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Introduction

Craniofacial development

The specialty of orthodontics has a great interest in understanding the mechanisms involved

in normal and abnormal craniofacial development. Clinical orthodontic diagnosis and

treatment of a developing individual deal with an extremely intricate structure which is

constantly changing, governed by tightly controlled and interactive mechanisms.

The importance of genetic and epigenetic factors in regulating craniofacial development is

well understood. The spatial interactions that coordinate this process of pattern formation

are ultimately controlled by the genes, however the exact mechanisms of the genetic control

of body structure are largely unknown. Starting with the fertilized egg, detailed spatial

signals - either intracellular or extracellular - are essential in providing cells with positional

information to guide their specialization. An example of a molecule that can provide such a

signal is retinoic acid, a known morphogen which affects anterior-posterior (head-tail)

patterning along the axis of the early embryo and anterior-posterior (digits) patterning in the

limb at a later stage in development (Jessel and Melton, 1992). The mechanisms that

Supply positional information in an embryo act over only small regions, morphogenetic

fields, which comprise a limited number of cells (100 cells or less). The amount of detail

that can be specified in such a morphogenetic field is limited. Therefore the final positional

specification of a cell has to be built up as a sequence of items of positional information

registered at different times. Cell memory therefore is crucial for the development of large

complex organisms. Cells must not only become different, they must also remain different

after the original cues responsible for cell diversification have disappeared. The cells'

behavior is governed not only by their genome and their present environment, but also by

their history. Moreover, a cells phenotype may lag behind its level of determination or
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commitment, as specified by subtle controls at the level of the genes (Slavkin, 1990b,

Alberts et al., 1994). It is therefore essential to characterize craniofacial development at the

molecular level. Histological techniques such as in-situ hybridization, autoradiography and

immunohistochemistry (Thesleff et al., 1991; Vainio et al., 1993) in combination with

molecular biology techniques such as recombinant DNA technology, are expected to

produce new answers to the regulation of craniofacial patterning and growth.

Considering the limited range over which positional cues act, the basic plan for craniofacial

morphology has to be laid out very early in development, with continuous updates to

specify additional levels of complexity. The initial organizational plan for the head is laid

down at the time of germ layer formation through the process of gastrulation and

neurulation. Experiments have shown that the mesoderm and notochord are the primary

determinants of neural plate induction (Beddington, 1982). Further head development is

dominated by the cranial neural crest. These cells form at the edge of the neural plate as

ectomesenchymal cells and in the head they migrate under the surface ectoderm to populate

the frontonasal, maxillary and mandibular processes. The neural crest cells that populate

the first branchial arch emigrate from the rostral hindbrain at 8 days postconception (p.c.),

beginning at the 5-somite stage and ending at the 10-somite stage, approximately 9 hours

later. (Serbedzija et al., 1992). The cranial neural crest forms almost all of the skeletal and

connective tissue of the face and anterior neck, the exceptions are the myoblasts of skeletal

voluntary muscle and the endothelial cells of blood vessels, both of which are derived from

mesoderm (Noden, 1991a and 1991b). The cranial neural crest also contributes to the

Odontoblasts, pigment cells, neural elements and it plays a role in cardiac septation (Kirby

et al., 1983).



The craniofacial structures develop from five distinct primordia: the frontonasal process and

the paired maxillary and mandibular processes. They form the face by regional growth and

morphogenetic movements: the mandibular processes fuse in the midline; the medial and

lateral nasal processes and the maxillary processes fuse and merge to form the nose, cheeks

and the primary palate, separating the nasal and oral cavities and eventually forming the

upper lip and portions of the anterior maxilla. The secondary palate is formed by fusion of

the palatal shelves and terminal tissue differentiation (e.g. cartilage, bone, muscle) is

initiated (Johnston and Bronsky, 1991a).

Abnormal development in the craniofacial region can take on many forms, such as isolated

cleft palate, cleft lip and/ or cleft palate, macrostomia, hemifacial microsomia,

holoprosencephaly. Certain genetic mutations, teratogens and environmental insults have

been implicated in different craniofacial malformations. For example for several types of

craniosynostosis (Crouzon, Pfeiffer, Jackson Weiss, Apert syndromes) and for

achondroplasia, mutations have been found in fibroblast growth factor receptors (Shiang et

al., 1994; Reardon et al., 1994; Muenke et al., 1994; Jabs et al., 1994; Wilkie et al.,

1995). Retinoic acid is an effective agent for the treatment of cystic acne, but when used

by the mother during the first trimester of a pregnancy is capable of producing severe

craniofacial and oral clefts and limb defects in the fetus. Other well known teratogens are

phenytoin (Dilantin), alcohol and cigarette smoking. Some of these factors are thought to

affect neural crest cell function (Jones, 1990; Morris-Kay and Tuckett, 1991; Slavkin,

1996), however the exact mechanisms are largely unknown. Most evidence concerning the

mechanisms of normal and abnormal craniofacial development is derived from experimental

animals, in which the mechanisms appear to be virtually identical across the vertebrates

studied (Johnston and Bronsky, 1991b). The mouse has been selected by several

researchers as an experimental model. Experiments on mice have been done using
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exposure to alcohol and retinoic acid, resulting in typical craniofacial malformations

(Abbott and Pratt, 1991; Johnston and Bronsky, 1991b). Strains with mutations resulting

in chondrodystrophia which leads to facial clefts and malocclusion have been identified

(Brown et al., 1991). Genetically altered mice (transgenics) have been produced to study

the elimination, mutation or overexpression of specific genes on development (Stephens et

al., 1995; Satokata and Maas, 1994; Liu et al., 1995).

Molecules associated with craniofacial development

Current efforts in developmental biology are directed towards defining the timing and

positional coordinates for molecular determinants which sequentially control embryonic

development. Different categories of molecules are involved in this process: transcription

factors, growth factors, growth factor receptors, structural proteins and structural protein

receptors. The findings below indicate the high level of complexity in the interactions

between these putative regulators of early embryonic development in general and in the

craniofacial region in particular:

Retinoic acid (RA) is a known teratogen and has been shown to cause anterior to posterior

transformation when administered to early mouse embryos. The otic pit is rostrally

displaced in RA-treated embryos (Morris-Kay, 1993). Several reports of human

teratogenous effects of retinoids have been presented. Some of the possible features are

microcephaly, frontal prominence, hydrocephalus, hypotelorism, ear deformities, cleft

palate, micrognathia and congenital heart defects. Both timing and dosage appear to affect

the extent and severity of the malformations (Lammer et al., 1985; Granstrom et al., 1990;

Abbott and Pratt, 1991). RA treatment of early mouse embryos leads to a more anterior

expression of several Hox genes in the hindbrain (Wilkinson, 1993).



Homeobox genes are strong candidates for regulation of local patterning and differentiation

in craniofacial development. This is evidenced by the recent discovery of a mutation in the

homeodomain of the human MSX2 gene in a family affected with autosomal dominant

craniosynostosis (Jabs et al., 1993). Mice that express the mutated MSX2 gene or

overexpress the normal gene also have a craniosynostosis phenotype (Liu et al., 1995).

Mice with a constitutively expressed Hox-1.1 construct show craniofacial defects including

cleft palate and malformation of the cervical vertebrae (Kessel et al., 1990). Several studies

on how Hox genes function have concentrated on axis formation of the early embryo (Hunt

and Krumlauf, 1992) and on formation of the limb. The distributions of homeobox

containing proteins in the limb are suggestive of a directive role in the condensation pattern

of pre-chondrogenic mesenchyme (Hall and Miayake, 1992). The expression patterns of

homeobox genes in the early embryo have been shown to be modified in the anterior

portion of the embryo by retinoic acid (RA) treatment (Morris-Kay, 1993), which further

implicates them as key players in craniofacial patterning.

Mutations associated with growth factors (e.g. EGF, TGF alpha) and their receptors have

been implicated in first branchial arch malformations including ablation of tooth and

cartilage formation as well as retarded mandibular development (Slavkin et al., 1992; Shum

et al., 1993). Mice with the EGF-receptor double knock-out (EGFR -/-) display

craniofacial defects. They survive for up to 8 days after birth and suffer from impaired

epithelial development in several organs, including skin, lung and gastrointestinal tract

(Miettinen et al., 1995).

Cell to cell and cell to extracellular matrix (ECM) interactions participate in morphogenetic

patterning during embryogenesis. The regulation required to coordinate the timing and

position of developmental events in epithelia and mesenchyme may reside in the sequential
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expression of cellsurface receptors for ECM molecules, e.g. integrins, Syndecans

(Trautman et al., 1991; Damsky and Werb, 1992), cell to cell adhesion receptors, e.g. N

CAM, cadherins (Hirsch et al., 1991; Jones et al., 1992; Kintner, 1992); and ECM

molecules e.g. tenascin, fibronectin, laminin, collagens, thrombospondin (Adams and

Watt, 1993). Such a regulatory scheme assumes that these molecules are expressed at

defined times and positions during development. Indeed specific patterns of several of

these molecules have been found in different stages of embryonic development (Trautman

et al., 1991; Wood et al., 1991; Corless et al., 1992; Sutherland et al., 1991 and 1993).

Matrix constituents and their receptors are known to interact with growth factors (Adams

and Watt, 1993) and have been implicated as downstream targets of morphogens and

homeobox gene products (Jones et al., 1992).

A biomechanical connection between ECM and intracellular components could represent a

mechanism for signaling between cells and their environment during development. The

sequential expression of receptors for ECM may regulate or represent different levels of

patterning and differentiation. These concepts make the study of the syndecans, a family of

transmembrane heparan sulfate proteoglycans (HSPG) of particular interest. Syndecans

are known to associate with the cytoskeleton and are able to bind to ECM components,

such as tenascin, fibronectin, thrombospondin and type I, III and V collagen, the fibrillar

collagens. This binding is independent of calcium and magnesium ions and is abolished by

trypsin treatment, thereby distinguishing it from matrix binding via the integrins only

(Bernfield et al., 1992). Several findings indicate a potential role for syndecan-1 as a

matrix receptor. Syndecan polarizes predominantly to the basolateral surfaces of simple

epithelia in culture (Rapraeger et al., 1987) and to the site of initial matrix formation in early

mouse embryos, at the interface between the primitive ectoderm and primitive endoderm

(Sutherland et al., 1991). However, syndecan-1 also localizes to cell surfaces where there
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is no matrix apparent, such as over the entire surface of stratified epithelia. On

mesenchymal cells, syndecan-1 is located predominantly within the cells and not

concentrated at adhesive sites. These findings indicate possible additional functions for

syndecan-1 (Bernfield et al., 1992).

The syndecan family forms interactions with integrins, ECM
ligands, growth factors and the cytoskeleton

Syndecans bind to many ECM molecules and growth factors in the extracellular

environment via their heparan sulfate (HS) or chondroitin sulfate (CS) chains. These

molecules in turn also bind to distinct cell surface receptors, such as specific integrins or a

specific growth factor receptor. Syndecans could hereby participate in the formation of a

receptor complex that is required for the ligand to generate its physiological action.

Potential candidates for this dual interaction are EGF, FGF, thrombin, N-CAM and

fibronectin, ligands that have a specific high affinity receptor, but that also bind to HS

(Bernfield et al., 1992).

The integrins bind a variety of ECM components, many of which also bind to HS, such as

fibronectin, laminin, vitronectin and type I collagen. Expression of integrin adhesion

receptors is tightly regulated spatially and temporally and changes are associated with

developmental transitions in the early mouse embryo (Sutherland et al., 1993; Damsky et

al., 1993). A possible close association between integrins and transmembrane HSPGs has

been shown in several experiments. Epithelial cells made deficient in syndecan-1 through

stable transfection of an antisense syndecan-1 cDNA lose cell surface expression of E

cadherin and have reduced expression and altered distribution of 31 integrins. These clones

grow as individual fusiform cells. In controls, growing as epithelia, syndecan-1 is

associated with the zonula adherens: it co-localizes with the cortical band of actin filaments
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and with E-cadherin and is closely associated with 31 integrins. Iherefore, syndecan-1

may maintain epithelial morphology and organization by acting as a matrix receptor and/or

by organizing other adhesion molecules in a receptor complex (Kato and Bernfield, 1990)

In confluent epithelial monolayers syndecan-1 is located on the baso-lateral surfaces of the

cells (Bernfield et al., 1992).

Fibroblasts have been shown to attach and spread on the cell-binding domain of fibronectin

but to not assemble focal contacts unless they interact with either the amino- or carboxyl

terminal heparin-binding domain of fibronectin (Woods and Couchman, 1992). Ihe oS 31

integrin binds to the fibronectin RGD-containing cell-binding domain. Heparin and/or

chondroitin sulfate-bearing transmembrane cell surface proteoglycans (syndecan family

members, certain forms of CD44) and phosphatidylinositol-linked (glypican-like)

proteoglycans are capable of recognizing the carboxyl-terminal heparin-binding domain of

fibronectin (Bernfield et al., 1992). The informational content of fibronectin has been

dissected extensively. The central cell binding domain supports cell attachment and

spreading, but does not support focal contact formation. In addition, interaction of oš 31

with just the fibronectin cell-binding domain appears to transduce a stimulatory signal for

ECM remodeling by upregulating expression of metalloproteinases (Werb et al., 1989;

Huhtala et al., 1995). The interaction of integral HSPG with the C-terminal heparin

binding domains of fibronectin as well as the cell binding domain results in signals that

promote assembly of focal contacts, but does not reverse the stimulatory signal for matrix

metalloproteinases. Interaction of the cell-binding domain plus the CS-1 region of

fibronectin, which binds 0.431 integrin, does reverse this stimulatory remodeling signal

(Damsky and Werb, 1992). The requirement for heparin binding can be circumvented by

direct activation of PKC with phorbol esters. Syndecan-4 but not syndecan-2 is present in

focal adhesions in rat embryo fibroblasts, human embryo fibroblasts, porcine retinal
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pigmented epithelial cells and rat aortic smooth muscle cells. It co-localizes in focal

adhesions with vinculin as well as with 31 and 33 integrin subunits. This suggests that

this syndecan has a cooperative role with integrins in cell adhesion by helping to regulate

cytoskeletal organization following cell attachment (Woods and Couchman, 1994).

Protein kinase C has been shown to phosphorylate the cytoplasmic domain of both

syndecan-2 and syndecan-3 but not of syndecan-1 and syndecan-4 in vitro. This suggests

that syndecan-2 and syndecan-3 are physiologic substrates of protein kinase C. The role of

the phosphorylation may be to alter the interactions of the syndecans with primary

receptors, such as the integrins, or with other components. The requirement for protein

kinase C and syndecan-4 in the assembly of focal adhesions of fibroblasts does not seem to

be based on the phosphorylation of syndecan-4 by protein kinase C (Prasthofer et al.,

1995).

Syndecan-1 and integrin off 31 appear to associate physically in the absence of their ligand

fibronectin. In mouse B-cell lines capping of syndecan-1 induces co-capping of integrin

o:5 and 31, but not of o 1, 0.2, oA and ov, each of which are expressed. Co-capping of 31

is less evident than that of os, possibly because 31 forms complexes with several o

subunits. Capping of CD44 does not induce co-capping of any integrin subunit. Capping

of O.S does not co-cap syndecan-1, possibly because of its lower abundance. The co

capping is not mediated by syndecan-1 GAG chains or by cell surface fibronectin, since it

is not prevented by enzymatic removal of GAGs, by adding exogenous GAGs, by adding

GRGDS or by capping cells that produce HS-free syndecan-1 (Chun and Bernfield, 1993).

Syndecan-1 binds bFGF (Bernfield and Hooper, 1991) and cell surface heparan sulfate is

thought to function as a low affinity receptor required for bFGF to bind to its high affinity
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receptor and exert its effects (Yayon et al., 1991; Bernfield et al., 1992; Damsky and Werb,

1992). The high affinity receptors for FGF are present at the cell surface in lower

abundance than the cell surface heparan sulfate proteoglycans. The more rapid turnover of

cell surface heparan sulfate proteoglycans, as compared to the HSPG in the matrix, gives

them the potential to regulate the activity of the FGFs by controlling their availability to the

signal transducing receptor (Bernfield and Hooper, 1991). In vitro experiments with a

monolayer of endothelial cells to which bf{GF was added in a small area in the middle of

the culture dish have shown that the radius of diffusion and action of bf{GF is increased in

the presence of heparin or soluble HSPG. The soluble HSPG may function as a carrier, or

it may protect bFGF from proteolysis (Flaumenhaft et al., 1990). Different members of the

FGF family seem to require specific heparan sulfate sequences. This introduces an

additional level of control over growth factor action through the modification of glycanation

of the syndecans (Elenius and Jalkanen, 1994).

Structural characteristics of the syndecans

The syndecan family is comprised of four related transmembrane proteoglycans. The name

“syndecan” is derived from the Greek words “syndein” and “glychos”, which mean “to

keep together by binding” and “sweet”, respectively . The amino acid sequences of the 4

syndecan family members deduced from cloned cDNAs show a high degree of sequence

similarity, both between species and when comparing individual family members. They

are all heparan Sulfate (HS) containing proteoglycans, while syndecan-1 and -3 have been

proposed to also contain chondroitin sulfate (CS) (Bernfield et al., 1992; Gould et al.,

1992). Size, glycosaminoglycan (GAG) attachment sites and sequence indicate a closer

structural relationship between the proteins of syndecan-1 and -3 (30% sequence identity,

rat) and between syndecan-2 and -4 (38% sequence identity, rat) (Bernfield et al., 1992;

Carey et al., 1992). They all have a highly conserved cytoplasmic domain, which has been
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thought to associate with the actin cytoskeleton when cross-linked at the cell surface

(Rapraeger and Bernfield, 1982). A recent study has shown that, in the case of syndecan

1, this association does not require the cytoplasmic tail (Miettinen and Jalkanen, 1994).

The binding to the cytoskeleton may therefore be mediated through interaction of syndecan

1 with other molecules at the cell surface, such as the integrins. Every family member has

a tyrosine internalization signal, which makes it likely that they could be rapidly internalized

via coated pits (Bernfield and Hooper, 1991). The transmembrane domain is also highly

conserved. Species comparison of syndecan sequences suggest that the extracellular

domain is evolving extremely rapidly, except for the highly conserved GAG attachment

sites and the protease-susceptible site near the plasma membrane. The GAG chains attach

to serine residues of Ser-Gly pairs, which are usually flanked by acidic amino acids.

Syndecan-1 may have variable amounts of chondroitin sulfate in addition to heparan sulfate

chains. Syndecan-2, and -4 are thought to only contain heparan sulfate. Presence of

chondroitin sulfate in syndecan-3 in addition to heparan sulfate has been hypothesized

based on similarities in its GAG attachment sites to syndecan-1, but so far none has been

found (Salmivirta and Jalkanen, 1995). Shedding of the extracellular domain is presumed

to occur by cleavage at the dibasic protease-susceptible site, although the responsible

protease is not known (Bernfield et al., 1992). Selective shedding has been shown to

account for its absence on the apical surfaces and its accumulation at the basolateral

surfaces of confluent epithelial monolayers (Rapraeger et al., 1986; Jalkanen et al., 1987).

Syndecan-1 shows tissue-specific glycosylation patterns. Three major isoforms have been

found, which differ with respect to the number and size of the GAG chains. They are

distinguished by their relative molecular mass: Syndecan-1 from stratified epithelia and

plasma cells is ~100 kD, syndecan-1 from simple epithelia and vascular endothelia is ~160

kD and Syndecan-1 from cultured fibroblasts is ~300 kD. The different isoforms are found
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at specific cellular sites: the smallest form surrounds cells, the intermediate form is at the

basolateral cell surface and the largest form is predominantly intracellular. Furthermore,

HS chains from murine epithelial (NMuMG), fibroblast (NIH 3T3) and endothelioid

(BALB /c 3T3) cells show differences in size, distribution of heparinase cleavage sites and

disaccharide composition (Kato et al., 1991). These differences in glycosylation can affect

the binding properties of the proteoglycan, for example a form of syndecan-1 (with no or

undetectable amounts of chondroitin sulfate) from tooth mesenchyme binds tenascin,

whereas a form of syndecan-1 (with both chondroitin sulfate and heparan sulfate chains)

from mammary epithelial cells does not (Salmivirta et al., 1991). These differences are

assumed to be developmentally significant, however the mechanisms that regulate them are

not understood (Bernfield et al., 1992). The syndecans show tissue specific distribution

during development (Sutherland et al., 1991; Bernfield et al., 1992; Gallo et al., 1993; Kim

et al., 1994) and in mature tissues (Trautman et al., 1991; Kim et al., 1994; Elenius and

Jalkanen, 1994; Salmivirta and Jalkanen, 1995).

The Syndecans bind to a wide variety of ligands: ECM components, cytokines, enzymes

and enzyme inhibitors, transcription factors, viral coat proteins (Bernfield et al., 1992).

This interaction has generally been assumed to be based on electrostatic interactions with

the negatively charged, highly sulfated GAG side chains. It has been found however that

hydrogen bonding, van der Waals forces and hydrophobic interactions play a major role in

these interactions (Thompson LD et al., 1994; Thompson SA et al., 1994). A higher

degree of specificity than originally anticipated is provided by “minimal’ sequences: short

(4-6 saccharides long) that seem to function as consensus sequences for binding (for

review see Salmivirta and Jalkanen, 1995). Different family members of the syndecan

family may bind to different ligands, for example syndecan-3 has been found to bind to

FGF-2 but not to FGF-1, collagens and fibronectin (Chernousov and Carey, 1993).
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Syndecan-1 binds to fibronectin and several different collagens. Also, the same type of

syndecan may bind to different ligands based on its GAG chain composition. For example

in a study on embryonic neural cell cultures it was found that a single 45 kD HSPG on day

9 of development binds to FGF-2 and not to FGF-1, while day 11 cultures bind to FGF-1

and not to FGF-2 (Nurcombe et al., 1993). Also the binding of syndecan-1 from different

myeloma cell lines to type 1 collagen is based on its heparan sulfate fine structure

(Sanderson et al., 1992 and 1994).

Syndecans and embryonic development

This study addresses the temporal and spatial distribution of a family of transmembrane

heparan sulfate proteoglycans (HSPGs), the syndecans, in normal embryonic development

in the mouse model. So far four family members have been identified: syndecan-1

(Syndecan; Saunders et al., 1989a), syndecan-2 (fibroglycan; Marynen et al., 1989),

Syndecan-3 (N-syndecan; Carey et al., 1992; Gould et al., 1992) and syndecan-4

(amphiglycan or ryudocan; David et al., 1992; Kojima et al., 1992). Specifically, the role

of the syndecans in the development of the mouse mandibular processes will be

investigated. Several findings in the literature indicate the potential significance of the

Syndecans in this process. Syndecan-1 is first detected at the 4-cell stage mouse embryo.

After gastrulation, syndecan-1 expression is strongest in the ectoderm and in the endoderm

(Sutherland et al., 1991). Syndecan-1 has a patterned expression along the anterior

posterior axis in the mesoderm of mouse embryos in the gastrulating and neurulating

embryo, at 7.5 to 8.5 days p.c., as evaluated using immunohistochemistry (Sutherland et

al., 1991). It is at this time that important anterior-posterior information is determined.

The pattern of expression in the early mouse embryo of syndecan-1 correlates with the

potential patterning activities of FGF that have been observed during establishment of the

antero-posterior and dorso-ventral axis in Xenopus (Amaya et al., 1993). Furthermore, the
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syndecan-1 promoter has sites that appear to be characteristic for patterning genes, e.g. a

binding site for the Antennapedia class of homeodomain-containing transcription factors

(Hinkes et al., 1993).

Members of the syndecan family of heparan sulfate proteoglycans show distinct expression

during subsequent mouse embryonic development (8.5 - 10.5 days p.c.), as evaluated

using whole mount in situ hybridization. Syndecan-1 and -3 are expressed early, while

syndecan-2 and -4 do not become apparent until at least 10.5 days p.c. Syndecan-1 and -3

are expressed at adjacent sites; e.g. in the neural folds, syndecan-1 is near the medial edge

while syndecan-3 is lateral at the sites of neural crest emigration. In the first branchial arch

syndecan-1 is in the peripheral mesenchyme while syndecan-3 is in the central core

mesenchyme. Syndecan-1 and -3 also display sequential expression, for example at 8.5-9

days p.c. syndecan-1 is expressed by forelimb mesenchyme and somites while syndecan-3

shows no limb staining and is only in the anterior somitic region. At 10.5 days p.c. both

syndecan-1 and -3 are in limb mesenchyme and along the entire somitic region (Gallo et al.,

1993).

At different times in development, there is transient expression of different syndecan family

members at sites of epithelial-mesenchymal interaction and at sites of mesenchymal

condensation. In the development of the mouse limb, the intensity of immunofluorescence

in the central core region decreases at 11 days p.c. and by 13 days p.c. the immunostaining

is lost in regions destined for chondrogenesis and myogenesis. During in vitro culture of

limb mesenchyme syndecan-1 expression is initially upregulated, but with further culture

the antigen becomes reduced in chondrogenic foci and in association with myogenic cells

(Solursh et al., 1990). There is no noticeable staining for syndecan-2 in the mesenchyme

at the early morphogenetic phase, but the staining becomes notable with the onset of
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chondrogenesis and with the differentiation of the dermis. During intramembranous

Ossification, for example in the mandible, staining is hardly detectable on the scattered

mesenchymal cells, becomes pronounced once the cells aggregate in the osteogenic core

and persists in the differentiating osteoblasts. As development progresses expression

persists in the perichondrium, periosteum and in connective tissue cells. (David et al.,

1993). In the embryonic chick wing syndecan-3 transcription is upregulated in areas of

chondrogenic differentiation, as evaluated using in situ hybridization (Gould et al., 1992).

Syndecan-1 displays an intriguing pattern of expression during tooth formation, as

evaluated with immunohistochemistry and in-situ hybridization. Syndecan-1 mRNA

accumulates in the condensing mesenchymal cells around the invaginating epithelial tooth

bud, which becomes more intense when morphogenesis advances to the cap stage. During

the bell stage, when the cuspal pattern of the tooth is established, syndecan-1 mRNA

transcripts are lost, and Syndecan-1 is not expressed in terminally differentiated

Odontoblasts. In the epithelium, syndecan-1 is intensely expressed in the invaginating

epithelial bud, but the expression is reduced during the cap and bell stages. An increase in

Syndecan-1 gene expression is seen in the pre-ameloblasts preceding their terminal

differentiation into ameloblasts, which is accompanied by a complete loss of transcripts

(Vainio et al., 1989 and 1991; Slavkin, 1991; Vainio and Thesleff, 1992a and 1992b).

The mesenchyme from the dental papilla is able to induce syndecan-1 expression in

uninduced mesenchyme, as found in co-culture experiments. This has been interpreted as

evidence that diffusible signals may mediate the induction (Vainio and Thesleff, 1992a). In

vitro, a combination of FGF-2 and TGF-3 (Elenius et al., 1992) results in increased

syndecan-1 expression in mesenchyme derived NIH-3T3 cells. FGF-3 and TGF-3
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(Heino, 1993; Vaahtokari et al., 1991) are expressed in the dental mesenchyme or in the

epithelial bud. TGF-3 alters the GAG composition of syndecan-1 (Rapraeger, 1989),

which could mean that the affinity for certain ligands, such as growth factors could be

altered. Therefore growth factor regulation could work at both the syndecan-1 expression

level as well as at the composition of the syndecan-1 side chains (Salmivirta and Jalkanen,

1995).

Syndecan-1 expression during murine secondary palate morphogenesis is correlated with

epithelial cell shape, packing and degree of differentiation, as evaluated by

immunohistochemistry using monoclonal antibody 281-2 (Jalkanen et al., 1985). Initially,

a simple cuboidal epithelium covers the palatal shelves, with uniform syndecan-1 staining

on all their surfaces. Subsequently, the mid-oral epithelium becomes multilayered, the cells

become more elongated and those adjacent to the mesenchyme lose staining for syndecan-1

on their basal surfaces. These same cells lose uniform syndecan-1 staining during the

formation of a curvature in this epithelium, while maintaining punctate staining on their

baso-lateral surfaces. Condensing mesenchyme immediately subjacent to this curvature

becomes intensely stained for syndecan. Next, the architecture of the oral and nasal

epithelia stabilizes with uniform syndecan-1 expression on all surfaces, except on their

basal surface at the epithelial mesenchymal interface. The epithelial cells that form the

midline seam of the elevated palate show a similar staining pattern at this stage, which is

followed by either programmed cell death or the transition to a mesenchymal phenotype,

which may be determined by their syndecan-1 expression (Brinkley et al., 1992). Studies

with a polyclonal antibody directed against the syndecan-1 core protein indicate a loss of

Syndecan-1 staining of the medial edge epithelium, just prior to its transformation into

fusiform cells (Fitchett et al., 1990). Thus, syndecan-1 may be involved in modulating
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cell shape, architecture and fate during shelf reorientation and midline epithelial seam

dissolution (Brinkley et al., 1992).

Several in vitro studies indicate the potential significance of syndecan-1 expression in

mediating epithelial-mesenchymal transitions. Such transitions are known to occur during

embryonic development, for example during tooth development (Vainio et al., 1991) and

formation of the secondary palate (Fitchett et al., 1990). Experimental demonstration of a

role for Syndecan-1 in epithelial-mesenchymal transitions comes from studies in which a

full length syndecan-1 cDNA in the antisense configuration under a beta-actin promoter

was transfected into NMuMG mammary epithelial cells. This results in translation

inhibition of syndecan-1. Transfected cells with < 15% cell surface syndecan-1 display a

fibroblastic phenotype, growing as individual fusiform cells. Control cells grow as islands

of closely adherent cells. Therefore, reducing cell surface syndecan-1 alters the cell-matrix

and/or cell-cell interactions required to maintain epithelial morphology (Saunders et al.,

1989b). Conversely, transfection of a full length syndecan-1 gene into transformed mouse

mammary tumor cells under a RSV-MMTV-LTR promoter results in high syndecan-1

expression and a well attached phenotype, despite treatment with androgen or

glucocorticoid, which normally results in a change from an epithelial to a more fibroblastic

phenotype in these cells (Jalkanen et al., 1990).

In the adult mouse syndecan-1 is expressed in epithelia (Hayashi et al., 1987) and also in

leukocytes such as B-lymphocytes (Sanderson et al., 1989) and myeloma cells (Sanderson

et al., 1992). Syndecan-2 is produced by mesenchymal cells (Marynen et al., 1989) and is

particularly abundant in parenchymal organs like liver and kidney (Kim et al., 1994).

Syndecan-3 is strongly expressed in neonatal rat brain and cardiac muscle while its

expression in adult tissues is low (Carey et al., 1992). Syndecan-4 is expressed in the
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avian nervous system and in muscle (Baciu et al., 1993). Syndecan-4 has been designated

as amphiglycan because it is expressed in both epithelial and mesenchymal cells (David et

al., 1992).

The following principles can be derived from these findings. Syndecan-1 seems to play a

role in the early anterior-posterior patterning process in the embryonic mesoderm during

axis formation (7.5 to 8.5 days p.c.). In epithelia its expression pattern suggests a role in

maintaining epithelial morphology. During tooth formation and secondary palate

formation, syndecan-1 is turned off in epithelial cells that undergo extensive morphogenetic

activity and turned on in condensing mesenchyme. Syndecan-1 thus seems to be involved

in the process of epithelial-mesenchymal transitions. Syndecan-3 is also seen in a patterned

distribution in the early mouse embryo and may have a role in specifying patterning

information at this stage. Later in development, syndecan-2 and syndecan-3 are seen in

putative pre-chondrogenic mesenchymal condensations, while syndecan-1 becomes

downregulated in these areas. Syndecan switching therefore seems to play a role in the

local chondrogenic differentiation process. The distribution of syndecan-4 has been

described during early avian embryonic development (Baciu et al., 1993). It is found in the

developing nervous system, cardiac and striated muscle and in some epithelial tissues such

as the lens and kidney. This distribution pattern is suggestive of a role in maintaining

epithelial and neuronal tissue morphology, and also of a role in neurite outgrowth and

myogenesis. Specific syndecans seem to have distinct functions. These putative functions

appear to be dependent on syndecan-type, but also on the time and location of expression

during development. The studies described in this thesis examine the distribution of

individual syndecans during the morphogenesis and differentiation of the first branchial, in

particular as they relate to the formation of the skeletal structures.
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Hypothesis and specific aims

Hypothesis

Individual members of the syndecan family of cell surface proteoglycans display distinctive

spatial and temporal patterning during the embryonic development of the mouse first

branchial arch.

Specific aims

Characterization of the normal in vivo expression pattern of syndecan-1, syndecan-4 and

fibronectin in the mouse first branchial arch in relation to:

1. Fusion of right and left mandibular processes

Fusion of mandibular and maxillary processes

Tooth formation, incisors and molars

Meckel’s cartilage formation

Mandibular bone formation

Palatal shelf formation and elevation
.

Oral and buccal vestibulum formation

Normal whole mouse embryos allowed to develop in utero will be used to determine in

detail the pattern of expression of syndecan-1, syndecan-4 and fibronectin in the first

branchial arch, from 10.5 to 14.5 days postconception (p.c.). Specifically we will

determine the correlations between the spatial and temporal expression pattern of these

molecules and the 7 processes listed above.

During in vivo mouse development around 9.5 days p.c. the right and left mandibular

processes fuse in the midline. Between 10 and 11 days p.c. the medial nasal process fuses
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with the lateral nasal process and with the maxillary process to form the primary palate.

Between 10 and 13 days p.c. the developing mandibular and maxillary processes fuse at

their lateral borders to form the future cheeks and commissures. By 11 days p.c. incisor

tooth organs are at late cap stages, whereas molars are at their initial stage of tooth

development. Presumptive prechondrogenic ectomesenchymal cell condensations and

molar tooth dental laminae are identifiable in the mouse mandibular process. By 12 days

p.c. molar buds are evident in both the maxillary and mandibular processes. The lateral

lingual Swellings or presumptive tongue are well-defined in association with the forming

mandibular process. Meckel’s cartilage is evident by 13 days p.c. Mandibular alveolar

bone formation occurs between 13 and 14 days p.c. At 13 days p.c. initial oral and buccal

vestibulum formation is evident. Between 13.5 and 14 days p.c. the palatal shelves, which

are initially directed vertically, elevate above the tongue starting anteriorly and fuse in the

midline to form the secondary palate (Kaufman, 1992).

Preliminary experiments showed that syndecan-3 is predominantly expressed in the

developing mouse brain, starting as early as 12.5 days p.c. (not shown). No antibody

Suitable for the detection of mouse syndecan-2 by immunohistochemistry was available at

the time these experiments were performed. Within the syndecan family the structural

characteristics and developmental expression patterns of syndecan-1 and -3 and similarly,

of syndecan-2 and -4 resemble each other. This is indicative of the existence of two

Syndecan “subfamilies” (Salmivirta and Jalkanen, 1995). The subsequent studies feature

the expression patterns of a representative from each subfamily, syndecan-1 and syndecan

4 respectively. The distribution of these syndecans is also compared with that of

fibronectin, which interacts at least with syndecan-1 (Bernfield et al., 1992), and is a

broadly expressed ECM ligand that plays a crucial role in cell migration and in the
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differentiation of mesodermal cell types. Fibronectin has been shown to be closely

involved with osteogenesis (Gronowicz et al., 1991; Moursi et al., 1996).
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Materials and Methods

Specimen preparation

Timed pregnancies were obtained from Charles River Hollister, Hollister, CA. Mice were

mated from 7-10 a.m., at which point they were separated. The embryos were harvested

from 10.5 to 14.5 days postconception (p.c.). The embryo's were rinsed in PBS, placed

in Bouin’s fixative (Polysciences, Inc., Warrington, PA; 75 parts saturated picric acid, 5

parts glacial acetic acid, 25 parts 40% formaldehyde) for 2 hours, dehydrated through a

graded series of ethanol, cleared in xylene and embedded in paraffin.

Histology

Paraffin blocks were serially sectioned in the frontal plane, at 5 pm thickness.

Representative sections were selected for immunohistochemistry or Alcian Blue staining.

Alcian Blue specifically stains the chondroitin-4 and chondroitin-6 sulfate components of

cartilage and was used to monitor cartilage formation. These sections were rehydrated,

stained for 30 minutes with Alcian Blue (0.5% in 3% acetic acid), rinsed, stained for 5

minutes with Nuclear fast red, rinsed and coverslipped.

Immunohistochemistry

We used the rat anti-mouse monoclonal antibody 281-2 against syndecan-1. We used the

rabbit anti-mouse polyclonal antibody MSE-4 against syndecan-4. The antibodies against

Syndecan-1 and syndecan-4 were kindly donated by Dr. Merton Bernfield, Harvard

Medical School. The specificity of these antibodies has been reported before (Jalkanen et

al., 1985; Kim et al., 1994). The 281-2 antibody recognizes the ectodomain of the core

protein of syndecan-1. The MSE-4 polyclonal anti-serum recognizes the ectodomain of

the core protein of syndecan-4. The polyclonal rabbit anti-mouse fibronectin antibody
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A117 was purchased from GibcoBRL, Gaithersburg, MD. Secondary antibodies, normal

goat serum and normal donkey serum were purchased from Jackson ImmunoResearch

Laboratories, Inc., West Grove, PA. Paraffin sections were rehydrated and incubated at

room temperature with 10% normal goat serum in PBS to block non-specific staining.

Primary antibodies against syndecan-1, syndecan-4 and fibronectin, diluted in PBS with

0.1% tween-20 and 0.2% bovine serum albumin, were incubated with adjacent sections

overnight at 4 °C in a humidified chamber. The sections were rinsed for 1 hour in 5

changes of PBS with 0.5% tween-20. Fluorescein conjugated goat anti-rat (syndecan-1) or

goat anti-rabbit (Syndecan-4 and fibronectin) secondary antibodies, diluted in PBS with

0.1% tween-20 and 0.2% bovine serum albumin, were incubated with the sections for 1

hour at room temperature. The sections were rinsed for 1 hour in 5 changes of PBS with

0.5% Tween-20 (purchased from Sigma Chemical Company, St. Louis, MO). A drop of

Vectashield" mounting medium (Vector Laboratories, Inc., Burlingame, CA) was placed

on each Section to prevent quenching of the fluorescence signal and they were

coverslipped.

For some of the sections the biotin-streptavidin technique was used. The blocking kit was

purchased from Vector Laboratories. These sections were rehydrated and incubated at

room temperature with 10% normal donkey serum in PBS to block non-specific staining.

The sections were incubated for 15 minutes with avidin blocking solution #1, rinsed in 3

changes of PBS, incubated for 15 minutes with biotin blocking solution #2 and rinsed in 3

changes of PBS. The sections were incubated with the primary antibodies overnight at 4°C

in a humidified chamber. Biotinylated donkey anti-rat (syndecan-1) and biotinylated

donkey anti-rabbit (syndecan-4 and fibronectin), diluted in PBS with 0.1% tween-20 and

0.2% bovine serum albumin, were incubated with the sections for 1 hour at room

temperature. The sections were rinsed for 1 hour in 5 changes of PBS with 0.5% Tween
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20. The sections were incubated with fluorescein conjugated Streptavidin (Jackson

ImmunoResearch Laboratories) diluted in PBS for 20 minutes. The sections were rinsed in

5 changes of PBS, a drop of Vectashield" mounting medium was placed on each section

and they were coverslipped.

The sections were viewed under a Zeiss Axiophot fluorescence microscope.

Representative specimens were photographed using TMAX 400 film (Eastman Kodak

Company, Rochester, NY). Controls utilizing non-immune serum and secondary antibody

alone showed no staining (not shown).

Code numbers of embryo’s illustrated in plates 1-6

Plate Embryo code

1a,b E10B052096.1

2a-d E11 B052196.1.1

3a-e E12B050196.2

4a,b E13B04.1596.1

5a-c E13B041596.2

6a-c E14B04 1696.1
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Results

The expression patterns of syndecan-1 (S1), syndecan-4 (S4) and fibronectin (FN) in the

developing mouse head, investigated from 10.5 to 14.5 days postconception (p.c.), are

outlined below. The plates for each day of development are included at the end of the

description of staining patterns that refers to them.

10.5 days p.c. (Plates 1a,b)

Head - General distribution (Plate 1a)

S 1

S 4

FN

Predominantly in first branchial arch, maxillary as well as mandibular component,

and lateral to developing eye.

Predominantly in neuroepithelium of developing brain and in ganglia and nerves.

Expressed in mesenchymal tissues, strong presence in basement membranes.

Maxillary process & roof of pharynx (Plate 1b)

S 1

S 4

FN

Within maxillary process present in oral and dermal epithelium and mesenchyme.

Epithelial expression slightly reduced in epithelial thickening of dental lamina, with

moderate S1 expression in the underlying mesenchyme. Slightly reduced

expression in band of mesenchyme underlying dermal epithelium. Very weak

mesenchymal S1 expression within roof of pharynx.

Within maxillary process present in epithelium and throughout mesenchyme.

Epithelial expression strongest in epithelial thickening of dental lamina.

Mesenchymal expression strongest in medial part, within roof of pharynx.

Within maxillary process presence in medial part stronger than in lateral part.

Closer to midline, within roof of pharynx, very weak FN expression.
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Mandibular process (Plate 1b)

S 1

S 4

FN

Plate

Within mandibular process expressed in oral epithelium and underlying

mesenchyme; inferior dermal epithelium and narrow band of underlying

mesenchyme. Reduced expression in median and lateral epithelium and

mesenchyme, as well as in central transverse band of mesenchyme.

Epithelial expression strongest in midline area. Within mesenchyme of mandibular

process a banded expression pattern is seen with strong expression in median

mesenchyme and intermediate expression in lateral mesenchyme. Minimal

expression in central core of right and left mandibular processes.

Within mandibular process a banded expression pattern is seen with moderate

staining in the lateral mesenchyme, strong staining in the median mesenchyme and

weak staining in the intervening area.

1a. Frontal sections through head of 10.5 days p.c. mouse embryo, stained for

syndecan-1, syndecan-4 and fibronectin. At this stage of development the right and left

mandibular processes have just fused in the midline. Significant growth has occurred in

the developing brain, which appears disproportionately large as compared to later stages of

development. Bar, 500 pum. =

1aa

CIn

dn

fr/l

mdp

mXp

OS

tW

- first arch artery

- cephalic mesenchyme

- diencephalic neuroepithelium

- fusion right & left mandibular processes

- mandibular process

- maxillary process

- optic Stalk

- telencephalic vesicle
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Plate 1b. Same sections as plate 1a, close-up of maxillary and mandibular processes of

10.5 days p.c. mouse embryo, stained for syndecan-1, syndecan-4 and fibronectin. The

fusion area of the right and left mandibular processes can be seen in the middle of the lower

half of the images. In the maxillary process the developing dental lamina of the molar

region is evident. Bar, 290 pum. m.

laa - first arch artery

de - dermal epithelium

dl - dental lamina

fr/1 - fusion right & left mandibular processes

oe - oral epithelium

rp - roof of pharynx
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Plate 1b
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11.5 days p.c. (Plates 2a-d)

Head - General distribution (Plate 2a)

S 1

S 4

FN

Predominantly in first branchial arch, maxillary as well as mandibular component,

and lateral to developing eye. Expression in dermal epithelium and narrow band of

underlying mesenchyme. Mesenchymal expression weaker in posterior sections.

Predominantly in neuroepithelium of developing brain and in ganglia and nerves.

Expression strongest on apical surface of epithelium and in underlying

mesenchyme.

Expressed in mesenchymal tissues, strong expression in basement membranes.

Maxillary process & roof of pharynx

S1

S 4

Expression in dermal epithelium strongest on superior and inferior aspects of

maxillary process, weak expression on lateral aspect of maxillary process.

Mesenchymal expression on lateral & inferior aspect (Plates 2a,b). Expression

very weak in developing dental lamina, with low expression in a narrow band of

underlying mesenchyme. Mild epithelial expression in area where lateral palatal

shelves are just beginning to develop, with mild expression in underlying

mesenchyme as well (Plates 2b,c). Roof of pharynx shows a thin line of epithelial

expression, no expression of S1 in underlying mesenchyme. A distinct line of S1

expression is present on the apical surface of the epithelium at the fusion of the

maxillary and mandibular processes, which is an extension of the dermal

expression of S1. Mesenchymal S1 expression at the line of fusion is limited to

the dermal side (Plate 2c).

Very strong expression in nerve tissues. Dermal epithelium shows minimal apical

expression, underlying mesenchyme on lateral side shows moderate band of

expression (Plates 2a,b). The expression in the developing dental lamina in the
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FN

maxillary process has become more similar to the expression in the underlying

mesenchyme. Oral epithelium overlying developing palatal shelf shows moderate

expression, with a moderate band of expression in the underlying mesenchyme

(Plates 2b,c). No S4 expression in mesenchyme of roof of pharynx.

Within maxillary process present throughout mesenchyme, most strongly in a

vertical band which runs close to but not directly adjacent to the dermal epithelium

on the lateral aspect (Plates 2a,b). Not expressed in nerve tissues.

Mandibular process

S 1

S 4

Epithelial expression is strongest in dermal epithelium and in anterior & lateral

aspect of oral epithelium. Epithelial expression is very weak in developing dental

lamina, with very low expression in underlying mesenchyme as well. Anteriorly

(Plate 2b) a transverse band of moderate expression is located in the lower 1/3 of

the mesenchyme, which extends to the lateral aspect of the mandibular process.

There is reduced expression in the midline. More posteriorly (Plate 2C)

mesenchymal expression is present in the pre-muscle mass of the lateral lingual

Swelling, in the lateral mesenchyme and in two circular pre-muscle mass areas

adjacent to the midline. More posteriorly still (Plate 2d), two elliptical areas of

slightly increased S1 expression are noted, at the primordium of Meckel's

cartilage.

Strongly expressed in developing inferior alveolar and facial nerve. Mild apical

expression in oral and dermal epithelium. Developing dental lamina shows minimal

expression. Mild expression in mesenchyme underlying oral epithelium and

inferior■ lateral dermal epithelium. In midline fusion area expressed in a narrow

band of mesenchyme (Plates 2b,c). In the anterior area there is also mesenchymal

expression in two circular areas directly adjacent to the midline (Plate 2b). This is

where incisor formation is taking place. More posteriorly, a narrow band of
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FN

mesenchymal expression in lateral lingual swellings is seen (Plate 2c). At fusion

area with maxillary process no epithelial S4 expression is noted, underlying

mesenchyme shows mild S4 expression (Plate 2c). More posteriorly still, two

ovoid areas of increased expression can be seen. This is presumed to be the pre

chondrogenic condensation of the posterior part of Meckel’s cartilage (Plate 2d).

Within mandibular process present throughout mesenchyme. On anterior side

(Plate 2b) expression is strongest in the lower 1/3, extending to the lateral aspect.

Expression is weakest in the median aspect of the mandibular processes. More

posteriorly (Plate 2C), a band of mild FN expression is noted in the pre-muscle

mass of the lateral lingual swellings, as well as in two circular pre-muscle mass

areas adjacent to the midline. Lateral to this structure a ring of increased expression

is noted surrounding the developing inferior alveolar neurovascular bundle, with no

FN expression present in the bundle itself. A band of mesenchymal FN expression

runs parallel to but not directly adjacent to the dermal epithelium. More posteriorly

still, two elliptical areas of slightly decreased FN expression are noted, at the

primordium of Meckel’s cartilage (Plate 2d).

Plate 2a. Frontal sections through head of 11.5 days p.c. mouse embryo, stained for

Syndecan-1, Syndecan-4 and fibronectin. Morphogenetic movements continue to shape the

maxillary and mandibular processes. Bar, 650 pum. =

dn

eye

mdp

mxp

tW

- diencephalic neuroepithelium

- developing eye

- mandibular process

- maxillary process

- telencephalic vesicle
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Plate 2b. Same sections as plate 2a, close-up of maxillary and mandibular processes of

11.5 days p.c. mouse embryo, stained for syndecan-1, syndecan-4 and fibronectin. The

first indication of the developing lateral palatal shelves is evident. Putative muscle

primordia can be identified. The syndecan-4 stained section shows dental mesenchyme of

the lower incisor, developing nerves, as well as the fusion line of the right and left

mandibular processes. The defect in the maxillary process on the left side of the section is

an artifact. Bar, 300 p.m. =

de dermal epithelium

dl dental lamina

dm - dental mesenchyme

fr/l - fusion right & left mandibular processes

ian - inferior alveolar nerve

lps - lateral palatal shelf

nV - trigeminal nerve

oe - oral epithelium

pm - pre-muscle mass

34



Plate 2b

º

-

35



Plate 2C. Same specimen as plate 2a, deeper sections of maxillary and mandibular

processes of 11.5 days p.c. mouse embryo, stained for syndecan-1, Syndecan-4 and

fibronectin. The lateral lingual swellings are evident, which will develop into the tongue.

Bar, 300 pum. =

dl

fu/l

ian

lls

lps

lv

nV

pm

dental lamina

fusion maxillary & mandibular processes

inferior alveolar nerve

lateral lingual Swelling

lateral palatal shelf

lingual vessels

trigeminal nerve

pre-muscle mass
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Plate 2C
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Plate 2d. Same specimen as plate 2a, deeper sections of maxillary and mandibular

processes of 11.5 days p.c. mouse embryo, stained for syndecan-1, syndecan-4 and

fibronectin. The first indication of Meckel’s cartilage primordium can be identified, most

easily in the section stained for syndecan-4. Bar, 300 pum. =

ian - inferior alveolar nerve

lls - lateral lingual swelling

ln - lingual nerve

lps - lateral palatal shelf

mcp - Meckel’s cartilage primordium

nVII - facial nerve

pm - pre-muscle mass
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Plate 2d
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12.5 days p.c. (Plates 3a-e)

Head - General distribution (Plate 3a)

S 1

S4

FN

Expression predominantly in dermal epithelium of lower half of head and narrow

band of underlying mesenchyme.

Expression predominantly in neuroepithelium of developing brain and in ganglia

and nerves and in muscle primordia.

Expressed in mesenchymal tissues, strong expression in basement membranes, in

areas of future bone development such as the calvaria and the mandible and in

association with muscle development.

Maxillary process & roof of pharynx

S 1

S 4

Expression in oral epithelium is low. Mild expression in lateral dermal epithelium,

with no expression in underlying mesenchyme (Plate 3a). Strongest epithelial and

mesenchymal expression on the inferior side, just lateral to where the maxillary

process will fuse with the mandibular process. Epithelial expression is low at the

future fusion area, with mild expression in underlying mesenchyme. A distinct line

of S1 expression is present at the actual fusion of the maxillary and mandibular

processes, which is an extension of the dermal expression of S1. Mesenchymal

S1 expression at the line of fusion is limited to the dermal side (Plates 3b,c). Mild

expression in epithelium of developing molar bud, with increased expression in

Surrounding mesenchyme (Plates 3c,d). Mild epithelial staining in lateral palatal

shelves (Plate 3d).

Within maxillary process present in central and lower mesenchyme. Minimal

expression in dermal epithelium and in epithelium on roof of nasal cavity (Plates

3a,b). Moderate expression on apical surface of epithelium of future fusion area

between maxillary and mandibular processes with minimal expression in underlying
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mesenchyme (Plate 3b). At the location where the epithelia of the maxillary and

mandibular processes are in contact the apical expression of S4 is no longer

present. Moderate apical epithelial expression at developing lateral palatal shelf

(Plate 3c). Slightly increased expression in epithelium of developing molar bud,

with decreased expression in surrounding mesenchyme (Plates 3c,d).

Within maxillary process strongest expression in a centrally located vertical band in

association with muscle development (Plate 3a). Reduced expression in

mesenchyme around dental lamina primordium of molar tooth bud (Plates 3c,d).

Mandibular process

S 1 Moderate expression in dermal epithelium and underlying mesenchyme.

Expression in oral epithelium is low. Strongest mesenchymal S1 expression is

seen at the lateral side underlying the area where fusion will take place between the

maxillary and mandibular processes and underlying the adjacent dermal epithelium

(Plates 3a,b). At the line of fusion there is a distinct line of apical epithelial

expression while expression in the underlying mesenchyme is low (Plate 3c).

Anteriorly minimal S1 staining is present in the dental lamina of the lower incisors

with mild staining in the surrounding mesenchyme. Within the mandibular

mesenchyme two elliptical areas of increased expression are noted adjacent to the

midline (Plate 3b). More posteriorly this area extends more laterally (Plate 3c) until

it forms a narrow band of enhanced S1 staining that traverses the full width of the

mandibular processes (Plate 3d). This staining pattern seems to delineate the

muscle primordia of the floor of the mouth. The inferior alveolar neurovascular

bundle and surrounding mesenchyme show minimal to no S1 staining (Plates

3c,d). Two additional circular areas of increased expression are noted adjacent to

the midline above the previously mentioned elliptical areas. This represents the

formation of Meckel’s cartilage (Plates 3c,d). Posteriorly, mesenchymal S1
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S 4

FN

staining is noted as a circular band around the developing Meckel's cartilage (Plate

3e). The first indication of oral and buccal vestibulum formation can be identified.

These invaginating epithelial grooves show mild S1 staining (Plate 3d). S1 staining

is very low in the area where mandibular bone will form at a later stage (Plate 3e).

Epithelial S4 expression is noted throughout the epithelium on the dorsal surface of

the tongue. It is also noted on the apical surface of the oral epithelium of the

mandibular processes. There is minimal expression on the lateral borders of the

tongue and on the dermal epithelium. The dental mesenchyme of the lower incisors

can be identified as two circular areas of decreased S4 staining adjacent to the

midline. The increased staining in two elliptical areas directly underneath could

represent a muscle primordium. Expression of S4 is noted in the developing

tongue musculature. A small round area of increased expression is seen in the

midline just below the tongue. This is thought to be the developing Meckel's

cartilage (Plate 3b). More posteriorly Meckel's cartilage primordium shows very

minimal to no S4 expression (Plates 3c-e). There is a narrow band of mesenchymal

S4 expression underlying the inferior dermal epithelium which extends laterally

(Plates 3b-e). There is minimal S4 expression in the mesenchyme underlying the

fusion area between the maxillary and mandibular processes (Plate 3c). The

developing oral (Plates 3c-e) and buccal (Plates 3d,e) vestibules show strong

mesenchymal S4 staining, with no epithelial S4 expression. The mesenchyme

surrounding the inferior alveolar neurovascular bundle shows no S4 staining

(Plates 3c-e).

Within the mandibular processes expressed most strongly in the lower border

mesenchyme. Minimal expression in areas of incisor development, no expression

in nerves. A Small median circular area of expression is noted at the anterior side of

the developing Meckel's cartilage (Plates 3a,b). Decreased FN stain is present in
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more posterior areas of Meckel’s cartilage formation (Plates 3c,d). More posterior

still, a slight increase in FN stain of Meckel’s cartilage is noted (Plate 3e). An

increase of FN expression is noted in the area where ossification of the mandible

will soon be initiated, lateral to the developing cartilage (Plates 3d,e). A reduction

in FN expression is noted in the mesenchyme underlying the fusion area between

the maxillary and mandibular prominence, with moderate expression in the

mesenchyme underlying the adjacent dermal epithelium (Plate 3c).
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Plate 3a. Frontal sections through head of 12.5 days p.c. mouse embryo, stained for

syndecan-1, syndecan-4 and fibronectin. The tongue can now be identified, molar buds

are beginning to develop. Bar, 760 pum. =

eye - developing eye

mb - molar bud

mdp - mandibular process

mxp - maxillary process

nV - trigeminal nerve

t – tongue



Plate 3a
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Plate 3b. Same sections as plate 3a, close-up of maxillary and mandibular processes of

12.5 days p.c. mouse embryo, stained for syndecan-1, syndecan-4 and fibronectin.

Further development of putative muscle primordia is evident. The dental lamina and dental

mesenchyme of the lower incisors can be identified, as well as the developing molar buds

in the maxillary processes. Bar, 400 pum. m

dl - dental lamina

dm - dental mesenchyme

lps - lateral palatal shelf

mb - molar bud

mn - mental nerve

mp - muscle primordium

nV - trigeminal nerve
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Plate 3b
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Plate 3c. Same specimen as plate 3a, deeper sections of maxillary and mandibular

processes of 12.5 days p.c. mouse embryo, stained for syndecan-1, syndecan-4 and

fibronectin. These sections give a more complete view of the maxillary molar buds. An

epithelial thickening on the lateral aspect of the developing palatal shelves can be identified.

Putative muscle primordia and directly above this Meckel’s cartilage primordium can be

seen in the mandibular component of the first branchial arch. The fusion area of the

maxillary and mandibular processes can be identified. Bar, 400 pum.=

fu/1 - fusion maxillary & mandibular processes

ian - inferior alveolar nerve

ln - lingual nerve

lps - lateral palatal shelf

mb - molar bud

mcp - Meckel’s cartilage primordium

mn - mental nerve

nV - trigeminal nerve

pm - pre-muscle mass
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Plate 3c
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Plate 3d. Same specimen as plate 3a, deeper sections of maxillary and mandibular

processes of 12.5 days p.c. mouse embryo, stained for syndecan-1, Syndecan-4 and

fibronectin. The first indication of buccal and oral vestibulum formation can be identified.

Meckel’s cartilage primordium is visible at either side of the midline.

Bar, 400 plm. =

bv - buccal vestibulum formation

dm - dental mesenchyme

ian - inferior alveolar nerve

ln - lingual nerve

mb - molar bud

mcp - Meckel's cartilage primordium

nV - trigeminal nerve

nVII - facial nerve

ov - oral vestibulum formation

pm - pre-muscle mass
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Plate 3d
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Plate 3e. Same specimen as plate 3a, deeper sections of maxillary and mandibular

processes of 12.5 days p.c. mouse embryo, stained for syndecan-1, syndecan-4 and

fibronectin. A more mature section of Meckel’s cartilage primordium is visible at greater

distance from the midline. The area of future mandibular bone formation can be identified

in the section stained for fibronectin. Bar, 400 pum. =

mcp - Meckel’s cartilage primordium

ian - inferior alveolar nerve

bp - bone primordium
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Plate 3e
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13.5 days p.c. (Plates 4a,b and 5a-c)

Head - General distribution (Plate 5a)

S 1

S 4

FN

Expression in dermal epithelium of lower half of head with very little expression in

underlying mesenchyme.

Expression predominantly in neuroepithelium of developing brain and in ganglia

and nerves and in muscle primordia.

Expressed in mesenchymal tissues, strong expression in basement membranes, in

areas of bone development such as the calvaria and the mandible and in areas of

muscle development. Expression in wall of arteries noted.

Maxillary process & roof of pharynx

S 1

S 4

Minimal expression in epithelium in future fusion area with moderate expression in

underlying mesenchyme. Moderate expression in adjacent dermal epithelium. The

epithelium of the developing lateral palatal shelves shows strong S1 expression

(Plate 4a). Moderate expression in epithelium of developing molar bud, with

Strong expression in surrounding mesenchyme (Plate 4a). Expressed in nasal

Septum cartilage (Plate 5a).

Minimal expression in epithelium or mesenchyme in fusion area with mandibular

process. Expressed in mesenchyme adjacent to fusion area with mandibular

process (Plate 4a). Distinct apical line of expression in dental lamina (Plates 4a,

5b,c), and in core of dental lamina (Plate 5c) with minimal expression in epithelium

of developing molar bud, or in surrounding mesenchyme (Plates 4a, 5b,c).

Sharply increased expression on apical surface of epithelial thickening on lateral

part of developing lateral palatal shelf. Minimal expression in underlying

mesenchyme (Plates 4a, 5a,b). The medial mesenchyme of the developing lateral

palatal shelves shows a mild band of increased S4 expression (Plate 5a,b).
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FN Minimal expression in mesenchyme around dental lamina primordium of molar

tooth bud (Plate 5c). Expressed in outer part of nasal septum cartilage (Plate 4b,

5a). Moderate mesenchymal expression underlying dermal epithelium and

underlying fusion area with mandibular process (not shown).

Mandibular process

S 1

S 4

Strong expression in dermal epithelium and narrow band of underlying

mesenchyme. Minimal expression in oral epithelium, moderate expression on

dorsal & lateral surfaces of tongue (Plates 4a, 5a,b). Minimal epithelial expression

in fusion area with maxillary process, stronger expression in adjacent dermal

epithelium. Strong staining of the mesenchyme at the lateral border in fusion area.

Strong staining in the mesenchyme around the incisor enamel organs (Plate 4a),

strong expression in the mesenchyme around the molar buds (Plate 5c). Very low

expression in areas of mandibular bone formation. In posterior sections the

mesenchymal expression of S1 is very faint (Platse 5a-c). Meckel's cartilage is

surrounded by a band of S1 positive mesenchyme (Plates 5a-c). The developing

oral vestibulum epithelium shows strong S1 staining. The developing buccal

vestibulum epithelium also shows increased S1 expression (Plates 5a-c).

Epithelial S4 expression is noted throughout epithelium on dorsal and lateral

Surfaces of tongue. It is also noted at apical surface of dermal epithelium and in

underlying mesenchyme, on apical surface of oral epithelium and on apical surface

of epithelium in future fusion area between maxillary and mandibular prominence.

After these epithelia come into contact this apical line of S4 expression disappears

(Plate 4a). Thin, distinct apical line of expression in epithelium at site of molar bud

invagination. Very mild expression around and in core of developing molar buds

(Plate 4a, 5b,c). Present in enamel organ and surrounding mesenchyme of

developing incisors (Plate 4a). A faint band of staining is seen surrounding
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Meckel’s cartilage (Plate 5b). Mild expression in areas of mandibular bone

formation. Expression in several muscle primordia, such as m. genioglossus (Plate

5c). The developing oral vestibulum shows low epithelial S4 expression, with

increased S4 expression in the surrounding mesenchyme. The developing buccal

Vestibulum epithelium also shows decreased S4 expression, with increased S4

expression in surrounding mesenchyme. Reciprocity with S1 expression is noted

in this area (Plates 5a-c).

Expressed in wall of inferior alveolar vessels (Plate 4b, 5b,c). Expressed in areas

of mandibular bone formation. Expressed in outer layer of Meckel’s cartilage and

immediate surrounding mesenchyme (Plate 4b, 5b,c). Expressed in muscle

primordia, for example m. genioglossus (Plate 5b). Mesenchyme around oral and

buccal vestibulum epithelium shows increased FN expression (Plate 5a-c).

Plate 4a. Frontal sections through maxillary and mandibular processes of 13.5 days p.c.

II].OUISC embryo, stained for syndecan-1 and syndecan-4. Bell stage of lower incisor

development is evident in the mandible. Meckel's cartilage is present in between the

developing lower incisors. Molar buds can be seen in the maxilla. Continued

morphological development of the lateral palatal shelves is evident, they are still vertically

directed adjacent to the tongue. Bar, 400 p.m. =
dm

€O

fu/l

lps

mb

IIIC

- dental mesenchyme

- enamel organ

- fusion maxillary & mandibular processes

- lateral palatal shelf

- molar bud

- Meckel’s cartilage

56



Plate 4a
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Plate 4b. Same specimen as plate 4a, deeper section through head of 13.5 days p.c.

mouse embryo, stained for fibronectin. Bone formation of the calvaria as well as initial

bone formation of the mandible is evident. The nasal septum and Meckel's cartilage can be

identified. Bar, 410 pum. m.

bfc

bfm

iav

lly

IIIC

IlS

bone formation calvaria

bone formation mandible

inferior alveolar vessels

left lateral ventricle

Meckel's cartilage

nasal Septum

tongue
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Plate 4b
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Plate 5a. Frontal sections through head of 13.5 days p.c. mouse embryo, stained for

Syndecan-1, Syndecan-4 and fibronectin. More posterior sections as compared to previous

13.5 days p.c. specimen (figures 12 & 13). Meckel’s cartilage and the nasal septum can be

identified. Bar, 750 pum. =

lps

IIIC

IlS

lateral palatal shelf

Meckel’s cartilage

nasal Septum

tongue
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Plate 5a
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Plate 5b. Same sections as plate 5a, close-up of maxillary and mandibular processes of

13.5 days p.c. mouse embryo, stained for syndecan-1, syndecan-4 and fibronectin. These

Sections were made at a slight slant, so that the right side of the specimen represents a more

anterior area than the left side. The more advanced stage of development of the lateral

palatal shelf in the anterior area (right side of each image) as compared to the posterior area

(left side of each image) can be clearly seen. The elevation of the palatal shelves starts in

the anterior area and progresses posteriorly. Further development of the oral and buccal

vestibulum is evident. On the superior/lateral aspect of Meckel’s cartilage the inferior

alveolar neurovascular bundle can be identified. Bar, 400 p.m. m

bv - buccal vestibulum formation

ian - inferior alveolar nerve

lps - lateral palatal shelf

mb - molar bud

mc - Meckel’s cartilage

mg - musculus genioglossus

nVII - facial nerve

OV - oral vestibulum formation

62



Plate 5b
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Plate 5c. Same specimen as plate 5a, deeper sections of maxillary and mandibular

processes of 13.5 days p.c. mouse embryo, stained for syndecan-1, syndecan-4 and

fibronectin. Progression of molar bud development is evident. The right submandibular

gland and m. genioglossus can be identified. Mandibular bone formation is taking place

lateral to Meckel’s cartilage. Bar, 400 pum. =

bv - buccal vestibulum formation

ian - inferior alveolar nerve

lps - lateral palatal shelf

mb - molar bud

mbf-- mandibular bone formation

mc - Meckel's cartilage

mg - musculus genioglossus

OV - oral vestibulum formation

Smg - submandibular gland
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Plate 5c
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14.5 days p.c. (Plates 6a-c)

Head - General distribution (Plate 6a)

S 1

S4

FN

Expression predominantly in dermal epithelium, mild expression in oral and nasal

epithelium.

Expression predominantly in neuroepithelium of developing brain and in ganglia

and nerves and in muscle primordia.

Expressed in mesenchymal tissues, strong expression in basement membranes, in

areas of bone development such as the calvaria and the mandible and in areas of

muscle development. Expression in wall of arteries noted.

Maxillary process & roof of pharynx

S 1

S4

FN

Expressed in oral epithelium and dermal epithelium. In the core of the molar bud

epithelium and in the mesenchyme directly around the developing molar bud S1

staining is evident (Plate 6c). Little expression in epithelium of future fusion area

between maxillary and mandibular processes. Little expression in underlying

mesenchyme (Plate 6b). Moderate expression on epithelium of elevated palatal

shelves. (Plates 6b,c).

Expression on apical surface of dermal epithelium and underlying mesenchyme.

Mild line of expression in center of developing molar bud, minimal expression in

surrounding mesenchyme (Plate 6c). Mild expression on apical surface of

epithelium of fusion area between maxillary and mandibular processes.

Mesenchymal expression at fusion area limited to dermal and oral corner of

mesenchyme (Plate 6b). Moderate expression on apical surface of oral epithelium.

Moderate expression on epithelium of elevated palatal shelves (Plates 6b,c).

Expressed in mesenchyme underlying dermal epithelium. Minimal expression in

mesenchyme around molar tooth bud (Plate 6c). Mild expression in mesenchyme
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underlying fusion area of maxillary and mandibular processes. Strong expression

on outer edge of cartilaginous nasal septum (Plate 6a).

Mandibular process (Plates 6a-c)

S 1

S 4

Strong expression in dermal epithelium, moderate expression in oral epithelium.

Little expression in underlying mesenchyme. Little expression in epithelium or

mesenchyme of future fusion area between maxillary and mandibular processes

(Plate 6b). Strong expression in mesenchyme around developing incisors, mild

expression in epithelial incisor cap. Butterfly shaped border of mild expression

around bone and cartilage forming area. Low expression in bone forming areas, no

expression in cartilage forming areas. The epithelium of the developing oral and

buccal vestibules show persistent S1 expression, with no S1 expression in the

surrounding mesenchyme. Mild expression in areas of muscle development.

Expression on apical surface of dermal epithelium and apical surface of oral

epithelium and underlying mesenchyme. Expressed throughout dorsal and lateral

tongue epithelium. Expressed on apical surface of epithelium on lateral side of

fusion line between maxillary and mandibular processes, in continuation with

dermal expression. Reduced apical epithelial expression in the center of the fusion

line. Expressed in median corners of mesenchyme in maxillary/ mandibular fusion

area, no S4 expression in narrow band of mesenchyme directly underlying

epithelium at fusion site. After fusion expression in mesenchyme bridging maxilla

and mandible on dermal side and on oral side. Expressed around developing

incisors and in core of incisor cap epithelium (Plates 6a,b). Mild expression in

bone forming areas of mandible, for example directly below Meckel's cartilage, but

not present in newly formed bone spicules (Plate 6c). No expression in cartilage.

Expression in areas of muscle development, for example in the tongue. Little

expression in epithelium of developing oral and buccal vestibules, with strong
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expression in the surrounding mesenchyme. Again S1 and S4 expression is

reciprocal in the epithelium and mesenchyme in this area (Plates 6b,c).

Highly expressed in bone forming areas, especially in newly formed bone spicules.

Expressed in mesenchyme underlying dermal epithelium. Expressed in

mesenchyme underlying fusion area of maxillary and mandibular processes. After

fusion expression in mesenchyme bridging maxilla and mandible on dermal side

and on oral side (Plate 6b). Mild expression around developing incisors. Strong

expression in anterior midline between right and left halves of developing mandible

(Plate 6b). FN expression in the tongue is reciprocal with S4 and S1 expression.

Expressed in outer layer of nasal septum cartilage. Expressed in outer layer of

Meckel's cartilage and immediate surrounding mesenchyme. Increased expression

in mesenchyme around developing oral and buccal vestibulum (Plates 6a-c).

Plate 6a. Frontal sections through head of 14.5 days p.c. mouse embryo, stained for

Syndecan-1, syndecan-4 and fibronectin. The palatal shelves have elevated above the

tongue. They are apparently not touching in the midline, however this is presumed to be a

processing artifact (Diewert and Tait, 1979). Bar, 875 pum. =

dm - dental mesenchyme

eo - enamel organ

eye - developing eye

jo - Jacobson’s organ

mc - Meckel’s cartilage

ne - neuroepithelium

ns - nasal Septum

rlv - right lateral ventricle

t – tongue
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Plate 6a
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Plate 6b. Same sections as plate 6a, close-up of maxillary and mandibular processes of

14.5 days p.c. mouse embryo, stained for syndecan-1, syndecan-4 and fibronectin. An

intricate pattern of muscle orientation can be seen in the tongue. In the mandible further

incisor development is taking place. Meckel’s cartilage can be seen close to the midline.

Bar, 400 pum. =

dm - dental mesenchyme

eo - enamel organ

ian - inferior alveolar nerve

ltm - longitudinal tongue musculature

mc - Meckel’s cartilage

mf - muscle fasciae

pv - palatine vessels

ttm - transverse tongue musculature
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Plate 6b
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Plate 6c. Same specimen as plate 6a, deeper sections of maxillary and mandibular

processes of 14.5 days p.c. mouse embryo, stained for syndecan-1, Syndecan-4 and

fibronectin. Extensive bone formation is taking place in the mandible, especially on the

more posterior side (left side of each image). Bar, 400 pum. m

bv - buccal vestibulum formation

eps - elevated palatal shelf

ian - inferior alveolar nerve

mb - molar bud

mbf-- mandibular bone formation

mc - Meckel’s cartilage

ov - oral vestibulum formation

sld - Sublingual salivary duct

smd - submandibular salivary duct

vtm - vertical tongue musculature
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Plate 6c
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Discussion

Syndecan-1, syndecan-4 and fibronectin show distinct expression patterns in relation to

specific developmental processes in the mouse head. The correlations between these

expression patterns and several morphogenetic and differentiation events that take place

during the period studied (10.5 to 14.5 days p.c.) are outlined below.

Central fusion of right and left mandibular processes

At 10.5 days p.c. the right and left mandibular processes are in the process of fusing in the

midline. At this point both syndecan-4 and fibronectin are expressed strongly in the

midline mesenchyme of the mandibular process. In addition syndecan-4 shows slightly

increased epithelial expression in the midline. In contrast, syndecan-1 expression is low in

the midline mesenchyme and epithelium. As development continues to 11.5 days p.c.

Syndecan-4 expression remains strong in a narrow band of midline mesenchyme.

Fibronectin expression in the midline mesenchyme has decreased. Syndecan-1 expression

remains weak in the midline mesenchyme region, but expression across the dermal

epithelium has become continuous.

This pattern of expression suggests that syndecan-1 , syndecan-4 and fibronectin play a

functional role in the events that lead to the fusion of the right and left mandibular

processes. The absence of syndecan-1, and the presence of syndecan-4 and fibronectin

could be a prerequisite for the epithelial and mesenchymal fusion to be completed. The

decreasing expressions of syndecan-4 and fibronectin and the appearance of syndecan-1 in

the midline area during later stages after the fusion has been completed suggest a functional

link. Syndecan-4 and fibronectin are present during the active fusion stage and disappear

after the process has been completed. Syndecan-1 is absent during the active fusion stage
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and appears after the process has been completed. Loss of epithelial Syndecan-l

expression has been documented during another fusion event in craniofacial development,

the fusion of the elevated palatal shelves. Epithelial cells in the midline seam loose staining

for syndecan-1, while mesenchymal staining becomes increased (Brinkley et al., 1992).

Further studies are needed to describe the expression patterns of syndecan-1 and syndecan

4 during the earlier stages of the fusion of the right and left mandibular processes.

Lateral fusion of maxillary and mandibular processes

At 11.5 days p.c. the fusion on the lateral aspect of the maxillary and mandibular processes

has been initiated. In the area before the epithelia have come into contact syndecan-1 is

expressed in the epithelium and in the mesenchyme adjacent to the future fusion area.

Where the epithelia have come into contact a distinct line of syndecan-1 expression is

present on the apical surface of the epithelia. This line is continuous with the dermal

epithelial syndecan-1 expression, but does not extend to the oral epithelium. Syndecan-4

also shows a line of apical epithelial expression, which is absent once the epithelia have

come in contact. Mesenchymal syndecan-1 expression is limited to the dermal side of the

fusion area, while mesenchymal syndecan-4 expression is noted on the dermal side and on

the fusion side. Mesenchymal fibronectin expression is strongest on the dermal side. Once

the mesenchyme has become continuous syndecan-1 , syndecan-4 and fibronectin

expression are noted on the dermal side of the mesenchyme and in the case of syndecan-1

and syndecan-4 in the dermal epithelium. No persistent band of syndecan-4 or fibronectin

expression across the line of fusion, such as was seen after midline fusion, is noted here.

There is a differential pattern of expression of syndecan-1 and syndecan-4 in association

with this fusion event, suggestive of functional significance. Before fusion takes place

both Syndecan-1 and syndecan-4 are expressed on the apical surface of the future fusion
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epithelium and in the underlying mesenchyme. During the actual fusion event syndecan-1

and syndecan-4 show an opposite expression pattern, with Syndecan-1 present and

syndecan-4 absent in the epithelium at the line of fusion and syndecan-1 absent and

syndecan-4 present in the underlying mesenchyme. During later stages of development

(12.5 & 13.5 days p.c.) stronger mesenchymal expression of syndecan-1 is seen in the

mesenchyme adjacent to the future fusion area. Otherwise the progression of events is

similar to that seen at 11.5 days p.c.

Some similarity is noted with the syndecan-1 expression during secondary palate

formation, with loss of epithelial syndecan-1 expression at the line of fusion (Brinkley et

al., 1992). Differences are noted between the fusion of the lateral aspect of the maxillary

and mandibular processes (lateral fusion), the midline fusion of the right and left

mandibular processes (mandibular midline fusion) and the fusion of the palatal shelves in

the midline (palatal fusion). The persistent expression of syndecan-4 and fibronectin

across the line of fusion seen in mandibular fusion is not noted in the lateral fusion event.

The final stage of mandibular midline fusion and palatal fusion do not feature the strong

mesenchymal syndecan-1 expression seen in lateral fusion. Further study is needed on the

expression of Syndecan-4 during palatal fusion. Based on the findings in this study and on

the literature, mandibular midline fusion, lateral fusion and palatal fusion appear to be

distinct processes with different distributions of molecular markers.

Palatal shelf formation and elevation

At 11.5 days p.c. increased expression of syndecan-1 and syndecan-4 is noted in the

epithelium and mesenchyme of the developing lateral palatal shelves. At 12.5 days p.c. the

Syndecan-1 staining in this area remains similar. A thickening of the epithelium has formed

at the lateral side of the developing lateral palatal shelves, which shows a distinct apical line
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of syndecan-4 expression with minimal expression in the underlying mesenchyme. At this

location the epithelium has changed from simple cuboidal to stratified columnar. At 13.5

days p.c. strong epithelial expression of syndecan-1 is noted in this area, with minimal

expression in the underlying mesenchyme. The syndecan-4 staining is very strong on the

apical surface of the epithelium at the lateral edge of the developing palatal shelves, with

minimal expression in the underlying mesenchyme. The medial mesenchyme of the

developing lateral palatal shelves shows a mild band of increased syndecan-4 expression.

By 14.5 days p.c. the palatal shelves have elevated above the tongue. In vivo they will

immediately be in contact with each other in the midline (Diewert and Tait, 1979).

Moderate syndecan-1 and syndecan-4 expression is present on the epithelium of the

elevated palatal shelves. The expression pattern of syndecan-1 observed here is similar to

what has been found previously (Brinkley et al., 1992).

The process of the formation and elevation of the palatal shelves displays an intricate

pattern of epithelial syndecan-1 and syndecan-4 expression. Epithelial syndecan-1

expression and epithelial syndecan-4 expression are noted early on and throughout the

growth and elevation of the palatal shelves. Both syndecan-1 and syndecan-4 could

function in the initiation, growth and elevation of the lateral palatal shelves. The

localization of syndecan-4 in the lateral aspect of the shelf epithelium is suggestive of a strut

function during the actual elevation process. This is compatible with the ability of the

Syndecans to associate (presumably indirectly, Miettinen and Jalkanen, 1994) with the actin

cytoskeleton. The curvature that occurs as a result of epithelial cell shape and packing in

this area has been suggested to serve to direct palatal expansion, resulting in palatal shelf

elevation (Brinkley et al., 1992). The distinctive expression patterns of syndecan-1 and

especially syndecan-4 in this curvature reemphasize the potential significance of this

curvature in the lateral palatal shelf elevation process.
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Formation of Meckel’s cartilage

The earliest indication of the development of Meckel’s cartilage are two elliptical areas of

slightly increased syndecan-1 and moderately increased syndecan-4 expression and

decreased fibronectin expression adjacent to the midline at 11.5 days p.c. At 12.5 days

p.c. Syndecan-1 expression has become stronger, while syndecan-4 expression has become

weaker. In the midline in the anterior part of Meckel’s cartilage primordium and in the

posterior part slightly increased fibronectin expression is noted, with fibronectin expression

still reduced in the intermediate parts of Meckel’s cartilage. At 13.5 and 14.5 days p.c.

Meckel’s cartilage shows syndecan-1 and syndecan-4 expression only in a narrow band in

the adjacent mesenchyme. Fibronectin expression is becoming strong in the outer layer of

Meckel’s cartilage and in the surrounding mesenchyme.

First syndecan-4 and then syndecan-1 are present in the pre-chondrogenic mesenchymal

condensations of Meckel's cartilage. Fibronectin shows reduced expression in these areas

as compared to the surrounding mesenchyme. As actual cartilage formation is being

initiated first syndecan-4 and then syndecan-1 expression disappear from the center of

Meckel's cartilage and become limited to the surrounding mesenchyme. At this point

fibronectin expression increases in the developing Meckel’s cartilage, especially in the outer

ring. Studies on limb development have shown that syndecan-1 expression becomes

reduced in chondrogenic foci. This is similar to what is seen in the formation of Meckel's

cartilage.

Further experiments are needed to test if the initial upregulation of syndecan-4 and

syndecan-1 followed by reduced expression are required for chondrogenesis to be initiated.

In vitro culture of the mouse first branchial arch explant in combination with experimental
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perturbation of syndecan-1 and/or syndecan-4 expression could be used (Slavkin et al.,

1989; Slavkin et al., 1990a). Transfection with sense or anti-sense syndecan-1 and

syndecan-4 constructs could be performed to increase or decrease expression. The

antisense approach to reduce syndecan expression has been used successfully on cultured

epithelial cells by stable transfection of a syndecan-1 antisense construct under a beta-actin

promoter (Saunders et al., 1989b). Alternatively, the cultures could be treated with

purified truncated forms of syndecan-1 and syndecan-4 core proteins, or with specifically

constructed heparinsulfate fragments to dissect out which part of the GAG chains play a

role during cartilage formation.

Another targeted means of affecting transcription of individual syndecan family members is

the addition of anti-sense oligodeoxynucleotides (Slavkin, 1995). Anti-sense

oligodeoxynucleotides have been very effective in the in vitro mandibular explant system in

abrogating the transcription of EGF (Hu et al., 1992; Shum et al., 1993). The application

of antisense oligodeoxynucleotides provides a relatively simple means of manipulating

gene expression without interfering with previous stages of embryonic development. It has

been shown that e.g. growth factors such as TGF B act in early stages of development

during gross patterning (axis formation) and later on also function in the local development

of anatomic structures (Mahmood et al., 1992).

Formation of mandibular bone

As early as 12.5 days p.c. an area of increased fibronectin expression is noted at a location

where mandibular bone will develop later on, directly below and lateral to the developing

Meckel's cartilage (Plate 3e). At 13.5 and 14.5 days p.c. fibronectin expression steadily

increases in bone forming areas, especially in newly formed bone spicules (Plates 5c, 6c).

Syndecan-1 expression remains low and syndecan-4 expression remains mild in areas of
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bone formation. Fibronectin expression is low around the inferior alveolar neurovascular

bundle, with strong expression in the actual vessel walls.

During the initiation and progression of bone formation syndecan-1 and syndecan-4 do not

show a particularly distinctive pattern. The expression pattern of fibronectin however, is

suggestive of a functional role in this process. There is strong experimental evidence that

this is indeed the case for fibronectin, based on In vitro culture of primary rat calvarial

osteoblasts in the presence and absence of anti-fibronectin antibodies (Moursi et al., 1996).

Tooth formation

The earliest indication of the initiation of molar formation in this investigation is the

epithelial thickening seen at 10.5 days p.c. in the maxillary process. This thickening

displays reduced syndecan-1 expression and increased syndecan-4 expression as compared

to the other oral epithelium, with moderate syndecan-1 expression and mild syndecan-4

expression in the underlying mesenchyme. At 11.5 days p.c. the syndecan-1 expression

remains similar, while the epithelial syndecan-4 expression decreases to the degree of

staining of the underlying mesenchyme. At 12.5 days p.c. syndecan-1 and syndecan-4

show mild expression in the invaginating epithelial molar bud. Syndecan-1 shows

increased and syndecan-4 and fibronectin show decreased expression in the surrounding

mesenchyme. At 13.5 days p.c. syndecan-1 shows minimal expression in epithelium of

developing molar cap, with increased expression in surrounding mesenchyme. Syndecan

4 shows a distinct line of expression in the dental lamina, with minimal expression in

epithelium of developing molar cap, or in surrounding mesenchyme. Fibronectin shows

slightly increased expression in surrounding mesenchyme. At 14.5 days p.c. mild

Syndecan-1 and syndecan-4 expression is seen in the core of the molar cap epithelium. The
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surrounding mesenchyme shows mild syndecan-1 and minimal syndecan-4 and fibronectin

expression.

The earliest indication of the initiation of incisor formation in this investigation are the two

circular areas of syndecan-4 expression directly adjacent to the midline in the anterior

mesenchyme of the mandibular process at 11.5 days p.c. More anterior sections would

have shown the developing epithelial incisor cap. At 12.5 days p.c. strong Syndecan-1

expression is noted in the incisor cap and in the surrounding mesenchyme. Syndecan-4

expression is present in the incisor cap and syndecan-4 and fibronectin expression are

reduced in the surrounding mesenchyme. At 13.5 days and 14.5 days p.c. Syndecan-1

expression has become mild in the epithelial enamel organ with strong expression in the

surrounding mesenchyme. Increased syndecan-4 expression is noted in the core of the

epithelial enamel organ as well as in the surrounding mesenchyme. Fibronectin expression

is weak in the surrounding mesenchyme.

The observed patterns of syndecan-1 expression are similar to what has been described

previously (Thesleff et al., 1988; Vainio et al., 1989; Vainio et al., 1991; Vainio and

Thesleff, 1992a and 1992b). There are instances where other investigators noted strong

Syndecan-1 expression, for example in the invaginating epithelial molar bud at 12 days p.c.

(Thesleff et al., 1988), where only mild expression is noted here. Differences in

embedding and staining technique, such as incubation and washing conditions, may

account for this difference. Despite the frequent use of quantitative terms such as mild,

moderate, strong, it is important to keep in mind that immunohistochemstry is primarily a

qualitative means of investigation. The distribution of expression and the relative changes

in expression are similar to those found in previous investigations.
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Though the timing of the events during incisor and molar formation differ somewhat, the

observed expression patterns of syndecan-1 , syndecan-4 and fibronectin are very similar.

By 11 days p.c. incisor tooth organs are at late cap stages, whereas molars are at their

initial stage of tooth development. Therefore the initial stages of incisor formation are not

included in these studies. The described pattern is highly suggestive of functional

significance of syndecan-1 and Syndecan-4 expression during incisor and molar formation.

The absence of syndecan-1 , and the presence of syndecan-4 in the early epithelial

thickening could be significant for the initiation of molar bud development. The presence

of both syndecan-1 and syndecan-4 in the molar bud epithelium during later stages could be

significant for further morphogenesis and differentiation. During the bell stage of incisor

development syndecan-1 decreases and syndecan-4 expression increases in the enamel

organ. The presence of syndecan-1 in the mesenchyme starting at the bud stage of

development could be significant for the events leading to dentin formation, or could play a

role in inhibiting bone formation (see section on mandibular bone formation).

Further study is needed to determine the syndecan-4 expression in relation to syndecan-1

expression during the earlier stages of incisor formation. The functional significance of the

observed expression patterns could be tested using in vitro culture of developing tooth buds

(Vainio et al., 1989), combined with experimental perturbation as described in the section

on cartilage formation.

Formation of oral and buccal vestibulum

At 12.5 days p.c. the formation of the buccal and oral vestibulum has been initiated. From

then on and through 14.5 days p.c. increased syndecan-1 and decreased syndecan-4

expression is noted in the epithelial groove adjacent to the posterior part of the tongue, and

in the epithelial fold on the lateral side of the oral cavity. The mesenchyme surrounding
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these epithelia shows low syndecan-1 expression and increased syndecan-4 and fibronectin

expression.

The specific distribution of syndecan-1, syndecan-4 and fibronectin is highly suggestive of

functional involvement with this morphological event. Syndecan-1 may be highly

expressed in the epithelium, because of the invaginating nature of this epithelium,

analogous to tooth bud development (Thesleff et al., 1988). A distinct difference with

tooth development however is the absence of syndecan-1 expression in the surrounding

mesenchyme. Another difference is the absence of syndecan-4 in the invaginating

epithelium, with strong presence of syndecan-4 in the surrounding mesenchyme. In vitro

culture of this section of epithelium and its surrounding mesenchyme, in combination with

experimental perturbation as described in the section on cartilage development, could be

attempted to assess the functional significance of these expression patterns.

Concluding remarks

This investigation has focused on the distribution patterns of the proteoglycans (PGs)

Syndecan-1 and Syndecan-4, and on a putative ligand of syndecan-1, fibronectin. The

results show that these two members of the syndecan family of cell surface proteoglycans

display distinctive spatial and temporal patterning during the embryonic development of the

mouse first branchial arch. Therefore the hypothesis (page 19) is hereby accepted. As

described above, there are instances where syndecan-1 is expressed in similar tissues as

fibronectin, as well as instances where their expression patterns are opposite. This is also

the case for Syndecan-4 and fibronectin. The functional significance of the observed

expression patterns still needs to be elucidated. An important point is that the
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glycosaminoglycan (GAG) side chains, which are thought to represent the functional

component of the PGs, display spatial and temporal differences in their composition.

Therefore the same syndecan core protein may carry different side chains at different

locations or at different times during development, with potentially significant effects on its

function. Further investigations on the GAG side chains of the syndecans and the

interactions with their ligands are needed to clarify the significance of the observed

expression patterns presented here.
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