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Abstract

Aspects of the Determination of the Sclerotome to the Cartilage

Fate in Avian Embryos

Jennifer Lyn Dockter

All developing embryos must ensure that the various tissue types and

organs required by the organism will be formed. It is thought that to

achieve this goal, undifferentiated, pluripotent cells in the embryo become

"determined" (i.e. restricted to ultimately differentiating into only one

particular cell fate) during development. This process of determination is

not well understood for any cell type; I chose to study aspects of

determination of the sclerotome to the cartilage fate in avian embryos. The

sclerotome (a group of mesenchymal cells which form the cartilaginous

precursors of the vertebrae, intervertebral discs, ribs and a portion of the

scapula) forms from the embryonic somite, which also contains the

precursor cells to the skeletal muscle of the body and the dermis of the

back. At the time of somite formation, all the cells of the somite appear

developmentally equivalent. In order to investigate the timing of

Sclerotome determination, an in vivo dorsal challenge assay, involving

grafting of quail sclerotome and cartilage fragments into a muscle- and

dermis- forming environment in a chick host was developed. The resulting

chimeric embryos were examined by histology, immunocytochemistry and

in situ hybridization. Cell type determined sclerotome was reasoned to

give rise only to cartilage, while undetermined sclerotome was reasoned to
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give rise to other tissue types as well. Morphologically determined

Sclerotome was expected to retain its original shape, while undetermined

Sclerotome was expected to integrate into the normal host morphology. It

was found that quail sclerotome did not become cell type determined until

embryonic day 4, while morphological determination was not observed

until after embryonic day 4. By comparing the results of the dorsal

challenge assay using identically aged donors and hosts with results

obtained from donors that were 2 days older than the hosts, and by

examining the changes in gene expression in the graft over time, the novel

concept of developmental eras, periods in which normal development is

dependent upon a contemporaneous environment, was conceived.
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Chapter 1

Introduction



A central mystery of developmental biology is the process by which

initially pluripotent cells ultimately form the multitude of differentiated

cell types required for a functioning organism. The current working

model for the states that tissues or cells pass through prior to achieving

their final cell phenotype is the following progression: naivete -

specification - determination - differentiation (Slack, 1983). A naive tissue

(or cell) is one which either does not differentiate into a recognizable

phenotype when removed from the embryo or which forms multiple

differentiated cell types. A specified tissue will develop into a single

particular phenotype when removed from the embryo and placed into a

"neutral" environment. A specified tissue need not necessarily differentiate

under experimental conditions into the tissue for which it is normally fated

in the embryo. Tissues at these two stages are most likely multipotential,

meaning, as the name implies, that they have the potential to develop into

manifold cell types. A determined tissue has lost its multipotentiality, but

has not necessarily begun expression of the ultimate phenotype that it will

assume. A differentiated tissue has begun to express markers and assume

its final tissue phenotype. The definitions for naive, specified and

determined tissues are defined operationally, i.e. we cannot declare which

of these states a cell or tissue has reached without manipulation of the entity

in question.

Cell Fate Decision Studies in a Variety of Systems

The terms specification and determination are frequently used

interchangeably when discussing cell fate decisions despite their different

definitions. Studies examining embryonic cell fate decisions commonly use
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these terms to broadly denote the time or processes by which naive cells

are set down the path of differentiation for a particular tissue (e.g. "Cell

fate determination in mouse muscle"). Such studies usually utilize the two

endpoints of the process, naivete and differentiation as assay points and do

not examine whether a cell/tissue is actually specified or determined (as

defined above) at any given time point. In this context, mechanisms

influencing cell fate specification (and presumably subsequent

determination) have been studied in many systems using a variety of

approaches.

The most common mechanism proposed for the determination of cell

fate has been induction; signaling from one cell or set of cells to another

which causes a response which determines the latter's cell fate. This type

of mechanism appears to be at work in a number of systems (Rawles, 1963;

Wessells and Cohen, 1967; Gurdon, 1987; Hamburger, 1988) and will be

discussed in more depth in Chapter 2. Induction is generally thought of as

a positive influence, instructing or permitting cells to adopt a particular

cell fate, but studies of central and peripheral nervous system development

in Drosophila have uncovered what could be considered negative induction,

lateral inhibition (Vervoort et al., 1997; Rooke and Xu, 1998). Inhibitory

signaling between proneurons expressing Delta and their neighbors

expressing Notch ensures that one cell adopts the neuronal fate; this cell in

turn sends signals to inhibit its neighboring cells from also becoming

neurons. These neighboring non-neuronal cells may also produce positive,

neural inducing signals which act upon the prospective neuron (Rooke and

Xu, 1998).



Inductive interactions were initially thought to establish cell fate in

the developing Drosophila compound eye. The Drosophila compound eye

contains eight photoreceptor cells, four lens-secreting cone cells and two

primary pigment cells as well as others. The cells are arranged in a

roughly concentric manner. Through genetic screens and the subsequent

identification of the genes and gene products affected by the mutations, a

model of determination of cell fate based upon the developmental history

of a cell has been developed (reviewed in Freeman, 1997). The production

of a ligand, Spitz, by the earliest differentiating cells activates an epidermal

growth factor receptor (DER), which signals the cells to differentiate. The

activation of this receptor however, causes those cells to produce an

inhibitor of DER activation, Argos, which diffuses to the outer cells to

prevent early differentiation. The activator, Spitz, is repeatedly produced

in a high enough concentration by differentiating cells to be received by the

next line of cells, causing them to differentiate and so on, until all of the

cell types are established. This model unfortunately does not account for

how the same signals produce different cell types, but it does emphasize

that it is the activation of DER at the appropriate time which determines

the fate of a cell. For example, if cells at the periphery, which are usually

the last to differentiate, activate DER prematurely, they adopt the fate of

the earliest differentiating cells. So, in this system, while all of the cell

types need to activate DER in order to differentiate, it is the timing of this

activation that affects the fate adopted.

The determination of cell types in the nervous system of both

mammals and Drosophila. appears to occur in part by a cell intrinsic,

rather than an inductive, mechanism (Cohen and Hyman, 1994; McConnell,
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1995; Huttner and Brand, 1997). Before differentiating, neuroblasts of the

central nervous system divide with a vertical (perpendicular to the lumen)

plane of cleavage so that symmetric daughter cells are produced, with both

remaining attached to the apical (lumenal) surface of the developing neural

tube (Chenn and McConnell, 1995). A subsequent change in the plane of

division to a horizontal one (parallel to the lumen) produces an asymmetric

division wherein one daughter remains apically attached, the basal daughter

migrates away from the lumen and exhibit postmitotic neuronal behavior,

indicative of a determined cell.

Such asymmetric divisions are thought to partition cytoplasmic (also

called intrinsic) determinants, which then influence the fate of the daughter

cells. These determinants are thought to be divided unequally into one

daughter cell and not the other, thus causing one cell to have one fate and

the other to have a different fate. An example of an intrinsic determinant

is the Drosophila protein Numb, which appears to be important in both

central and peripheral nervous system development (Guo et al., 1996;

Zhong et al., 1996). Drosophila neuroblasts delaminate at the basal side of

the neuroectoderm and then divide along a cleavage plane that divided the

former apical from the former basal side (Huttner and Brand, 1997). The

apical side cell then stays as a neuroblast, while the basal cell becomes a

ganglion mother cell. Numb protein is localized to the basal side of the cell

of the neuroblast before division, remains in the ganglion mother cell and

is not found in the neuroblast that remains after division. Inappropriate

expression of Numb leads to changes in cell fate, leading to the idea that

Numb is an intrinsic determinant of cell fate (Rhyu et al., 1994).



Cytoplasmic determinants have also been described in muscle cell

development in ascidians (Satoh et al., 1996).

Another system which requires uneven cell division to specify cell

fate is the formation of the prespore in the soil bacterium, Bacillus subtilis

(reviewed in Errington, 1996). Under starvation conditions, the bacterium

B. subtilis undergoes sporulation, which encompasses the formation of two

cell types, the prespore and mother cell. In B. subtilis, cell fate decisions

depend upon the placement of a septum, which asymmetrically divides the

cell; the smaller cell becomes the prespore whilst the larger becomes the

mother cell. In fact, two septa initially form, but then one becomes

blocked, while the other forms a complete septum; this process is not

understood. Transcription factors, which are present in both cells, then

become differentially activated, a process which is thought to depend upon

the ADP to ATP ratio in each cell. The resultant differing cascades of

gene activation then lead to the two cell types.

The best studied system focused on the role of transcription factors

in determination is the development of vertebrate skeletal muscle.

Investigation into determination in muscle has focused mainly on the family

of helix-loop-helix transcription factors known as the MDFs (myogenic

determination factors). This family includes the factors, MyoD, MRF4,

Myf-5 and Myogenin and is named for the ability of these proteins, when

introduced into non-muscle cells, to induce a muscle phenotype (Olson and

Klein, 1994). Based upon these abilities and their embryonic expression,

the MDFs were hypothesized to be the determinants of embryonic skeletal

muscle in vivo (Olson and Klein, 1994; Megeney and Rudnicki, 1995).

Knockout mice however, have demonstrated that no single factor is
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necessary for muscle determination (Braun et al., 1992; Rudnicki et al.,

1992; Rudnicki et al., 1993; Kablar et al., 1997); the knockout of

myogenin, which has muscle deficiencies, appears to block differentiation

rather than determination (Hasty et al., 1993; Nabeshima et al., 1993). It

has now been hypothesized that the expression of these transcription factors

actually delineate different muscle lineages, rather than functioning as

universal muscle cell fate determinants (Ordahl and Williams, 1998).

It should be noted here that while the process of determination is

usually considered to have finished by the end of the prenatal period, some

adult tissues appear to contain undetermined cells. For example,

demineralized bone or tooth matrix is known to induce cartilage formation

in adult muscle tissue in culture or subcutaneously in an adult rat (Reddi

and Huggins, 1973; Nogami and Urist, 1974; Reddi and Ramachandran,

1976; Nathanson, 1986). In addition, adult urogenital epithelia can be

induced by mesenchyme from the seminal vesicle or urogenital sinus to

adopt morphologies and functions appropriate to the epithelia normally

associated with such mesenchymes instead of those from which the epithelia

were originally derived (Cunha et al., 1983; Cunha et al., 1991). Both of

these studies indicate that the developmental plasticity normally associated

with embryos may remain into adulthood in some tissues.

Methodologies for Studying Determination

There are two general methods for specifically characterizing the

determination state of a cell or tissue (as opposed to the broader issue of

cell fate decisions). The first method determines the potentiality of a tissue

by removing a test fragment from its normal environment, placing it into
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an environment that supports the development of other tissue types and

determining if the test tissue forms cell types other than the one which it is

normally fated for in the embryo (Slack, 1983; Williams and Ordahl,

1997). If other cell types arise from the test fragment, then it is considered

to have been undetermined at the time it was taken for experimentation. If

the test piece differentiates true to fate, then it is considered to have been

determined at the time it was taken for experimentation.

The second method used to examine determination states tests

individual cells. Recent advances in single cell marking, such as the use of

traceable dyes or retroviral infection (Serbedzija et al., 1989; Reid et al.,

1995), allow researchers to follow the progeny of individual cells; if a

single marked cell's progeny give rise to multiple cell types, then the cell

was multipotential (hence undetermined) at the time of marking. If the cell

gives rise to only a single cell type, it is considered to have been

determined at the time of marking. This type of experiment differs from

the one described above in that the cell(s) to be tested is not removed from

its position within the embryo. In addition, although this type of test is

frequently called a test of cell type determination, it is really more of a test

of potency, not determination (see below).

When a positive result is obtained with either method, i.e. the tested

tissue or cell gives rise to multiple phenotypes, it can be stated with

confidence that the tested specimen is undetermined. Negative results

however, i.e. the tested tissue or cell only gives rise to a single phenotype,

are never fully conclusive since more potentialities might exist within the

test tissue, but the test conditions might not be right to allow them to be

expressed. Thus, it is almost impossible to say with absolute certainty
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when a cell/tissue has become unipotential (determined). This is

particularly true for the single cell/lineage analysis approach since the

studied cell is not removed from its normal environment and exposed to

signals for a broader range of tissue types.

Avian Embryos as Model Organisms for Studying Determination

In order to investigate aspects of determination to fate in developing

embryos, I chose to use avian systems as models, specifically the domestic

chicken (Gallus gallus domesticus) and the Japanese quail (Coturnix

coturnix japonica). The chicken (and quail) embryo is in many ways an

ideal organism for embryological study: fertilized eggs are easy to

procure, the timing and morphological characteristics of embryonic

growth have been well described (Hamburger and Hamilton, 1951), the

timing of incubation, and thus the stage of growth, can be controlled and

the embryo is surgically manipulable. The negatives to the use of these

embryos are that one cannot genetically manipulate the organism and

mutants are not widely studied.

A large advantage to using chick and quail embryos to study

determination is the availability of a biological marker with which to

follow transplanted cells (Le Douarin, 1973b). When stained with the

Feulgen reaction for nucleic acids the quail nucleolus stains an intense,

concentrated magenta color, producing a bright spot in the nucleus of the

cell (Le Douarin, 1973a). The chick cells stain more diffusely, leading to a

more pale nucleus. This marker system is in many ways superior to those

such as dyes, since the marker is present in every cell transplanted, will be

present in every daughter of dividing cells, will not fade out over the
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lifetime of the cell and is easily discerned with a relatively simple method

of staining. The disadvantage of the Feulgen stain is that single cells cannot

reliably be definitively identified as quail or chick, although the existence

of an antibody (QCPN, Developmental Studies Hybridoma Bank,

University of Iowa) which binds quail and not chick cells can be used if

that level of analysis is required.

Early development in the chick begins with the formation of the two

primary layers: the hypoblast and the epiblast (Gilbert, 1988; Bellairs and

Osmond, 1998). An area of thickening of cells, the primitive streak forms

from the prospective caudal end of the embryo, spreading to the

prospective cranial end, creating a linear depression in the embryo. This

streak marks the midline of the embryo and its formation marks the

beginning of gastrulation. Epiblast cells migrate through the primitive

streak, with some cells moving deep, displacing laterally the cells of the

hypoblast to form the endoderm. Other cells move to an intermediate

position between the epiblast (ectoderm) and the endoderm to form the

mesoderm. After the primitive streak has reached its full length, another

specialized regional thickening of cells known as Hensen's node begins to

move from the prospective cranial region to the prospective caudal region,

following the primitive streak and giving rise to the notochord.

Development follows Hensen's node; cells can still be gastrulating in the

posterior part of the embryo whilst the anterior portion has already

formed many embryonic structures.

The mesoderm of the chick embryo is divided into five regions: the

prechordal mesoderm, which gives rise to certain ocular muscles (Couly et

al., 1992); axial mesoderm, comprising the notochord; paraxial mesoderm,
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which lies immediately adjacent to the neural tube and notochord;

intermediate mesoderm, which is just lateral to the paraxial mesoderm, and

will ultimately give rise to the kidney and urogenital organs; and lateral

plate mesoderm, the major derivatives of which are the limbs, blood and

extraembryonic vasculature. The paraxial mesoderm begins as two strips

of compacted mesenchyme, known as the segmental plate in avian embryos

and the presegmental mesoderm in mammalian embryos. It gives rise to

the somites: paired, segmented structures from which the skeletal muscle of

the body will arise, as well as the dermis of the back and the cartilage

precursors of the vertebrae, ribs and part of the scapula (Christ and

Ordahl, 1995).

Somites bud off of the segmental plate at the rate of approximately

one every 100 minutes in the chick embryo. Somites begin budding from

the cranial end of the segmental plate and continue to do so in a caudal

direction. Although the segmental plate is comprised of a compact

mesenchyme, a newly formed avian somite is an epithelial sphere,

containing loose mesenchymal cells in the interior of the somite sphere, a

space called the somitocoele. The somitocoele cells eventually contribute to

the intervertebral discs (Huang et al., 1994).

As a somite matures, it undergoes a number of transitions. If the

newly formed somite is designated as being at stage I (Ordahl, 1993), it is

designated as being at stage II when the next somite forms, at stage III

when two more somites total have formed, etc. The first morphological

change in the somite appears to occur when the somite has reached stage IV

and the ventromedial cells make an epithelial-mesenchymal transition.

These cells will form the sclerotome; the remaining cells of the somite stay
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as an epithelial sheet called the dermomyotome. At approximately somite

stage VII, the cells of the dermomyotome begin to form a layer named the

myotome, which is the primordium of the epaxial skeletal muscle (Christ et

al., 1978; Denetclaw et al., 1997). In the limb regions, the lateral portion

of the dermomyotome gives rise to migratory muscle precursors which

form all the skeletal muscle of the fore and hind limbs (Christ et al., 1974;

Ordahl, 1993). In interlimb regions, the lateral portion of the

dermomyotome gives rise to body wall muscles and possibly the distal ribs

(Christ and Ordahl, 1995; Kato and Aoyama, 1998). The myotome is

initially formed as a single cell layer thick tissue, with each cell spanning

the entire cranial-caudal length of the somite. As development continues,

this layer thickens by means unknown. Around day four of development,

the dermomyotome sheet de-epithelializes and the cells migrate to form

the dermis of the back. The details of the development of the sclerotome

will be discussed in Chapter 2.

When the somite first forms, all of the cells appear to be equivalent

in potential (Aoyama and Asamoto, 1988). Rotation of a stage I or II

Somite about the dorso-ventral axis results in somites with a normal, not an

inverted, dorso-ventral orientation of somite derived tissues. The timing

and mechanisms underlying the determination of the cells of the somite are

not well understood although some progress has been made in

understanding the determination of the muscle lineage (Williams and

Ordahl, 1997). In order to further our understanding of determination

events in the somite, I chose to study aspects of determination to the

cartilage fate by the sclerotome. While the anatomical development of the

Sclerotome has been well described since the last century, few studies have
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been performed to examine its commitment to making the cartilaginous

precursors of the vertebrae, ribs and part of the scapula (Wachtler et al.,

1982; Aoyama and Asamoto, 1988; Aoyama, 1993). The specific aim of

the work undertaken for this doctoral thesis was to determine the timing

and nature of determination to cartilage by the sclerotome. The

experiments used to do so employ an in vivo assay which exposes the

sclerotome to signals for other tissues which it was already known to be

responsive to. It was found that the sclerotome becomes determined to

cartilage much later than was previously thought and that cell fate

determination and morphological determination are not concomitant. In

addition, sclerotome exhibited some unusual behaviors, such as a sensitivity

to the age of the embryo and an apparent ability to temporarily suspend

developmental processes, as indicated by marker gene expression, before

differentiating as either cartilage or other tissue types.
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Chapter 2

Sclerotome Induction and Differentiation
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The distinguishing feature of the subphylum vertebrata, in fact, the

feature that gives these animals their phylic name, is the presence of a bony

or cartilaginous vertebral column. This chapter will discuss the early

embryonic events which precede the formation of the cartilaginous model

of the vertebral column, which is derived from the group of cells known as

the Sclerotome. While the sclerotome contributes to the vertebral column,

the ribs and the acromion of the scapula, most experiments have focused on

the vertebral column, so the development of the rib and scapula will not

specifically be discussed in this chapter, although many events in

Sclerotome development are presumably common to both derivatives. The

first section of this review will discuss inquiries into the influence of

tissues surrounding the sclerotome, while the second section will discuss the

advances in determining the specific molecular nature of these influences.

The earliest experiments in sclerotome development consisted mainly

of in vivo embryo manipulations, using chicks and salamanders as model

Systems, grafting somites with or without other embryonic structures and

assaying for the presence or absence of cartilage. Later experiments used a

diverse field of species, continuing with the chick model, but expanding to

include fish and mice. In the 1950’s and 1960’s, in vitro assays were

developed to complement the in vivo studies. The search for inducing

factors began as well during this time period and was heavily pursued

during the 1970’s, with a strong focus on components of the

perinotochordal extracellular matrix. As molecular markers of the

Sclerotome such as Pax-1 were discovered with the advent of advanced

molecular techniques in the 1980’s, the separation of the concepts of

Sclerotome induction and patterning and somite chondrogenesis began and a
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fresh outlook on the roles of inducing organs and molecules was

established.

Induction: Definitions

Induction is a term classically used to describe the influence of one

tissue on the differentiation of another (Holtfreter, 1968; Slack, 1983;

Gurdon, 1987). Two types of induction are thought to operate within the

embryo: permissive and instructive. Permissive induction creates a

condition which allows a tissue to differentiate as would be its normal

tendency. In this case, the tissue already is programmed and simply needs

the right conditions to express its phenotype. Instructive induction

however, supposes a naive tissue or naive cells within differentiated tissue,

which are then instructed by an inductive event to follow one particular

differentiation pathway out of several possibilities. That inductions do

occur in the embryo is not under dispute, but the exact nature of the

mechanisms and phenomena underlying inductions is still not very well

understood.

Early development of the sclerotome derived cartilages appears to

involve two induction steps: 1. Induction of the ventral somite cells to

form the sclerotomic mesenchyme, which expresses sclerotome (but not

cartilage) specific markers; 2. The induction of these sclerotome cells to

then form chondrocytes and express cartilage specific (and not sclerotome

specific) markers such as matrix genes. For clarity, the induction of the

Somite to form sclerotome will be referred to as sclerotome induction and

the induction of the somite (sclerotome) to form cartilage will be referred

to as somite chondrogenesis. The term sclerotome development will be
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used as a broad description for the general processes involved in the

embryonic genesis of the sclerotome derived cartilages (mainly the

vertebral cartilages). The third induction step in sclerotome development,

the relatively late event of induction of endochondral bone formation, will

not be discussed in this chapter as the signals inducing this process in

Sclerotome derived cartilages are not well understood.

Anatomical and Morphological Description of Sclerotome

Development

That the somite contains cells which will form the cartilaginous

precursors of the vertebrae, intervertebral discs, the ribs and the scapular

acromion, as well as some of the adult cartilages of these tissues has been

known, or at least suspected for centuries. The role of the somite and the

specific contributions of sclerotome in the development of these axial

skeletal structures has been experimentally confirmed in the past twenty

years with the advent of the chick-quail chimera system, which allowed

researchers to directly follow groups of cells and their descendants as

opposed to previous works, which were based upon careful morphological

and anatomical analyses (Le Douarin, 1973b; Chevallier, 1975; Christ and

Wilting, 1992). The chief concern of this section is to briefly describe the

anatomical development of the sclerotome. Because the most detailed work

has been done in the chick, the general descriptions here are based upon

chick development; detailed morphological descriptions of mammalian

vertebral column development can be found in Dawes (1930) and Verbout

(1985).
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The sclerotome forms from an epithelial-mesenchymal transition

undergone by the cells of the ventro-medial epithelial somite (Fig. 2.1). If

the most newly formed somite is designated at being at stage I in its

development, the next most cranial at stage II and so on (Ordahl, 1993), the

prospective sclerotome cells appear from a somite when it reaches

approximately stage IV (Christ and Ordahl, 1995). Mouse somites differ

from chick somites in this aspect; the ventro-medial cells of the mouse

Somite do not appear to pass through an epithelial configuration (Ostrovsky

et al., 1988). In the chick embryo, the mesenchymous somitocoele cells

also contribute to the sclerotome (Huang et al., 1994), ultimately giving

rise to parts of the rib and intervertebral discs. Whether chick or mouse,

the rest of the somite remains as an epithelium, the dermomyotome, the

lateral portion of which gives rise to hypaxial skeletal muscle and possibly

the distal rib (Christ et al., 1974; Christ et al., 1977; Ordahl and Le

Douarin, 1992; Kato and Aoyama, 1998). The medial portion gives rise to

a structure called the myotome (Christ et al., 1978; Ordahl and Le

Douarin, 1992; Denetclaw et al., 1997), which will form the epaxial

skeletal muscle. The myotome is anatomically located between the

dermomyotome and the sclerotome. In the zebrafish the sclerotome is not

closely apposed to the notochord and comprises only a small number of

ventromedial cells of the somite (Morin-Kensicki and Eisen, 1997).

As the sclerotome cells divide and mature, some cells migrate to

surround the notochord (Williams, 1910; Jacob et al., 1975). The

mechanisms underlying the initiation and coordination of this migration are

not well understood, although there is evidence that extracellular matrix

molecule production by both the sclerotome cell themselves and the
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notochord are important for the migration of sclerotome cells in vitro

(Newgreen et al., 1986; Lash et al., 1987; Sanders et al., 1988). That this

apparent migratory effect is in fact due in part to active cell migration and

is not simply an effect of extensive cell division expanding the sclerotome

was demonstrated by the use of cytochalasin D, which inhibits sclerotome

cell motility, but not cell division (Chernoff and Lash, 1981). Swelling of

hyaluronic acid in the extracellular matrix, which would push the cells

apart from one another, has also been hypothesized to cause sclerotome

cells to end up next to the notochord (Solursh et al., 1979). In addition,

Sclerotome cells, despite their mesenchymal status, appear to be polarized,

which may affect their movements at early and later stages (Trelstad,

1977).

The sclerotome is heterogeneous in its cell distribution. Differences

in Sclerotome density can be seen in the medio-lateral plane, with cell

density highest at the lateral border, which will form the arcual process,

the costal process, and the pedicle of the vertebra (Verbout, 1985; Christ

and Wilting, 1992). In addition to a medial-lateral difference in the

distribution of Sclerotome cells, a cranial-caudal difference is also seen.

Early after sclerotome formation, von Ebner's fissure (von Ebner, 1888),

a furrow which divides the lateral portions of each sclerotome into cranial

and caudal halves (Williams, 1910; Williams, 1942; Christ and Wilting,

1992) appears. The mechanism for formation of this fissure is unknown.

Cells are more densely packed in the caudal half and are more loosely

arranged in the cranial half (Wilting et al., 1994), the half through which

neural crest cells will migrate (Bronner-Fraser, 1986; Serbedzija et al.,

1989; Sanders, 1997). It has been thought that von Ebner's fissure marked
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the eventual intervertebral boundary, with the cranial half of one somite

joining with the caudal half of the adjacent cranial somite to form the final

vertebrae, a concept known as Neugliederung (re- or new segmentation).

The story appears to be more complicated however (Bagnall et al., 1988;

Stern et al., 1988; Bagnall and Sanders, 1989; Christ and Wilting, 1992;

Goldstein and Kalcheim, 1992).

The sclerotome is also heterogeneous with regard to cell division and

cell death. The caudal halves of sclerotome appear to divide more

frequently than the cranial halves, at least at the beginning stages of

sclerotome development (Wilting et al., 1994), although mitotic cells can

be found throughout the sclerotome (Langman and Nelson, 1968; Shapiro,

1992). These differences in the rate of cell division in the halves of the

sclerotome may account for the differences in cell density. Analysis of

patterns of cell death in the sclerotome demonstrates that initially, the

Sclerotome contains no dying cells. Apoptotic cells then appear throughout

the ventral sclerotome, ultimately becoming restricted to the cranial half of

the ventral sclerotome (Sanders, 1997). Apoptotic cells essentially vanish

from the sclerotome by the time the cells begin to differentiate as cartilage.

What role this cell death plays in sclerotome and vertebral formation is

unknown.

At approximately the time that ventral sclerotome cells begin to

differentiate as chondrocytes, they begin to condense in a radial

arrangement around the notochord (Williams, 1910; Williams, 1942). Cell

condensation is a multi-step process necessary for chondrogenesis, and

appears to involve extracellular signaling molecules as well as extracellular

matrix proteins (Tacchetti et al., 1992; Hall and Miyake, 1995). A sagittal
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Section of an embryo at this point will show thin dense discs of cells, which

are the future intervertebral discs and larger, looser areas which will

ultimately form the vertebral bodies. As sclerotome condensation

proceeds, the outlines of the vertebral shapes appear, beginning with the

ventral structures and then proceeding in a ventral-to-dorsal sequence. The

neural arches are the last structures to become easily distinguishable;

interestingly the dorsal most portion (the dorsal spinous process) of the

vertebrae appears to take a different developmental pathway than the other

vertebral elements (Monsoro-Burq et al., 1994; Monsoro-Burq et al.,

1996).

In the chick, morphologically discernible cartilage differentiation

begins at around day 4, the earliest day (HH stage 25; HH refers to the

Hamburger-Hamilton staging system; Hamburger and Hamilton, 1951) that

collagen type II protein can be detected (Von der Mark et al., 1976); the

alternative splice variants of mRNAs for collagen type II can be found

before protein staining and appear to define subsets of sclerotome cells

(Hayashi et al., 1986; Cheah et al., 1991; Sandell et al., 1991; Ng et al.,

1993). Antibody staining to collagen type II at this point is restricted to

perinotochordal cells, consistent with the pattern of cell condensation.

Alcian blue staining of individual vertebrae is not seen until 2 days later, at

ED6 (HH stage 29; Shapiro, 1992). The vertebrae continue from this

point to development into mature cartilage elements, with endochondral

bone formation beginning at about ED13, again, starting ventrally in the

bodies of the vertebrae and then spreading upwards to ossify the neural

arches last (Shapiro, 1992).
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Although not discussed in detail here, the divergent somitic

organization and development of different vertebrate species suggests that

there may not be a universal solution to sclerotome development Although

a general developmental strategy may be employed across all vertebrates to

build up their body plan, variations have probably been adopted by each

species for their own needs and caution need be exercised when making

mechanistic generalizations from one species to another.

Genetics

There are number of genetic mouse mutants which affect skeletal

development (Grüneberg, 1963; Theiler, 1988). Although the genes

affected in these mutations are largely unknown, some of these mutations

are probably in cartilage matrix genes or genes controlling ossification,

while some appear to specifically affect early developmental processes.

There are two main classes of mutations affecting early development: ones

that appear to affect the notochord and neural tube primarily (so that the

sclerotome and cartilage defects are perhaps secondary effects) and ones

that appear to have a direct effect on the somites or sclerotome itself.

Within each class, this chapter will only touch on the best known and

studied mutants; for a more comprehensive list, the reader is referred to

Grüneberg's classic, "The Pathology of Development" (Grüneberg, 1963).

One of the most heavily studied mutants which appears to affect

primarily notochord development is Danforth's short-tail (Sd), a semi

dominant mutation (Grüneberg, 1958; Grüneberg, 1963; Theiler, 1988).

Heterozygote mice have tails which are shortened to different lengths and

which are sometimes kinked; the lumbar vertebrae ossify from two centers
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which then meet, leading to a wider vertebral body, which sometimes

Ossifies prematurely. Homozygote mice have bifid lumbar vertebral

bodies. In the heterozygous state, the mice initially form a notochord

which then degenerates in a cranial-caudal direction, ultimately

disappearing altogether. Homozygous mice never have a notochord in the

tail region at all, except for a few small groups of cells. The specific gene

defect in this mouse is not known, but the mutant phenotype suggests the

notochord's importance in sclerotome development.

The T, or Brachyury, mouse is another mutant which affects the

notochord (Grüneberg, 1963; Theiler, 1988). Heterozygotes have tails

which are shortened or completely lacking; homozygotes die during the

embryonic phase without forming the caudal end of the embryo. Again,

the most severe defects are in the caudal region, consisting of split, double

or absent vertebral bodies. Bifida of the arches may be present. The

notochord of these animals is of normal length, but ultimately becomes

incorporated into the ventral neural tube or the gut.

Based upon these morphological aspects, it might be expected that the

skeletal defects seen in T/+ mice are due to the misdevelopment of the

notochord. However, a clever set of in vitro recombination experiments

demonstrated that the skeletal abnormalities seen in T mice appear to be in

part problems with the somites themselves (Bennett, 1958). Somites from

homozygous T mice do not give rise to cartilage when recombined with

T/T notochord. Wild type mouse somites combined with TVT notochord do

give rise to cartilage while wild type notochord and T/T somites do not.

Homozygous T anterior limb buds are capable of giving rise to cartilage in

culture, so the problem with T mice is not a general cartilage formation
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defect. The anomalies seen in vertebral development in T mice therefore

seem to rise from defects within in the somites themselves, despite the fact

that it is the notochord which has the most obvious histological and

anatomical developmental defects. Of course, some early effects from the

notochord on the somites which normally renders them sensitive to

cartilage induction by the notochord could be what has been disrupted in

these embryos.

Probably the best studied mutant in the class thought to affect the

Sclerotome itself is the undulated mutation. There are three currently

known alleles of undulated (in order of increasing severity): undulated

(un), undulated extensive (unéx ), and Undulated short-tail (UnS)

(Grüneberg, 1953; Grüneberg, 1963; Theiler, 1988). A fourth allele,

undulated minimal is extinct. All display similar phenotypes: reduction in

size, but not number, of the caudal and lumbar vertebrae, bifid,

abnormally formed or absent vertebral bodies in these areas.

Embryologically, it is seen that sclerotome mesenchyme cranial to von

Ebner's fissure is reduced in size. The undulated locus has been shown to

contain a point mutation in the gene for the transcription factor Pax-1

which alters its affinity for DNA, indicating a role for Pax-1 in sclerotome

development (Balling et al., 1988). The other alleles carry large deletions

which most likely destroy more than just the Pax-1 locus (Dietrich and

Gruss, 1995). Sequencing of these mutants may uncover other potential

genes or elements relevant to sclerotome development.

Experiments crossing un and Danforth's short tail mice demonstrated

by genetics a relationship between the notochord and skeletal development,

and in particular a role for the notochord in Pax-1 expression (Koseki et
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al., 1993), a topic that will be discussed later in the chapter. Mice

heterozygous for Sd and UnS had a much more severe phenotype than

mice carrying either mutation alone. These mice had an almost complete

loss of vertebral bodies in the thoracolumbosacral regions and the vertebral

bodies of the cervicothoracic regions were reduced in size. This

compounding of the vertebral phenotypes suggested that the genes affected

in each of these mutations were part of a common pathway involved in

vertebral development. However, while genetics can provide evidence for

interacting pathways, until the components affected by these mutations are

identified and their relationships tested by other means, definite

relationships cannot be drawn.

Non-Molecular Approaches

In Vivo Experiments

A number of in vivo experiments provided the starting point for

examination of somite chondrogenesis even though they were undertaken to

examine other issues such as the importance of innervation and cell type

determination within the somites (reviewed in Hall, 1977). The

experiments fall into two basic categories: chorio-allantoic grafting of

somites with or without other structures and extirpation and grafting of

embryonic structures. Independent of the type of experimental

manipulation however, these experiments pointed to the importance of the

neural tube and notochord in formation of cartilage by the somite.

Grafting of tissues to the chick chorio-allantoic membrane (CAM)

has long been a favorite method to test the development of tissues outside

their normal environment and a way to co-culture tissues without taking
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them out of the embryo. Tissues placed on the CAM are well supplied with

blood, providing them with nutrients and circulating factors such as

hormones, and will develop quite normally (Saunders, 1996). A large

number of researchers have taken this approach over the century with

respect to somites (Hoadley, 1925; Murray and Selby, 1933; Williams,

1942; Watterson et al., 1954; Avery et al., 1955; Avery et al., 1956;

O'Hare, 1972c; Kenny-Mobbs and Thorogood, 1987). The basic protocol

involves taking somites at different ages and placing them on the CAM of

an older (usually day 9) embryo. The chorio-allantoic membrane is then

harvested after a certain period of time and the grafted area analyzed

histologically for cartilage formation.

Two major observations can be made from CAM grafting

experiments. The first is the observation that the inclusion of axial

structures (notochord or neural tube) was necessary for somite

chondrogenesis in the assay (Hoadley, 1925; Williams, 1942; Fowler and

Watterson, 1953; Watterson et al., 1954; Avery et al., 1955; Avery et al.,

1956; Kenny-Mobbs and Thorogood, 1987). Somites that would not

produce cartilage when grafted onto the CAM alone, would do so when

axial tissues were included in the graft (Fig. 2.2). The second observation

is that the older that a somite was when placed in this assay, the more

frequently it showed the ability to differentiate into cartilage autonomously

(Fowler and Watterson, 1953; Watterson et al., 1954; Avery et al., 1956;

O'Hare, 1972c; Kenny-Mobbs and Thorogood, 1987).

Together, these results were interpreted to mean that axial structures

could induce somite chondrogenesis (and thus were probably necessary for

that induction during normal development) and that there was a minimum
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required length of time for somite exposure to axial structures for this

induction to occur, after which, exposure was no longer necessary for the

induction or development of cartilage. Older somites would autonomously

produce cartilage on the CAM because they had had the required period of

exposure in vivo before being dissected out for experimentation. Younger

somites had not been exposed long enough in vivo and thus required the

further presence of an inducing tissue (neural tube or notochord) in the

assay. These basic conclusions would essentially form the basis for all

subsequent investigations into sclerotome and vertebral cartilage

development and would be supported by in vitro experiments as well (see

below).

An interesting exception to these results were the experiments of

Murray and Selby (1933), who reported that grafts of a single somite,

strips of somites or even unsegmented paraxial mesoderm would give rise

to cartilage even without co-grafting of neural tube or notochord, although

the presence of those tissues greatly increased the incidence of cartilage

formation. Similar results were obtained by Hoadley (1925), but all of his

grafts appeared to include notochord as well as somites. All of the grafts

in Murray and Selby's experiments also included endoderm and ectoderm;

the other CAM grafting experiments either did not include these tissues

(Avery et al., 1955; Avery et al., 1956; O'Hare, 1972c; Kenny-Mobbs and

Thorogood, 1987) or it is not explicitly stated whether they were removed

(Williams, 1942; Fowler and Watterson, 1953; Watterson et al., 1954).

Whether or not the presence of these tissues accounts for the difference in

results between these and other studies is not clear; studies specifically

testing the effect of ectoderm and endoderm on somite chondrogenesis have
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produced conflicting results (Seno and Büyüközer, 1958; O'Hare, 1972b;

Kenny-Mobbs and Thorogood, 1987). The ectoderm has however been

assigned a role in the development of the dorsal structures of the somite

(Fan and Tessier-Lavigne, 1994; Dietrich et al., 1997; Sosic et al., 1997;

Reshef et al., 1998). It is also possible that Murray and Selby's

observations were the result of fortuitously choosing somites which would

autodifferentiate or of including some nephric tissue, which has the ability

to form cartilage (Lash, 1963a; Lash, 1963b).

Murray and Selby also noticed the following result; grafted tissues

were recovered with greater frequency in chimeric embryos containing

grafts of somites made with axial organs than in those that were made

without. They interpreted this result as evidence for the axial organs

having a role in promoting the survival of somite cells (Murray and Selby,

1933). This result and conclusion are important to keep in mind when

considering hypotheses for the specific mechanisms underlying the

notochord and neural tube influences upon sclerotome induction and somite

chondrogenesis, particularly when we discuss the Sonic hedgehog molecule

later in this chapter. Sonic hedgehog has been proposed as an inducer of

sclerotome, but in fact its role is more likely that of maintenance, survival

and/or proliferative factor (see below and Johnson et al., 1994; Fan et al.,

1995; Teillet et al., 1998).

The CAM assays tested whether axial organs were sufficient to

induce somite chondrogenesis in an in vivo environment, but did not test

their sufficiency in a normal somitic developmental setting, nor could they

test the necessity of the axial organs in normal sclerotome and cartilage

development. It took in vivo ectopic grafting and extirpation experiments
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to address these questions and to explore the individual roles of neural tube

and notochord (Fig. 2.3; reviewed in Strudel, 1967 and Hall, 1977).

That the neural tube and notochord are each individually sufficient to

induce/support somite chondrogenesis was demonstrated by a variety of

experiments. Embryos containing a neural tube but no notochord (and vice

versa) at the level of already formed somites form some vertebral cartilage

(Watterson et al., 1954; Strudel, 1955; Strudel, 1967; Teillet and Le

Douarin, 1983; Rong et al., 1992). Grafts of ectopic neural tube/neural

tube floorplate or notochord, whether placed dorsal (Pourquié et al.,

1993), or lateral to the somites (Watterson et al., 1954) induce ectopic

cartilage formation. Similar ectopic grafting experiments also

demonstrated that the notochord was sufficient to induce sclerotome

mesenchyme formation at the expense of dorsal somitic derivatives (Brand

Saberi et al., 1993; Goulding et al., 1994); if this is true sclerotome

induction is not clear.

That the axial organs are necessary for vertebral chondrogenesis in

vivo was demonstrated by the observation that extirpation of the neural

tube and notochord together (at either segmental plate or formed somite

levels) led to a complete lack of vertebral cartilage (Strudel, 1952;

Watterson et al., 1954; Strudel, 1955; Teillet and Le Douarin, 1983; Rong

et al., 1992). In fact, simply slitting the paraxial mesoderm away from the

axial organs appears to adversely affect sclerotome development,

demonstrating that these organs are probably important for sclerotome

induction (Rong et al., 1992; Hirano et al., 1995). The apparent increase in

somitic cell death seen in embryos having undergone either type of

operation (Teillet and Le Douarin, 1983; Christ et al., 1992; Rong et al.,

! º, I
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1992; Hirano et al., 1995), supports the concept that part of the axial

organs' role in vertebral development is to keep the cells alive.

Extirpation experiments uncovered what appear to be

complementary roles for the neural tube and notochord in vertebral

development. Complete removal of the neural tube only at the level of

already formed somites leads to either a lack of cartilage (Fowler and

Watterson, 1953), or the formation only of centrum-like masses of

Vertebral cartilage which encircle the notochord with the neural arches

absent (Watterson et al., 1954; Strudel, 1967; Teillet and Le Douarin,

1983; Rong et al., 1992), indicating that the neural tube is necessary for

normal vertebral formation. Removal of the neural tube does not seem to

impair sclerotome formation however (Teillet and Le Douarin, 1983;

Christ et al., 1992), indicating that the neural tube's role is in somite

morphogenesis and not sclerotome induction.

Removal of the notochord at the level of already formed somites

does not appear to greatly affect vertebral cartilage formation (Fowler and

Watterson, 1953; Watterson et al., 1954; Strudel, 1955; Teillet and Le

Douarin, 1983; Rong et al., 1992). However, sclerotome formation and/or

sclerotome cell survival appear to be adversely effected in embryos

notochordectomized at unsegmented paraxial mesoderm levels (van

Straaten and Hekking, 1991; Pourquié et al., 1993), indicating that the

notochord's role maybe in sclerotome induction, initial sclerotome cell

proliferation and/or sclerotome cell survival in vivo, and is perhaps not as

important once the sclerotome has been formed or for somite

chondrogenesis.
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Experiments on the influence of axial structures on sclerotome

derived cartilage formation performed using Amblystoma (salamander)

embryos confirmed the importance of the neural tube and notochord, but

gave them different roles than the chick experiments did. Extirpation of

the notochord in Amblystoma demonstrated that cartilage would form in its

absence, but that the cartilage formed was unsegmented, implicating the

notochord in the segmentation, but not the induction of the vertebral

cartilage (Kitchin, 1949; Holtzer, 1952b). This is in contrast to

notochordectomized chick embryos in which the notochord does appear to

be essential for cartilage formation, at least at the segmental plate level (see

above). Like chick notochords, salamander notochords have the ability to

induce somite chondrogenesis (Avery et al., 1955).

A number of experiments in Amblystoma ultimately led to assigning

to the neural tube the primary role in inducing and patterning the vertebral

cartilage in this species. Embryos in which the neural tube had been

extirpated frequently failed to form vertebral cartilage, indicating that the

neural tube was essential for cartilage formation, unlike the notochord

(Holtzer, 1952a; Holtzer and Detwiler, 1953). Experiments involving

extirpation of the neural tube in fish gave similar results (Watterson,

1952).

The ability of the neural tube to induce and pattern somite

chondrogenesis in Amblystoma was confirmed by a series of grafting

experiments. Ectopically implanted somites required the presence of

neural tube in order to form cartilage, confirming the ability of this tissue

to induce somite chondrogenesis (Holtzer and Detwiler, 1954). Ectopic

implantation of the neural tube or displacement of the neural tube dorsad
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led to the formation of relatively normal vertebrae surrounding the

exogenous tube (Fig. 2.4; Holtzer, 1951; Holtzer, 1952b; Detwiler and

Holtzer, 1956).

Somites implanted into the lumen of the neural tube would form

individual normal neural arches around each half of the bisected tube

(Holtzer and Detwiler, 1954; Detwiler and Holtzer, 1956), as they would

when a piece of neural tube was implanted into the somites (Holtzer and

Detwiler, 1953). These experiments lead to the conclusion that not only

could the neural tube induce chondrogenesis, it could pattern it as well.

Similar results with these manipulations were also obtained with chick

embryos (Fig. 2.4; Watterson et al., 1954), but were not given the

patterning interpretation.

Holtzer was the first to observe that induction of cartilage by the

neural tube could occur at a distance, but that induction by notochord could

not, a conclusion that presaged later conclusions from in vitro work

(Holtzer, 1952a; Avery et al., 1955). Another interesting observation from

the Amblystoma work was that progressive reductions in the size of the

neural tube led to reductions in the width of the vertebral canal, indicating

a sort of dose-dependent relationship for cartilage formation between the

neural tube and the somite (Holtzer, 1952a). A similar observation was

made for chick embryos (Fowler and Watterson, 1953; Watterson et al.,

1954); the significance of this result in either system is not well

understood.

In summary, differences can be seen between the axial organs' roles

in cartilage induction and development in chick and Amblystoma. As

described above, the notochord appears to be important for segmenting the
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cartilage in Salamanders, but not for inducing it, in contrast to the chick,

where the role of the notochord appears to be for induction and/or survival

of the sclerotome, with its influence probably occurring in the segmental

plate. In both systems, the notochord can ectopically induce cartilage. The

neural tube appears to be essential for somite chondrogenesis in both

systems and has the ability to induce ectopic cartilage formation. In

Amblystoma, the neural tube also appears to be patterning the cartilage

formed; whether it has this role in the chick as well is not known.

In Vitro Work

In addition to the in vivo experiments, a number of in vitro studies

have also ascribed a role for neural tube and notochord in somite

chondrogenesis (Lash, 1968a; Hall, 1977). But these experiments went

beyond simple induction and began to investigate issues such as localization

of the inducer, the specific characteristics of the inducing tissues, and the

chondrogenic capabilities of somites at different stages of their

development. In vitro experiments also allowed experimental investigation

into mouse sclerotome development that could not be performed in vivo

because embryonic mice are not surgically accessible like chicks.

In vitro experiments allowed even more specific definition and

characterization of somite chondrogenesis inducers (Table 2.1). Many

researchers confirmed the ability of the neural tube and notochord to

induce somite chondrogenesis in young somites, even across species

(Grobstein and Parker, 1954; Grobstein, 1955; Lash et al., 1957; Holtzer,

1960; Cooper, 1965). Tests of a wide variety of live tissues including

muscle, pancreas and lung demonstrated that really only the neural tube,
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notochord and embryonic cartilage were capable of inducing cartilage in

somites (Grobstein and Holtzer, 1955; Avery et al., 1956; Lash et al., 1957;

Cooper, 1965); an interesting exception was the mesonephros (Lash et al.,

1957) which itself was shown to be capable of forming cartilage (Lash,

1963a; Lash, 1963b). The effect of ectoderm in vitro, as discussed

previously, is a matter of some controversy (O'Hare, 1972b; Kenny-Mobbs

and Thorogood, 1987). Furthermore, fixed tissues or inert substances such

as wood would not induce chondrogenesis in cultured somites (Grobstein

and Holtzer, 1955; Avery et al., 1956; Lash et al., 1957).

Careful studies were performed to further characterize the inducing

tissues. The notochord could function as an inducer independent of its

stage of differentiation (Cooper, 1965), but the notochord cells needed to

undergo vacuolation while in culture to induce. Preculture of the

notochord alone would cause it to lose its inducing ability (Lash et al.,

1957).

The ability of cartilage to induce did depend upon its state of

differentiation and whether it came from chick or mouse embryos

(Cooper, 1965). It should be noted that other attempts at using embryonic

cartilage as an inducing source were not successful (Grobstein and Holtzer,

1955; Avery et al., 1956; Lash et al., 1957), but that difference may be due

to the preparation of the tissue and/or the specific culture conditions used.

Cooper (1965) used chondrocytes dissected from growth plates and found

that it was only the younger, non-hypertrophied chondrocytes that were

capable of induction. Similar to the notochord however, the inducing

chondrocytes did need to undergo hypertrophy during their time in culture
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to be able to induce somite chondrogenesis, indicating that extracellular

matrix molecules might be important.

The tissue best characterized during this time period was the spinal

cord. Inducing activity in the spinal cord was localized specifically to the

ventral half (Grobstein and Holtzer, 1955; Lash et al., 1957); dorsal

ventral differences in the inducing capability of the spinal cord had been

seen in its influence on the metanephros (Grobstein, 1955). In contrast to

the notochord, spinal cord tissue could be cultured alone before being

placed with somites and retain its inducing abilities (Lash et al., 1957).

The spinal cord also retains its inducing capability in vitro at embryonic

ages from the time of sclerotome induction and somite chondrogenesis up

to times which are long after vertebral cartilage formation has taken place;

up to embryonic day 18 in the chick (Tremaine and Hall, 1979) and up to

day 13 in the mouse (Grobstein and Holtzer, 1955). Such observations may

indicate that the spinal cord's activity is required throughout sclerotome

development and not simply for somite chondrogenesis. Interestingly,

while fixed neural tube is not longer capable of inducing in vitro somite

chondrogenesis, lethally X-radiated neural tube is (O'Hare, 1972a).

As well as characterizing the inducing tissues, the in vitro

experiments also allowed examination of the behaviors of the somites

themselves. Experiments dissociating somites and then exposing them to

notochord or neural tube demonstrated that destruction of the organization

of the somite did not relieve the cells of the axial organ requirement for

Somite chondrogenesis (Stockdale et al., 1961). Conversely, this

experiment also demonstrates that the cells need not be in an organized

Somite to be able to respond to axial organ influences. That the cartilage in
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any whole somite induction experiment probably does come from the

Sclerotome was shown by dissecting the somites into their component

structures (dermomyotome and sclerotome) and testing their individual

responses to the notochord (Cheney and Lash, 1981). Only the sclerotome

responded to the notochord by forming nodules, increasing accumulation

of glycosaminoglycans, increasing synthesis of proteoglycans and an

increase DNA synthesis, all hallmarks of differentiating cartilage (Marzullo

and Lash, 1967; Lash, 1968b; Gordon and Lash, 1974).

As had been seen with the CAM assays (see above), the in vitro

assays demonstrated the ability of somites from older embryos to form

cartilage without the presence of an inducing structure (Grobstein and

Holtzer, 1955; Avery et al., 1956; Kenny-Mobbs and Thorogood, 1987).

An apparently contradictory result was obtained with somites from chick at

stages 15-18 (Hamburger and Hamilton, 1951), where the more posterior

(younger) somites showed greater chondrogenic potential than the more

anterior (older) ones (Lash, 1967; Lash, 1968b). It is difficult to compare

all of these studies without knowing whether exactly the same stage somites

from the same stage embryos were taken. These results had been

interpreted as demonstrating that the inducer was needed for a certain

length of time (a minimum length of time for induction had been defined in

vitro, Lash et al., 1957) after which it was not needed any more. Merely

manipulating the cell culture conditions however (such as changing serum

source, using more somitic tissue/culture, covering the culture with

paraffin oil and changing potassium ion concentrations), could enhance

somite chondrogenesis and eliminate totally the need for the presence of

spinal cord or notochord to elicit somite chondrogenesis from young

:
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somites (Ellison et al., 1969; Ellison and Lash, 1971; Lash et al., 1973),

suggesting that the somites were determined early for cartilage

development and that the role of the neural tube and notochord was to

permit the somite to form the cartilage that it was already programmed to

become.

Both the notochord and neural tube were capable of inducing somite

chondrogenesis trans-filter (Lash et al., 1957; Cooper, 1965; Flower and

Grobstein, 1967). Spinal cord induction of cartilage however, appeared to

be fundamentally different from that of notochord. Whether the inducing

tissue and the somites were in direct contact or transfilter, the nodules

formed by spinal cord induction generally had intervening tissue while the

nodules formed by notochord were generally directly apposed to the

notochord (Fig. 2.5; Avery et al., 1955; Avery et al., 1956; Lash et al.,

1957; Cooper, 1965; Flower and Grobstein, 1967). As previously stated,

the Amblystoma experiments (Holtzer, 1952a; Avery et al., 1955). had

provided early evidence of this phenomenon. It has been suggested that

this effect is due to a difference in the amount of tissue (and thus inductive

factor) that the somites are exposed to (Flower and Grobstein, 1967),

consistent with the "dose-dependent" effect of the neural tube seen in vivo

(Holtzer, 1952a; Fowler and Watterson, 1953; Watterson et al., 1954).

The significance during normal development and the underlying

mechanism(s) of this difference between neural tube and notochord

induction are still not understood.

One important paradigm to come out of the in vitro work was the

idea of a secreted inductive factor, which was implied by the fact that axial

organ induction of somite chondrogenesis could occur transfilter (i.e. with
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no physical contact between the inducing and responding tissues). The

presence of a secreted, soluble inducing molecule would make a search for

the inducing molecules easier. In fact, the establishment of the in vitro

Somite chondrogenesis assay made the search for the inducer possible since

conditions, concentrations, and components of the system could then be

controlled and varied.

Early Inducer Searches

Lash et al. (1957) made one of the earliest attempts to identify

potential inducing substances by staining the filter in their culture assays

for the presence of DNA, RNA and polysaccharides; positive staining was

not revealed for any of these substances. More successful subsequent

attempts to purify the inducing agent involved making extracts from the

neural tube and notochord. Acid extracted fractions from chick 2-3 day

embryonic spinal cord and notochord gave a low-molecular weight

"nucleotide" fraction capable of inducing cartilage nodule formation by

Somites in culture and a "sugar-phosphate" fraction which was not (Lash et

al., 1962). The low-molecular weight fraction (eluted off of a charcoal

celite column) could be further purified by ion-exchange column and was

shown subsequently to promote uptake of 35S labeled sodium sulfate

(presumed to be in the sulfated proteoglycans of differentiating cartilage

matrix) (Fig. 2.6; Hommes et al., 1962; Zilliken, 1967). Strudel, in the

same year, made extracts of neural tube and notochord by homogenization

and centrifugation. The resulting supernatant could induce chondrogenesis

in Somite culture. Not only would this extract induce cartilage in somites

which would not self-differentiate, but it would also cause somites which
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would self-differentiate to form more nodules than they would have

without extract (Strudel, 1962; Strudel, 1963). These experiments were

important for demonstrating that inductive activity of spinal cord and

notochord could be separated from the tissues themselves, however, it was

difficult to fully purify the responsible substance.

Investigators then turned to examining components within the

cartilage matrix or perinotochordal matrix for their effects on somite

chondrogenesis (reviewed in Hall, 1986 and Vasan, 1987). Previous

experiments had demonstrated that notochord and spinal cord would

Secrete matrix proteins such as collagen when in contact with somites

(Kvist and Finnegan, 1970a; Kvist and Finnegan, 1970b; Cohen and Hay,

1971; Minor, 1973; Trelstad et al., 1973) and that these proteins appear to

enter the Sclerotome matrix, making them good candidates for possibly

inducing the sclerotome to make cartilage. Chondromucoprotein (a

Substance containing a number of proteoglycans including

proteochondroitin sulfate) extracted from embryonic cartilage and purified

proteoglycans could stimulate in vitro somite chondrogenesis as measured

by visual appearance and by glycosaminoglycan accumulation (Kosher et

al., 1973; Lash and Vasan, 1978; Belsky et al., 1980). Collagen and

procollagen could also induce in vitro somite chondrogenesis, so the effect

was not restricted to proteoglycans (Kosher and Church, 1975; Lash and

Vasan, 1978)

More direct tests of the spinal cord and notochord extracellular

matrices also implicated them in somite chondrogenesis. Several

investigators used enzyme treatments to demonstrate the importance of an

intact perinotochordal extracellular matrix in in vitro somite
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chondrogenesis induction assays. Treatment of the notochord with trypsin,

hyaluronidase, chondroitinase ABC or chondroitinase AC resulted in the

loss of the ability of the notochord to stimulate sulfated glycosaminoglycan

accumulation in somites. Importantly, this effect was reversible; if the

notochord was enzyme treated and then allowed to recover, the stimulating

ability also recovered (O'Hare, 1972a; Kosher and Lash, 1975; Lash and

Kosher, 1975; Strudel, 1975b; Strudel, 1975a).

Inquiries into extracellular matrix molecules as the inducers of

somite chondrogenesis slowed down after the late 1970's as the advent of

molecular cloning techniques and the identification of sclerotome specific

markers led to alternative strategies in the search for the molecular identity

of sclerotome inducers.

The Molecular Approach

The molecular advancements in developmental biology have allowed

the detailed examination of early embryonic events through the

examination of the expression of developmentally regulated genes.

Although molecular marker evaluation has become increasingly popular,

the activation of a whole developmental program is more complex than just

the turning on of a few molecular markers. Analysis of the expression of a

set of genetically and functionally important genes for a specific

developmental process can allow us to monitor inductive steps that operate

to orchestrate differentiation pathways.
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Molecular Markers of Sclerotome

The cloning of the mammalian Pax genes has thoroughly changed

our approach to uncovering the mechanisms that control somitic pattern

(Table 2.2; Dahl et al., 1997). The Pax genes are a family of transcription

factors containing the conserved paired-homeobox DNA binding domain.

Different, specific Pax gene family members are expressed in different

domains of the somite, making them extremely useful for investigating

influences on somitic pattern. The two Pax genes which serve as specific

sclerotome markers are Pax-1 and Pax-9. Pax-1 mRNA is not expressed in

the presomitic mesoderm, but is expressed in the ventral part of the somite

that prefigures the sclerotomal mesenchyme (Deutsch et al., 1988;

Ebensperger et al., 1995; Borycki et al., 1997). As development continues,

Pax-1 mRNA becomes restricted to the caudal cells of the somite, with

expression eventually becoming even more restricted to the cells of the

intervertebral discs; expression is never seen in the dorsal sclerotome (Fig.

2.7A,B; Deutsch et al., 1988; Wallin et al., 1994; Peters et al., 1995;

Müller et al., 1996). The chick differs from the mouse in that Pax-1

mRNA expression is also detected in the chondrocytes of immature

vertebral bodies (Peters et al., 1995). As described in the section on

genetics, there is a natural mouse mutant at the Pax-1 locus called

undulated, the phenotype of which indicates that Pax-1 has a function in

sclerotome development (Dietrich et al., 1993; Wallin et al., 1994; Dietrich

and Gruss, 1995). Pax-1, while specifically expressed in the sclerotomal

compartment of the somite, is not somite restricted in its expression; Pax-1

mRNA is also expressed in the developing pectoral and pelvic girdles and

in the developing limbs (Timmons et al., 1994; Peters et al., 1995) as well
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as in some non-chondrogenic tissues (Peters et al., 1995; Müller et al.,

1996).

In contrast to Pax-1, Pax-9 mRNA is not expressed in the chick

somite until the sclerotomal mesenchyme has actually formed, around

somite stage IV-V (Müller et al., 1996). Its expression is highest in the

dorso-lateral sclerotome, in contrast to Pax-1 (Fig. 2.7C,D; Müller et al.,

1996). Pax-9 mRNA expression eventually becomes restricted to the

caudal half of the sclerotome and later, the intervertebral discs (Peters et

al., 1995; Müller et al., 1996). Like Pax-1, Pax-9 mRNA is expressed only

in the sclerotome of the somite, but is not restricted to solely somitic

expression. Expression of Pax-9 mRNA is also seen in the appendicular

skeleton and the pharyngeal endoderm (Peters et al., 1995; Müller et al.,

1996). Whether Pax-9 has a functional role in sclerotome development is

not yet known.

Another Pax family member frequently used in analyzing somite

development is Pax-3. While it is a dermomyotome marker rather than a

sclerotome marker, it is important to mention it here because it is

frequently used in studies on dorso-ventral somite patterning. In the mouse

and the chick, Pax-3 mRNA is expressed in the presomitic mesoderm and

the somites (Goulding et al., 1991; Williams and Ordahl, 1994). Pax-3

mRNA expression diminishes in the ventral portion of the somite as the

sclerotome forms, but expression in the dorsal dermomyotome is retained.

Pax-3 mRNA also marks the migrating limb muscle precursor cells from

the lateral half of the somite (Williams and Ordahl, 1994).

Aside from the Pax genes, there are two other genes commonly

employed as sclerotome markers. M-twist, the mouse homolog of the
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Drosophila twist gene, is a basic helix-loop-helix transcription factor

expressed at both the protein and mRNA levels in the sclerotome and

dermatome as well as other, non-somitic mesodermal tissues (Fig. 2.7E,F;

Wolf et al., 1991; Füchtbauer, 1995; Gitelman, 1997). mRNA for M-twist

can be found in presomitic mesoderm and epithelial somites (Füchtbauer,

1995), but antibody studies do not detect M-twist protein until somite stage

V-VI (Gitelman, 1997). M-twist knockout mice have increased cell death

in the sclerotome indicating that M-twist's function in sclerotome may be to

promote growth and/or survival of those cells (Chen and Behringer, 1995).

Another basic-helix-loop-helix protein used as a sclerotome marker

is scleraxis. Scleraxis mRNA is expressed in the sclerotome of somites

which have already begun to compartmentalize (Cserjesi et al., 1995).

Expression is initially in the lateral sclerotome, but becomes restricted to

the ventromedial region (Fig. 2.7G,H). Scleraxis mRNA continues to be

expressed in prevertebrae and the intervertebral discs as development

proceeds. Scleraxis mRNA is also expressed in the developing

maxillofacial cartilages, limbs and ribs (Cserjesi et al., 1995). Scleraxis'

role(s) and function(s) in sclerotome development are unknown at this

point.

A traditionally used marker for the sclerotome is the binding of

peanut agglutinin, a lectin which preferentially binds Gal{}1-3GalNAc

residues (Lotan et al., 1975). Peanut agglutinin binds specifically to the

caudal portion of the sclerotome (Bagnall and Sanders, 1989), the half of

the sclerotome through which neural crest cells do not migrate. In contrast

to the previously described sclerotome markers, the peanut agglutinin

binding molecule(s) is thought to function in segmentation of the neural
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crest and not directly in sclerotome development. A variety of other genes

are expressed in the sclerotome (Orr-Urtreger and Lonai, 1992; Monsoro

Burq et al., 1994; Wright et al., 1995; Healy et al., 1996; Winnier et al.,

1997) and antibodies (George-Weinstein et al., 1988; Mark et al., 1989)

have been developed against sclerotome, but these are not widely used as

Sclerotome markers.

A common feature amongst these sclerotome markers is that they are

frequently expressed in chondrogenic regions derived from embryonic

origins other than the sclerotome, and in nonchondrogenic tissues as well.

No marker which is strictly sclerotome restricted has yet been found.

In Vivo Experiments

Using the Pax genes as markers, recent workers have been able to

examine one of the earliest steps in the formation of embryonic vertebral

cartilage, the induction of sclerotome from the somite (as measured by

marker gene expression). Again, the approaches are a combination of in

vivo grafting, extirpation and in vitro co-culture, but now the assays are

not carried to the endpoint of chondrogenesis. Mutant mice that lack a

notochord develop without activating the Pax-1 gene in the ventral somite;

the Pax-3 gene remains expressed throughout the entire somite (Dietrich et

al., 1993; Koseki et al., 1993). These results provided strong genetic

evidence that activation of this functionally important gene requires input

from the notochord.

Approaching this issue from a experimental embryology perspective,

chick embryologists have shown that ablation of the notochord at the

presomitic level leads the somitic mesoderm to develop with
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dermomyotomal characteristics (Goulding et al., 1994; Ebensperger et al.,

1995). In these embryos, the somitic mesoderm expresses the

dermomyotome-specific gene Pax-3 and does not express the sclerotomal

marker Pax-1, indicating that the first step of sclerotomal development is

dependent on the notochord. Furthermore, they showed that ectopic

notochord can induce ectopic Pax-1 expression (Brand-Saberi et al., 1993;

Goulding et al., 1994; Ebensperger et al., 1995).

In Vitro Experiments and a Candidate Inducer

With the advent of molecular markers, an in vitro system much like

the one established by Grobstein and Parker (1954) could then be used to

study the mechanism(s) of this early inductive event. By employing

molecular markers as indicators for the commencement of a specific

Somitic developmental program, an in vitro approach allows correlation

with developmental program in vivo. Such an in vitro assay also allows

characterization of the biochemical properties of the signal(s) and the

molecular identification of the signal(s). Using three dimensional collagen

gels (Tessier-Lavigne et al., 1987), Fan and Tessier-Lavigne (1994)

performed a short-term culture assay to investigate early somitic patterning

events by assaying for expression of molecular markers known to have

functions in the somite. Using this experimental paradigm, it was shown

that mouse presomitic mesoderm was naive as it did not spontaneously

express assayable levels of Pax-1 or Pax-3 transcripts in culture. In

contrast, presomitic mesoderm co-cultured with different embryonic

tissues would express dermomyotome or sclerotome specific markers. The

sclerotomal markers, Pax-1, M-Twist (Fan and Tessier-Lavigne, 1994) and
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Pax-9 (C.-M. Fan, pers. comm.), were upregulated in the presomitic

mesodermal explant in the presence of the notochord or the floorplate of

the neural tube while the dermomyotome markers Pax-3 and Pax-7 were

upregulated in the presence of ectoderm.

Using mRNA in situ hybridization, it was observed that the

Sclerotome inducing signal from the notochord and ventral neural tube

appears to act over a long distance to induce the sclerotomal marker

expression in the absence of any other embryonic tissues (Fan and Tessier

Lavigne, 1994). Induction of sclerotome markers in this assay system

could occur transfilter, supporting the notion that the signal is a diffusible

one, consistent with the in vitro culture results on somite chondrogenesis

discussed previously. Co-culture of mature sclerotome and presomitic

mesoderm further demonstrated that sclerotome cells do not possess a

homeogenetic inductive activity i.e. the ability to induce the naive

presomitic cells to adopt the sclerotomal fate; this is different than the

ability of cartilage to induce somite chondrogenesis (Cooper, 1965).

Furthermore, it was determined that within 6 hrs. of co-incubation with the

notochord, expression of Pax-1 is induced and that this induction can occur

in the presence of cyclohexamide, a protein synthesis inhibitor (Fan et al.,

1995 and pers. comm.). Similar results on notochord induction of Pax-1 in

vitro were also obtained independently by Ebensperger et al. (1995) and

Müller et al. (1996). Thus, the activation of the sclerotomal program

appears to require direct input of a long-range diffusible factor secreted by

the notochord and/or the floorplate of the neural tube. Interestingly,

Müller et al. (1996) found that the notochord is not equal along its cranial

caudal axis in its inducing capabilities. In contrast to thoracic level
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notochord, pre-otic notochord, which normally resides next to mesoderm

that never expresses Pax-1 mRNA, is incapable of inducing Pax-1 in

thoracic level unsegmented paraxial mesoderm. The Pax-1 inducing

capabilities of the notochord are also restricted to paraxial mesoderm, head

mesoderm does not respond (Müller et al., 1996).

To identify the inducing molecule(s), Fan and Tessier-Lavigne

(1994) analyzed known secreted growth factors that were documented to be

expressed in the notochord and floorplate during the time of sclerotome

specification for their ability to mediate the induction of sclerotomal

marker expression. The signaling molecule Sonic hedgehog (Shh), a

homolog of the Drosophila hedgehog gene, was known to be expressed in

the floorplate and notochord during the time of sclerotome formation

(Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993; Chang et al.,

1994; Marti et al., 1995). Cells expressing Shh can mimic the effect of the

notochord and the floorplate to induce sclerotome-specific gene expression

in cultured presomitic mesoderm (Fig. 2.8; Fan and Tessier-Lavigne,

1994; Fan et al., 1995). In parallel, Johnson et al. (1994), showed that in

the chick, a retrovirus containing a Shh cDNA can direct sclerotome

marker expression dorsally when injected into the dorsal portion of the

somite. Assaying for both the dorsal dermomyotome marker Pax-3 and

ventral sclerotome marker Pax-1 in these experimental systems, the two

groups reached the same conclusion that Shh acts in a manner similar to

ectopic transplanted notochord and/or floorplate to induce sclerotome at

the expense of dermomyotome (Fan and Tessier-Lavigne, 1994; Johnson et

al., 1994; Fan et al., 1995).
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Shh, cAMP and Sclerotome

The Sonic hedgehog signaling pathway appears to have an influence

on cAMP levels. In Drosophila, genetic evidence indicates that hedgehog

signaling antagonizes the activity of protein kinase A (Jiang and Struhl,

1995; Li et al., 1995; Pan and Rubin, 1995; Strutt et al., 1995). Since

protein kinase A (PKA) activity is positively dependent upon the levels of

cAMP, it can be hypothesized that hedgehog signaling in Drosophila

decreases the level of cAMP, although there is no direct evidence for that

and it may be just as likely that these are two independent pathways. In the

mouse, increasing the cAMP or PKA levels in mouse presomitic mesoderm

results in an inhibition of Shh's ability to induce Pax-1 expression,

indicating a possible mechanism for Sonic hedgehog's actions on somitic

mesoderm (Fan et al., 1995), while in the zebrafish, inhibition of PKA

leads to an expansion of the sclerotome (Hammerschmidt and McMahon,

1998).

As early as 1976, a link between cAMP levels and notochord-induced

somite chondrogenesis was being established. Raising cAMP levels with

cAMP analogs inhibited sulfated glycosaminoglycan (GAG) accumulation

both in "spontaneous" (self-differentiating) somites and in somites exposed

to notochord or collagen (Kosher, 1976). Later experiments measuring

cAMP levels in somites revealed that exposure to notochord decreased

intracellular cAMP levels in somites (Vasan et al., 1985; Vasan, 1986). It

can thus be speculated that Shh's effects on sclerotome induction are

mediated by causing a decrease in cAMP levels and PKA activity and that

these effects are important for subsequent somite chondrogenesis, although
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as stated above, Shh.'s and PKA's effects may be achieved through

independent pathways.

Issues Concerning Shh as the Sclerotome Inducer

There are two major issues to be concerned about whether Shh is the

principle sclerotome inducer:

The diffusibility of Shh Shh encodes a 45 kDa secreted protein which is

autoproteolytically processed into an N-terminal 19 kDa protein (Shh-N)

and a C-terminal 26 kDa protein (Shh-C); the processing activity lies

within the C-terminal 26 kDa portion of the precursor (Lee et al., 1994;

Porter et al., 1995). Crystal structures of both processed mature

polypeptides have been obtained and implicated to contain evolutionarily

conserved structural modules with other proteolytic enzymes (Hall et al.,

1995; Hall et al., 1997). During processing, the extreme C-terminal

cystein residue of Shh-N acquires a cholesterol moiety through its sulfide

group and anchors Shh-N on the plasma membrane (Porter et al., 1996).

A paradox thus arises: how does a membrane-anchored protein function as

a long-range diffusible factor? Since the bacterially produced and purified

Shh-N protein, which has undergone neither proteolytic processing nor

cholesterol-modification, can induce sclerotome-specific gene expression in

cultured presomitic mesoderm at a reasonably low concentration (25

ng/ml) in the presence of cyclohexamide and cultured cells expressing

properly processed Shh-N can induce sclerotome marker expression in the

presomitic mesoderm over a long distance across a filter barrier without

direct contact (Fan et al., 1995), one must speculate that an active “release”

mechanism must be employed to produce diffusible form(s) of Shh-N.
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Interestingly, Shh-N fused with a FGF-receptor-R1 transmembrane domain

can only act locally and does not function across a filter barrier, while

processed and cholesterol-linked Shh-N can act over a long distance when

expressed by cultured cells (C.-M. Fan, pers. comm.). These results

further strengthen the hypothesis that Shh-N can act on the sclerotome over

a long distance and that the cholesterol-linked Shh-N must somehow

become "transported" over some distance.

Sh h mutant mouse embryos develop with mesenchymal

Sclerotome, but without vertebrae Shh knockout mice lack the entire

vertebral column except for 4 or 5 rib cartilages (Chiang et al., 1996).

Although superficially the vertebra-less phenotype of Shh mutant embryos

supports Shh being the candidate sclerotome inducer, close examination of

early stages of the sclerotome development indicates that sclerotome

mesenchyme initially forms normally (Chiang et al., 1996). The fact that

remnants of ribs develop is consistent with the initiation of the sclerotomal

program, however, the sclerotome is smaller in size and the level of Pax-1

mRNA expression is drastically reduced. Importantly, the minimal Pax-1

expression is activated in the somite with correct timing compared to that

of the wild type animal. The failure to maintain Pax-1 expression and the

eventual loss of the sclerotome derivatives in Shh knockout embryos makes

it likely that Shh does not initiate the sclerotome program in vivo. Instead,

Shh appears to be necessary for the survival of the sclerotomal component,

as well as other somitic tissues (Teillet et al., 1998). As discussed

previously, sclerotome and the subsequent vertebral cartilages do not

develop in embryos in which the neural tube and notochord have been
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removed (Teillet and Le Douarin, 1983; Rong et al., 1992). Heterologous

cells expressing Shh can rescue these embryos, preventing the somitic cell

death and loss of Pax-1 mRNA expression normally seen in these embryos,

and even restoring normal axial skeletal development (Teillet et al., 1998).

Thus, the apparent inductive ability of Shh may simply be an effect of

allowing cells to survive long enough to express Pax-1; Shh may also be

important for the proliferation of sclerotome cells (Johnson et al., 1994;

Fan et al., 1995; Teillet et al., 1998).

Initiation of the Sclerotome

What then is the initiating factor for sclerotome development? One

potential sclerotome initiation factor in the mouse is the Noggin protein

(McMahon et al., 1998). Noggin is characterized as a secreted dorsalizing

factor that can promote the differentiation of both neural tissue and

mesoderm in Xenopus embryos (Smith and Harland, 1992). The mouse

Noggin gene is expressed in the notochord at the time of sclerotome

formation (McMahon et al., 1998). Homozygous Noggin mutant embryos

display delayed Pax-1 gene expression (delayed until approximately stage X

somite in contrast to its expression in stage II-III somites in wild type

embryos) and loss of caudal vertebrae (McMahon et al., 1998).

Importantly, purified Noggin protein can induce minimal Pax-1 gene

expression in cultured presomitic mesoderm. The concentration of Noggin

required to activate Pax-1 in the presomitic mesoderm in vitro is higher

than expected from conventional growth factors (100 ng/ml vs. 25 ng/ml of

Shh-N). Noggin appears to induce Pax-1 expression independent of Shh-N

since in the presence of treatments which abolish the activity of Shh-N, (a
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function blocking antibody or increased cAMP levels), Noggin can still

induce Pax-1 gene expression in presomitic mesoderm (McMahon et al.,

1998). Importantly, a threshold (above 100 ng/ml) but not a linear

response curve was observed with increasing concentrations of Noggin

applied in culture, consistent with a mode of action that antagonizes an

inhibitor of sclerotome differentiation. In contrast, sclerotomal marker

expression in the presomitic mesoderm is activated by Shh-N in a linear

fashion when the Shh-N concentration is above 25 ng/ml. Although these

results would suggest independent parallel pathways in sclerotome

induction mediated by Noggin and Shh, a sub-threshold concentration of

Noggin (25-50 ng/ml) stimulates the activity of Shh-N in activating Pax-1

gene expression by approximately 4 fold, suggesting a synergism between

the two molecules (McMahon et al., 1998, and see below).

Several facts that lead to the speculation that in vivo, Noggin acts to

initiate low levels of Pax-1 expression and that Shh-N acts to augment and

maintain the level of Pax-1 expression initiated by Noggin.: 1) both

Noggin and Shh are expressed in the notochord at the time of sclerotome

formation; 2) Noggin alone can induce low levels of Pax-1 expression; 3)

Noggin mutant embryos show delayed Pax-1 expression in the somites; 4)

Shh mutant embryos display minimal initial Pax-1 expression but fail to

maintain Pax-1 expression; 5) Noggin and Shh-N can synergize to

stimulate high levels of Pax-1 expression. In the absence of Noggin

(Noggin mutant embryos), Shh can eventually activate the sclerotomal

program when its concentration has accumulated to high enough levels in

vivo, hence the compensatory delayed sclerotome development; keep in

mind however, that Shh initiation of the program is not sufficient for
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normal chondrogenesis since the Noggin mutant lacks some vertebrae. On

the other hand, in the absence of Shh (Shh mutant embryos), Noggin can

initiate minimal Pax-1 expression and sclerotome mesenchyme formation,

however, it alone can not sustain the sclerotomal program and thus the

eventual loss of vertebral development in these embryos. It would be

interesting to breed the two mutant mice and see if the effects on vertebral

development exhibited by each mutation alone are more severe in the

double mutant

How could these two seemly independent pathway synergize with

each other? The most likely intermediates would be the BMP family of

proteins. Noggin is known to antagonize BMP4 via direct binding and

preventing BMP4 to interact with its receptors (Zimmerman et al., 1996).

In vitro, BMP2 and BMP4 can inhibit the sclerotome induction mediated

by Noggin, consistent with their antagonistic partnership (McMahon et al.,

1998). Interestingly, BMP2 and BMP4 can also counteract the sclerotome

inducing activity of Shh-N, as well as the combination of Noggin and Shh

N. Since there are BMP family members expressed in the vicinity of the

developing somites (Pourquié et al., 1996; Marcelle et al., 1997), it is

reasonable to speculate that BMPs are inhibitors of sclerotome

differentiation. Noggin's role would then be to counter the inhibitory

effect of BMPs within the somite, thus allowing somites to receive/respond

to further patterning influences.

Shh, Noggin and Somite Chondrogenesis

It is possible that Shh and Noggin may play roles in somite

chondrogenesis. However, extensive trials with various concentrations and
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application times of Shh-N alone in vitro showed that it is not sufficient to

promote sclerotomal cells to further differentiate into cartilage (C.-M. Fan,

pers. comm.). Even in the presence of high levels of both Noggin and Shh

N, no alcian blue positive cartilage cells are observed in vitro. It is

intriguing that when complemented with chick embryo extracts, Noggin

and Shh-N can induce chondrogenesis in vitro (C.-M. Fan, pers. comm.).

This result strongly argues for the presence of additional trophic factors or

inducing molecules within the extract (and thus probably in vivo as well)

that can promote somite chondrogenesis.

The molecular identities of these inducers of somite chondrogenesis

are largely unknown. As discussed previously, a somite chondrogenic

inducing activity can be partially purified from neural tube extracts (but

was never fully purified and identified) and basement membrane or extra

cellular matrix proteins can elicit somite chondrogenesis in vitro. The

notochord and neural tube appear to have slightly different roles in

sclerotome development as shown by in vivo experiments (although both

are capable of supporting chondrogenesis in somites which have already

formed the mesenchymous sclerotome) and have different inducing actions

on somite chondrogenesis in vitro in terms of the types and positions of

nodules formed. While the hypothesis has been put forth that these

differences simply reflect differences in the amount of substances provided

by the two tissues (Flower and Grobstein, 1967), it also seems likely that

both the neural tube and notochord have other trophic factors, additional

inducing factors or extracellular matrix components to promote cartilage

formation, and that some of these additional factors must be different

between the two tissues.
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BMPs and Sclerotome Development

The origin of the name BMPs (Bone Morphogenetic Proteins)

implies a role in cartilage/bone formation; the initial activity identified

with these proteins was to induce endochondral bone formation (Wozney et

al., 1988). Yet, thus far in in vitro assay (McMahon et al., 1998) as well as

in in ovo assay (Monsoro-Burq et al., 1996), BMPs appear to counteract

ventral sclerotome differentiation. However, recent results implicate

BMPs (particularly BMP5) in positively regulating the morphogenesis of

specific cartilage structures (King et al., 1994; Kingsley, 1994; King et al.,

1996). Essentially nothing is known about how the vertebrae assume their

final shape. It is thought that the axial identity of a vertebra (which

ultimately determines its final shape) is established by the time that the

presegmental plate is formed (Kieny et al., 1972), and that axial level

specification is mediated by the Hox gene family (reviewed in Maconochie

et al., 1996). How this gene expression is translated into the final shape of

the vertebrae at each level is unknown. It may be that BMPs are important

molecules in the final morphogenetic steps.

BMPs may be playing different roles in sclerotome development at

different times during embryogenesis. Early, BMPs appear to be

inhibitors of ventral sclerotome development, but later they may be

involved in the final morphogenesis of the vertebrae. It is of course

possible that each BMP family member will display distinct activities, some

inhibiting and some promoting sclerotome formation and somite

chondrogenesis. There are also likely to be non-BMP family members at

work as well. Investigation into the possible role(s) of BMPs in sclerotome

development is really just beginning and until more late expressed markers
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and better assay systems are developed, the role of BMPs in sclerotome

development remains uncertain.

Determination of the Sclerotome

Determination of a tissue is usually tested by removing the tissue

from its normal embryonic environment and assaying its subsequent

differentiation (Slack, 1983). If the test tissue differentiates true to its

normal embryonic fate, the tissue is considered to have been determined at

the time of its removal. Many of the early experiments discussed in this

chapter involving whole somite removal could be interpreted in terms of

sclerotome determination to the cartilage fate. In many cases, somites of

older age would form cartilage when placed by themselves into culture,

indicating that these somites were determined for cartilage formation at the

time that they were removed from the embryo (assuming that the cartilage

formed in these assays was from the sclerotomal cells). Experiments

rotating whole somites about their dorso-ventral axis demonstrated that

Somites at stage I or II were capable of reorienting and had formed tissues

with normal dorso-ventral relationships by 24 hours post-operation, but

Somites rotated at stage III produced a mesenchyme dorso-lateral to the

normally oriented dermomyotome and myotome (Aoyama and Asamoto,

1988). This mesenchyme was interpreted as an ectopic sclerotome,

although no marker expression studies were done to confirm this. This

result was interpreted to mean that early on, the ventral cells of the somite

are undetermined, but that by the time the somite has reached stage III,

these cells have become determined. However, these experiments, as well

as the early chorio-allantoic membrane grafting and in vitro experiments,
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do not directly test the determination state of the sclerotome itself since

they were performed in a whole somite context, nor did they examine the

expression of sclerotome specific markers.

There is a series of more recent experiments examining the

determination of the sclerotome alone (Wachtler et al., 1982; Christ et al.,

1992; Aoyama, 1993; Dockter and Ordahl, 1998). Aoyama (1993) and

Christ et al. (1992) confirmed, in part, the whole somite results of Aoyama

and Asamoto (1988) by showing that the ventral half or a portion of the

ventral half of a stage I somite grafted into a dorsal position is capable of

forming the dorsal structures of myotome and dermomyotome, indicating

that these cells, which will eventually form sclerotome, are undetermined

at the time of somite formation.

Experiments by Wachtler et al. (1982) tested actual sclerotome

mesenchyme (not just the epithelial ventral cells) from various stage

somites by placing the grafts into the developing wing bud of the chick.

They found that the sclerotome would form muscle tissue (indicating that

the sclerotome was undetermined) until as late as approximately somite

stage XX. A series of grafting experiments placing quail sclerotome tissue

into a dorsal axial position in a chick host (Fig. 2.9) have shown that in

fact, the chick sclerotome remains undetermined up until the time that the

cells begin expressing collagen II and begin differentiating as cartilage

(Dockter and Ordahl, 1998). No gene expression was shown to correlate

with determination. The grafts should all have been expressing Pax-1,

Pax-9, scleraxis and twist at the time of grafting, yet fate changes occurred,

demonstrating that none of these markers is indicative of, or is sufficient

for, determination of sclerotome to cartilage. In all of these experiments,
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the actual determination state of individual cells within the sclerotome

cannot be ascertained; as stated before, the early embryo may contain some

determined chondrogenic precursors before somite formation has occurred

(George-Weinstein et al., 1994; George-Weinstein et al., 1996).

Epithelial-Mesenchymal Transitions and Sclerotome Formation

The observation that Pax-1 expression is initiated in the ventral

somite preceding sclerotome mesenchyme formation (Brand-Saberi et al.,

1993) suggests that the sclerotomal program can be initiated without going

through the epithelial state. Since epithelialization is not observed in

paraxial mesoderm cultures in vitro, it is presumed that epithelialization of

the somite is not absolutely required for sclerotome induction (Fan, et al.

1994); a conclusion supported by the paraxis knockout mouse in which

somite epithelialization does not occur, but Pax-1 mRNA expression does

(Burgess et al., 1996; Barnes et al., 1997). This idea is further supported

by the analysis of a mouse mutant in which Dll 1, the mouse homolog of the

Drosophila delta gene, is inactivated. No somitic epithelium is observed,

yet Pax-9 mRNA is expressed (Hrabe de Angelis et al., 1997). However,

these Dll 1 -/- somites appear to develop without the cranial-caudal

differences in cell density normally seen in the sclerotome. Together these

mutants indicate that although the passage through an epithelial state is not

required for sclerotome induction it is likely that a close association

between segmentation, epithelialization and differentiation programs is

coordinated for proper allocation of segment specific cells into each somite

and the proper spatial organization of the cell types within each somite to
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assure a properly segmented, organized body plan along the anterior

posterior axis.

Dorsal-Ventral Patterning of the Somite

How does the somite become patterned along the dorso-ventral axis?

From previous discussions in this chapter, the ventral neural tube and

notochord appear to be the major influences on the ventral cells of the

somite while the ectoderm and dorsal neural tube (Spence et al., 1996) play

roles in formation of the dorsal derivatives. As discussed above, Shh and

Noggin appear to be notochord produced molecules which induce initial

sclerotome formation as determined by marker expression. Consistent

with that result, Shh has been shown to suppress dermomyotome marker

expression in presegmental mesoderm explants (Fan and Tessier-Lavigne,

1994) and in vivo (Johnson et al., 1994; Marcelle et al., 1997). Shh has

also been shown to be capable of inducing muscle marker expression in the

somite (Münsterberg et al., 1995), implicating it in myotome formation.

What other molecules are patterning the somite?

The other molecules implicated in dorso-ventral patterning of

somites are the BMPs and the Wnts (Fan et al., 1997; Marcelle et al., 1997;

Capdevila et al., 1998; Reshef et al., 1998). Direct application of BMP

recombinant proteins in presomitic mesoderm explants does not lead to the

activation of dermomyotomal markers (eg. Pax-3, Pax-7, and Sim-1

mRNAs; Fan et al., 1997), indicating that BMPs alone cannot be

responsible for patterning the dorsal somite; there is also evidence that

BMPs inhibit the development of the myotome from the dermomyotome in

the medial somite (Pourquié et al., 1996; Marcelle et al., 1997). Noggin,
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which is expressed in the dermomyotome (Marcelle et al., 1997), would

then be presumed to have the role of inhibiting BMP's direct action on the

dermomyotome (Reshef et al., 1998).

It appears that the role of BMP in the dorsal somite is to induce the

Wnt family of genes in the dorsal neural tube (Marcelle et al., 1997),

which are then the direct dorsalizers of the somite. Heterologous cells

expressing Wnt proteins can induce dermomyotome-specific marker

expression in presomitic mesoderm explants (Fan et al., 1997). Ectopic

expression of Wnt-1 in vivo expands dorsal somite marker expression,

while suppressing sclerotome marker expression (Marcelle et al., 1997;

Capdevila et al., 1998). Interestingly, Wnt-1 also appears to be capable of

inducing Noggin in the somite (Reshef et al., 1998).

The current model then (Fig. 2.10) for dorso-ventral patterning of

the somite is that BMPs produced in the dorsal neural tube induce Wnts in

the dorsal neural tube which then induce/maintain the dermomyotome,

likely by inducing other Wnt family members in the dorsal lip of the

dermomyotome (Marcelle et al., 1997), and suppress the sclerotome fate .

Shh and Noggin produced by the neural tube and notochord counteract

BMP functions ventrally to promote sclerotome development and repress

dermomyotome development. Wnt proteins and Shh promote myotome

formation from the dermomyotome (Stern et al., 1995). Myotome

formation is suppressed by BMPs (Pourquié et al., 1996), and so Shh and

Wnts (and possibly Noggin) act as counter agents to relieve the repression

effect of BMPs and allow dermomyotomal cells to proceed to myotomal

fate. How these pathways might interact intracellularly is not understood.
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Interactions Between the Somitic Components

Most studies to date have focused on the importance and influence of

the axial organs on sclerotome development. However, the skeletal

elements must eventually coordinate with the muscular derivatives of the

Somite to form the functional unit of each vertebral segment and must

function across the body. While myotome produced members of the

fibroblast growth factor family have been postulated to be necessary for

the development of rib chondrocytes (Grass et al., 1996), essentially

nothing is known about how the other compartments of the somite

influence sclerotome development. It would be very surprising if there

was not important cross-talk between the dermomyotome, myotome and

sclerotome.

Discussion

This chapter has focused on the tissues and molecules which appear

to induce events in sclerotome development. It is important to consider

what induction really means with regard to the sclerotome (Lash, 1963b;

Holtzer, 1968; Lash, 1968a) and the fact that we do not understand the

mechanisms underlying these events. As discussed above, the neural tube

and notochord appear to induce sclerotome formation and somite

chondrogenesis. Two molecules, Shh and Noggin, have been identified as

the possible mediators of sclerotome induction by these tissues (Fan and

Tessier-Lavigne, 1994; McMahon et al., 1998). The simple conclusion

would be that the notochord and neural tube produce Shh and Noggin

proteins, which are received by the ventral somite cells, the result of which

is that these cells turn on sclerotome markers (instructive induction). It has
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been argued however, that because manipulating in vitro culture conditions

can eliminate the need for the presence of spinal cord or notochord to elicit

somite chondrogenesis from young somites (Ellison et al., 1969; Ellison

and Lash, 1971), somites are determined early for cartilage development

and that the role of the neural tube and notochord is to permit the somite to

form the cartilage that it was already programmed to do (permissive

induction). Consistent with this hypothesis, the chick notochord and Shh

appear to be important for the survival of somite cells (Gordon and Lash,

1974; Fan et al., 1995; Teillet et al., 1998). It could be that what we

interpret as induction by the notochord (the same could be true for the

neural tube) is simply the notochord keeping already determined

sclerotome cells alive long enough, or causing enough proliferation for

them to form cartilage (George-Weinstein et al., 1988; George-Weinstein

et al., 1994; George-Weinstein et al., 1996), although it has not been ruled

out that Shh has a more direct role in Pax-1 expression.

It has also been suggested that the role of the axial tissues and/or

endo- and ectoderm is actually a mechanical one, stabilizing the cells of the

somite to allow extracellular matrix production, which then allows for

differentiation (Seno and Büyüközer, 1958; Ellison et al., 1969; Kenny

Mobbs and Thorogood, 1987), which would be another type of permissive

induction. These differing proposed mechanisms (direct effects on gene

expression, promotion of survival and mechanical stabilization) for

induction are not mutually exclusive; the induction of sclerotome or

somite chondrogenesis could be the result of the combination of all of these

mechanisms.
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One concern about any inductive event is if the defined active

concentrations of an inducing factor in an experimental situation are

relevant to the normal in vivo concentrations of these factors. In the

presence of complex extracellular matrix influences and various

antagonistic and synergistic signals, the operating concentration of a

specific growth factor in the embryonic environment is likely quite

different from that provided in an experiment. This is of particular

concern when the diffusibility of a molecule is called into question. For

example, Shh-N is conjugated to cholesterol and become membrane

anchored (Porter et al., 1996) and the Wnt family of proteins is notorious

for associating with extracellular matrix and/or membrane glycoproteins

(Smolich et al., 1993). Techniques for the in vivo measurement of

bioactive molecules are often unavailable, making it almost impossible to

make meaningful comparisons. Therefore, the reputed inducing abilities

and functions of molecules should always be considered with a dose of

skepticism.

The functional relevance of the activation or expression of induced

sclerotomal molecular markers also remains to be investigated. For

example, Pax-1 and M-twist are two genes known to be required for

correct sclerotome development, yet the exact point(s) or step(s) at which

they function within the sclerotome/cartilage developmental program are

not yet defined. Furthermore, the relevance of levels of marker expression

obtained in induction experiments to events in vivo is not clear. Thus, the

activation of Pax-1, M-twist or Pax-9 gene expression, although strongly

Suggestive that at least part of the sclerotome program is initiated, by no

means proves that the entire sclerotome program is set in motion, an idea
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borne out by the phenotypes of mouse mutants (Chiang et al., 1996;

McMahon et al., 1998) and studies on the determination of sclerotome

(Wachtler et al., 1982; Aoyama and Asamoto, 1988; Christ et al., 1992;

Aoyama, 1993; Dockter and Ordahl, 1998).

This discussion is meant to illustrate that the fundamental nature of

inductive events in sclerotome development eludes our understanding.

Very little is understood about the specific processes, both intracellular and

extracellular, that underlie the basic mechanics of sclerotome development.

While some molecular players in sclerotome induction have been

identified, clearly there are more factors and more inductive steps required

for normal sclerotome development than we currently know of.

Summary

Inductive events in the development of the sclerotome and their

possible underlying mechanisms were reviewed from the primary

literature. A brief review of morphological and anatomical aspects of

sclerotome development was given. The importance of the notochord and

neural tube in sclerotome induction and somite chondrogenesis in vivo and

in vitro was established. The functions and patterns of expression of

different sclerotome markers were discussed. Shh and Noggin were

discussed as two molecules produced by the neural tube and notochord

which appear to maintain and initiate the sclerotome respectively. While

the abilities of the axial organs and Shh and Noggin to induce sclerotome

marker expression in the somite was not disputed, the exact nature of these

inductions was discussed with regard to possible effects on gene expression,

effects on cell survival and physical effects on the cells and it was argued
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Figure 2.1 Formation of the sclerotome

(A-F) Stages of somite differentiation: 5mm transverse sections stained

with iron haematoxylin. Gaps between mesoderm and ectoderm/endoderm

are fixation artifacts. All sections are from chick embryos; the dorsal side

is toward the top of the figure. The somites are staged according to Ordahl

(1993). HH refers to the Hamburger-Hamilton staging system (Hamburger

and Hamilton, 1951). Note the changes in the sclerotome. (A) Stage II

Somite, HH stage 10 embryo. (B) Stage I somite, HH stage 14 embryo. (C)

Stage VII somite, HH stage 14 embryo. (D) Stage XII somite, HH stage 14

embryo. (E) Stage XVI somite, HH stage 14 embryo. The arrowhead

marks the growing myotome. (F) Stage XX somite, HH stage 18 embryo.

dm, dermomyotome; my, myotome; no, notochord; nt, neural tube; sc,

Sclerotome

(G) A scanning electron micrograph of a cross-fracture of a stage IX

Somite from a chick embryo at HH stage 12 of development. Viewed from

the medial side, the cells of the ventral (lower) portion of the somite are

elongate, flattened and surrounded by considerable extracellular space.

Cells of the dorsal (upper) half of the somite are columnar and closely

applied to one another.

A-F reprinted from (O'Hare, 1972c); G reprinted from (Solursh et al.,

1979). Both reprinted by permission from The Company of Biologists

Ltd.
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Figure 2.2 Axial structures are required for somite chondrogenesis in a

chorio-allantoic grafting assay.

Sections of a chick chorio-allantoic membrane after grafting of chick

donor tissues.

(A) Half a vertebra forms following transplantation of one row of somites

plus the neural tube and notochord isolated from 17–26 somite donors. X

43. (B) Vertebral cartilage fails to form when one row of somites (and

adjacent nephrotome) is isolated from the neural tube and notochord of 17

to 26 somite donors. X 39. Reprinted by permission of Wiley-Liss, Inc., a

subsidiary of John Wiley & Sons, Inc. from (Watterson et al., 1954).
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Figure 2.3 Summary of results of operations as they affect development of

the vertebral column of chick embryos Reprinted by permission of Wiley

Liss, Inc., a subsidiary of John Wiley & Sons, Inc. from (Watterson et al.,

1954).
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Figure 2.4 The neural tube has cartilage inducing abilities in vivo.

(A.) Drawing showing normal neural arches right) and a supernumerary

induced arch system (left) in an Amblystoma embryo surrounding a spinal

cord which was grafted adjacent to the normal. Note absence of notochord

in the Supernumerary system. Black, cartilage; lined area, muscle. X 33.

(B.) Transplantation of a row of chick somites (and adjacent nephrotome)

into the neurocoele of a chick embryo. Each lateral half of the host spinal

cord has reformed a closed tube. Between these two closed halves of the

host spinal cord the donor somites have formed a complete cartilaginous

septum. X 43.

A reprinted from (Detwiler and Holtzer, 1956); B reprinted from

(Watterson et al., 1954). Both reprinted by permission of Wiley-Liss, Inc.,

a subsidiary of John Wiley & Sons, Inc.
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Table 2.1

The frequency of cartilage formation in chick somites cultured with

various tissues and objects. Reprinted by permission of Academic Press

from (Lash et al., 1957).
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Negative Cartilage

Living tissues

Notochord (3 days) . . . . . . . . . . . . . 13 245

Spinal cord-ventral half (3 days) . . . . . . . . 12 240

Mesonephros (3 days). . . . . . . . . . . . . 35 7

Metanephros (12 days to post-hatching). . . . . 40 12

Adrenal (1 day post-hatching) . . . . . . . . . 20 0

Bone (14 days, femur) . . . . . . . . .
- - -

20 0.

Bone marrow (guinea pig). . . . . . . . . . . 30 O

Cartilage (10, 12 days) . . . . . . . . .
- - -

20 0

Liver (16, 17 days) . . . . . . . . . . . . . . 36 1

Lung (14, 17 days) . . . . . . . .
- - - - - - 20 1

Muscle (14 days) . . . . . . . . .
- - - - - - 20 0.

Nerve (15, 17 days, sciatic) . . . . . . . . . . 20 0
Pancreas (7, 9 days) . . . . . . . . . .

- - -
18 0

Small intestine (17 days) . . . . .
- - - - - - 21 0

Spinal cord-dorsal half (3 days) . . . . .
- - -

20 0.

Spinal ganglia (9 days) . . . . . . . . .
- - -

20 O

Fired tissues

Bone (14 days, femur, alcohol fixed) . . . . .
-

20 O

Bone (14 days, femur, frozen-thawed). . . . . . 20 0

Bone marrow (guinea pig, alcohol fixed). . . . . 30 0

Cartilage (12 days, formalin fixed) . . . . . . . 20 0

Cartilage (14 days, frozen-thawed) . . . . . . . 20 O

Cartilage (14 days, alcohol fixed) . . . . . . . 20 0

Liver (guinea pig, alcohol fixed) . . . . . . . . 20 0

Metanephros (guinea pig, alcohol fixed) . . . . . 20 0

Muscle (12 days, formalin fixed) . . . . . . . . 22 O

Nerve (15, 17 days, sciatic, formalin fixed) . . . 18 0.

Notochord (3 days, formalin fixed) . . . . . . . 21 O

Notochord (3 days, glycerinated). . . . . . .
- 22 O

Spinal cord (3 days, formalin fixed). . . . . .
- 20 O

Others

Glass beads . . . . . . . . . . . .
- - - - - 20 0

Wood . . . . . . . . . . .
- - - - - - - - 20 0

Cauterization . . . . . . . . . . . - - - - - 20 O

Somite controls (stages 17, 18, 19) . . . . . . 289 2
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Figure 2.5 Neural tube induced nodules are at a distance from the tissue;

notochord nodules are not.

(A) A 120-hour culture of stage 32 chick notochord trans-filter to mouse

somites. Hypertrophied notochord cells remain intact in vitro and are

bounded by a metachromatic sheath. Induced cartilage differentiated both

in contact with and displaced from the filter. The nodule in the latter

position (arrow) is surrounded by a perichondrium. Magnification: X200.

(B) A 120-hour culture of 9-day embryonic mouse spinal cord (ventral

half) trans-filter to mouse somites. Induced cartilage is characteristically º

displaced from the filter. Magnification: X160.
* : ,

Reprinted by permission of Academic Press from (Cooper, 1965). º
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Table 2.2 Vertebrate Pax Genes

Vertebrate Pax genes have been classified into four different groups (I-IV).

Members within a group are characterized by a specific assembly of three

structural motifs: the paired box, the homeobox and the octapeptide (OP).

Group I is formed by Pax-1 and Pax9 because neither gene has a paired

type homeobox. Group II is formed by Pax2, Pax5 and Pax8, which

contain a partial homeobox with only the first O-helix present. Group III

contains Pax3 and Pax7, which possess the complete set of motifs. Group

IV genes (Pax4 and Pax6) do not contain the octapeptide. Reprinted by

permission of Elsevier Publishing from (Dahl et al., 1997).
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Basic structure Localization Mouse mutant Human
Pax

-

Paired Homeo- syndrome
genes º: º: * Mouse Human Natural Targeted

Group I Undulated :
-

ifiria tº
2 20p11 un■ unex /Un S Not published Spina bifida (?)Paxt | N- HO-C

Pax9 12 14q12-q13. Not known Not published Not known

Group II Pax21Neu Yes(26) Renal coloboa
Pax2 19 10025 es ma syndrome

■ : N-ZHO-D- C 2 2012-q14 Not known Not known Not known

4 9p13 Not known Yes(28) Not known

Waardenbur
Group III 1 2035 Splotch Not known Syndrome |

Pax3 |N-ZHO-[ ]-c
Fax7 4 1p36.2 | Not known Yes(29) Not known

Group IV 6 7q32 Not known Yes(27) Not known

■ axº | N–IIIIIIIIH Hºc
- - --

Rax6 2 11p13 | Small eye Not known |pcºmay
*-
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Figure 2.7 Embryonic expression of various sclerotome markers.

(A,C) Cross-sections at the thoracic level of stage 22 embryos showing

Pax-1 expression (A) in almost all sclerotome cells (sc), whereas Pax-9

expression (C) is found mainly in dorso-laterally located sclerotome cells.

drm, dermomyotome: n, notochord: nt, neural tube. Bar: 100mm.

(B,D) Whole-mount in situ hybridization of Pax-1 mRNA (B) in quail and

Pax-9 (D) in chick embryos. (B) Stage 22 embryo showing Pax-1

expression in five pharyngeal pouches (I-V) and the sclerotomes.

Expression is decreased in the five most cranial sclerotomes (arrow). (D)

Stage 22 embryo. Pax-9 is strongly expressed in four pharyngeal pouches

(I-IV) and the somites of the tailbud region. More cranial sclerotomes

show Pax-9 transcripts at lower levels. Note the narrow segmental strips

in the caudal sclerotome halves. Arrows indicate Pax-9 expression in the

hindlimb bud mesenchyme and the visceral arch mesenchyme.

(E,F) M-twist mRNA expression. (E) Transverse section of a 9.5 days

p.c. mouse embryo showing M-twist expression in the sclerotome. (F) 12

post-coitum (p.c.) mouse embryo. Labeling is seen in the superficial

mesenchyme of the developing face, the lingua, the skin and the ventral

part of the vertebrae.

(G,H) Scleraxis mRNA expression. (G) Expression in the sclerotome of a

day 12.5 p.c. mouse embryo, transverse section. Transcripts can be seen

throughout the sclerotome and limb buds, as well as in the body wall and

trachea. fl, forelimb bud; h, heart; hl, hindlimb bud; n, neural tube; t,

trachea. (H) Parasaggital section of day 12.5 p.c. mouse embryo showing
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expression in the intervertebral discs (id), chest wall (cw), diaphragm (d),

hind paw (hp), heart valves (hv), mandible (mn), pelvis, (p) and tongue (t).

A-D reprinted from (Müller et al., 1996); E,F reprinted from (Wolf et al.,

1991); both reprinted by permission of Academic Press. G,H reprinted by

permission of The Company of Biologists Ltd. from (Cserjesi et al., 1995).
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Figure 2.8 Shh can induce sclerotome marker expression.

Mouse presomitic mesoderm explants (psm) were placed in collagen gels

with aggregates of COS cells that had been transfected with control or Shh

expression constructs and were cultured for 24 hr. Expression of Pax-1

(A-D) and M-twist (E-H) was assessed in presomitic mesoderm explants

cultured wth COS cells (outlined by dots) transfected with a control

construct (A, C,E, and G) or a Shh expression construct (B, D, F, and H),

either in direct contact (A, B, E, and F) or separated (C, D, G, and H)

from the COS cells by a nucleopore filter (f) (which sometimes became

separated from tissues during sectioning). In (A), (B), (E), and (F), two

explants of presomitic mesoderm were cocultured with the COS cells. In

(C,D,G, and H), one (C, G, and H) or two (D) explants of presomitic

mesoderm were placed across the membrane from the COS cells. Note the

spurious hybridization of both probes to the COS cells.

Reprinted by permission of Cell Press from (Fan and Tessier-Lavigne,

1994).
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Figure 2.9 An in vivo assay for sclerotome determination.

(A) Schematic representation of the experimental design of the dorsal

challenge assay for sclerotome determination. All embryos are represented

as cross-sections. A sclerotome fragment (boxed area) is removed from a

quail donor embryo. The donor sclerotome fragment is then placed into an

ED2 chick host, underneath the ectoderm and between the neural tube and

the stage I somite. The ectoderm heals over the graft which is now in a

dorsal signaling environment. The chimeric embryos are allowed to

develop for various periods of time and the differentiated phenotype of the

quail cells is analyzed.

dm, dermomyotome; ec, ectoderm; my, myotome; no, notochord; nt,

neural tube; sc, sclerotome

(B) Camera lucida drawing and low power view (5x objective view) of a

cross-section of a Feulgen stained chimeric chick embryo harvested at

ED12, 10 days post-grafting of a quail somite stage XX sclerotome

fragment underneath the ectoderm, between the neural tube and stage I

Somite of an ED2 chick host. The operated side is the left side; note that the

operated and unoperated sides are morphologically indistinguishable. The

boxes delineate areas containing quail nucleoli shown at greater

magnification in panels i, ii and iii.

ao, aorta; ca, cartilaginous vertebra; dp, dermal papilla; drg, dorsal root

ganglion; ec, ectoderm; mu, muscle; no, notochord; nt, neural tube; scg,

Sympathetic chain ganglion; Sn, spinal nerve; sp, scapula; tp, transverse

process

-º-º:
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(i-iii) High power (100x objective) views of a dermal papilla (i), muscle

fibers (ii) and vertebral cartilage (iii). The darkly staining quail nucleoli

can be seen fully integrated into each of these tissues and intermingled with

host chick nuclei. Black arrows mark quail nucleoli; white arrows mark

chick nuclei.

Reprinted with permission from (Dockter and Ordahl, 1998).
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Figure 2.10 A model of interactions in dorsal-ventral patterning of the

somite.

A schematic cross-section of a representative chick embryo somite.

Arrows indicate positive inductions, while lines with bars represent

inhibitory actions. Dorsal is at the top of the figure. The ectoderm is

known to promote dermomyotome formation, but the nature of the

signal(s) is unknown (?). BMPs produced in the dorsal neural tube induce

Wnts in the dorsal neural tube which act upon the dorsal lip of the

dermomyotome to induce Wnt-11, which then acts to promote myotome

formation (grey arrow). BMPs are known to inhibit myogenesis, but

Noggin produced by the dorsal dermomyotome lip is thought to block that

inhibition. Wnts (probably from the neural tube) also appear to inhibit

sclerotome formation. The floor plate of the neural tube and the

notochord produce Sonic hedgehog (Shh), which promotes myotome

formation and inhibits dermomyotome. Together with Noggin produced

by the notochord, Shh promotes sclerotome and may counteract Wnts and

BMPs that would inhibit sclerotome formation. The embryonic source of

sclerotome inhibiting BMPs has not been determined.

This figure was compiled from data in: (Münsterberg et al., 1995;

Pourquié et al., 1996; Fan et al., 1997; Marcelle et al., 1997; Capedevila et

al., 1998; Reshef et al., 1998)

Dm, dermomyotome; Ec, ectoderm; My, myotome, Nc, notochord; Nt,

neural tube; Sc, sclerotome.
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Chapter 3

Determination of the Sclerotome to the Cartilage Fate
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Summary

When the somite first forms, the cells appear to be equivalent in

potential. In order to understand the lineage diversification of the somite,

the determination of sclerotome cells to the cartilage fate was tested using

an in vivo challenge assay in which quail sclerotome fragments were

grafted into a dorsal position in a chick host. Grafts containing

undetermined cells were expected to differentiate into other tissues while

grafts containing determined chondrocyte precursors were expected to

consistently give rise to cartilage. We found that grafted sclerotome

fragments from somite stages V-XX were capable of giving rise to

integrated muscle and dermis and that it was not until fragments from stage

XII somites were grafted that cartilage was consistently produced in the

assay. Sclerotomal tissue from embryonic day 4-6 embryos remained as

morphologically unintegrated mesenchyme when grafted into an embryonic

day 2 host, but formed only cartilage when placed into an identically aged

host. Vertebral body cartilage from embryonic day 7 and embryonic day 8

embryos formed exclusively ectopic cartilage in an embryonic day 2 host.

We conclude that cells determined to the cartilage fate do not appear until

somite stage XII, but that not all sclerotome cells are determined at this

time. The effect of host age on the differentiation and morphogenetic

behavior of sclerotome fragment grafts in this assay indicate the existence

of developmental eras within the embryo.
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Introduction

The embryonic precursors of three diverse cellular lineages are

contained within the somite; skeletal muscle, dermis of the back, and

cartilage of the vertebrae and ribs. Somites are paired, segmented

structures which form at regular intervals in a cranial to caudal manner off

of mesodermal strips (paraxial mesoderm) lying on both sides of the neural

tube. The newly formed somite is an epithelial sphere, but complex

morphological changes occur as the somite matures. First, cells of the

ventral somite delaminate from the epithelium to form the mesenchymal

sclerotome, which gives rise to the cartilage lineage (Christ and Wilting,

1992). The remaining epithelium, the dermomyotome, gives rise to the

dermal lineage, to the skeletal muscle cells of the hypaxial domain, and to a

structure called the myotome which is formed between the dermomyotome

and the sclerotome, and gives rise to the epaxial skeletal muscle (Christ et

al., 1974; Ordahl and Le Douarin, 1992; Denetclaw et al., 1997).

The cells of the most newly formed somite (designated as the stage I

somite, Ordahl, 1993). are believed to be developmentally equivalent.

Rotation of the dorso-ventral axis of a stage I somite (or a stage II somite:

the next oldest somite located craniad) does not affect the relative positions

of myotome and sclerotomal tissue (Aoyama and Asamoto, 1988).

Furthermore, when the ventral portions of a stage I somite (prospective

Sclerotome) are transplanted dorsally they give rise to dermomyotome and

myotome (Christ et al., 1992; Aoyama, 1993). Thus, the prospective

cartilage fate of the ventral cells in the newly formed somite must become

fixed or "determined" at some point after somite stage II.
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The time at which sclerotome cells become committed or determined

to the cartilage fate is unknown. Aoyama and Asamoto showed that dorso

ventral rotation of stage III somites yields an "inverted" pattern of somite

development 24 hours later; a normally oriented dermomyotome and

myotome with dorsally-located mesenchyme (Aoyama and Asamoto, 1988).

The presence of this mesenchyme dorsally was interpreted to be ectopic

Sclerotome that developed in a dorsal position owing to the determination

of the sclerotome cells. However, no further assessment of the

differentiation of this mesenchyme was made to determine, for example, if

these cells went on to express cartilage marker proteins or to form

cartilage tissue.

In order to more fully understand the diversification of the lineages

within the somite we chose to examine the determination of the sclerotome

over time. Determination has traditionally been assayed by removing a test

tissue from its normal environment and placing it into a foreign

environment to assess whether the displaced cells would continue to

develop into the fated tissue (Slack, 1983). A challenge assay for

determination differs in that the embryonic tissue is transplanted from its

normal position into a new position (or environment) in the embryo, one

that has previously been shown to support (or induce) the test fragment to

differentiate into an alternative cellular/tissue phenotype. The acquisition

of resistance by the embryonic tissue to alter its differentiation pathway,

and its tendency to continue differentiating according to its original fate,

are indices of its determination. A notochord challenge assay was recently

used to assess the determination of somitic precursors to the myotome

(Williams and Ordahl, 1997). Here we describe a dorsal challenge assay
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that was developed to test the determination state of sclerotome in vivo by

transplanting fragments of this ventral, cartilage-fated somite tissue into a

dorsal, muscle- and dermis-forming environment. In the dorsal challenge

assay, undetermined cells are expected to respond to the new environment

by contributing to muscle and/or dermis, while determined cells are

expected to be resistant to the new environment and go on to form

cartilage. The results of these experiments indicate that determination is a

relatively late event in sclerotome development, both in terms of cellular

phenotype and tissue morphogenesis.

Materials and Methods

Somite and embryo staging

Somites were staged according to Ordahl (Ordahl, 1993). The most

newly formed caudal somite is at stage I; the older somites are

progressively designated by increasing roman numeral values. Embryos

were staged according to Hamburger-Hamilton (HH) (Hamburger and

Hamilton, 1951).

Sclerotome grafts

White leghorn chicken (Gallus gallus domesticus) (Western Scientific

Product, Sacramento, CA and Petaluma Farms, Petaluma, CA) and

Japanese quail (Coturnix coturnix japonica) (Strickland Quail Farm,

Pooler, GA) eggs were incubated at 37.6 C in a forced-draft incubator.

Quail donor embryos were poured from the egg into a bowl containing

Tyrode's salts (Sigma). The embryo was cut from the yolk with
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iridectomy scissors (Fine Science Tools) and pinned ventral side up in a

glass dish coated with black Sylgard. Under a dissecting microscope,

endoderm, and in some cases, neural tube and notochord, were removed

with electrochemically sharpened tungsten microscalpels. The sclerotome

was then dissected out using tungsten microscalpels and placed in a drop of

Tyrode's salts containing 5% fetal calf serum until grafting (15 minutes -1

hour). In the case of embryonic day (ED) 4 or ED5 sclerotome fragments

to be placed into age-matched hosts, a Nile blue sulfate permeated agarose

chip was placed on the sclerotome tissue for a few seconds to lightly stain

the tissue before removal (Hamburger, 1966).

Vertebral body cartilage from ED7 and ED8 quail was obtained by

dissecting out the vertebral column. Individual vertebrae were dissected

apart and the neural arches, neural tube, notochord, adhering muscle and

nerve tissue were removed with forceps and/or tungsten microscalpels.

The vertebrae were then incubated in a solution of collagenase type II

(Sigma)/pancreatin (BRL) in Tyrode's salts at room temperature for 15-20

minutes and triturated to remove any remaining soft tissue. The remaining

vertebral body was dissected into small fragments for grafting using

forceps and microscalpels.

ED2-ED3 chick hosts were opened by cutting out a small circle of

eggshell. Ink (Pelikan black no. 17) was injected under the blastoderm for

visualization of the embryo using a drawn-out microcapillary tube and

mouth pipetting. After cutting open the Vitelline membrane, a slit was

made in the ectoderm with a tungsten microscalpel and the quail sclerotome

placed underneath the ectoderm, between somite I and the neural tube (Fig.

3.1). Eggs were sealed and put back into the incubator until harvest.

:*--
º

º

2

:

98



In the case of ED4 or ED5 chick hosts, the host was opened, but no

ink was injected underneath it; the vitelline and chorionic membranes were

incised in the thoracic region with a tungsten microscalpel and a small slit

was made in the dorsal ectoderm in the thoracic region of the embryo.

The graft was held at the end of a micropipette by gentle mouth suction and

the pipette was inserted through the ectoderm slit and along the neural tube

until the graft was in the brachial region of the embryo. The suction was

then released and the pipette withdrawn, leaving the blue stained graft

visible underneath the ectoderm of the host. Eggs were sealed with tape

and returned to the incubator.

In general, early and intermediate stage (stage V-stage XI and stage

XII-stage XX) sclerotome fragments were taken from cervical and brachial

levels, while late stage sclerotome fragments and vertebral body grafts

(ED4-ED8) were from thoracic levels. The fragments were taken from

medial sclerotome and contained both cranial and caudal sclerotome cells.

Histology

Chimeric embryos were harvested at either 4, 8 or 10 days post

surgery, placed into Carnoy’s fix and embedded in paraffin. Seven micron

sections were cut on a rotary microtome and stained with the Feulgen

reaction to visualize quail nucleoli (Le Douarin, 1973b). For embryos

evaluated with antibody staining, adjacent sections were placed on slides

and analyzed with the Feulgen stain, with anti-myosin (MF20, Bader et al.,

1982; Developmental Studies Hybridoma Bank) and/or with anti-collagen

type II (II-II6B3, Linsenmayer and Hendrix, 1980; Developmental Studies

Hybridoma Bank). Sections stained with anti-collagen type II were treated

2.

2
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with 4000 u/ml of hyaluronidase (Sigma) for 20 minutes at 37°C prior to

incubation with the primary antibody. A biotinylated anti-mouse

secondary antibody (Vector Laboratories), a streptavidin/alkaline

phosphatase conjugated tertiary molecule (Vector Laboratories), and an

NBT/BCIP color reaction were used to visualize the staining pattern. Some

Feulgen stained sections were subsequently stained with the 13F4 muscle

specific monoclonal antibody (Rong et al., 1987; Developmental Studies

Hybridoma Bank) or with the anti-collagen type II antibody. A

biotinylated anti-mouse secondary antibody (Vector Laboratories), a

streptavidin/fluorescein conjugated tertiary molecule (Amersham) and

fluorescence microscopy were used to visualize the staining pattern.

In situ hybridization

Chimeric embryos were harvested at either 24, 48 or 72 hours post

grafting and adjacent sections were cut. One set of sections was stained by

the Feulgen reaction to visualize the grafted quail cells. The corresponding

sections were processed for in situ hybridization as previously described

(Frohman et al., 1990) and hybridized with 35S labeled cKNA probes:

chick Pax-3, a 336 bp EcoRV/BamhI fragment (Goulding et al., 1991);

chick MyoD, a 622 bp Pvu■ I/EcoRI fragment (Lin et al., 1989) and mouse

Pax-1, a 313 bp HincII/SacI fragment (Deutsch et al., 1988). Sections were

exposed for 7-14 days and counter-stained with hematoxylin-eosin.

Hybridization patterns were analyzed using dark-field microscopy.

!
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Quality of donor tissue removal

To ensure that only sclerotome tissue was removed for transplant,

some quail embryos were fixed and embedded immediately after

Sclerotome dissection. Alternate sections of these embryos were stained

with the Feulgen stain and the MF-20 anti-myosin antibody. In the

embryos examined (n=2), the myotome on the operated side was

completely intact, indicating that myotome or dermomyotome tissues were

not being transplanted along with sclerotome tissue (Fig. 3.2).

Microscopy

All microscopy (bright-field, dark-field and fluorescence) was

performed on a Zeiss Axiophot microscope. Images were acquired using a

DEI 470 Optronics CCD camera system and a RasterOps frame capture

board. Images were imported by a plug-in module directly into Adobe

Photoshop 3.5.

Results

Experimental design

The determination state of sclerotome at various developmental time

points was analyzed by transplanting sclerotome fragments from quail

embryos beneath the skin ectoderm of chick host embryos between the

neural tube and the stage I somite (Fig. 3.1) an environment where muscle

and dermis normally develop. After surgery, chimeric embryos were

sacrificed after incubation for various periods of time and quail cells were

identified in cross-sections by the Feulgen reaction which yields a

distinctive magenta-colored nucleolus in quail cells (see Fig. 3.3C,D,E for
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example) The presence of quail nucleoli in muscle, dermis or cartilage

cells or their somitic primordia (myotome, dermotomal mesenchyme and

sclerotome) were scored as shown in Table 3.1. The differentiation

capacity of donor fragments was found to vary according to the

developmental stage of the somite from which they were derived as

detailed below.

Early stage sclerotomes (somite stages V-XI)

Thirty-five chimeric embryos containing sclerotome fragments from

stage V-XI somites (ED2 donor) grafted into ED2 hosts were analyzed

after either 4, 8 or 10 days of post-surgical incubation. The later time

points were taken to ensure that cells found in somite derived tissues after 4

days would continue to be present in the corresponding older,

differentiated tissues. The results are pooled in Table 3.1 and were not

dependent upon the time of harvest. Quail cells contributed to all three

tissue types (17 cases), muscle and dermis (11 cases), dermis alone (5 cases)

or cartilage and dermis (2 cases). Figure 3.3 shows a typical result in

which quail nucleoli were found to be present in cells of the dermotomal

mesenchyme, myotome and the sclerotome (Fig. 3.3C,D,E). In

approximately one half of the cases quail cells were absent in cartilage

despite their origin in the sclerotomal compartment of early staged somites

(Table 3.1).

Cells containing quail nucleoli on the operated side were fully

intermingled with host chick cells and there was no apparent disruption of

host structures on the operated as compared to the unoperated side. (Fig.

3.3B) Although initially transplanted in the dorsal region, cells containing
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quail nucleoli were also found in more ventral positions, and in some cases

were in close proximity to the notochord (data not shown). There was no

correlation between the final dorso-ventral position of the graft and the

tissues contributed to by the graft. Quail nucleoli were never found in cells

on the unoperated side of these or any of the chimeric embryos of this

study.

Intermediate stage sclerotomes (XII-XX, ED3.5)

Sclerotome grafts into ED2 hosts from somite stages XII-XX always

contributed to muscle, cartilage and dermis (Table 3.1, n=14). Grafts of

Sclerotome fragments from ED3.5 embryos (Hamburger-Hamilton stage

21) contributed to all three tissues in one case and to muscle and dermis

only in two cases. Chimeras were harvested after either 4, 8 or 10 days of

post-surgical incubation and the results were independent of the harvest

time. Figure 3.4 shows the result of a sclerotome fragment graft from

stage XX somite which was allowed to develop 10 days post-grafting (to

ED12). Quail nucleoli can be distinguished in differentiated, somite

derived tissues: dermal papilli of feather germs, muscle fibers and in the

neural arch portion of the cartilaginous vertebra. (Fig. 3.4C,D,E). As in

early stage sclerotome grafts, cells bearing quail nucleoli were

intermingled with host chick cells in anatomical structures that were

morphologically identical to those on the unoperated side.

Sclerotome fragments from stage XV to XX somites were taken

from HH stage 18 embryos (ED3). Chimeric embryos harvested at ED10

or ED12 which contained fragments from ED3 donors frequently had

patches of black feathers on the skin overlying the operated area (the host

*
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chicken embryo strain ordinarily produces white feathers), consistent with

the presence of quail derived melanocytes. Due to the pigment contained in

these cells, the presence of quail nucleoli in the melanocytes could not be

definitively ascertained. Quail nucleoli could also be found in other neural

crest derived tissues such as dorsal root ganglia, sympathetic chain ganglia

and spinal nerves (data not shown). No quail nucleoli were detectable in

neural crest derivatives of chimeras containing sclerotome fragments from

any other age donor.

Neural crest cells are known to be migrating through the sclerotome

at ED2 and at HH stage 18 (Bronner-Fraser, 1986; Serbedzija et al., 1989).

Chimeras containing ED2 donor fragments did not have detectable quail

nucleoli in neural crest derivatives, indicating that these cells possibly

either died, converted phenotype or that there were so few cells in those

structures that they could not be detected by the Feulgen method. In

contrast, the apparent presence of quail melanocytes and the presence of

quail nucleoli in neural crest derived tissues in chimeras containing HH

stage 18 donor fragments indicates that neural crest cells were carried with

the fragment in these grafts and that these cells were able to survive, adopt

the dorsal phenotype of melanocyte (despite their ventral origin) and other

neural crest phenotypes as well.

Late stage sclerotomes (ED4-ED6)

Nineteen grafts of sclerotomal tissue fragments from ED4, ED5 and

ED6 embryos into ED2 hosts were performed (Table 3.1); these chimeras

were harvested after 4 days post-surgical incubation. In only one of

nineteen chimeric embryos were quail nucleoli found within
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morphologically distinct muscle and dermis tissues. In the other eighteen

embryos of this series quail nucleoli were present in a separate mass of

unorganized, loose mesenchyme that was separate from surrounding host

tissues (Fig. 3.5A,B). Host tissues were always disrupted in the vicinity of

the graft region. Individual quail cells were morphologically

indistinguishable from surrounding chick mesenchymal fibroblasts and

expressed neither myosin nor type II collagen (Fig. 3.5C,D).

A hypothesis to explain these results is that the environment of an

ED2 embryo is different from that of an ED4-ED6 embryo and is

incapable of supporting the development of grafts from these ages. To test

this hypothesis, grafts of ED4 or ED5 quail sclerotomal fragments were

grafted into a dorsal position, underneath the ectoderm and between the

neural tube and the myotome of a brachial level somite, in age-matched

chick hosts and sacrificed after 4 days of post-surgical incubation. One

ED5 and three ED4 graft experiments were performed. In all

experiments, quail nucleoli were found only in cartilaginous structures and

not in any mesenchymal populations (Fig. 3.6). In one experiment the

cartilage was ectopic; the other three grafts integrated into normal host

cartilage. The morphology of normal host structures was not disturbed.

As a control to ensure that the dorsal environment of an ED4 chick

is capable of supporting muscle differentiation, identical grafts into ED4

chick hosts were performed, however somite stage X-XV dermomyotome

fragments from wing-level quail somites were grafted instead of

Sclerotome fragments. In three out of three chimeric embryos harvested 4

days post-surgery, quail nucleoli were found only in dermis and muscle
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tissue and not in cartilage. The morphology of host structures was normal

(data not shown).

Vertebral cartilage grafts (ED7-ED8)

By ED7 the sclerotome cells have laid down extensive extracellular

matrix material and have formed the basic cartilaginous model of the

vertebrae with the vertebral body cartilage in a more advanced state of

differentiation than the neural arch cartilage (Shapiro, 1992). Grafts of

vertebral body cartilage fragments from ED7 and ED8 quail embryos into

ED2 chick hosts (harvested at ED6) remained as ectopic cartilage in all

cases (Fig. 3.7A). The ectopic cartilage nodules formed by ED7 fragments

were similar in appearance to vertebral cartilage in an unoperated ED11

quail embryo in terms of: i. the spacing of the cells, ii. the appearance of

matrix and iii. the thickness of the perichondrium, the latter being a

boundary layer between the quail cells and surrounding chick cells (Fig.

3.7B). Expression of type II collagen in the nodule was confirmed using

antibody staining (Fig. 3.7C). No chick nuclei were found within the quail

derived cartilage nodule and no quail nucleoli were found outside the

nodule. Nodules formed by ED8 vertebral body grafts contained

discernible matrix, but very few cells and no perichondrium. (data not

shown).

Gene expression after grafting

To examine changes in gene expression, hosts (which were at ED2 at

the time of grafting) bearing early or intermediate stage sclerotome

fragments were harvested at 24 and 48 hours post-grafting and probed for

2.
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the expression of Pax-1, Pax-3 and MyoD mRNAs by in situ hybridization

(Fig. 3.8 and Table 3.2). Pax-1 is a sclerotome marker initially expressed

throughout the sclerotome, with its later expression restricted to

perichordal cells and the intervertebral discs (Deutsch et al., 1988;

Ebensperger et al., 1995; Borycki et al., 1997). Based upon these studies

all of the grafts should have been expressing Pax-1 at the time of

transplantation. Pax-3 is a dermomyotome marker initially expressed in

the segmental plate, becoming restricted to the entire dermomyotome and

then to the lateral half of the dermomyotome and the migratory muscle

precursors of the limb (Williams and Ordahl, 1994). MyoD is the first of

the group of helix-loop-helix transcription factors called the myogenic

determination factors (MDFs) to be expressed in the quail and can be seen

in the medial portion of a stage II somite (Pownall and Emerson, 1992).

As the somite matures, MyoD expression becomes restricted to the

myotome and the dorsal medial lip of the dermomyotome (Williams and

Ordahl, 1994).

As summarized in Table 3.2, gene expression in grafted fragments

did not depend upon whether the sclerotome graft was from an early or an

intermediate stage somite. None of the grafts detectably expressed Pax-1,

Pax-3 or MyoD mRNAs at either 24 or 48 hours post-grafting (Fig. 3.8A

D and E-H). There was one exception: In one case the grafted cells in one

24 hour embryo clearly expressed Pax-1 (data not shown). In all embryos

harvested at 24 or 48 hours post-grafting expression of these genes in host

tissues was not altered (Fig. 3.8B-D, F-H).

Four embryos containing early or intermediate stage sclerotome

fragments grafted into an ED2 host were evaluated at 72 hours post
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grafting for expression of MyoD mRNA by in situ hybridization and for

expression of myosin heavy chain protein by immunohistochemistry. (Fig.

3.81-M) The results obtained fell into two categories. In two embryos, the

majority of quail nucleoli were found in dermal mesenchyme that was

negative for MyoD mRNA and myosin protein (data not shown). The

anatomy of host structures was not disturbed and the expression of MyoD

and myosin in host tissues was not altered. The few quail nucleoli that

could be distinguished in the host myotome appeared to express MyoD

mRNA and myosin protein although single cell resolution was not possible.

Quail nucleoli in the two remaining embryos were found in large,

loose mesenchymal structures that spanned the upper two-thirds of the

dorsal-ventral length of the normal somite domain (Fig. 3.8I). Host

anatomy and gene expression were severely disrupted on the operated, but

not the unoperated side (Fig. 3.8L,M). As the sections advanced through

the grafted region, quail nucleoli were initially detected only in dorsal

mesenchyme and then more ventral, with host myotome steadily replaced

by quail cells. In sections containing the greatest number of quail nucleoli,

little or no host myotome could be detected, either morphologically or by

marker expression. The grafted cells formed a subtle arc of tissue which

was similar in position and length to a myotome, but never formed an

anatomically distinguishable myotomal structure nor did they ever express

MyoD mRNA or myosin protein (Fig. 3.8J,K).

Since expression of a muscle marker by grafted quail sclerotome

fragments could not be detected in time points up to 72 hours after

grafting, but grafted nucleoli could be detected morphologically in

myotome or muscle tissue in later harvest time points we wished to
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confirm expression of muscle proteins by grafted cells at these later time

points. Three embryos, two harvested 4 days and one harvested 8 days

post-grafting of early or intermediate stage sclerotome fragments into an

ED2 host, which had been initially analyzed with the Feulgen stain were

subsequently analyzed by fluorescent immunohistochemistry with 13F4, a

monoclonal antibody which marks all types of muscle at both early and

differentiated stages and which was known to be capable of reacting with

Feulgen stained tissue. In all three embryos, quail nucleoli observed within

the myotome or muscle fibers of the host bound the 13F4 antibody,

indicating that these cells were differentiated muscle, presumably skeletal

muscle. Figure 3.9 shows a typical result of these experiments in which a

Somite stage VI sclerotome fragment was grafted into a dorsal position in

an ED2 host and was harvested 4 days post-grafting. The bright

fluorescent staining was confined to the myotome area (Fig. 3.9B); quail

nucleoli present in the myotome were stained (Fig. 3.9C,D), while quail

nucleoli present in the dermotomal mesenchyme were not.

Discussion

Determination in early and intermediate stage sclerotome

Fate mapping experiments show that the sclerotome will give rise to

the cartilage models of the vertebrae and ribs (Christ and Wilting, 1992).

The experiments reported here show that despite this ultimate fate, a

significant fraction of the cells within the sclerotome retain

multipotentiality (i.e. potential for dermis and muscle) until relatively late

stages of sclerotome development. For the purposes of this assay, we

define determined sclerotome cells as those that would form cartilage
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despite being transplanted into a dorsal, muscle- and dermis-promoting

environment. Sclerotome fragments from early somite stages (V-XI) gave

rise to cartilage in only approximately 50% of embryos examined, while

muscle and/or dermis tissue resulted in 100% of these cases. Only

Sclerotome fragments from stage XII to stage XX somites consistently gave

rise to cartilage, consistent with the presence of determined chondrogenic

precursor cells. Nevertheless, stage XII to XX sclerotome fragments also

frequently gave rise to muscle and dermis indicating that undetermined,

multipotent precursor cells are retained in the sclerotome even at these

relatively late stages of somite development. We cannot rule out the

possibility that determined chondrogenic precursors exist in the sclerotome

earlier than stage XII but, if present, such precursors do not give rise to

cartilage in 100% of transplanted cases. However, by somite stage XII

determined chondrogenic precursor cells begin to appear within the somite

sclerotome.

The diversity of progenitor cells within the sclerotome cannot be

deduced from these experiments. The sclerotome could be comprised of

either multipotential precursors or a mixture of determined chondrocyte,

muscle and dermis precursors, or both. Previous work indicates that

committed muscle and cartilage precursors may be present in the chick

embryo as early as the epiblast stage (George-Weinstein et al., 1996).

Multipotential precursors would give rise to all three phenotypes in

challenge grafts from young somite stages, with cartilage becoming the

predominant phenotype as the cells' potential became restricted over time.

Muscle and dermis determined precursors contained within the sclerotome

would survive in the challenge environment, but would presumably fail to
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thrive in the sclerotome in situ due to lack of a survival factor or by active

killing of these cells by an environmental factor. Very young chondrocyte

precursors may not survive in the challenge environment, possibly

explaining the ability of early somite stage sclerotome grafts to give rise to

only muscle and dermis.

Determination in early whole somites versus early sclerotome

jragments

These results are consistent with earlier work demonstrating the

ability of either the ventral half, or a piece of the ventral half, of a stage I

somite to contribute to dermomyotome and myotome when placed dorsally

(Christ et al., 1992; Aoyama, 1993) and with experiments grafting the

ventral halves of somites older than stage I into the limb bud (Wachtler et

al., 1982). They are in contrast however with prior experiments involving

inversion of whole somites on the dorsal-ventral axis, which indicated that

Sclerotomal fate was fixed by somite stage III (Aoyama and Asamoto,

1988) (and see Introduction). According to this interpretation, sclerotome

cells have lost multipotency before they have delaminated from the

epithelial somite, a conclusion not supported by the results presented here

and outlined above.

There are at least two important differences between the previous,

somite rotation experiments, and those reported here. The first is that by

transplanting somite fragments, as opposed to rotating whole somites, the

experiments reported here disrupted the integrity of the somite. The

importance of somite integrity is unknown but could act to help maintain

the fates of the sclerotome and dermomyotome. Freeing the sclerotome
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from its normal contacts with the other regions of the somite, and/or with

Surrounding tissues (notochord and aorta, for examples) may allow it to

show a wider range of potential in the dorsal challenge environment.

A second major difference between the present and the previous

studies is that in the latter the dorsal mesenchyme observed from rotation

of stage III somites was not allowed to develop beyond 24 hours post

Surgery, which is not long enough for the chondrogenic phenotype to

differentiate. In the present study, when examined at 24 hours post-graft,

sclerotome fragments from early or intermediate stage somites grafted

dorsally had formed a loose mesenchyme that superficially resembled

"sclerotome". Nevertheless, that mesenchyme was negative for expression

of Pax-1, an established sclerotomal marker gene, even though at the time

of transplant the sclerotome fragments were Pax-1 positive. The dorsally

located mesenchyme cells were also negative for the early muscle markers

Pax-3 and MyoD at 24 hours. By 4 days post-surgery, however, cells from

these grafted sclerotome fragments could be detected in organized

cartilage, muscle and dermal tissues both by morphological and marker

analysis. Thus, the ultimate differentiated phenotype of the mesenchymal

cells formed by the graft could not be accurately ascertained at 24 hours

post-graft, and this may also be true for the dorso-lateral mesenchyme

formed by dorso-ventral inversion of a whole stage III somite.

Determination in older sclerotome and vertebral cartilage

Based upon the results with early and intermediate aged sclerotome,

it was expected that grafts of sclerotome from older somites would

consistently give rise to cartilage. Surprisingly, however, grafts of
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Sclerotome fragments from ED4-ED6 embryos into ED2 hosts formed a

Separate mesenchyme that never differentiated into any recognizable tissue

type. By contrast, sclerotome grafts from ED4-ED6 grafted into an

identically aged host gave rise to only cartilage, and never muscle or

dermis. Dermomyotome fragments grafted into ED4 hosts gave rise only

to muscle and dermis, indicating that the dorsal environment of an ED4

chick host is capable of supporting differentiation of these tissues. Because

the ED4 dorsal environment can support muscle development, the exclusive

formation of cartilage by ED4 sclerotome indicates that this tissue is fully

determined and no longer contains pluripotent cells.

Grafts of cartilage fragments from ED7-ED8 vertebral bodies

(which have previously been shown to be derived from the ventral

Sclerotome, (Christ and Wilting, 1992) remained as cartilage after

transplantation into ED2 hosts. This result is also consistent with the

conclusion that determined chondrogenic precursor cells are established by

ED4 as stated above. In contrast to grafts of earlier sclerotomal fragments,

which integrated into the host tissues whether cartilage, muscle or dermis,

the cartilage nodules formed by ED7-ED8 grafts were ectopic and were

not integrated into the host cartilaginous structures.

Morphogenetic integration

Conclusions about the morphogenetic abilities of sclerotome can also

be made from the results of the dorsal challenge assay. First, sclerotome

appears to remain morphogenetically plastic even after cell type

determination for sclerotome fragments has occurred (Table 3.3). ED2

ED3 sclerotome fragment grafts were found to be undetermined with
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regard to cell type (see above) and are interpreted to be plastic with regard

to morphogenesis, as demonstrated by the ability of these grafts to integrate

completely into the normal morphology of ED2 host tissues. However,

ED4 sclerotome, which is cell type determined by the criterion of the

dorsal challenge assay, is morphogenetically plastic, as shown by its ability

to integrate when grafted homochronically. By ED7, the grafts have lost

morphogenetic plasticity, as evidenced by their formation of ectopic

nodules in an ED2 host.

Second, there appears to be a link between the ability of grafts to

differentiate and their ability to morphogenetically integrate. Grafts that

differentiated into a recognizable cell type in the dorsal challenge assay

(ED2-ED3 sclerotome into ED2 hosts and ED4-ED5 sclerotome into ED4

hosts) also morphogenetically integrated. However, ED4 sclerotome

grafted into an ED2 host neither differentiated nor morphogenetically

integrated. Grafts of tissue already undergoing differentiation (ED7-ED8

grafts) have presumably already received these cues before transplantation

and simply continue in their development.

Molecular expression and signaling

Formation of cartilage tissue by sclerotome appears to be a result of

their position within the embryo and not of cell autonomous processes (see

also above discussion of progenitor cell diversity). If the sclerotome was

already determined to form cartilage by the time the cells had delaminated

from the epithelial somite, then changing its location within the embryo

(thus exposing it to non-cartilage tissue forming signals) should not have

changed the cell types that the graft formed. The results presented here
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however, demonstrate that some sclerotome cells retain the ability to

respond to muscle and dermis forming signals long after delamination.

Therefore sclerotome cells, which do not form muscle and dermis in their

normal embryonic position, probably form cartilage because they are in a

position in the embryo that initially prevents them from receiving or

responding to signals to do otherwise. They do not appear to require this

protection from outside influences once they have produced a large amount

of matrix, since vertebral body grafts from ED7 and ED8 were capable of

remaining true to fate in the challenge environment.

The role of the notochord as an inducer of sclerotome formation

from somites and an inducer of cartilage formation by sclerotome has been

supported by many experiments (Watterson et al., 1954; Lash et al., 1957;

Cooper, 1965; Brand-Saberi et al., 1993; Pourquié et al., 1993; Fan and

Tessier-Lavigne, 1994). The notochord-produced factor most implicated

in sclerotome development is sonic hedgehog, although its exact role is

unclear. Exposure to sonic hedgehog has been demonstrated to be

sufficient to cause segmental plate mesoderm in vitro to express Pax-1 (Fan

and Tessier-Lavigne, 1994) and to cause ectopic Pax-1 expression in vivo

(Johnson et al., 1994), although the experiments presented in this paper

demonstrate that Pax-1 expression is not sufficient to commit sclerotome to

cartilage differentiation (see below). The sonic hedgehog gene has been

knocked out in mice; homozygote null embryos briefly express Pax-1 in

the sclerotomal region, suggesting that sonic hedgehog expression is not

necessary to initiate sclerotome formation (Chiang et al., 1996). Prolonged

expression of sonic hedgehog appears to be necessary however for

subsequent sclerotome development, as these embryos lack a vertebral
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column, indicating a failure of the sclerotome to form cartilaginous

structures, except for 5 or 6 ribs. Whether this is a proliferative effect

(Fan et al., 1995), a survival effect or an effect on determination is not

known. It is interesting to note that sonic hedgehog protein levels and

function appear to drop dramatically in the chick notochord at around stage

25 (4.5 days) (Marti et al., 1995), the approximate time at which the

Sclerotome becomes determined.

The results presented here afford no clear correlation between

changes in gene expression in the sclerotome and the first appearance of

determined cells by somite stage XII. Early sclerotome markers such as

Pax-1 (Deutsch et al., 1988), Pax-9 (Müller et al., 1996), twist (Fan and

Tessier-Lavigne, 1994; Gitelman, 1997) and scleraxis (Cserjesi et al.,

1995) are already being expressed by this stage and the results of the dorsal

challenge assay suggest that this expression is not sufficient to determine

Sclerotome cells to the cartilage fate nor can expression of these genes be

considered definitive markers of sclerotome cells determined to the

chondrocyte lineage. Based upon previous expression studies, early and

intermediate stage grafts transplanted in the dorsal challenge assay were

expressing mRNA for these genes, yet the cells were capable of switching

fate. Grafted sclerotome fragments stopped expressing Pax-1 within 24

hours post-grafting and it is possible that had they maintained expression

the grafts would have resisted the challenge. However, extended

expression of these genes by sclerotome cells prior to grafting is not

sufficient to allow resistance to the challenge since sclerotome grafts from

ED3.5 can still switch fate and various subsets of cells within the
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Sclerotome have been expressing one or a combination of these genes for

over 24 hours.

Developmental "eras" in sclerotome determination

Age differences between host and donor had an unusual effect upon

experimental outcome in the studies reported here. For example, grafts

that were closely matched in age (i.e. ED2-ED3 sclerotome transplanted

into ED2 hosts and ED4 sclerotome into ED4 hosts) gave rise to tissues that

were well-differentiated with respect to cell type and morphogenesis. In

contrast, grafts of ED4 sclerotome transplanted into ED2 hosts never gave

rise to differentiated tissues but rather resulted in undifferentiated

mesenchyme (see Table 3.1). We interpret such findings as evidence for

developmental "eras"; embryonic and fetal periods during which

developmental progression of progenitor tissues depends upon a

contemporaneous environment.

Figure 3.10 summarizes the observations regarding sclerotome

development that led to the era hypothesis. First, transplanted sclerotome

tissue that remains contemporaneous with its original era can return to a

differentiation pathway, even if that pathway is different from the one for

which it was originally fated. Second, sclerotome tissue cannot

differentiate if it is returned to an era through which it has already passed.

Third, sclerotome that is already well differentiated can maintain its

phenotype when grafted into an earlier era.

We attempted to test whether sclerotome can develop when advanced

into a future era by grafting early and intermediate stage sclerotome

fragments dorsally into an ED4 host. Only four out of approximately 20
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surviving chimeras (20%) contained detectable quail cells, the lowest

percentage of any of the surgical experiments. Two chimeric embryos

contained quail nucleoli within indeterminate mesenchyme tissue and two

embryos contained quail nucleoli integrated into cartilage and/or muscle.

The grafts in the remaining eighty percent of surviving embryos either did

not stay in place or did not survive. Because of the low percentage of

chimeras containing quail nucleoli and the appearance of indeterminate

mesenchyme in 50% of embryos with detectable quail cells, it appears

likely that sclerotome cannot develop when transplanted into a future era

just as it cannot develop when transplanted into a previous era.

Examination of gene expression and morphology in ED2-ED3

sclerotome fragments at 24, 48 and 72 hours post-grafting into an ED2

host demonstrated an interesting feature of eras (Fig. 3.10, dashed line).

These experiments showed that at these time points the transplanted pieces

had not integrated into normal host structures, had not formed structures

resembling dermomyotome or myotome and were not expressing

sclerotome, myotome or dermomyotome markers. Yet, by 4 days (96

hours) post-grafting, the grafts were fully integrated into host structures,

displayed the proper morphology for these tissues and, in the case of

muscle, expressed an appropriate marker. Thus, ED2 sclerotome

fragments transplanted contemporaneously wait to respond to

morphogenetic and fate cues in this ectopic spatial environment. This is in

contrast to the results from grafting sclerotome fragments from ED4-ED6

into an ED2 host, which places the cells in an era through which they have

already passed. These grafts do not differentiate, indicating that they

cannot wait for the host to reach the next era for development. Therefore,
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contemporaneous grafts wait to respond to environmental cues, while un

contemporaneous grafts never respond. Grafts of ED7-ED8 vertebral

body cartilage into ED2 hosts did not integrate either; this could be an era

effect, these grafts may have already received morphological specification,

or this could be due to the fact that the cells were firmly encased in matrix

at the time of transplant and were not physically capable of responding to

morphological signals.

It is not known if such era restrictions exist for other somite-derived

tissues. Experiments studying the expression of desmin, an early muscle

marker, in developing somites may delineate eras in early muscle

development (Borman and Yorde, 1994). The period between a somite's

formation from the segmental plate and its subsequent expression of desmin

is not identical for all somites. The cranial most somites do not begin to

express desmin until 18–20 hours post-formation, while the caudal most

somites (somite 20 and subsequent somites) express desmin after 6-7 hours.

Whether these changes in rate of desmin expression correlate with eras in

early muscle development has not been tested by grafting experiments.

No reported gene expression in the sclerotome strongly correlates

with eras in sclerotome development. Only the expression of the matrix

protein collagen type II, which in the developing chick vertebral column is

first seen in the sclerotome at ED4, corresponds to the timing of a change

in eras (Von der Mark et al., 1976). The exact timing of expression in

developing chick vertebrae of many cartilage matrix genes such as cartilage

link protein has not been reported.

The nature of the mechanisms underlying eras is not known. A

switch in eras could be due to an event as global as a change in blood-borne
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circulating factors or an event as local as a change in extracellular

molecules. It seems likely that more data on the properties of eras will

have to be accumulated before the mechanism(s) will be elucidated.
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Figure 3.1

Schematic representation of the experimental design of the dorsal challenge

assay. All embryos are represented as cross-sections. (A) A sclerotome

fragment (boxed area) is removed from a quail donor embryo. (B) The

donor Sclerotome fragment is then placed into an ED2 chick host,

underneath the ectoderm and between the neural tube and the stage I

somite. (C) The ectoderm heals over the graft which is now in a dorsal

signaling environment. (D) The chimeric embryos are allowed to develop

for various periods of time and the differentiated phenotype of the quail

cells is analyzed.

dm, dermomyotome; ec, ectoderm; my, myotome; no, notochord; nt,

neural tube; sc, sclerotome
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Figure 3.2

View with a 20x objective of a HH stage 18 quail embryo which has

had a sclerotome fragment removed for grafting in the dorsal challenge

assay. Adjacent sections are shown in (A,B). (A) Section stained with the

Feulgen stain to show the tissues of the somite. The operated side is to the

left. (B) Adjacent section of the same embryo stained with the MF20

antibody to detect the myotome.
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Figure 3.3

(A, B) Camera lucida drawing and low power (5x objective) view of a

Feulgen stained cross-section of a chimeric chick embryo harvested at

ED6, four days post-grafting of a somite stage VII quail sclerotome

fragment underneath the ectoderm, between the neural tube and the stage I

somite of an ED2 chick host. Note that the operated and unoperated sides

are indistinguishable morphologically; the operated side is to the left. The

boxes delineate the areas magnified in panels C–E.

dm, dermotomal mesenchyme; drg, dorsal root ganglion; mp, shoulder

pre-muscle masses; my, myotome; no, notochord; nt, neural tube; sc,

sclerotome; vb, vertebral body

(C-E) High power (100x objective) views of dermotomal mesenchyme

(C), myotome (D) and sclerotome (E). Quail nucleoli can be seen fully

integrated into these tissues and intermingled with host chick nuclei. In all

three panels, darkly staining quail nucleoli (black arrows) can be

distinguished from pale chick nuclei (white arrows).
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Table 3.1

Outcomes of Sclerotome Grafts into an ED2 Host

Graft Age” n Musclef Dermist Cartilage■ | Mesenchymef

5 ++

Early Grafts 2 + +

(Stage V
XI) 11 + +

17 + + +

Intermediat | 14 (XII-XX) + + +
e Grafts

(Stage XII- 1 (ED3.5) + + +

XX, ED3.5)
2 (ED3.5) + +

Late Grafts 1 + +

(ED4-ED6)
18 +

Vertebral 6 +

Cartilage
(ED7-ED8)

*Graft age indicates the somite stage or embryonic day of development from which
the quail sclerotome fragment was excised. Grafts were placed dorsally into an ED2
chick host, underneath the ectoderm and between the neural tube and stage I somite.

fThe categories muscle, dermis and cartilage include the somitic primordia from
which these differentiated tissues derive:
sclerotome respectively.
belonging to one of the previous three categories.

myotome, dermotomal mesenchyme and
Mesenchyme describes cells which were unidentifiable as

#Within each grafting age group, different outcomes were seen; the plus signs indicate
that quail nucleoli were found within that tissue.
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Figure 3.4

(A, B) Camera lucida drawing and low power view (5x objective) of a

cross-section of a Feulgen stained chimeric chick embryo harvested at

ED12, 10 days post-grafting of a quail somite stage XX sclerotome

fragment underneath the ectoderm, between the neural tube and stage I

somite of an ED2 chick host. The operated side is the left side; note that the

operated and unoperated sides are morphologically indistinguishable. The

boxes delineate areas containing quail nucleoli shown at greater

magnification in panels C, D and E.

ao, aorta; ca, cartilaginous vertebra; dp, dermal papilla; drg, dorsal root

ganglion; ec, ectoderm; mu, muscle; no, notochord; nt, neural tube; scg,

Sympathetic chain ganglion; Sn, spinal nerve; sp, Scapula; tp, transverse

process

(C-E) High power (100x objective) views of a dermal papilla (C), muscle

fibers (D) and vertebral cartilage (E). The darkly staining quail nucleoli

can be seen fully integrated into each of these tissues and intermingled with

host chick nuclei. Black arrows mark quail nucleoli; white arrows mark

chick nuclei.
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Figure 3.5

(A-D) Adjacent cross-sections of a chimeric chick embryo harvested at

ED6, four days post-grafting of sclerotomal tissue from an ED5 quail and

stained with Feulgen stain (A,B), MF20 anti-myosin antibody (C) and anti

collagen type II antibody (D). Panel A is shown using a 10x objective;

panels B-D are shown using a 20x objective. The operated side is to the

left (A,B) The grafted cells have formed a large mesenchymal structure

which disrupts the host anatomy and are not found integrated into any host

structures. The dashed line outlines the approximate domain where quail

nucleoli are contained. The same domain is outlined in panels C and D, it

does not appear exactly the same because the sections are adjacent, not

identical. (C,D) The grafted quail cells do not appear to have

differentiated as muscle or cartilage. The grafted quail nucleoli do not

appear to express either myosin (C) or collagen type II (D). Areas of

positive staining are dark brown-black in color and are indicated by the

black arrows.
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Figure 3.6

(A) 5x objective view of a cross-section of a Feulgen stained chimeric

embryo harvested at ED10, six days post-grafting of sclerotomal tissue

from an ED4 quail just underneath the dorsal ectoderm in the brachial

region of an ED4 chick host. The operated side is to the left. The box

delineates the area magnified in panel B. (B) 40x objective view of a

portion of the lamina of the vertebra. The darkly staining quail nucleoli,

indicated by the arrows, are detected within this portion of the vertebra

and its perichondrium.
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Figure 3.7

(A-C) 10x objective and 40x objective views of a cross-section of a

Feulgen stained chimeric chick embryos harvested at ED6, four days post

grafting of vertebral cartilage from an ED7 quail embryo underneath the

ectoderm, between the neural tube and stage I somite of an ED2 chick host.

The operated side is to the left. (A) The graft has formed an ectopic

cartilage nodule in the ventral portion of the embryo. The box delineates

the area magnified in B and C. (B) Quail cells, marked by the black

arrows, but not chick cells are present within the nodule. The red arrow

marks a 2-3 cell thick layer of quail derived cells resembling a

perichondrium which surrounds the nodule. (C) The nodule expresses

type II collagen as detected with immunofluorescence.
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Table 3.2

Gene Expression Post-Grafting

Hours post n | Pax-17 | Pax-3 || MyoD Myosin 13F4
graft”

24 7 - (4): - (7) - (2) ndš nd
+(1)

48 3 - (3) - (3) - (2) nd nd

72 4 nd nd - (4) - (4) nd

96 2 nd nd nd nd + (2)

192 1 nd nd nd nd + (1)

*Chimeric embryos harvested at various times post-grafting of an early or
intermediate stage quail sclerotome fragment underneath the ectoderm, between the
stage I somite and the neural tube of an ED2 chick host.

f Pax-1, Pax-3 and MyoD mRNA expression was analyzed by radioactive in situ
hybridization. Myosin and 13F4 expression was analyzed by immunohistochemistry.

#The parenthesized numbers indicate the number of embryos analyzed for the
marker out of the total number of embryos analyzed at each stage (n). A minus sign
indicates no expression of that marker by the grafted cells and a plus sign indicates
expression of the marker by the grafted cells.

$nd = not done
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Figure 3.8

Chimeric embryos containing grafts of early or intermediate stage quail

Sclerotome fragments placed underneath the ectoderm, between the neural

tube and stage I somite of an ED2 chick host were harvested at 24 (A-D) or

48 (E-H) hours post-grafting and analyzed by Feulgen stain for the

presence of quail cells (A,B) and by in situ hybridization for mRNA

expression of Pax-1 (B,F), Pax-3 (C,G) and MyoD (D,H). Similarly

constructed chimeric embryos were also harvested at 72 hours post

grafting (I-M) and analyzed by Feulgen staining for the presence of quail

cells (I), by in situ hybridization for mRNA expression of MyoD (J,L) and

by immunohistochemistry with MF20 for myosin expression (K,M).

Panels A-K are adjacent cross-sections viewed with a 20x objective; panels

L and M are views of panels J and K respectively using a 10x objective.

The dashed lines on panels A, E and I outline the area containing the graft;

the arrows on the subsequent panels mark the same area.

(A-D) Adjacent cross sections of an embryo harvested 24 hours post

grafting of a somite stage XV quail sclerotome fragment . (A) Feulgen

stain; the graft has made a bulge underneath the ectoderm. (B-D) Sections

showing the expression of Pax-1 (B), Pax-3 (C) and MyoD (D) mRNAs.

The grafted cells are not expressing these markers. Host marker

expression is unaffected.

(E-H) Adjacent cross sections of an embryo harvested 48 hours post

grafting of a somite stage XI quail sclerotome fragment. (E) Feulgen stain;

º|ºº
º
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the grafted cells have formed a mesenchymal field lateral to the

dermomyotome. (F-H) Sections showing the expression of Pax-1 (F),

Pax-3 (G), and MyoD (H) mRNAs. The grafted cells are not expressing

any of these markers; host expression is unaffected.

(I-M) Adjacent cross sections of an embryo harvested 72 hours post

grafting of a somite stage XII quail sclerotome fragment. (I) Feulgen

stain; the grafted cells almost completely fill the operated side. No host

myotome is visible. (J) Section showing the expression of MyoD mRNA;

the grafted cells are not expressing it. This section is shown at lower

power in panel L to show host expression of MyoD mRNA on the

unoperated side. (K) Immunohistochemistry with MF20 anti-myosin. The

grafted cells are not expressing myosin protein, nor is there any host

expression on the operated side. This section is shown at lower power in

panel M to show host expression of myosin on the unoperated side.
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Figure 3.9

All panels show a view of a single cross section of an ED6 chimeric

embryo, harvested four days post-grafting of a somite stage VI quail

Sclerotome fragment underneath the ectoderm, between the neural tube and

stage I somite of an ED2 chick host. (A,B) 10x objective view of the

section stained first with the Feulgen reaction (A) to visualize the grafted

cells and subsequently stained with 13F4, an anti-muscle antibody (B).

Quail nucleoli are present in the myotome and dermal mesenchyme. 13F4

staining was detected with fluorescein; the bright staining is confined to the

myotome. The boxes outline the area magnified in panels C and D. (C,D)

40x objective views of the section. The arrows in both panels point to

positively staining quail cells. (C) Feulgen stain; the dark dense spots are

quail nucleoli. (D) Fluorescent detection of 13F4 staining in the quail cells

within the myotome.
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Table 3.3

Cell Type Determination vs. Morphogenetic Plasticity

Day of Cell type Morpho
Sclerotome undetermined? genetically

Development plastic?
ED2 + +

ED4
-

+

ED7
- -

.
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Figure 3.10

Schematic diagram of the results of the dorsal challenge assay in the

context of eras. The grey, graded arrow represents continual, normal

development over time. As sclerotome proceeds along this line it passes

through the three eras labeled A, B and C. The solid lines represent the

following surgical manipulations: i. Sclerotome fragments from era A are

spatially transplanted, but remain within era A. These fragments wait until

era B and then rejoin the normal time line of development, as represented

by the dashed line which fuses with the graded line in box B. ii: era B

Sclerotome is transplanted into era A, resulting in a temporal

transplantation as well as a spatial transplantation. These cells default to a

mesenchymal state, m. iii: era C sclerotome is transplanted into era A.

These cells remain as an ectopic nodule, n.
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Chapter 4

Determination of the Sclerotome in a Whole Somite Context
*

-
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Introduction

Experiments performed by Aoyama (1988) involving inverting

entire somites around the dorsal-ventral axis gave the following results:

Somites that were at stage I or II at the time of manipulation were able to

form a normally spatially oriented dermomyotome, myotome and

Sclerotome by 24 hours post-surgery. Somites that were at stage III at the

time of manipulation however, formed a normally spatially oriented

dermomyotome and myotome, but appeared to form two sclerotomes, one

in the usual ventral position and one which formed dorso-lateral to the

dermomyotome. These results were interpreted to mean that the

sclerotome was determined by somite stage III, even before delamination

from the somite.

The interpretation of these results stands in contrast to the results and

conclusions about the determination of sclerotome obtained by grafting

individual sclerotome fragments into a dorsal environment (Dockter and

Ordahl, 1998). In that assay system, sclerotome fragments were capable of

giving rise to muscle and dermis (and thus were interpreted to be

undetermined) until ED4, much later than would be expected based upon

the whole somite rotation conclusions. One explanation for the difference

is that sclerotome behavior in a determination assay is different when tested

in a whole somite context versus individual sclerotome fragments. Another

explanation stems from the fact that in the Aoyama experiments, the

resulting somites were examined solely by histology and were evaluated on

the basis of the morphology of the structures formed. Neither marker

expression in these tissues nor the ultimate cell types formed by the grafted

somites after several days were examined. It could have been that the

t
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dorso-lateral mesenchyme obtained was in fact no longer sclerotome. In

order to test these hypotheses and reconcile the conclusions reached by the

two studies, the dorso-ventral axis inversion experiments were repeated

and the resulting chimeric embryos examined by in situ hybridization for

expression of sclerotome, dermomyotome and myotome markers to

accurately assess the fates adopted by the cells within the various structures

seen histologically. These results confirm that while the dermomyotome,

myotome and ventral sclerotome formed in these grafts express markers

appropriate for those tissues, the dorso-lateral mesenchyme does not

express a sclerotome marker.

Materials and Methods

Somite and embryo staging

Somites were staged according to Ordahl (Ordahl, 1993). The most

newly formed caudal somite is at stage I; the older somites are

progressively designated by increasing roman numeral values. Embryos

were staged according to Hamburger-Hamilton (HH) (Hamburger and

Hamilton, 1951).

Embryo surgery

White leghorn chicken (Gallus gallus domesticus) (Petaluma Farms,

Petaluma, CA) and Japanese quail (Coturnix coturnix japonica) (Strickland

Quail Farm, Pooler, GA) eggs were incubated at 37.6 C in a forced-draft
incubator. ED2 day quail donor embryos were poured from the egg into a

bowl containing Tyrode's salts (Sigma). The embryo was cut from the

yolk with iridectomy scissors (Fine Science Tools) and pinned dorsal side

-- -
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up in a glass dish coated with black Sylgard. Under a dissecting

microscope, slits in the ectoderm were made with tungsten microscalpels

lateral to the stage I-III somites on the left side of the embryo (Fig.

4.1A,B). Additional slits in the ectoderm were made cranial to the stage

III somite and caudal to the stage I somite. 4X pancreatin (Gibco-BRL)

was then pipetted onto the ectoderm using a drawn-out microcapillary tube

and mouth pipetting. After 2–3 minutes, the ectoderm was removed with

electrochemically sharpened tungsten microscalpels. The pancreatin was

not removed and the stage I-III somites were teased away from the neural

tube and notochord using microscalpels. The endoderm was then cut

between the somites and the axial tissues. Cuts were made through the

endoderm, between the stage I somite and the segmental plate and between

the stage III and stage IV somites. Finally, cuts were made along the

lateral edges of the intermediate mesoderm which was next to the stage I

III somites to free them from the embryo. Animal carbon was placed on
the dorsal face of the somites for orientation purposes. The graft,

consisting of the stage I-III somites, the underlying endoderm and adjacent

intermediate mesoderm were then placed in a drop of Tyrode's salts

containing 2% fetal calf serum until grafting (15 minutes -1 hour).

ED2 chick hosts were opened by cutting out a small circle of

eggshell. Ink (Pelikan black no. 17) was injected under the blastoderm for

visualization of the embryo using a drawn-out microcapillary tube and

mouth pipetting. After cutting open the vitelline membrane, slits were

made in the ectoderm, on the right side of the embryo, laterally, cranially

and caudally to the stage I-III somites with a tungsten microscalpel. 4X

pancreatin was pipetted onto the area. After 2-3 minutes, the ectoderm was

º
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teased back or removed with microscalpels. More pancreatin was placed

on the embryo and the stage I-III somites were teased away from the neural

tube and notochord using microscalpels. When the somites were no longer

attached to the axial tissues, they were removed from the embryo using

microscalpels (Fig. 4.1C,D). The area was rinsed with 10% fetal calf

serum in Tyrode's salts. The quail graft was then pipetted onto the embryo

and grafted into the space left by the removal of the stage I-III somites.

The graft was oriented such that only the dorso-ventral axis of the somites

was inverted (Fig. 4.1E,F). Eggs were sealed and put back into the

incubator until harvest at 24 hours post-surgery.

In general, the donor and host embryos were aged within

approximately 3 somites of one another. The experiments were performed

at the upper thoracic and brachial levels.

Histology

Chimeric embryos were harvested at 24 hours post-surgery, placed

into Carnoy’s fix and embedded in paraffin. Seven micron sections were

cut on a rotary microtome and stained with the Feulgen reaction to

visualize quail nucleoli (Le Douarin, 1973a).

In situ hybridization

Chimeric embryos were harvested at 24 hours post-grafting and

adjacent sections were cut. One set of sections was stained by the Feulgen

reaction to visualize the grafted quail cells. The corresponding sections

were processed for in situ hybridization as previously described (Frohman,

et al., 1990) and hybridized with 35S labeled cKNA probes: chick Pax-3, a
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336 bp EcoRV/BamhI fragment (Goulding et al., 1991); chick MyoD, a

622 bp Pvu■ I/EcoRI fragment (Lin, et al., 1989) and mouse Pax-1, a 313

bp HincII/SacI fragment (Deutsch et al., 1988). Sections were exposed for

7 or 14 days and counter-stained with hematoxylin-eosin.

Microscopy

Feulgen stained sections were observed using light microscopy. In

situ hybridization patterns were analyzed using dark-field microscopy. All

microscopy was performed on a Zeiss Axiophot microscope. Images were

acquired using a DEI 470 Optronics CCD camera system and a RasterOps

frame capture board and were imported by a plug-in module directly into

Adobe Photoshop 3.5.

Results

Six out of 31 surviving chimeric embryos in which the dorsal

ventral axis of somites stage I-III were inverted reproduced the original

results of Aoyama (1988). The stage I and stage II somites formed

relatively normal somites with regard to the dorso-ventral arrangement of

the tissues (i.e. an epithelial dermomyotome as the most dorsal structure,

then myotome, then mesenchymal sclerotome ventral) and the morphology

of the tissues themselves (Fig. 4.2A-D). The stage III somite however,

despite forming normal dermomytome, myotome and sclerotome with

regard to morphology and relative position in the embryo, formed a large

mesenchyme dorso-lateral to the dermomyotome (Fig. 4.2E,F). The low

success rate was probably due to incorrect orientation of the grafts at the

time of grafting, since frequently in embryos which did not repeat the
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original reported results, intermediate mesoderm formed from the graft

was found in an incorrect position in the embryo (Fig. 4.3A).

Three of the six embryos were serially sectioned and adjacent

Sections were subsequently examined by Feulgen stain for the presence of

quail cells and by in situ hybridization for the expression of the following

markers: Pax-3, which marks the dermomyotome (Goulding et al., 1994;

Williams and Ordahl, 1994), MyoD, which marks the myotome (Pownall

and Emerson, 1992), and Pax-1, which marks the ventral sclerotome

(Deutsch et al., 1988; Borycki et al., 1997). In all three cases, the

dermomytome and myotome structures formed by the inverted stage I-III

somites were expressing the correct marker for these two tissues (Fig.

4.4B,C and data not shown). Pax-1 expression by grafted somites (stage I

III) however, was limited to sclerotome that was ventral to the myotome.

The dorso-lateral mesenchyme derived from stage III somites did not

express Pax-1 (Fig. 4.4D).

Discussion

The results presented here indicate that the identity of the abnormal

morphology derived from stage III somites in which the dorso-ventral axis

was inverted was misinterpreted by the original investigators. The dorso

lateral mesenchyme formed from a stage III somite was interpreted to be

sclerotome and it was concluded that the ventral cells (prospective

sclerotome) must therefore be determined by the time the somite has

reached stage III (Aoyama and Asamoto, 1988). If the sclerotome was

determined by this stage, then the dorso-lateral mesenchyme obtained

should express Pax-1, the marker which ventral sclerotome is expressing at

L
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that time point in development. The results presented here however, show

that this mesenchyme is not expressing Pax-1, which leads to the new

conclusion that this mesenchyme has lost its identity as ventral sclerotome

and therefore is not determined in a stage III somite, consistent with the

result of grafting individual sclerotome fragments (Wachtler et al., 1982;

Dockter and Ordahl, 1998).

Other work examining the determination state of sclerotome also

obtained a dorso-lateral mesenchyme at 24 hours post-grafting (Dockter

and Ordahl, 1998). The assay used in those experiments was the placement

of a fragment of quail sclerotome underneath the ectoderm, between the

neural tube and somite I of a chick host (dorsal challenge assay). When

examined at 24-72 hours post-grafting, grafts of somite stage V-XX

sclerotome remained as a mesenchyme dorso-lateral to the host

dermomyotome. This mesenchyme was morphologically similar to the

dorso-lateral mesenchyme produced by the dorsal-ventral inversion of a

stage III somite and also did not express Pax-1, Pax-3 or MyoD mRNAs at

24 hours post-graft. It was not until 4 days post-grafting that the dorsal

challenge grafts integrated into host somitic tissues without disrupting their

anatomy and expressed a muscle marker, indicating the presence of

uncommitted cells in the sclerotome.

Given the similarities in gene expression and morphology between

the dorso-lateral mesenchymes obtained by the two different assays at 24

hours post-grafting, it is predicted that the dorso-lateral mesenchyme

derived from a stage III somite in a dorso-ventral axis inversion

experiment would exhibit multipotentiality and integration into host

anatomical structures when examined at a later time point. To test this
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hypothesis, chimeric embryos with stage I-III somites would be harvested

at a later time point to allow the examination of the ultimate differentiated

cell types formed by the grafted somite. Unfortunately, the low success

rate (6/31 chimeric embryos) in obtaining correct dorso-ventral inversion

of the grafted stage I-III somites renders meaningful interpretation of such

experiments difficult due to the inability to determine whether the results

came from correctly or incorrectly oriented somite grafts.
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Figure 4.1

Surgical preparation for dorsal-ventral inversion of somite stages I-III.

All panels are dorsal views, with the cranial end of the embryo toward the

top of the figure. (A) 26 somite quail donor before surgery. The bracket

indicates the somites to be removed; notice that they are the left side

somites. (B) The overlying ectoderm has been removed from the area

bracketed in A and the stage I-III somites cut free of the axial tissues,

Somite IV and the segmental plate. Because the somites are no longer

attached to the axis of the embryo they have rotated slightly medially so

that their dorsal surface is not visible. The arrow points to a carbon

particle placed on the cranial end of intermediate mesoderm adjacent to the

somites to be removed; the particle is used for orientation. The somites

will subsequently be removed by cuts made lateral to the intermediate

mesoderm. (C) 23 somite host chick embryo before surgery. The bracket

indicates the somites (stages I-III) to be removed; notice that they are the

right side somites. (D) The somites (*) have been removed from the host

embryo and a space is left to receive the graft. (E) The quail somites are

ready to be grafted. The dorso-medial aspect of the graft is in view; the

adjacent tissue (#) is endoderm, which curls up off of the ventral side of

the graft. A small portion of segmental plate is attached to the stage I

somite, accounting for its non-spherical shape. The arrow marks a carbon

particle placed on the dorsal surface of the stage III somite; this particle is

out of view in panel B due to the medial rotation of the somites. (F) The

graft is placed into the space left by the removal of the right side stage I-III

somites of the host; the dorso-ventral axis of the grafted somites inverted.
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The medial-lateral axis of the graft is not inverted; the arrow marks the

carbon marking on the intermediate mesoderm shown in panel B. Note º
-

that the carbon particle placed on the dorsal side of the stage III somite |
--,

shown in panel E cannot be seen; it is now facing the host endoderm. º:

Bar = 2001
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Figure 4.2

Sections of a chimeric embryo harvested 24 hours after the right stage I-III

somites of the chick host were replaced by the left stage I-III somites of a

quail embryo; the grafted somites were inverted on the dorsal-ventral axis.

The operated side is to the left in all panels. (A,C,E) 20x objective views

of the somites which were at stage I (A), stage II (C), and stage III (E) at

the time of inversion. The dorsal cells (*) in panel A are of chick origin
on both operated and unoperated sides. Note the relatively normal

dermomyotome, myotome and sclerotome formed by the graft in panels A

and C and the presence of a mass of dorso-lateral mesenchyme in panel E.

(B,D,F) 63X oil objective views of the areas boxed in panels A, C and E

respectively. The black arrows point to quail cells present in

dermomyotome (D), myotome (M), sclerotome (S) and dorso-lateral

mesenchyme (MES).
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Figure 4.3

Representative examples of grafts which did not repeat the results

obtained by Aoyama (1988). Feulgen stained sections of two chimeric

embryos harvested at 24 hours post-replacement of chick right side somites

stage I-III with quail left side somites stage I-III with inversion of the

dorsal-ventral axis are shown. The operated side is to the left; 20x

objective views. (A) Section through an area of quail origin;

determination of the original stage of the somite from which these cells

derived was not possible. Notice the large cyst (c) which has formed. The

presence of tubular structures (t) next to the neural tube, presumably

derived from the grafted intermediate mesenchyme, indicate that this result

is probably due to incorrect reorientation of the donor somites after

grafting. (B) Section through an area of quail cell origin; determination

of the original stage of the grafted somite from which these cells derived

was not possible. The cells have formed a large field of mesenchyme

which fills the operated side; no somitic structures can be distinguished.

The arrow marks a ventral patch of quail cells which resembles a clump of

muscle tissue.
-■ sº
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Figure 4.4

Adjacent sections of a chimeric embryo harvested 24 hours after the right

stage I-III somites of the chick host were replaced by the left stage I-III

Somites of a quail embryo; the grafted somites were inverted on the dorsal

ventral axis. These sections contain the somite which was at stage III at the

time of grafting. The operated side is to the left. (A) is a Feulgen stained

section, (B-D) are adjacent sections hybridized to detect the mRNA

expression of various somitic markers. (A) 20x objective view. Notice

the presence of a relatively normal dermomyotome, myotome and

sclerotome on the operated side all of which are quail derived. A large

field of mesenchyme, outlined by the black oval, has formed dorso-lateral

to the other somitic structures. (B) mRNA expression of Pax-3. Pax-3 is

being expressed in the dermomyotome structure and the dorsal neural tube

of the operated side; 20x objective view. It is not expressed in the dorso

lateral mesenchyme on the operated side (white arrow). Note the normal

expression of Pax-3 in the dermomyotome and dorsal neural tube on the

unoperated side. (C) mRNA expression of MyoD. MyoD is being

expressed appropriately only in the myotome of both the operated and

unoperated sides. It is not being expressed in the dorso-lateral

mesenchyme (white arrow). 20x objective view. (D) mRNA expression

of Pax-1. Pax-1 is being expressed in the ventral sclerotome of both the

operated and unoperated sides. Pax-1 is not being expressed in the dorso

lateral mesenchyme (white arrow). 20x objective view.
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Chapter 5

Conclusions
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The main focus of the work discussed in this dissertation is the use of

a novel assay to investigate aspects of the determination of sclerotome to

the cartilage fate. As discussed below, the results of these experiments will

likely have a lasting impact on the sclerotome field. The dorsal challenge

assay itself however, is significant because the conceptual basis for the

assay contributes to a new experimental definition of determination. As

discussed in the introductory chapter, determination has traditionally been

defined as the point at which a test tissue does not respond to signals to

form other tissue types (Slack, 1983). Determination must be resolved

experimentally by placing the test tissue into ectopic sites within the

embryo. The requirements for the test environments are ill-defined in this

case. The dorsal challenge assay is based upon the concept that the

environment for testing determination must be an environment that the test

tissue is initially responsive to (Dockter and Ordahl, 1998). The test tissue

is thus considered to be determined when it acquires the ability to resist

signals to which it is responsive early in its development and continues to

develop into its fated cell type. Such an assay likely mimics the normal

events that occur during the development of the tested tissue by utilizing

the signals to which the tissue is exposed during normal embryonic

development. This is different therefore from the older concept of

determination which only requires that the test tissue resist another

embryonic environment, the signals contained in which may not be relevant

to the development of the tissue. This concept of a challenge assay and its

hallmarks of determination had previously been used to study the

determination of muscle precursors in the somite (Williams and Ordahl,

1997).
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Based upon conclusions reached by Aoyama and Asamoto (1988), the

prevailing thought on sclerotome determination for the past 10 years has

been that the Sclerotome of avian embryos was determined by somite stage

III. The results presented in Chapter 3 of this dissertation however,

demonstrate that determined sclerotome cells do not consistently appear

until much later, somite stage XII, and that fully determined sclerotome

fragments are not detected until ED4. These findings thus represent a

major shift in thinking about sclerotome determination.

The apparent contradiction in the conclusions about the timing of

sclerotome determination reached by Aoyama and Asamoto (1988) and

those presented in Chapter 3 could potentially have been explained by the

fact the former experiments were performed with whole somites while the

latter were performed with sclerotome fragments. The work presented in

Chapter 4 demonstrates however, that the original interpretation of the

dorso-lateral mesenchyme obtained by dorso-ventral inversion of a stage

III somite as sclerotome is not correct and that the two results complement

one another. In fact, the ventral cells of a dorso-ventrally inverted stage

III somite behave at 24 hours exactly as sclerotome fragments placed in the

dorsal challenge assay do. Thus there does not appear to be a difference in

the behavior of sclerotome cells in the dorsal challenge assay when assayed

in a whole somite context or as sclerotome fragments.

The experiments described in Chapter 3 also led to the novel concept

of developmental eras; embryonic and fetal periods during which

developmental progression of progenitor tissues depends upon a

contemporaneous environment. This hypothesis cannot be considered to be

mature however; many aspects of sclerotome behavior with regard to eras
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are unknown at this time. For example, the results of transplanting

Sclerotome cell from one era into another have not been fully explored. It

is unclear whether the location within the embryo of the grafted sclerotome

cells affects the behavior of that graft in an era-dependent manner. Would

an ED4 quail sclerotome fragment placed into a ventral position in an ED2

chick host form a mesenchyme like that which results from placing that

fragment in the dorsal challenge assay, or would the ED4 sclerotome be

able to wait in the ventral position for the appropriate era to make

cartilage? It also remains to be definitively shown that sclerotome

fragments cannot survive when placed into an advanced era environment.

It is only after the characterization of developmental eras in sclerotome

development that any mechanisms for both the sclerotome's sensing of eras

and the changes in the embryo which delineate one era from another can be

approached.

It is also important to test other tissues for era phenomena. The

results of the dorsal challenge assay and the concept of eras somewhat

contradict the current view of determination. The generally accepted

definition of determination has been that a determined cell/tissue is one that

can differentiate independently of its environment. The dorsal challenge

assay however, demonstrates that such a definition of determination does

not strictly hold true for sclerotome since the ability to differentiate

appears to be sensitive to the age of embryo in which the fragment is

tested. The significance of these results and their place in the current

paradigms of determination would be strengthened by the finding of era

phenomena in other tissues.
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Morphological determination is another aspect of sclerotome

determination examined by the dorsal challenge assay. Until the

Sclerotome began producing a solid cartilage matrix the grafts were

capable of integrating into the host anatomy, presumably by responding to

host morphological cues. This was true despite the fact that the grafts

changed axial level. Previous experiments performed with whole somites

indicated that the axial identity, and thus the morphology, of vertebral

elements was fixed in the segmental plate (Kieny et al., 1972).

Replacement of cervical somites with thoracic segmental plate and vice

versa, would result in the grafted segmental plate differentiating true to its

original axial level and not its new environment; i.e. ribs would form in

the operated region of the neck in the former case, and rib formation

would be completely inhibited in the operated region of the thorax in the

latter case (Kieny et al., 1972). The dorsal challenge assay results indicate

that if the sclerotome is freed from its contacts with the other somitic

tissues, it is no longer morphologically determined, at least when viewed in

sections. This issue should be investigated further, by repeating the dorsal

challenge assay and performing alcian blue whole mount skeleton

preparations to ensure that the vertebral morphology is indeed normal.

Experiments which disrupt the integrity of the somite or segmental plate

before grafting to a different axial level would also be informative about

the need for cell-cell contact, signaling and cross-talk amongst the tissues of

the somite to establish axial identity.

Molecular experiments into axial identity specification have focused

on the Hox family of genes (Maconochie et al., 1996). The Hox genes are a

family of transcription factors found in such diverse species such as C.
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elegans, Drosophila, chicks and humans. In vertebrates there are four Hox

clusters, which appear to have risen by duplication. Within each Hox

cluster are approximately 12 genes, arrayed in tandem along the

chromosome. Each cluster is given a letter designation (A,B,C,D) and the

genes within the cluster are numbered 1, 2, 3 etc. Genes within a Hox

cluster are more homologous with regard to sequence and function to the

corresponding gene in the other Hox clusters (paralogue groups) than they

are to the other genes within the cluster. For example Hoxa-1 and Hoxa-2

are in the same cluster, but Hoxa-1 is more homologous to Hoxb-1 than it

is to Hoxa-2.

The current model for axial level specification is that the

combination of expressed Hox family members is different at different

axial levels and that unique combination sets the axial identity at any given

level. This is hypothesized to be true for not only vertebral identity, but

also for neural (Holland and Graham, 1995) and limb patterning (Nelson et

al., 1996). Retinoic acid, operating in a gradient fashion has been

hypothesized to be a positive regulator of Hox gene expression and a

determinant of vertebral identities (Kessel, 1992; Moroni et al., 1993;

Ogura and Evans, 1995; Marshall et al., 1996), however, the presence of

such a gradient in vivo has always eluded detection.

It is unclear how the Hox code of expression translates into

morphological characteristics, particularly those of the vertebrae. A

possible pathway is through the BMP family of proteins although no

connection between Hox gene expression and the expression of BMPs in

vertebrae has been made as yet. BMPs have been implicated in forming

distinguishing features of some bones (King et al., 1996), but their role in
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the formation of vertebrae remains unclear (Monsoro-Burq et al., 1996),

and may be dependent upon the axial and anatomical region of the vertebra

under examination.

Despite the work on Hox genes and BMPs, this area of vertebral

development remains an intriguing mystery. The results obtained by the

dorsal challenge assay provide a little insight into the ability of sclerotome

to interpret morphological cues and may provide a starting point for

further examination of issues in axial identity and how it is established for

the vertebrae.

y
.
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