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ABSTRACT

I have used the developing avian iris and ciliary body to investigate
mechanisms that regulate cellular differentiation and maturation. During
development, the muscles of the iris undergo a conversion from smooth-type
to striated-type. This transition is coincident with establishment of
neuropeptide phenotype and developmental cell death in the ciliary
ganglion, which innervates structures in the eye including the iris and ciliary
body. The focus of my thesis is to understand the cellular mechanisms and
molecules that regulate the smooth to striated muscle transition in the iris
and ciliary body. In addition I have investigated the role of these target
tissues in regulating neuronal maturation of ciliary neurons.

Previous work established that activin regulates neuropeptide phenotype in
cultures of ciliary ganglion neurons. In vivo, the neuropeptide somatostatin
is expressed only in choroid neurons; however, in culture, activin induces

this peptide in both neuron types of the ciliary ganglion - choroid and ciliary.

Activin is a TGFB superfamily member that signals through cell surface
receptors. Activin signaling is antagonized by follistatin, an activin-binding
protein. Both activin and follistatin are secreted molecules that have diverse
developmental modulatory effects. 1 investigated the distribution of activin
and follistatin proteins in the ocular target regions and found that activin was
present in targets for both neuron types. During the time of somatostatin
induction within choroid neurons, follistatin was detectable only in the iris-
ciliary muscles. To show that functional antagonism was secreted by iris cells,
I used iris cell conditioned medium to prevent activin-mediated somatostatin
induction in cultured ciliary ganglion neurons. Immunodepletion
demonstrated follistatin as a component of the conditioned medium. During
these studies, activin was found to repress the development of striated
muscles while potentiating smooth muscle in cultures of iris-ciliary body.
This observation was the basis for asking whether activin-follistatin
antagonism, in addition to regulating neuropeptide phenotype, could
organize target muscle differentiation.

I first addressed the role of activin and follistatin in striated muscle
differentiation using homogeneous cultures of pectoral myoblasts. Markers
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for successive stages of muscle differentiation were analyzed after activin or
follistatin treatment. Activin inhibited while follistatin potentiated each
marker for muscle differentiation, without altering proliferation or survival
of the myoblasts. These data suggest that the two cytokines modulate
differentiation of committed myoblasts to postmitotic, fusion-competent
myocytes. The physiological significance of these findings are supported by
the in vivo expression of activin, activin receptors, and follistatin at sites of
muscle differentiation, including the chick pectoral muscles.

To address muscle differentiation within the iris and ciliary body, the smooth
to striated muscle conversion was described at the cellular and molecular
levels. The expression of multiple smooth and striated muscle markers were
analyzed, including those for contractile protein isoforms, actylcholine
receptor sub-types, and striated specific transcription factors. To test if smooth
and striated muscle cells are derived from a common progenitor, single cell
clonal assays were developed and performed. All clones differentiated as
single cell types, regardless of enviromental influences. Transient co-
expression of multiple smooth and striated markers were observed in single
iris cells isolated during the transition. These results suggest that
transdifferentiation of smooth muscle, in addition to determined myoblasts,
contribute to the formation of myotubes in the iris.

Finally, to investigate the regulation of this transition, heterochronic chick-
quail iris cell co-culture experiments were performed to understand the role
of intrinsic, cell-autonomous versus extrinsic influences. Undifferentiated
iris cells placed into a more mature environment showed a greater propensity
to form striated muscle demonstrating the role of locally-derived, extrinsic
:nfluences in striated iris muscle differentiation. This activity was found to
be secreted from the mature iris cells and could be removed from conditioned
medium with an activin-affinity column. Furthermore, activin inhibited
striated muscle development in undifferentiated iris explants, while smooth
muscle differentiation was potentiated. The converse was true for these two
cell types following follistatin treatment. The results from my thesis research
support a model where locally produced signaling molecules, activin and
follistatin, coordinate the differentiation of neurons - neuropeptide
phenotype, and their targets - smooth and striated muscle development.

viii



INTRODUCTION
Overview of developmental themes: coordinated differentiation.

During embryogenesis, several salient features of metazoan development
exist (reviewed in Gurdon, 1992). These include fertilization, the combining
of two individual genomes with the union of egg and sperm; cleavage, the
rapid mitotic divisions of the zygote to form the blastula; gastrulation, the
cellular movements that establish the three germ layers - the ectoderm,
mesoderm, and endoderm; and organogenesis/ morphogenesis, the
formation of the various specialized, functional units that interact to enable
complex behaviors. At the cellular level, specification - the establishment of
positional information and structural identity, and determination - the
commitment of individual cells and their subsequent progeny to specific cell-
types or lineages, result from progressive restrictions in developmental
potentials. Differentiation is the cellular equivalent to morphogenesis: the
expression of cell-type specific characteristics. Two general modes of signaling
regulate progressive restrictions in development. They can be classified as
intrinsic (cell-autonomous) regulation, the ability of a cell to control its own
development independent of its environment, and extrinsic (non-cell-
autonomous) regulation, where signals derived from outside the cell
influence specification, determination, or differentiation. Examples of
intrinsic regulation include the segregation of cytoplasmic determinants
during cleavage and the initiation of genetic programs that limit the
competence to respond to subsequent signals. Systemic or hormonal signals,
locally secreted signals, extracellular matrix cues, cell surface signaling
molecules, and electrical signaling are all examples of extrinsic regulation in
development. During organogenesis and morphogenesis, the various cells
that compose the tissues that will eventually give rise to specialized organs,
must integrate multiple developmental signals to coordinate differentiation.
The governing questions of my thesis address these issues of coordinated

differentiation.



Specification and differentiation of muscle
Muscle classifications

The development of muscle cells is one example of cellular specification and
differentiation. Muscle can be classified into three general catagories based on
embryonic origin, contractile properties, and morphology as cardiac, smooth,
and skeletal. Cardiac muscle, is similar to skeletal in that the intracellular
contractile aparatus appears cross-banded, but it is composed of mono-
nucleated cells that are tightly associated and linked by gap junctions. Skeletal
muscle (also refered to as striated muscle) is multi—nucleated and also displays
a well organized contractile apparatus. Smooth muscle cells are more diverse
in function and morphology, are mono-nucleated, and do not show banded

striations.
Embryonic origins and specification

The three major muscle cell-types all arise from mesodermal precursors
following gastrulation. Cardiac muscle develops from cells in the anterior
lateral plate mesoderm; skeletal muscle arises from specific regions of somitic
and head mesoderm; and most smooth muscle is derived from splanchnic
Jateral plate mesoderm. Cardiac muscle cells are specified early in
gastrulation through interactions with the underlying endoderm (Nascone
and Mercola, 1995; Schultheiss et al., 1995). The endoderm exerts an
instructive signal that is mediated in part by the secreted molecule bone
morphogenetic protein 2 (BMP2) (Schultheiss et al., 1997). Specification of
smooth muscle is not as well understood, owing to a lack of molecular
markers for undifferentiated but specified smooth muscle myoblasts.
Differentiation of smooth muscle, however, is better understood, and
experiments in cell culture suggest that several secreted molecules, primarily
Transforming Growth Factor Bs (TGFPs) and Fibroblast Growth Factors
(FGFs), and multiple matrix components regulate expression of smooth
muscle traits (reviewed in Owens, 1995). Skeletal muscle specification is
among the best understood for any cell-type. The patterning or specification
of precursor cells within the somites depends on interactions with proximal
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tissues including lateral mesoderm, the neural tube, overlying ectoderm, and
the more distant notochord. Studies using embryonic tissue and genetic
manipulations, as well as cell culture experiments, indicate that both cell
surface molecules, for example Notch and Delta, and secreted signaling
molecules, such as Sonic Hedgehog, Wnt proteins, and BMPs, act to specify
the myogenic lineage from other cell lineages in the developing somites

(reviewed in Cossu et al., 1996).
Transcription factors in muscle determination and differentiation.

The regulation of gene transcription is what ultimately dictates
determination and subsequent differentiation of any cell type. The restriction
of unspecified mesodermal cells to either cardiac, smooth, or skeletal muscle
lineages has recently been suggested to be regulated in common by a family of
transcription factors termed myocyte enhancer factors (reviewed in Olson et
al., 1995). The restriction and divergence of the three types of muscle is
thought to be controled by different sets of transcription factors specific for
cach muscle lineage. Indeed, transcription factors specific for each muscle
cell-type have now been identified. Again, those for the skeletal muscle
lineage are the best understood. Basic helix-loop-helix (bHLH) muscle
regulatory factors (MRFs) - for example myoD, control the differentiation and
maintenance of this muscle type (reviewed in Weintraub, 1993; Ludolph and
Konieczny, 1995). These nuclear phosphoproteins dimerize with a second
bHLH protien of the E-box family to activate transcription of skeletal muscle
specific genes. Several post-translational mechanisms have also been
described that negatively regulate MRF function. For example, MRF
associations with Id protein (Inhibitor of differentiation), an HLH that lacks a
basic domain and prevents the heterodimer from binding DNA. Id can also
repress by occupying available E protein partners (Benezra et al., 1990).
Another mechanism is the sequestration of MRFs from the nucleus. This
mode of inhibition was first described in Xenopus (Rupp et al., 1994) and
recently a mammalian protein, I-mf (Inhibitor of MyoD family), has been
shown to exhibit such activities (Chen et al., 1996). In addition, MRF function
can be repressed through protein kinases C-dependent phosphorylations of a
conserved threonine located within the basic domains of MRFs. The
inhibitory activities of FGFs and TGFps on differentiation have been shown



to induce such phosphorylations and prevent MRF mediated transactivation
(Li et al., 1992; Martin et al., 1992).

Genetic alteration experiments in Drosophila and mice suggest that
analogous regulatory transcription factors exist for cardiac and smooth
muscle. In Drosophila, cardiac muscle specification is facilitated by the
genetinman, which encodes a homeodomain-containing protein (Bodmer,
1993). The vertebrate homolog, Nkx2.5, is expressed in early cardiac
progenitors and is considered the earliest marker of cardiac specification. In
mice deficient for Nkx2.5, however, some cardiac myocytes are specified and
do differentiate, suggesting that this factor is not a myoD equivalent in the
strictest sense. However, specification of the ventricular myocyte lineage in
Nkx2.5 knockout mice is deficient, as is later morphogenic events (Lyons et
al, 1995). Similar results with another homeodomain factor, Bagpipe/ BAPX1
have been obtained in Drosophila and mice with respect to one smooth
muscle lineage - visceral smooth muscle (Aziazu and Frasch, 1993; Tribioli et
al., 1997). Drosophila larva with a null mutation in bagpipe fail to specify
visceral mesoderm, which normally would give rise to gut muscle. The
mouse homolog BAPX1 is first detectable in splanchnic mesoderm, the
presursors of abdominal mesenteric smooth muscle. Not only do cells of a
specific lineage become progressively restricted in their developmental
potential, they must do so in a temporally and spacially regulated fashion
with respect to surrounding cells which they will eventually function with in

concert.



Eye development: migration, morphogenic movements, and local

inductions.

While muscle development serves as an example for regulation of cellular
commitment and maturation, the vertebrate eye is an excellent example of
the developmental regulation between cells of both equivalent and diverse
embryonic origins that must interact to form a complex organ. Development

of the vertebrate eye progresses through a series of steps including:

1. Specification of the anterior neural plate to ocular structures.

2. Outpocketing of the optic vesicles from the ventral forebrain and
the concurrent migration of neural crest and head mesodermal cells
to form the periocular mesenchyme.

3. Invaginations of both the lens placode and the optic vesicle to form
the lens and the optic cup, respectively.

4. Determination and differentiation of cells that form the multiple

layers and structures of the eye.
Early events in eye development

Regional fate maps in Xenopus and zebrafish have demonstrated that the
cells of the anterior-medial portion of the neural plate become specified as eye
progenitors (Eagleson et al., 1995; Woo and Fraser, 1995). This single eye field,
through influences from the underlying axial mesoderm and the ventral
midline of the prospective CNS, is subdivided into two bilateral eye regions.
These progenitors for ectodermally derived eye components can be identified
through the expression of Rx (Retinal homeobox) gene family members
which encode nuclear Paired-like homeodomain factors that mediate eye
specification (Mathers et al,, 1997). Expression of Rx genes is then sculpted to
neuroectodermal cells that comprise the primary optic vesicle. As the optic
vesicle evaginates from the wall of the forebrain, it becomes closely associated
with the surface epithelium and induces lens formation (Coulombre, 1965;
Henry and Grainger, 1990). The optic vesicle then undergoes dramatic
morphogenesis to become a bilayed cup.

6]



Posterior segment development

At the time when the optic vesicle contacts the surface ectoderm, all vesicle
cells are committed to ocular phenotypes. Despite their similar embryonic
origin, the pigmented epithelium (from the outer layer) and neural retina
(from the inner layer) differentiate into distinct tissues. If the vesicle is
stripped of the surrounding mesenchyme and epidermis, differentiation is
arrested, and the pigmented epithelium and neural retina fail to diverge
(reviewed in Reh, 1992). Recent data indicate that members of the FGF family
are expressed in the surface ectoderm and specify neural retina from the
pigmented epithelium (Pittack et al., 1997). Classic embryological experiments
suggest that the specification of the pigmented epithelium is induced by the
surrounding periocular mesenchyme. If the optic vesicle is flattened and
surrounded entirely with periocular mesenchyme, only pigmented
epithelium will develop (Lopashov and Strovea, 1972). Subsequent
differentiation of the pigmented epithelium and neural retina are reviewed
in Cepko et al., 1996.

Anterior segment development

Coincident with specification of the posterior segment, progressive
restrictions occur in the anterior region of the optic cup. Following optic
vesicle invagination, the lens organizes the anterior chamber by instructing
periocular neural crest cells to form the corneal endothelium. In addition,
lens derived signals specify the iris and ciliary body epithelium at the margin
of the optic cup (Strovea, 1967; Dhawan et al., submitted; Beebe et al.,
submitted). The remaining periocular mesenchymal cells then form the
corneal, iris, and ciliary body stromas as well as extraocular structures through
lens-independent regulation. While the cellular inductive interactions
responsible for specification of anterior chamber structures have been shown
through lens extripation and transplantation studies, the signals mediating
these events and the subsequent lens-independent differentiation and
maturation of the iris and ciliary body have not been identified.



The avian iris and ciliary body as an experimental model to study

differentiation and maturation during organogenesis

The iris and ciliary body provide an excellent opportunity to study cell-cell
interactions and local signaling events during organogenic development.
The avian iris and ciliary body are derived from cells with diversity in
embryonic origins: surface ectodermal, neuroectodermal, cranial neural crest,
and mesodermal cells all contribute to these structures of the ocular anterior
chamber. The avian iris and ciliary body are particularly attractive for study,
as the morphogenesis of these structures has been described in detail, and the
embryo is readily accessible to in ovo manipulation as well as cell culture.
Furthermore, the avian ciliary ganglion, composed of neurons that innervate
the iris and cilary body and other ocular targets, has served as an informative
model for developmental neuron-target interactions. The iris functions as
the aperture for the eye by the action of two muscle groups, the constrictor
and dilator, which control pupillary responses to the external environment.
The ciliary body is bipartite in function: the epithelium produces aqueous
humor - the lymph-like fluid that circulates through the anterior chamber,
while the muscles located in the stroma control the shape of the lens and
facilitate visual accomodation. An understanding of the development of
these structures may give insight into pathologic conditions such as glaucoma
- the imbalance of aqueous humor production and drainage that results in
raised intraocular pressure, or anterior uveitis - an inflammation of the iris
and ciliary body that can compromise vision and eventually result in tissue

neovascularization or degeneration.

Muscle ontogeny in the avian iris: embryonic transition from smooth to

straited muscle.

The avian iris and ciliary body undergoes a smooth-to-striated muscle
transition during development. This gradual switch from an initial smooth
muscle phenotype to the final multinucleated, striated muscle phenotype has
been described morphologically by light and electron microscopy,
immunohistochemically, and electrophysiologically. While not all
vertebrates undergo a smooth-to-striated muscle transition in the iris, all



avian species investigated, as well as some reptiles and mammals, have been
shown to contain striated muscle in the iris and the ciliary body. The chick
iris becomes a distinguishable structure at stage 30 (embryonic day (E) 6.5)
(Hamburger and Hamilton, 1951) as a small extension of the optic cup (Ferrari
and Koch, 1984). The two layers of the anterior optic cup differentiate into the
pigmented (outer, proximal to the cornea) and non-pigmented (inner,
proximal to the lens) epithelia of the iris and ciliary body. At this stage,
undifferentiated cranial-derived mesenchyme overlie the epithelial layers
and will form the stroma of the iris, ciliary body, and cornea. Starting at ES,
the two epithelial layers invaginate as buds into the overlying stroma,
differentiate into smooth muscle cells, and migrate peripherally to form a
transient structure, the iridial lamella (Gabella and Clarke, 1983). Overall
growth of the iris is driven by mitosis primarily at the periphery in both the
ectodermal and mesodermal layers (Stroeva, 1967). The smooth-to-striated
muscle transition is first apparent at E10, with the emergence of striated
muscle midway along the length of the iris and within close proximity to the
smooth muscle cells. Differentiation of striated muscle continues through
hatching, while the smooth muscle cells stop growing at E15, and are
eventually confined to the pupillary margin. Both the initial epithelial
budding of smooth muscle precursors and the emergence of striated muscle
begin in a temporal and ventral region and differentiation progresses in a
centripetal fashion into dorsal and nasal regions. (Lewis, 1903; Gabella and
Clarke, 1983; Ferrari and Koch, 1984).

The embryonic origin of the striated muscle is ambiguous. Cell lineage
experiments utilizing the chick-quail transplant technique suggest that some
of the striated muscle precursors are derived from cranial mesenchymal cells
(Nakano and Nakamura, 1985; Yamashita and Sohal, 1987). By performing
various isotopic transplants (cranial mesoderm, neural crest, or forebrain)
and heterotopic transplants (replacing cranial neural crest with trunk neural
crest), Yamashita and Sohal (1987) concluded that striated muscle in the
dorsal iris is of cranial neural crest origin, while striated muscle in the ventral
iris is not derived from the neural crest and may arise from the cranial
mesoderm. Other researchers have found that markers specific for either
smooth or striated muscle are co-expressed in single cells within the iris

during the muscle transition. These data were interpreted as supporting a



neuroectodermal origin of the striated muscle through transdifferentiation of
smooth muscle cells (Pilar et al., 1987; Volpe et al., 1993). The cellular basis
and regulation of the smooth-to-striated muscle transition has been further

investigated in my thesis research.
Neuronal innervation

The muscles of the iris and ciliary body are innervated by parasympathetic
ciliary neurons of the ciliary ganglion. Ciliary neurons extend axons from
E4.5 when the ciliary ganglion is still condensing posterior to the eye,
subjacent to the optic nerve. The first axons reach the prospective iris and
cilairy body by E6 (Landmesser and Pilar, 1974; Weaver et al., 1995). Using
electrophysiology, Pilar et al. (1987), demonstrated that neuromuscular
transmission begins at E8 as the first smooth muscle cells differentiate. Initial
contractile responses in the iris to tetanic stimulation of the nerves are long
and protracted, characterized by a slow rise and decay time. By E11, fast
responses were evoked with single-shock stimulation, as were the long-
protracted responses to tetanic stimulation. At the time of hatching, only fast
responding and rapid decay responses were observed. These results suggest
that both the smooth and striated muscles are functionally innervated during
the transition. Fast kinetic responses, but not the slow responses, could be
blocked with the nicotinic acetylcholine receptor antagonist, alpha-
bungarotoxin. Ultrastucturally, the initial neuromuscular contacts are typical
of "en passant” synapses of other smooth muscle. They lack synaptic
specializations such as vesicle clusters, pre- or post-synaptic membrane
thickenings, and a defined basal lamina. From El1 to E16, synaptic
morphology is heterogenous with some displaying well organized motor-end
plates, while others remained unspecialized (Pilar et al., 1981). Myelination is
evident by E14 and continues through hatching (Narayanan and Narayanan,
1981).

Neuronal maturation: target dependent influences
Following innervation, the ciliary neurons undergo maturation, of which

several aspects, including neurotransmitter phenotype and developmental
cell death, are target dependent. Although both ciliary and choroid neurons,



which together comprise the ciliary ganglion, utilize acetylcholine as their
primary neurotransmitter, only choroid neurons express the modulatory
neuropeptide somatostatin (Epstein et al., 1988; De Stephano et al., 1993).
Expression of somatostatin immunoreactivity within the ganglion increases
during the period of target differentiation (Smet and Rush, 1993). Previous
studies have shown that choroid muscle cells induce the synthesis of the
neuropeptide in both neuron types in vitro (Coulombe and Nishi, 1991). This
activity was found to be secreted and indistinguishable from the signaling
molecule activin A (Coulombe et al., 1993; reviewed in Nishi, 1994).

Whether this molecule regulates neuropeptide induction in choroid neurons
in vivo or, conversely, whether iris- and ciliary body-derived signals repress

such induction is investigated in this thesis.

In addition to neuropeptide phenotype, developmental cell death in
the ciliary ganglion has been shown to be target-dependent. This period of
naturally occuring cell death is coincident with muscle maturation in both
the iris and ciliary body, as well as the choroid. Removal of the these targets
dramatically increases neuronal cell death, while transplanting an extra optic
vesicle enhances survival (reviewed in Nishi, 1994). Efforts succeeding these
observations led to the identification of a secreted molecule, chicken ciliary
neurotrophic factor (chCNTF), which is expressed in the target cells and can
promote the survival of ciliary ganglion neurons in vitro and in vivo
(Manthorpe et al., 1980; Nishi and Berg, 1981; Eckenstien et al., 1990; Leung et
al., 1992; Finn and Nishi, 1996; Finn et al., in press). Whether other target-
derived signals work in conjunction with chCNTF to regulate cell death in

the ciliary ganglion is unknown.
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Cytokine signaling in development

A recurrent theme in embryogenesis is that cellular communication is often
mediated by cytokines. Cytokines are secreted proteins that bind
transmembrane receptors and induce intracellular signaling cascades that
regulate diverse cellular processes such as specification, determination,
differentiation, proliferation, migration, and survival. The specific response
of a given cell depends on both the milieu of other signals currently
impinging on the cell and the signaling history or competence state of that
cell. Most cytokines are members of a limited number of families grouped by
structural similarity. Examples of cytokine families important in
development include the Fibroblast Growth Factors (FGFs), Neurotrophins
(NTs), wingless proteins (Wnts), Hedgehogs (HHs), and Transforming
Growth Factor Bs (TGFBs). TGFPs are catagorized as a superfamily that can be
subgrouped. TGFp subfamilies include Bone Morphogenic Proteins (BMPs),
decapentaplegic-vg1 related (DVR), activins, and the original TGFps.

Activins: requlation by multifunctional cytokines in development

The activins serve as an example of the precision and complexity in cytokine
regulation. Activin isoforms, like other TGFB superfamily members, are
secreted as homodimers consisting of B subunits that contain 7 conserved
cysteines. Six of these form three intramolecular disulfide bonds, which
facilitate a "cysteine knot" tertiary structure (McDonald and Hendrickson,
1992). The seventh cysteine forms an intermolecular disulfide bond to link
the dimer. Upon secretion, proteases cleave a pro-region to activate the
homodimer. Three activin B subunits have been identified: A, B, and C
(reviewed in Moses and Serra, 1996). In addition, one o subunit exits and can
form heterodimers with the B subunits to function as dominant negative
ligands termed inhibins (Xu et al., 1995). Both activins and inhibins were
originally identified by their function in anterior pituitary regulation (Ling et
al, 1986). In addition, activin signaling has been shown to have roles in early
developmental patterning events such as mesoderm induction (Thomsen et
al., 1990; Hemmati-Brevanlou and Melton, 1992) and specification of left-right
asymmetry (Levin et al., 1995), as well as regulation of growth and
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differentiation of multiple cell types during organogenesis (Murata et al.,
1988; Vassalli et al., 1994; Matzuk et al., 1995¢). Consistent with their
multifunctional roles in development, the activins are widely expressed
throughout embryogenesis (Albano et al., 1994; Feijen et al., 1994;
Verschueren et al., 1995).

Follistatin: a secreted antagonist

In addition to dominant negative effects of inhibins, the activins and other
TGFp superfamily members are negatively regulated by secreted binding
proteins. Follistatin is one such antagonist. Follistatin shows highest affinity
for the activins (K; ~ 400 pM, Kogawa et al., 1991), but will also bind and
antagonize BMP 2, 4, and 7 (Yamashita et al., 1995; Fainsod et al,, 1997).
Follistatin transcipts are alternatively spliced to give two distinct protein
products that are each differentially glycosylated (reviewed in Michel et al.,
1993). The smaller protein species binds heparin proteoglycans, but the
functional significance of this interaction is not understood. Like the
activins, follistatin is widely expressed, and the local concentration of

activin:follistatin is thought to control activin bioactivity.
Activin receptors and intracellular signaling

Biochemical and genetic evidence has shown that the activins bind and signal
through heteromeric receptor complexes, composed of type I and type II
transmembrane serine/threonine receptors (reviewed in Wrana et al., 1994).
Type II receptors alone can recognize activin in solution, whereas type 1
receptors do not recognize ligands without out the presence of type Il
receptors. In addition, type II kinases are constitutively active, while type I
kinase activity is phosphorylation-dependent. These observations, as well as
mutational analyses in both receptor types, suggest that activin-type II binding
promotes receptor heterodimerization, phosphorylation, and activation of
type I receptors. Type I receptors then induce phosphorylation of members of
the Smad family of TGFp superfamily signal transducers (Macias-Silva et al.,
1996). Smad proteins are vertebrate homologs to the sma and mad genes of C.
elegans and Drosophila, respectively (reviewed in Massagué, 1996). Upon
phosphorylation, these proteins are translocated to the nucleus where they
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regulate gene transcription. To date, greater than 7 Smad family members
have been identified, and mRNA localization studies suggest both
overlapping and distinct patterns of expression. Thus Smad proteins
represent another way to regulate precision in TGFB superfamily signaling.

Questions addressed in this thesis

How does the avian iris and ciliary body develop? This is the overall
question that has governed my thesis research. Specifically, what are the
cellular mechanisms that facilitate, as well as the underlying molecules that
regulate, the differentiation of iris and ciliary body muscle cells and the
neurons that innervate these structures? I have focused on two coincident
differentiation events during the development of the iris and ciliary body: the
smooth-to-striated muscle transition and the regulation of neuropeptide
phenotype. Based on expression studies and functional analyses of activin
and follistatin in other developmental systems, I have investigated the role of
these proteins in coordinating cellular differentiation and maturation in the

iris and ciliary body.
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MATERIALS and METHODS

Cell culture
Dissociated iris and ciliary body

Embryonic iris-ciliary body were isolated at various ages (described in figure
legends). The dissection was performed by removing the overlying cornea by
grasping the surface epithelium with one forceps while holding the back of
the head with another forceps. The scleral ossicle ring and periocular
mesenchyme were then dissected away to expose the iris and ciliary body.
The iris and ciliary body were removed by cutting inside the ora serrata
boundary with curved iridectomy scissors and lifting the tissues away from
the vitreous. The iris and ciliary body were then carefully stripped of their
attachments to the lens and remaining retinal tissue. Iris-ciliary body tissue,
with epithelium intact, was then placed in modified Pucks glucose (MPG)
solution (123 mM NaCl, 5.3 mM KCl, 10 mM NapyHPOy4, 10mM NaH,POy,
0.1% phenol red, 0.01% glucose, pH 7.2) and cut 