithelial cells into secondary fiber cells.



extracellular environment is still not understood. FGF-1 and FGF-2 are, however,
abundant in the extracellular matrix and basement membranes of a variety of embryonic
and adult tissues (reviewed in Galzie ef al., 1997 and Basilico, 1992). Members of the
FGF family have been implicated in a number of important biological processes
including: tail and iﬁner ear development (FGF-3) (Mansour er al., 1993),
postimplantation development (FGF-4) (Feldman ez al., 1995), regulation of hair growth
(FGF-5) (Hebert er al., 1994), and axial organization and mesodermal patterning (FGFR-
1) (Deng et al., 1994; Yamaguchi ef al., 1994).

Much of the evidence in support of FGF as a mammalian lens differentiation factor
comes from studies initiated about a decade ago by McAvoy and colleagues. These
investigators developed a rat lens epithelial explant system in which the intact central
epithelial monolayer is cultured capsule-side down after manual removal of the fiber cell
mass. They found that increasing concentrations of FGF sequentially induce cellular
proliferation, migration, and fiber cell differentiation in these explants at half-maximal
doses of 0.15, 3, and 40 ng/ml, respectively (McAvoy and Chamberlain, 1989). These
results led the authors to develop the FGF gradient hypothesis which proposes that lens
development is determined by an anteroposterior gradient of FGF stimulation (McAvoy
and Chamberlain, 1989; McAvoy ef al., 1991). As described separatedly below, this
hypothesis is supported by three lines of evidence: 1) the distribution of FGF in ocular
fluids, 2) the expression of FGF receptors in the rodent lens, and 3) the functional
consequences of perturbation of FGFs and their receptors in transgenic and knockout
mouse model systems (reviewed in McAvoy et al., 1999).

1) Distribution of FGF in ocular fluids. The aqueous humor surrounds the
anterior region of the lens whereas the cells in the equatorial and posterior regions are
bathed by the vitreous humor (Figure 1). The concentration of FGF in mammalian
vitreous humor is considerably higher than in the aqueous humor and is sufficient to

induce the differentiation of rat lens central epithelial explants as assessed by



accumulation of the fiber cell marker B-crystallin, cellular elongation, loss of organelles,
formation of plasma membrane interdigitations, and denucleation (Lovicu et al., 1995;
Schulz et al., 1993). Most importantly, the differentiation-promoting activity of the
vitreous is inhibited by antibodies against FGF-1 and FGF-2 (Schulz et al., 1993).

2) Expression of FGF receptors in the rodent lens. The biological effects of the
FGF family are normally mediated by a family of highly homologous receptors consisting
of four distinct genes and their numerous splice var_iants (reviewed in Galzie et al., 1997).
Three FGF receptors are expressed in lens cells: FGFR-1, FGFR-2 (splice forms IIIb and
[IIc), and FGFR-3 (de longh et al., 1997; de Iongh er al., 1996; Orr-Urtreger et al., 1993;
Peters et al., 1993). In general, FGF receptors in the lens exhibit an anteroposterior
pattern of expression such that the highest expression of FGF receptors is in the
differentiating cells at the lens equator, with a dramatic dropoff in receptor expression in
older, more differentiated fiber cells. The one exception to this is FGFR2(IIIc) which
exhibits strongest expression in the epithelial cells but is subsequently downregulated in
maturing fibers (de Iongh er al., 1997).

3) Functional consequences of perturbation of FGFs and their receptors in
transgenic and knockout mouse model systems. Overbeek and his colleagues have
generated a numbér of transgenic mice strains in which the atA-crystallin promoter was
used to drive high level expression of various FGFs in transitional zone epithelial cells and
mature fibers in embryonic and adult lenses (McAvoy, 1978). They found that several
members of the FGF family (FGF-1, FGF-3, FGF-4, FGF-5, FGF-7, FGF-8, and F GF-9)
could induce premature differentiation of the lens epithelium (Lovicu and Overbeek,
1998; Robinson et al., 1998; Robinson et al., 1995b). The oA-crystallin promoter was
also used to generate transgenic mice expressing a truncated FGF receptor that
heterodimerizes with endogenous FGF receptors and inhibits their function. (Chow et al.,
1995; Robinson et al., 1995a; Stolen and Griep, 2000). Analysis of the transgenic lenses

revealed a disruption of fiber cell differentiation. Although both the FGF overexpression



and FGF receptor dominant negative studies support a role for FGF in lens differentiation,
this concept is complicated by the phenotype of knockout mice. Mice in which the genes
encoding FGF-1, FGF-2, FGF-3, FGF-5, FGF-7, or FGFR-3 were inactivated have no
obvious ocular defects (Colvin ef al., 1996; Dono et al., 1998; Guo et al., 1996; Hebert et
al., 1994; Mansour et al., 1993; Miller et al., 2000; Ortega et al., 1998). Whether this
means that lens development does not involve these proteins or that their loss can be
compensated for by other family members is not known. Inactivation of the genes for
FGF-4, FGFR-1, and FGFR-2 result in early embryonic lethality, precluding an evaluation
of their function in lens development (Deng et al., 1994; Feldman et al., 1995; Yamaguchi
et al., 1994). Therefore, although there is strong evidence for a role of FGF in lens
differentiation, the particular family members involved in this process in vivo have yet to
be determined. Although certain other growth factors (BMP-4, PDGF, TGF-o/EGF, IGF)
have been proposed to potentially participate in lens differentiation in mammals, in vivo
evidence of such a function is lacking (Brewitt and Clark, 1988; Furuta and Hogan, 1998;
Ireland and Mrock, 2000; Klok et al., 1998; Reneker and Overbeek, 1996).

In contrast to the mammalian lens, FGFs have been reported for over twenty years .
to have no effect on the chick lens. Instead, an insulin/IGF-type growth factor was
proposed to be the physiological lens differentiation factor. Insulin was first reported to
stimulate cellular elongation in chick lens epithelial cell explants by Piatigorsky and
colleagues (Piatigorsky, 1973). Subsequent studies indicated that insulin-induced
differentiation was accompanied by an increase in microtubule assembly and §-crystallin
gene expression, both of which are features of developing fibers in the intact avian lens
(Milstone and Piatigorsky, 1977; Piatigorsky et al., 1973). Beebe reported that the ability
of chick vitreous humor to stimulate cellular elongation in chick lens central epithelial
explants over a 4-5 hour period was partially inhibited by a monoclonal antibody to
human IGF-1(Beebe et al., 1987). FGF and other growth factors (EGF, PDGF, NGF) had

no effect on explant elongation under the same conditions.
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D. FGF-mediated signal transduction

Although very little is known about FGF signaling pathways in the lens, there is
much literature on FGF-mediated signal transduction in other systems. FGF family
members interact with two classes of receptors, one with low affinity (K, 2-10 nM) and
the other with K’s of 50-500 pM. The cell surface low-affinity receptors are heparin
sulfate proteoglycans (HSPGs) which have high association rates with FGFs but also high
dissociation rates. Schlessinger et al. have proposed that binding of FGFs to these HSPGs
reduces the dimensionality of ligand diffusion from the 3-dimensional volume of the
extracellular space to the two dimensional surface of the plasma membrane (Schlessinger
et al., 1995). Once bound, FGF molecules exhibit rapid lateral mobility which allows for
frequent encounters with the unoccupied less abundant high-affinity receptors (Figure 4).
There are also low affinity HSPG binding sites for FGFs in the extracellular matrix,
which have been proposed to stabilize FGF and protect it from degradation or sérve as a
reservoir of growth factors that can be released by enzymes that degrade the proteoglycan
(Damon ef al., 1989; Gospodarowicz and Cheng, 1986).

High affinity binding of FGF is mediated by the products of four distinct FGF
receptor genes. Each of these genes undergoes alternative splicing, giving rise to multiple
FGF receptor species with different ligand-binding specificities and affinities (Houssaint
et al., 1990; Johnson et al., 1990; Keegan ef al., 1991; Partanen et al., 1991). All of these
FGF receptors are Class IV receptor tyrosine kinases and function according to the
consensus model of signal transduction by receptor protein tyrosine kinases (RPTKs)
(reviewed in Klint and Claesson-Welsh, 1999) (Figure 4)." Binding of FGF results in
receptor homo- or heterodimerization, leading to intermolecular autophosphorylation of
multiple tyrosine residues within the cytoplasmic domain of the receptor. These
phosphorylated tyrosine residues then serve as binding sites for proteins containing Src-
homology 2 (SH2) domains or phosphotyrosine binding (PTB) domains, which after

binding become substrates for the FGF receptor. For example, phosphorylation of Y766
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reduces the dimensionality of ligand diffusion from the three-dimensional volume of the extracellular space
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in FGFR-1 upon receptor dimerization allows the binding of PLCY, which is then tyrosine
phosphorylated by the FGF receptor which increases its ability to hydrolyze
phosphatidylinositol 4,5 bisphosphate (PIP,) to IP, and DAG (Berridge, 1993). IP, in turn
releases Ca?" from internal stores, while DAG accumulation activates members of the
PKC family which can then activate the mitogen-activated protein kinase (MAPK)
signaling cascade.

MAP kinases are serine/threonine kinases whose activation leads to a variety of
cellular responses including proliferation, differentiation, and migration (reviewed in
Garrington and Johnson, 1999 and Seger, 1995). Three well-characterized subfamilies of
MAP are: 1) p42/44 (ERK-1 and ERK-2, respectively), 2) the stress-activated protein
kinases/c-Jun-N-terminal kinases (SAPKs/JNKs), and 3) p38/reactivating kinase (RK).
The p44/p42 MAP kinases are primarily activated by mitogens (e.g. FGF, insulin),
whereas the SAPK/INK and p38/RK pathways are highly stimulated by inflammatory
cytokines (e.g. tumor necrosis factor a, interleukin 1b) and cellular stresses (e.g. heat
shock, UV, ionizing radiation). All MAP kinase signaling pathways contain a central core
of three kinases (Figure 5). MAPKSs are activated by phosphorylation on threonine and
tyrosine by a dual-specificity MAP kinase kinase (MAPKK), and MAPKK is in turn
activated by serine/threonine phosphorylation by a MAP kinase kinase kinase
(MAPKKK). The ERK signal transduction pathway, once activated, affects a number of
downstream targets that include nuclear (e.g. Elkl, Pax6), membrane-associated (e.g.
Synapsin I), and cytoskeletal proteins (e.g. myelin basic protein) to effect survival,
differentiation, proliferation, gene expression, etc. (reviewed in Grewal ef al., 1999).

In most, but not all cases, ERK-dependent FGF signal transduction is meidated by
the classic Ras/Raf pathway. The low molecular weight (21 kDaj proteins of the Ras
family function as signaling mediators for many types of receptor protein tyrosine kinases
and tyrosine kinase-associated receptors (Lowy and Willumsen, 1993; Pronk and Bos,

1994). Ras proteins bind guanine nucleotides, have intrinsic GTPase activity, and
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Figure 5. MAPK pathways. The principle MAPK subfamilies are: 1) p42/44 (ERK-1 and ERK-2,
respectively), 2) the stress-activated protein kinases/c-Jun-N-terminal kinases(SAPKs/JNKs), and 3)
p38/reactivating kinase(RK). All three MAP kinase signaling pathways contain a central core of three
kinases. Upon activation, a MAP kinase kinase kinase (MAPKKK) phosphorylates a dual-specificity MAP
kinase kinase (MAPKK), which subsequently phosphorylates MAP kinase (MAPK). The activated MAPK
phosphorylates various proteins in the cell, including other protein kinases and gene regulatory proteins.

14



alternate between the active (GTP-bound) and inactive (GDP-bound) forms. Most growth
factor receptors couple to the Ras pathway via the small adaptor molecule Grb2, which
exists in a complex with Sos, a nucleotide exchange factor for Ras. In contrast, all
identified FGF receptors lack direct binding sites for Grb2. Instead, FGF stimulation
leads to tyrosine phosphorylation of the adaptor proteins FRS2 and/or She which then
bind the Grb2-Sos complex (Kouhara ef al., 1997). Sos then catalyzes the exchange of
GDP for GTP on Ras, which in turn binds to and activates a MAPKKK (Raf), which
activates a MAPKK (MEK 1/2) that activates MAPK (ERK 1/2) (Figure 4).

One proposed mechanism by which different growth factors can elicit different
cellular responses in the same cell type is by regulating the duration of ERK activation
(Marshall, 1995). This concept arose from studies initially performed in PC12 cells.
PCI12 cells, a phaeochromocytoma cell line derived from rat adrenal medullary cells, can
differentiate into sympathetic neurons upon treatment with certain growth factors such as
FGF or nerve growth factor (NGF) as characterized by neurite outgrowth and eventual
cessation of cell division. Treatment with epidermal growth factor (EGF) leads instead to
cell proliferation. All three growth factors require the ERK pathway for their effects, but
EGF activates ERKs only transiently (up to 10 minutes, with a maximum at 5 minutes),
whereas FGF and NGF induce sustained ERK activation (up to 6 hours, with a maximum
at 15 minutes) as detected by phosphorylation of myelin basic protein (MBP). These
observations led to the proposal that sustained ERK activation leads to differentiation in
PC12 cells. This concept was further supported by studies showing that there is no
receptor-specific pathway of differentiation and that sustained ERK activation is sufficient
for PC12 cell differentiation (Dikic et al., 1994; Heasley and Johnson, 1992; Traverse et
al., 1994). Interestingly, Stork and colleagues have shown that the initial early phase of
ERK activation by NGF is mediated by Ras whereas sustained ERK activation is due to a
PKA-dependent pathway which involves the small GTPase Rap1 acting through B-raf

instead of Raf-1 (York ef al., 1998). Subsequently, several groups have demonstrated a
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correlation between sustained ERK activation and a variety of cellular responses in cell
types other than PC12s (Lessor et al., 1998; Pukac et al., 1998; Weber et al., 1997), For
example, in SK-N-MC neuroepithelioma cells, cell scattering is characterized by loss of
epithelial and gain of fibroblastic features, cell dissociation, and migration of individual
cells. EGF, las well as FGF-2, induce both sustained ERK activation (=24hrs) and cell
scattering, whereas PDGF induces only transient ERK activation (5-10 minutes) without
effecting cell scattering (van Puijenbroek et al., 1997). Similarly, two different activators
of protein kinas.e C (PKC) have opposing effects in the megakaryocytic differentiation of
K562 cells. While 12-O-tetradecanoylphorbol-13-acetate (TPA) induces sustained ERK
activation (>24hrs) and differentiation, bryostatin induces more transient activation of
ERKs(~6hrs) and blocks differentiation (Racke et al., 1997).

Although the standard FGF-induced signal transduction pathway is through ERKs,
there are examples of ERK-independent effects of FGF. Differentiation of the rat neuronal
hippocampal H19-7 cell line and expression of a gene (pip92) of unknown function in
response to FGF-2 is MEK and ERK-independent, but Ras and Raf-1-dependent (Chung
ef al., 1998). In SK-N-MC cells, FGF can stimulate a p38-dependent increase in the
experssion of genes such as proenkephalin that can be mimicked by €Xogenous expression
of p38 but not of ERK (Tan et al>., 1996). In osteoblastic cells, FGF activates expression

of MMP1 through Ras without ERKs or MEK (N ewberry ef al., 1997).

E. Gap junctions in the lens

Metabolic homeostasis in the lens requires the transfer of nutrients into the organ
and the passage of waste products in the opposite direction. Since the terminally
differentiated fiber cells lack intracellular organelles, they cannot synthesize or maintain
the proteins required for active transport. Fiber cells are therefore uniquely dependent on
communication with epithelial cells at the lens surface for their metabolic needs. In lieu

of a vascular system, metabolic and ionic balance in the lens is maintained by means of a
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network of epithelial-to-epithelial, fiber-to-fiber, and epithelial-to-fiber gap junctions
which directly link the cytoplasms of adjoining cells (Goodenough et af., 1980). Nutrients
produced by the epithelial cells are transferred to the interior fiber cells via this gap
Junction-mediated intercellular pathway (Figure 6). This pathway is also utilized to
extrude metabolic waste products from the lens. The importance of gap junctions in lens
homeostasis is underscored by the demonstration that targeted deletion of genes encoding
lens gap junction proteins results in the formation of cataracts in mice (Gong et al., 1998;
White ef al., 1998).

Gap junctions are specialized communicating intercellular Junctions, that mediate
the passage of chemical and electrical signals from one interacting cell to its adjoining
partner(s) (Figure 7). Molecules up to ~1kD are able to pass through gap junctional
channels, whereas larger macromolecules are retained in their cell of origin to ensure its
genetic and structural individuality (Simpson ef al., 1977). Substances proposed or
experimentally demonstrated to pass through gap junctions include ions,
monosaccharides, amino acids, IP,, and cyclic nucleotides (Bennett and Goodenough,
1978; Saez et al., 1989). Known or proposed functions of gap junctions include serving
as a low-resistance passageway for current-carrying ions in electrically excitable tissues
such as myocardium, smooth muscle and nerve, and regulating growth control, glandular
secretion, and cellular differentiation in nonexcitable tissues (reviewed in Simon and
Goodenough, 1998).

Gap junctions are composed of a family of highly homologous integral membrane
proteins called connexins(Cx) which are found in virtually all animal tissues. All
connexin family members share conserved transmembrane, extracellular, and, to a lesser
extent, amino terminus sequences while unique sequences are found in their cytosolic
loop and carboxyl tail domains (Figure 8) (Bennett et al., 1991; Kumar and Gilula, 1992).-
The assembly of connexins into gap junctions is a multistep process that includes: 1)

oligomerization of connexin monomers into connexons in the frans Golgi network, 2)
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Figure 6. Location of gap junctions in the lens. Epithelial-to-epithelial, epithelial-to-fiber, and fiber-to-
fiber gap junctions directly link the cytoplasms of adjacent lens cells. This intercellular network allows
fiber cells to access nutrients produced by the epithelial cells.
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Figure 7. Gap junctional plague. Two half-channels called connexons, one in each cells plasma
membrane, dock head-to-head to form an intercellular pore. A gap junctional plaque is a collection of these
tightly packed intercellular channels.
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transport of connexons to the cell surface, 3) association of two connexons in adjoining
cell surfaces into intercellular channels, and 4) clustering of these channels into gap
Junctional plaques (Figure 9). At least in the case of Cx43, this last step is closely
associated with connexin phosphorylation and acquisition of insolubility in Triton X-100
(Musil and Goodenough, 1991).

Immunohistochemical studies have localized connexin family members to specific
anatomical regions of the lens in various species (Gruijters et al., 1987: Jiang et al., 1994;
Musil et al., 1990; Paul et al., 1991). In chick, three members of the connexin family,
Cx43, Cx45.6, and Cx56, are expressed in the lens epithelium and in the differentiating
fibers of the bow (equatorial) region (Figure 10). Cx45.6 and Cx56, but not Cx43, are also
present in mature postequatorial fiber cells where their expression levels are greatly
increased (Jiang et al., 1994). In mammals, only Cx43 has been detected in the lens
epithelium (Beyer ez al., 1989). Cx50 and Cx46, orthologs of (respectively) chick Cx45.6
and Cx56, share an overlapping distribution with Cx43 in the bow region and are
expressed in high levels in postequatorial fiber cells (Gruijters et al., 1987; White er al.,
1992).

Gap junctions are not passive intercellular holes connecting cells. A highly
significant property of gap junction-mediated intercellular communication (GJIC) is that
it can be reversibly regulated within seconds by an enormous variety of effectors. These
effectors include: 1) intracellular acidification, 2) elevation of free intracellular Ca’t, 3)
transjunctional voltage, 4) cyclic nucleotides, 5) some lipophilic compounds (e.g.
heptanol, n-octanol, halothane, arachidonic acid), and 6) growth-controlling substances
including phorbol esters, retinoic acid, certain oncogene products (Bennett and Verselis,
1992; Kolb and Somogyi, 1991), and some growth factors. This last category includes
epidermal growth factor (EGF), hepatocyte growth factor/scatter factor (HGF/SF), and
platelet-derived growth factor (PDGF). Most studies have shown that growth factors

transiently decrease gap junction-mediated intercellular communication (GJIC), most

19



extracellular

cytoplasmic

N

C

Figure 8. Connexin topology. All connexin family members contain four transmembrane domains and are
oriented such that their amino and carboxyl termini are cytoplasmic. Regions conserved between different
connexins are in blue, whereas the less conserved domains are shown in green.

]i it \\ i

/ GAP
2 4 JUNCTION
38
.CONNEXON -“\1
L |

' CONNEXIN
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likely at the level of channel gating. For example, addition of HGF/SF to mouse
keratinocytes or treatment of TS1B rat liver epithelial cells with platelet-derived growth
factor (PDGF) rapidly inhibits GJIC (within 5-10 minutes or 15-20 minutes, respectively)
(Hossain et al., 1998; Moorby et al., 1995). Similarly, GJIC is reduced by 60% within ten
minutes after EGF addition in T51B cells (Lau er al., 1992), and FGF-2 decreased
coupling between rat cardiomycytes within 30 minutes (Doble ef al., 1996). However,
there are also several studies which demonstrate that long-term exposure to growth factors
can increase connexin protein expression leading tb an increase in GJIC. For example,
EGF increases Cx43 protein and GJIC in primary human kidney epithelial cells after a
four hour exposure (Rivedal er al., 1996). Addition of FGF to cardiac fibroblasts
increased GJIC and Cx43 mRNA and protein after six hours (Doble and Kardami, 1995).

F. Issues addressed in this thesis

A.. Do gap junctions play a role in lens development? Several studies in non-
lenticular systems have indicated that gap junctions mediate the intercellular transfer of
morphogens and help establish embryonic compartments. Function-blocking anti-
connexin antibodies or pharmacological inhibitors disrupt early vertebrate embryogenesis
and limb morphogenesis (Lee et al., 1987; Warner et al., 1984). Dominant-negative
cqnnexin mutants and antisense mRNA also support a role for gap junctions in the above
processes (Bevilacqua et al., 1989; Paul ef al., 1995). Gap junctions have also been
implicated in the differentiation of specific tissues. For example, gap junction blockers
reduce expression of the muscle regulatory factors myogenin and MRF4 as well as
myotube fusion in skeletal myoblasts (Constantin ef al., 1997, Mege et al., 1994; Proulx
etal., 1997). Connexin knockout studies have implicated Cx43 in heart development and
Cx37 in oocyte development (Reaume et al., 1995; Simon et al., 1997). A potential role
for gap junctions in the development of the lens is supported by the following studies.

Gap junctional communication and fiber cell differentiation are both blocked when chick
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lens cells are transformed with Rous sarcoma virus (Menko and Boettiger, 1988).
Moreover, anti-NCAM Fab fragments inhibit both cellular elongation and the formation
of fiber-type gap junctions in chick lens epithelial explants (Watanabe et al., 1989).
Although targeted gene disruption of either of the lens fiber connexins (Cx46 or Cx50)
resulted in no obvious defects in epithelial-to-fiber differentiation, the continued
expression of the undisrupted connexin could have compensated for the missing protein
(Gong et al., 1997; White et al., 1998). Chapter One in the Results section of this thesis
addresses the role of gap junctions in lens development by directly assessing secondary
fiber cell differentiation of primary chick lens epithelial cells after inhibition of gap
junctional intercellular communication with a known gap junction blocker, 18f-
glycyrrhetinic acid. _

B. Does FGF play a role in development of the chick lens? As discussed on péges
6-8, the prevailing concept in the literature has been that an FGF induces epithelial-to-
fiber differentiation in the mammalian lens whereas chick lens cells are unresponsive to
FGF and are instead induced to differentiate by insulin/IGF-type factors. Since the steps
involved in lens development in the chick are very similar to those in rodents, and because
chick lens cells express FGF receptors (Ohuchi et al., 1994) and chick vitreous humor
contains FGF (Mascarelli et al., 1987), it seems surprising that chick cells should respond
to growth factors so differently than mammalian lens cells. Chapter Two in the Results
section of this thesis reinvestigates the effect of FGFs on chick lens cells and presents
evidence that FGFs are in fact potent determinants of chick lens cell proliferation and
differentiation, and that chick vitreous humor is an in vivo source of an FGF-like
differentiation factor.

C. Are growth factors involved in establishing the asymmelry of gap junction-
mediated intercellular communication (GJIC) required for lens Jfunction? Several lines of
evidence indicate that ions and water enter the lens along the intercellular clefts, cross

fiber cell membranes, flow from cell-to-cell through gap junctions toward the surface, and
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Figure 11. Lens circulation. lons and water enter the lens at the anterior and posterior poles along the
intercellular clefts, cross fiber cell membranes, flow intracellularly from cell to cell through gap junctions
towards the lens surface, and then cross surface cell membranes to exit the lens at the equator. This angular
flow serves to circulate fluids and dissolved solutes through the lens. The assymmetric distribution of gap
junctions in the lens is thought to be essential in setting up these circuits and thus for normal lens physiology.
(Circulation diagram from Mathias, 1997.)
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cross surface cell membranes (Figure 11) (Robinson and Patterson, 1982). This creates an
angular flow that serves to carry oxygen, glucose, and other nutrients into the lens via the
intercellular space, and to flush waste products through the intracellular space from inner
lens fibers to the surface where they can be metabolized and/or extruded. The
establishment and maintenance of these circuits is thought to be critically dependent on
the fact that GJIC in the lens is higher at the equator than at either pole. Despite its
importance for lens function, it is unknown how the gradient of GJIC in the lens is
established. Chapter Three in the Results section of this thesis explores the possibility that
a factor that upregulates lens differentiation at the equator also plays a role in upregulating
GJIC in this same region. The results presented support a model in which regional
differences in FGF signaling are responsible for the asymmetry of GJIC in the lens.

D. Does the ERK pathway play a role in FGF-induced chick lens epithelial cell
proliferation, differentiation, and/or upregulation of GJIC? As discussed on pages 11 and
13, FGF is known to signal by ERK-dependent as well as (less commonly) ERK-
independent pathways. To date, the role of the ERK pathway in lens development or
function has not been addressed. Chapter Two investigates whether ERK activation is
required for stimulation of lens cell proliferatin and/or differentiation by growth factors,

and Chapter Three addresses the role of ERKs in FGF-induced upregulation of GJIC.
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1. Abstract

The cells of the vertebrate lens are linked to each other by gap junctions, clusters
of intercellular channels that mediate the direct transfer of low molecular weight
substances between the cytosols of adjoining cells. Although gap junctions are detectable
in the unspecialized epithelial cells that comprise the anterior face of the organ, both their
number and size are greatly increased in the secondary fiber cells that differentiate from
them at the lens equator. In other organs, gap junctions have been shown to play an
important role in tissue development and differentiation. It has been proposed, although
not experimentally tested, that this may be true in the lens as well. To investigate the
function of gap junctions in the development of the lens, we have examined the effect of
the gap junction blocker 18B-glycyrrhetinic acid (BGA) on the differentiation of primary
cultures (both dissociated cell-derived monolayers and central epithelium explants) of
embryonic chick lens epithelial cells. We found that BGA greatly reduces gap junction-
mediated intercellular transfer of Lucifer yellow and biocytin throughout the 8-day culture
period. BGA did not, however, affect the differentiation of these cells into MP28-
expressing secondary fibers. Furthermore, inhibition of gap junctions had no apparent
effect on either. of the two other types of intercellular (adherens and tight) junctions
present in the lens. We conclude that the high level of gap junctional intercellular
communication characteristic of the lens equator in vivo is not required for secondary
fiber formation as assayed in culture. Up-regulation of gap junctions is therefore likely to
be a consequence rather than a cause of lens fiber differentiation and may primarily play

a role in lens physiology.
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2. Introduction

The lens is a solid cyst composed of only two cell types: a monolayer of epithelial
cells that overlies its anterior face and a core of elongated, crystallin-rich fibers that is
responsible for the refractive properties of the organ. These cells are physically and
functionally linked to each other by gap junctions at their plasma membranes
(Goodenough, 1992). Gap junctions are clusters of intercellular channels that link the
cytosols of adjoining cells and thereby act as direct pathways for the cell-to-cell transfer
of small (under ~1 kDa) nutrients and signaling molecules. In vertebrates, gap junctions
are composed of members of a family of structurally homologous integral membrane
proteins known as connexins which differ from each other with respect to their channel
permeabilities, modes of regulation, and ability to interact with other connexin species
(Bruzzone et al., 1996; Goodenough et al., 1996). Lens epithelial cells pfedominantly
express connexin43 (Cx43), a widely distributed connexin that is believed to participate
in cell-cell communication in a variety of embryonic and adult organs (Beyer et al., 1987;
Musil ez al., 1990a). Mature fiber cells lack Cx43 but instead express very high levels of
two other connexin species. In the chick, these fiber-type connexins are referred to as
Cx45.6 and Cx56 (Jiang er al., 1994; Rup et al., 1993); their orthologs in rodents are
termed Cx50 and Cx46 (Paul er al., 1991; White er al., 1992). Because they lack
biosynthetic or energy-producing organelles, mature fiber cells are uniquely dependent on
the active transport and oxidative phosphorylation capacity of the anterior epithelial cells.
Electrical impedance studies (Mathias and Rae, 1985) and analysis of intercellular
coupling by diffusion of low molecular weight fluorescent dyes (Miller and Goodenough,
1986) or radiolabeled metabolites (Goodenough et al., 1980) indicate that gap junctions
join the lens cells into an ionic and metabolic syncytium. A role for gap junctions in lens

transparency is supported by the recent finding that targeted disruption of Cx46
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expression in mice results in the postnatal development of a nuclear cataract (Gong et al.,
1997).

Gap junctions are not specific to the lens but are instead found in almost all cel]
types in animals ranging from coelenterates to humans (Bennett ez al., 1991; Goodenough
et al., 1996). Two broad classes of functions have been ascribed to gap junctions. The
first, similar to that described above for the lens, is to help maintain metabolic continuity
within, and synchronize the function of, differentiated multicellular tissues. The second
arises from numerous studies implicating gap junctions in various developmental
processes, in which they have been proposed to mediate the intercellular transfer of
mdrphogens and to help establish embryonic compartments (reviewed in Guthrie and
Gilula, 1989; Lo, 1996; Warner, 1992). Reducing gap junctional intercellular
communication with either function-blocking anti-connexin antibodies or
pharmacological inhibitors of gap junction permeability disrupts early vertebrate
embryogenesis (Warner ef al., 1984) and limb patterning (Allen ez al., 1990). Studies
utilizing dominant-negative connexin mutants and anti-sense mRNA constructs have
supported a role for connexin-mediated intercellular communication in these processes
(Bevilacqua et al., 1989; Paul ef al., 1995). With regard to the differentiation of specific
tissues, blockers of gap junction-mediated intercellular communication have been shown
to reduce the expression of the muscle regulatory factors myogenin and MRF4 in skeletal
myoblasts and the fusion of these cells into myotubes (Constantin et al., 1997; Mege et
al., 1994; Proulx ef al., 1997a). Conversely, introduction of Cx43 into connexin-deficient
rhabdomyosarcoma cells increase cell fusion and myosin expression concomitant with
acquisition of gap junction-mediated intercellular coupling (Proulx et al., 1997b).
Restoration of gap junctional intercellular communication upon transfection with
connexin-encoding ¢cDNA has also been reported to increase the expression of tissue-
specific genes (thyroglobulin and insulin, respectively) in cell lines derived from the

thyroid (Statuto et al., 1997) and from the pancreas (Vozzi et al., 1995). In the mouse,
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elimination of Cx43 expression by targeted gene disruption results in lethal developmental
malformations in the heart (Reaume ez al., 1995), whereas lack of connexin37-mediated
oocyte-granulosa cell communication leads to female infertilitiy by arresﬁng oocyte
development (Simon et al., 1997).

Despite the presence of gap junctions throughout the lens and the importance of
these structures in the development of other organs, the role of gap junctional intercellular
communication in lens differentiation is not known. Although the time course and
anatomical details differ between species, the general process by which the vertebrate lens
develops is remarkably conserved between amphibians, birds, and mammals including
humans (reviewed in Piatigorsky, 1981). Following induction, the embryonic ectoderm
overlying the optic vesicle thickens to form the lens placode. The lens placode
invaginates and eventually pinches off as the lens vesicle, a hollow sphere of epithelial
cells. The cells at the posterior of the lens vesicle then differentiate into the primary fiber
cells, which elongate to fill the lumen of the lens vesicle. In addition to an increase in cell
volume, fiber cell differentiation is characterized by restructuring of the cell surface and
cytosol, upregulation of fiber-specific proteins including various crystallins and the
plasma membrane protein MP26 (known as MP28 in the chick), and eventual loss of
intracellular organelles élong with cessation of DNA synthesis and cell division. All
subsequent growth of the lens (which continues throughout the life of the organism) is due
to differentiation of epithelial cells into so-called “secondary” fiber cells, whose
properties are similar to those of the primary fibers.

The process of secondary fiber formation begins with the progressive
morphological and biochemical differentiation of a small population of epithelial cells
near the equatorial axis of the lens. The equatorial region is also the site of the highest
level of gap junctional intercellular coupling within the organ (Baldo and Mathias, 1992;
Mathias et al., 1997). The latter observation is likely to be due in part to the up-regulation

of fiber-type connexin expression that occurs within this area (Berthoud et al., 1994;
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Evans et al., 1993; Gong et al., 1997). In the chick, immunofluorescence and
immunoelectron microscopy have demonstrated that the level of Cx43-containing gap
junctions in equatorial epithelial cells also increases dramatically relative to the amount of
Cx43 detected in the central epithelium at the anterior pole (Musil et al., 1990a). Why
synthesis and/or assembly of Cx43 should increase so substantially shortly before being
shut off in mature fiber cells is unknown. Early studies of lens differentiation in culture
have established the necessity of direct cell-cell contact in epithelial-to-fiber
differentiation (Creighton et al., 1976). Given the importance of gap junctions in other
development processes, this could conceivably reflect a need for gap junctional
intercellular communication in initiating and/or coordinating lens cell differentiation, a
possibility raised previously by Menko as well as others (Menko and Boettiger, 1988;
Menko ef al., 1987; Watanabe ef al., 1989). A potential role for gap junctions in lens
development is supported by the observation that transformation of cultured chick lens
epithelial cells with Rous sarcoma virus blocks both gap junctional intercellular
communication and fiber cell differentiation (Menko and Boettiger, 1988). Furthermore,
Watanabe ef al. (1989) have reported that treatment of lens epithelial explants with anti-
NCAM Fab fragments, while having no apparent effect on cell-cell contact per se, inhibits
the formation of fiber-type gap junctions as well as cell elongation (a marker of initiation
of fiber cell differentiation). Histological examination of the lenses of mice lacking Cx46
failed to reveal obvious defects in lens development (Gong et al., 1997). However, the
fact that these mice still synthesize Cx43 and Cx50 (both of which are able to form
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