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ÀBSTRACT

Patterning of the undifferentiated mesenchyme of the

chick wing bud is guided by interactions between the apicar
ectodermal ridge and the polarizing region. FcF-4 has been

shown to maintain the polarizing activity in the chíck wing

bud when the apical ectodermal ridge is removed. îGF-2,

another member in this famiry of growth factors, is known to
stj-mulate frontal nasal mass mesenchyme. The possible role of
FcF-4 in facial development was investigated by grafting
facial rnesenchyme from two different facial primordia from

stage 24 embryos into the wing bud of stage 22 host embryos.

Since FGF-4 is an epithelium-derived factor, mesenchyme with
its attached epithelium was grafted as a positive control.

As the frontal nasal mass (FIIM) deveJ_ops, the prenasal

cartilage forms and an eqg tooth (a speciarized epithelial
structure) appears. v{hen the FNM with its epitherium is
grafted into the wing bud, 84.62 produce an outgrowth with an

egg tooth. If the FNM is grafted without. the epithelium, the

incidence of egg tooth formation drops to 64.32. when a bead

soaked in FcF-4 is placed in the FNM graft without the

epithelium, the incidence of egg tooth formation rises to
92.92. The mean length of the cartilage rod in the outgrowth

is not statistically different between the FNM with epithelium
group and the FNM mesenchyme plus FGF-4-soaked bead group but

I



both are significantly longer than the FNM rnesenchyme onry

group.

Mandibular graft experiments show a different response

pattern: the mandj-bular (Md) mesenchyme with an FGF-4-soaked

bead does not produce a significantry longer cartilage rod in
the outgrowth compared to Md mesenchyme alone: both are

significantly shorter than the Md mesenchyme with its intact
epithelium. Qualitativery, the shape of the cartilage al-so

differs. Long, straight rods resurt from Md mesenchyme with
intact epithelium grafts whereas rectangular, triangular, and

circurar rods of cartilage develop in the Md mesenchyrne prus

FGF-4-soaked bead grafts.

These results could mean that either: 1) FGF-4 affects
the FNM more than the mandible or Z) FGF-4 expresses its
action at a different stage of deveropment within these

primordia. In these experiments, FGF-4 appears to play a role
in patterning and differentiatj-on of the facial prirnordia and

has a lesser effect on proliferation and outgrowth.

1L
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GENERAL INTRODUCTION

Facial growth and development is important to understand

as a practitioner of orthodontics especially as it relates to
treatment. Abnormal growth and development of the face and

head presents with unique problems in planning treatment in
terms of structures and tissues that, are present, structures

and tissues that are not present, Iack of outgrowth of the

facial primordia, lack of fusion of facial primordia, and

premature fusion of growth areas. ItThe successful

rehabilitation of the patient with abnormal development of the

cranium, face, and mouth is contingent on accurate diagnosis

and an understanding of the aetiopathogenesis of the basic

defect. As the scientific basis of malformation is clarified
ít will be easier for the surgeon and the orthodontist to

improve the quality and stability of treatment.'rl Recent

discoveries have linked fibroblast growth factor receptor

mutations to a number of syndrornes involving the face (and

limbs) such as Crouzonrs Syndrome (Reardon et ã7., L994a,

1,994b; Rutland et â7., 1-995; Wilkie et a7., t995; Jabs et al.,
1"994) , Jackson-lrleiss Syndrome (Jabs et ã7. , L994) , Pfeif fer
Syndrorne (Rutland et a7., L995; Muenke et a7., L994), Apert's
Syndrome (I^Iilkie et a7. , 1995) , and achondroplasia (Shiang et

t Poswil1o, D.
craniofacial deforrnity.

(1-988). The aetiology and pathogenesis of
DEVELOPIÍENT 103 SuppTement, p. 2I2.
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ã7., L994). Thus

fibroblast growth

it is irnportant

factors p[ay in
to clarify the role that

normal development.

Embrvonic Development of the Chick Face

The face of the chick embryo is first recognized at stage

1,4 (=z.zs days incubation) of in ovo development when the

first and second branchial arches and clefts are distinct.
Facial primordia mesenchyme covered by epitheliun grow

outward around the stomodeum and fuse together. The final
facial form is achieved through growth, morphogenesis, ceIl
differentiation, and pattern formation (spatial ordering of
ce1I dif f erentiation) (!'Iedden et ã7 . , l-988 ) of the f acial-

prirnordia. These prirnordia are: i-) the frontonasal mass which

forms the upper beak, prenasal cartilage, nasal septum, and

premaxilla, 2) the paired lateral nasal processes that form

the conchae of the nose and external nares, 3) the paJ-red

maxillae which form the corners of the beak, tissues under the

eyes, and the palatal shelves, and 4l the paired mandibular

processes that fuse together to form the mandible (Tamarin et

ã7., 1-984). Both the frontonasal mass and mandibular prirnordia

produce distinct cartilage rods - the prenasal cartilage and

Meckel's cartilage which make these primordia good

candidates for studying outgrowth of the face. Cellu1ar

differentiation and chondrogenesis within these prirnordia

-2-



begin at stage 24. Àt, stage 30 (6.5 days incubation), the egg

tooth appears (Tanarin et a7.,1984) at the distal tip of the
prenasal cartilage. ft is a specialized ectodermal structure
on the dorsar surface of the upper beak used by the chick to
break out of the shelr but then disappears shortly after
hatching (Yee and Àbbott, L978).

EpÍthelium pernits the outgrowth of the mesenchyme of the

facial primordia: if the epitheliurn is removed, mesenchymal

outgrowth is truncated (Iriedden , 1-987) . Either limb bud

epithelium or facial epitheliurn wil-I perrnit outgrowth but the

mesenchyme determines the shape (Richrnan and Tickle, l_999) of
the prominence.

The mesenchyme within the facial prirnordia arj-ses from

two sources: the neural crest and the somitomeres. The

nigration of neurar crest cerls from the edges of the neural

folds occurs at the time when the neural tube ís closing
(Noden, L984; Lumsden et â7., l-991-). The fate of the neural

crest cells is pre-programmed prior to rnigration from the

neural epitheliurn (Noden, 1983b; Wedden et âI. , 1988) . As

these neural crest cells rnigrate, they transform into
mesenchymal cells capable of forming cartilage, bone, gIial
ceIls, sensory and autonomic ganglia, ot pigrment celIs.
Mapping the migration of neural crest cells using tritiated
thlrmidine (Johnston, L966; Noden, Lgzs) , grafted quail cel1s

with distinguishable nuclei (LeDouarin, 1973; Lelievre and

LeDouarin, 1975), or Dit (Lumsden, 1991_) have shown that the
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neural crest cells contributing to the face arise in the

region from the rnidbrain caudally to the second rhombomere.

The first branchial arch was filled by neural crest cell-s

migrating from the Ievel of the midbrain to rhombomere 2. The

neural- crest cells fill the arch ventral-dorsalÌy and rostral-
caudally (Lumsden, 1991). The first branchíal arch

subsequentry develops into the lower half of the maxilla and

the mandible.

Not all structures within the head are derived from the

neural crest cells: the voluntary muscles of the face are

derived from somitomere mesoderm (Noden, l-983a | 7-gg4) although

the connective tissues around these muscles rnay originate from

the neural crest. other non-neural crest derivatives include
motor neurons, the cranial vault, and endothelial ce11s of
blood vessels (Noden, 1988).

In the frontonasal mass, the neural crest cells and the

cells from the somitomeres interrningle but in the mandible,

the neural crest cerrs maintain a peripheral position around

a core of somiÈomere-derived mesoderm (Trainor and Tam, i-995).

Although the neural crest contribution of cells is unique

to the head and neck regions, the outgrowth of the facial
primordia is thought to fol-low a pattern similar to that of
the limbs.
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Embryonic Development of the Chick Forelirnb

The paraxiar mesoderm, adjacent to the notochord, divides
into segrments called somites and each somite has a dermatome

(*feathers), sclerotome (*cartilage), and myotome (*musctes) .

At stage l_5 (Hamburger and Hamilton , L9SL) , an

inconspicuous condensation of mesoderm begins at the
prospective linb areas. The wing bud becomes visibl-e at stage

16 as a thickened ridge. By stage 22, the wing buds are easily
distinguished outgrowths but cel-l- differentiation and

cartilage formation have not yet started. As in the face, the
epithelium signals outgrowth of the mesoderm. carrington and

Fall-on (1-984) showed that by removing the epithetium over the
presurnptive limb bud at stage as, wing deveropment \{as

suppressed. This denuded mesoderm could be re-induced if
ectoderm was repraced: however, this ectoderm had to be from

an embryo that had not developed past stage 20. As wel_l, they

found that the older the ectoderm (stage 15 -+ stage zo) the

less likelihood of a normal- wing developing.

The developing rinb bud contains a specialized epitherial
structure of pseudostratifÍed corumnar epitherium at the apex

known as the apicar ectodermal ridge (AER) (figure 1). Removar

of the AER resurted in stunted growth of the wing (saunders,

3"949i summerbell et a7.,1973). The aging AER of the older
embryo maintained its ability to promote wing outgrowth as

shown by Rubin and saunders (L972) z ÀERrs from older chick
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embryos, up to stage 29, that were transplanted into younger

embryos hrere able to promote normal $¡ing outgrowth. This

phenomenon further suggested that the mesenchyme v/as

responsible for patterning. An area of rapidly dividing
mesenchymal cells at the tip of the wing bud called the
progress zone (Summerbell et ã7., 7973) was the source of
mesenchymal cells populating the developing wing. The longer

the ceIl spent in the progress zone, the more Iikely that cel1

h¡as to become a distal structure. The progress zone and AER

r¡/ere shown to work together and that by removing the AER, the

development of distal- structures hras affected in a time-
dependant manner: removar of the AER at stage 18 resulted in
absence of the radius, ulna, and digits but by stage 24,

removal of the AER resulted in normal formation of the radius
and ul-na, ho$/ever, the digits hrere absent. Tickl_e et aI .

(l-985) showed that the AER needed the underlying mesenchyme to
maintain itself. Therefore, not only did signals pass frorn the

AER to the mesenchyme but the mesenchyme sent signals to the

AER.

A polarizinq region located at the posterior junction of
the linb bud and trunk was shown to be important in antero-
posterior patterning of the wing. Transplanted polarizing
regions, from either the leg or wing bud, into the wing

resulted in dupricated wing structures forming from the

surrounding mesenchyrne. Tickle et a7. (1975) demonstrated that
the porarizing region exerted its effect vía a concentration
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gradient but it wasn't until- seven years later (Tickle et al.,
1982) that the substance thought to create the gradj_ent might
be retinoic acid. Using retinoic acid-soaked beads irnplanted
under the ÀER, Tickle et a7. (1985) showed that the
concentration of retinoic acid, the length of exposure, and

bead position arr affected the patterning of the wing. Tharrer
and Eichele (t987 ) showed that in the chíck embryo, endogenous

retinoic acid is present in a gradient distribution with the
highest concentration at the posterior of the wing bud.

However, wanek et a7. (1991) and Noji et ar. (i-991_)

conclusively demonstrated that retinoic acid converted

surrounding mesenchyme into a polarizing region thus causing

the dupl j-cation of wing structures.
Growth factors also pray a role in the outgrowth of the

wing buds and the growth of facial mesenchyme ceIls in
culture. Thus, growth factors are also likely to play a part
ín normal- facial- growth of the embryo.

Growth Factors

Growth factors are broadly defined as proteins that
promote growth. The main families of growth factors are: l_)

transforming growth factors, 2) insulin-rike growth factors,
3) epidermal growth factors, 4) platelet-derived growth

factors, and 5) heparin-binding growth factors, also calred
the fibrobrast growth factors (Baird and Kragsbrun, a991).

-7-



Although acidic fibrobl-ast growth factor (aFGF) and

basic fibroblast growth factor (bFcF) t¡ere the first members

of the fibrobrast growth factor (FGF) fanily to be recognized,
FGFrs played a rore in many tissue culture experiments prior
to their characterization. Hoffman (1940) used extracts from

adult rat brain to rnaintain growth and cell division within
chicken fibrobrast cerl cuLtures. Enbryonic rat extracts,
however, hrere effective irrespective of the organ from which

the extract was derived. Armerin (L973), using 3T3 mouse cell
cultures, found that a bovine pituitary extract, NIH-LH-B8,

wourd promote growth Ín vitro but highly purified ruteinizing
hormone woul-d not reproduce these resurts. Heat or protease

treatment of NrH-LH-BB also negated this effect. consequently,

another protein factor in the NrH-LH-B8 extract was suspected

arthough never isolated. Gospodarowicz (1974), also using 3T3

cel-1 cultures, found bovine brain extract ten-fold more

efficacious than pituitary extract j-n promoting cell curture
growth. He was the first to use the term fibroblast growth

factor and attempts to purify FcF (Gospodarowicz et ar. , 1,g78)

led him to berieve that there v/ere 2 different proteÍns a

protein of L28 amino acids which he called FGF1 and a second

protein of Lo7 amino acids, FGF2 . These proteins r{rere f ound

to stirnulate mitosis of fibroblasts in culture, increase amino

acid and nucleotide transport, increase protein synthesj_s,
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increase MRNA and DNA synthesis, increase formation of
polyribosomes, and cause a reversible de-differentiation of

cell-s in culture.

Maciag et a7. (l-984) and Shing et a7. (l-984) discovered

a simple s¡ay of purifying endothelial growth factors by

utilizing heparin affinity chromatography. Using a similar
protocol, the amino acid seguences of purified aFGF (Girnenez-

Gallego et al., 1985r' Thomas et a7., 1985) and bFGF (Esch et
ãf. , l-985) were determined. Clones of complementary

deoxyribonucleic acid (cDNÀ) v/ere made to be used as probes to
locate the bovine FGF genes (Abraharn et ã7. , 1986a) and the

human bFcF gene (Abrahan et â7. , l-986b) . À single gene with
99å homology to the bovine bFGF was found. Thomas (t987) and

Kurokawa et al. (L987) surmised that there $rere other genes

simil-ar to bFGF as a result of their cDNÀ assays. Jaye et aI.
(l-986) napped the endothelial ce11 growth factor to human

chromosome 5q31- .3-33.2 but when Mergia et a7. (i-986) napped

the aFGF and bFGF genes to human chromosomes 5 and 4

respectively, there r^¡as speculation that endothelial ce1l

growth factor night actually be a member of the fanily of

fibrobl-ast growth factors. Indeed, through DNA and amino acid

sequencing, aFGF and bFGF vrere determined to be the same as a

number of other growth factors (table f) , (Abraharn et ãI. ,

1986b; Thomas, L987) .

The proteins encoded for were 155 amino acids in 1ength

but did not contain signal peptides so their mechanism of
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secretion from the cell v/as unknown. celt lysis or membrane

transport via an unknown mechanism vJere the prirne candidates.

The amino acid seguences of human aFGF and human bFGF vrere

found to be 558 homologous and homology across species for
each growth factor was arso found to be quite high (Thomas,

1987; Abraham et a7., 1986a).

FGFrs were shown to be rnitogenic and stirnulated
production of collagenases and plasminogen activator
proteolytic enzymes involved with tissue remoderl-ing - (Gross

et â7., L982; Presta et a7., 1985; Moscatelli et ãi., l_986)

and courd thus play a rore in tumour invasiveness and

neovascularization. using purified or recombinant aFGF and

bFGF, both factors were found to be chemotactic for
endotheliar cells in vitro and as mitogens for embryonar cell_s

of neuroectodermal and mesenchymar origin in vitro (Burgess

and Maciag, L989; Gospodarowicz et al. , 1996) . Basic FGF

ericited neurite extension in culture and increased cerl
survj-var of neurons (Morrison et â7. , 1996) . Forkman and

Kragsbrun (1987 ) suggested that aFcF and bFGF rikely played a

role in development of the vascular system based on their jn

vivo angiogenic effects and tumour neovascularization. FGF's

were shown to both inhibit and enhance cerlular
differentiation, depending on the cell type.

As FGFrs had the ability to influence so many different
cell- types, their role in ernbryorogic deveroprnent was studied.
Risau (L986) detected FcF in the deveroping chick brain.

-10-



Kimerman and Kirschner (1987 ) and slack et ar. (L997 ) showed

that by adding FGFrs to explants of ectoderm from the animal

pole of Xenopus embryos, mesoderm induction could be

stimuLated. This effect was blocked when heparin was added.

Kimelman et a7. (1988) demonstrated the presence of endogenous

FGF in early xenopus embryos. By inhibiting the binding of
FGF to their receptors using a dominant negative mutant form

of FGF receptor, Amaya et a7. (1991) inhibited mesoderm

induction and produced developmental defects in xenopus

embryos.

Currently,9 members of the FGF farnily have been

identified (tabre r). since the FGF's have been known by a

variety of different names, the new standardized terminology

will be used throughout the remainder of the thesis.
The int-2 oncogene, originally identified by peters et

a7. (1983) and sequenced by Moore et a7. (1996), was not
identified as a member of the FGF family untir Dickson and

Peters (1987 ) and snith et a7. (1988) showed that its sequence

v/as similar to bFGF but with a large rniddle segment missing.

The jnt-2 oncogene product is now known as FGF-3.

FGF-3 was found in cells from embryonic mice but not in
normaL adult tissues (wilkinson et a7., i-g8g). The insertion
of the mouse manmary tumour provirus adjacent to the murine

FGF-3 gene caused the gene to be transcribed in the adurt.
rn the embryo, in situ hybridization showed hígh level-s

of FGF-3 in ceIls rnigrating through the prirnitive streak, non-
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rnigrating ce1Is in the epitheriar endoderm of the pharyngeal

pouches, and neural ectoderm of the hindbrain, but was not

accumulated by neural crest ceIls. FGF-3 appeared to play a

rore in signarling the otocyst to begin development of the

inner ear (wilkinson et ã7.,1988). Mansour (tgg4) showed that
disruption of the FGF-3 gene caused deveropmental defects in
the inner ear of mice.

r have serected FGF-4 for my experiments and will discuss

it in a separate section.

FGF-S was isolated and characterized by Zhan and Goldfarb
(1-986; Zhan et ã7., 1988). FGF-5 v/as 4OZ-SOZ homologous to
FcF-1, FGF-2, FcF-3, and FGF-4 and like FGF-3, it rj¡as a

secreted protein with signal peptide seguence.

FGF-S expression increased in the embryonic ectoderm just
prior to gastrulation (Hébert et a7. , l-991-) and was found in
the acoustic branch of the 8th craniar gangl-ion (Gordfarb eù

â7., L991-) and cochlea (Haub and Golfarb, 1991_). Hughes et al .

(1993a) demonstrated that FGF-S supported survival- of chick
embryo spinal motoneurons in culture but in vivo, FGF-S could

not prevent the loss of lesioned facial nerves in newborn rats
(Hughes et a7. , 1993b) . Lindholm et al.. (L994) suggested that
FcF-s may act as a neurotrophic factor in vivo as it is
present at increased levers in the newborn rat hippocampus and

vitas shown to have neurotrophic effects on septal cholinergic
and raphe serotonergic neurons in culture.

FGF-6 was discovered by hybridization of a hstlKFGF (FcF-
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4) probe to the FGF-6 DNA coding seguence (Marics, j_989). FGF-

6 had a signal peptide sequence and was secreted frorn celrs.
FcF-6 was first detected in the mouse embryo at 89.5 (Han and

Martín, L993) and peaked at 15.5 days of embryonic deveropment

(de-Lapeyriere et a7. , 1990) . rt was localized in the rnyotomal

compartment of the sornite in the murine embryo and FGF-6 was

found in fetal skeletal muscle which suggested a role in
skeletal muscle innervation. rsaacs et a7. (1992) sirnirarly
detected FGF-6 in myotomes of Xenopus embryos.

FGF-7, also called keratinocyte growth factor (KGF), was

cloned from the amino acid sequence of the purified protein
from embryonic lung fibrobl-asts (Finch et a7., 1989; Rubin et
â7. , 1989) . FGF-7 was found to be rnitogenic for epitheliar
cells but not fi-broblasts or endothelial cells and elicited
keratinocyte migration in vitro (Tsuboi et ar., l-993). During

wound heaì-ing experiments, nRNA for FGF-7 increased i-60-fo1d

in the dermis and hypodermis (lrlerner et ã7. , Lggz) and this
FcF-7 acted as a mitogen on the epitherial cerrs - the cerls
that produce the receptors. FGF-7 increased the rate of re-
epithelialization, increased the number of serrated basar

cells (with increased collagen deposition), and resulted in a

thicker epidermis when healed (Staiano-Coico et aI., j-993).

FGF-7 secretion decreased after cellular differentiation
(Tiesman and Rizzino, L9B9). However, FGF-7 is an oncogene

product in adurts and $¡as produced by rat prostate tumour

(strornal) cells in vitro after exposure to dihydrotestosterone
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(Fukabori et ã7., 1-994).

FGF-8 was detected as an androgen-inducible growth factor
in mammary carcinoma cells in culture. Northern brot anarysis

detected FGF-8 nRNA transcripts in embryonic tissues
associated with outgrowth and patterning, including the face

and limb, but none in normal adu1t, tissues of the mouse. The

presence of FGF-8 in the murine ernbryo face was detected after
the migration of neural crest cells into the branchial arches

was completed. The frontonasal mass and surface ectoderm of

the lower hal-f of the maxilla and upper half of the mandible

initially expressed FGF-8 with expression locatized to the

nasal pits after 2 more days gestation (Heikinheimo et ãI. ,

1994). Crossley and Martin (1995) also detected FGF-B in the

pharyngeal pouches and grooves. Limb outgrowth preceded the

expression of FcF-8 in both the forelinb and hindlimb of the

mouse embryo according to Heikinheimo et a-2.. (L994) which was

completely opposite to the findings of Ohuchi et a7. (i,994)

and Crossley and Martin (l-995) that FGF-8 $/as expressed prior
to limb outgrowth and suggested that FGF-B might play a role
in development of the apicat ectodermal- ridge. fn both the

face and limbs, FGF-8 was located in surface epithelium on1y.

FGF-8 was also located in the developing brain and seemed to
be temporally and spatialJ-y related to the development of the
pituitary gland, optic stalk, and olfactory epithelium. AlI
FGF-8 expression in the mouse embryo ceased by day t4

(Heikinheirno et a7. , L994) .
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FcF-g (glial activating factor) $/as isolated from the

supernatant of a human gliona ceII line (Miyanoto et ãI.,
1993). This protein lacked a signal sequence and sras 3oz

homologous to FcF-1 and FcF-2. rn situ studies detected rat
FGF-9 in the adult brain and kidney.

FGF-4

FGF-4 was isolated independentry in two labs and as such,

v/as also called K-FGF and hst-i_. Bovi et aj . ( j,987 )

transfected DNÀ from human Kaposirs sarcoma into NrH 3T3 cel-rs

and found a protein (I(-FGF) homologous to FcF-l- and FGF-2 that
vras capable of stimulating fibroblast growth in culture.
Yoshida et a7. (1-987 ) located the human hst-i- by transfecting
NrH 3T3 cells with DNA frorn human stomach cancer. The hst-FGF

gene seguence was 38å homologous with human FGF-1 t 432

homologous with human FGF-2, and 4oz homorogous with murine

FGF-3.

FGF-4 was shown to have a long hydrophobic leader and was

secreted via a standard signal peptide-dependent mechanism

(Thomas, L987) .

rn situ hybridization studies have shown FGF-4 maternal

transcripts to be present in the ovum (Rapporee et âr. , 1-994)

and may function to rnaintain the pluripotency of the cerrs
(Drucker and Gordfarb, 1993). FcF-4 was not mitogenic in the
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blastocyst (Rapporee et ã7., t994) but hras criticar for
development of the inner ceII mass (Feldman et ãI. , 1995) .

Null mutants for FGF-4 in mice courd develop to the blastocyst
stage but then deg'enerated when unable to form an inner cerl
mass. This lethal mutation was overcome by adding recombinant

human FGF-4 protein: it allowed inner celr mass proriferation
and cell differentiation. FGF-4 transcripts became restricted
to the prirnitive streak (Niswander and Martin, L992) ,

progressing caudally wíth time, and v¡ere transiently expressed

in the anterior ectoderrn of branchial arches one and two, the
pharyngeal endoderm, and in the posterior half of the earry

AER. since the role of FcF-4 in the linb is known and since

FGF-4 is found in the embryonic face, this study will
investigate the role of FGF-4 in the face.

As an oncogfene in adults, FGF-4 was shown to play a role
in the progression of breast tumours in mice to a metastatic,
oestrogen independent, tamoxifen-resistant phenotype (McLeskey

et a7., l-993) .

The FGF Receptors

FGF's exert their effects on the ce1ls by binding to high

affinity receptors (FGFR) on the ceII surface. FcFrs also bind

to l-ow affinity receptors (heparin sulphate proteoglycan

molecules) on the celI surface and in the extracellular matrix
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(Moscatelli, L987, L988r' Bashkin et ã7., 1989). Heparinase or

incubating cells with heparin was shown to selectively block

these Iow affinity receptors (Moscatelli, L9B7). Rapraeger et
a7. (1991), Yayon et a7. (1991), and Partanen et aI. (1993)

demonstrated that this row affinity binding potentiates the

binding of FcF's to the high affinity binding sites.
The suspicion that at1 FGFts share a conmon high affinity

receptor was rejected when Rubin et a7. (1989) found that KGF

did not bind to the same receptors as FGF-1 and FGF-2. Lee et
al. (1-989 ) isolated the first FGF receptor cDNA and since that
time, three additional FcF receptors have been identified.
These high affinity FcF receptors all have the same basic

structure (figure 2) consisting of an amino acid signal
peptide, three extracellular irnmunoglobulin-like (fg-Iike)
domains with an rracid boxrr between the first and second T.g-

like domains, a membrane spanning region, and two tyrosine
kinase sequences intracellularly (Johnson and Williams, t_993).

The FGFRts have varying degrees of homology with the most

highly conserved regions being the intracellutar kinase

domains while the extracellutar signal peptide was the reast

conserved.

FGFRI- was purified (Lee et a7., 1989) frorn chick embryos

using heparin to isorate the high affinity receptors while

excluding the low affinity receptors. Previous partial cDNA

clones human tlg cDNA (Ruta et ã1. , 1989) and mouse

bacterially expressed kinase (,bek) cDNA (Kornbluth et âI. ,
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l-988) - showed a similar amino acid sequence to the FGFRI

cDNA. The whole human frg cDNA s/as found to be a splj_ce

variant of FGFR1 (Table rr). FGFRI cDNA clones have been found

for chick, humans (Dionne et a7., t-990; Johnson et ãI., l99O;

Eisemann et a7., 1991,; Hou et a7., 1991), mice (Mansukhani et
a7., 1990; Reid et ã7., 1990), and Xenopus (Musci et ãI.,
1-990) and arr of these proteins r¡/ere highty conserved across

the species mouse:human 981å, chicken:human 9IZ,

Xenopus:human 782.

rn cross-linking experiments, receptors of ],zs kDa and

L45 kDa \Á/ere f ound on sDS-poryacryramide ge1s. Alternative
splicing of the nRNA produced two variants of FGFR]- - the rzs

kDA receptor had only 2 rg-Iike domains whereas the L s kDa

receptor had three but the binding to ej-ther of these variants
v/as similar (Johnson et ã7., 1990). A third secreted FGFRI-

variant hras isol-ated by Eisemann et ar. (i-99i-). Additional
variants of FGFR1 have been found but the most interesting
differences v/ere in the second half of the third Tg-like
domain. The three different exons rrra, rrrb, rrrc r¡/ere

shown to bind the different FGF's with varying affinities. rn
other words, specificity was conferred via these different
isoforms of the receptor

The mouse bek partial seguence isorated by Kornbluth et
a7. (1988) exhibited some differences in the DNA and

transcribed arnino acid sequence compared to the FGFR1. Dionne

et a7. (l-990) isotated the fuII .bek cDNA and showed it to be
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from a different gene than the gene coding for FGFRI-. This
receptor is now calIed FGFR2. FGFR2 also had splice variations
that bestowed specificity by incorporating either the rrrb or
rrrc exon into the second half of the third rg-like domain.

The KGF receptor was determined to be a unique sptice variant
of FGFR2 in which the first rg-like domain and the acid box

sequence were removed (Johnson and Williams, 1"993).

Keegan et a7. (199i-), probing with a v-sea oncogene in a

chronic myelogenous leukaemia cerr line, isolated the third
FGFR gene. The FGFR3 contained the rrrc exon in the third rg-
like domain.

the FGFR4 gene $/as also located by probing an HEL

leukaemia ce11 cDNA library (partanen et ãr. , l-991-) . rts
unique feature was the srnaller number of acid residues found

in the acid box sequence of the protein.
Tissue and ceII specificity in the expression of the FGFR

genes and specifj-c splicing nRNA within these celrs and

tissues, ín addition to temporar expression of srice variants,
have been demonstrated in vivo and may be the mechanisms for
sel-ective FGF binding (Fantr et ã1. , i-993 ) . For exampre,

during mouse embryogenesis, the 3 rg domain forms of FGFRI- are

expressed but 2 rg domain forns do not appear untir after
birth (Reid et â7. , t-990) . Rat prostate tumours became

metastatic when the FGFR2 (rrrb) on the epithelial cerl_s

switched to the FGFR2(rrrc) sprice variant (yan et al., l-993).

The regulation of FGF receptors may be via an autocrine
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mechanism; as the cerl produces the FGF ligand, the production

of FGF receptors decreases.r Once the ceII differentiated and

decreased production of FGFrs, the number of FGF receptors at
the celI surface increased (Moscatelli, L994). Conversely,

Olwin and Hauschka (1988) found that terminal differentiation
of skeletal muscle myoblasts in culture correlated time-wise

with an irreversible loss of FGF receptors at the ce1I

surface.

FGFR1 transcripts v/ere localÍzed to the brain and

mesenchymal tissues in the embryo (Heuer et a7., 1990; Wanaka

et a7., l-990, 3.99Lì Peters et a7., 1,992c). FGFR2 was found in
the perichordal sclerotome (Han and Martin, Lg93), brain, and

epithelial tissue (Peters et a7. , 1,992c). FGFR3 was locarized
to brain, spinal cord, and cartilage precursors of developing

bone (Peters et a7. , !993 ) while FGFR4 transcripts were found

in endoderm, developÍng skeletal muscle, and lung tissues
(Stark et a7.,1991-; Partanen et ã7.,1991; Han and Martin,

1ee3 ) .

The presence of FGF receptors in the face has been shown

by in sítu hybridization studies (Richrnan, l-995) .

Liqand Binding Specificitv of FGF-4

FcF-4 exhibited a

isoform) of FGFRI- and

decreased affinity for the 3 fg/ (fIIc-
the 2 Tglrrrc/FGFRl but high affinity
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for 3 rg/fifc/FcFR2. This altered affinity was most rikely due

to structural differences between FGFR1 and FGFR2 and not a

result of arternative splicing. Both spl-ice variants of FGFR2

(bek and KGFR) bind FGF-4 equally well (Orr-Urtreger et al. ,

1991,, 1993). Downregulation of the 3 fg/Iflc/FGFR2 receptor by

FcF-4 decreased the binding of FcF-2. FGF-4 would bind to
FGFR4 but its binding affinity was variable (Han and Martj_n,

1993; Vainikka et ã7. , 1992) .

Receptor Activatíon

When an FGF would bind to an FGF receptor, the receptor
would undergo dimerization and phosphorylation (BeJ_lot et ã1. ,

1991) and the activated the tyrosine kinase would begin

tyrosj-ne phosphorylation of intracellular proteins. Binding

and cross-linking caused down-regulation of FGFR1. Klagsbrun

and Baird (1991) suggested the FGF binding to a high affinity
receptor may be mediated by first binding to a cell surface

glycosaminoglycan (figure 3) .

PLC-7 hras identif ied by Burgess et a7 . ( i_990) as a

substrate of an FGF receptor and was phosphorylated foltowing
FGF activation of the receptor. A mutation of the receptor did
not perrnit phosphorylation of pLC-7 although other

intracellular proteins were phosphorylated (peters et â1. ,

1,992a; Mohammadi et ã7., t992) and mitosis was stimulated.
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Rat-J- v/as another protein phophorylated by FGF's. A

mutant form of Rat-l serine/threonine kinase was shown to be

responsibre for failed mesoderm induction (Fant1 et ãr.,
1ee3).

Other effects of FGF binding were increased intracellular
pH, activation of the Na+/K+ pump, (Halperin and Lobb, LggT) ,

íncreased gene transcription (MüIler et aI. , lg94) , and

increased hydrolysis of polyphosphoinositides (Brown et al. ,

r_e8e ) .

The exact mechanisms and proteins invol-ved after receptor
activation have yet to be furry erucidated. Future studies
coul-d invorve knocking out the FGF receptors by cleavagre of
the proteins with cyanogen bromide or trypsin (Friesel et a7. ,

l-986) , bJ-ocking the receptors with suramin (Huang et ãI. ,

1986; Coffey et a7., 1987), protamine sulfate (Huang et ãI.,
l-986), wheat-gerrn agglutinin (FGFR2 specifically) (Feige and

Baird, l-988), targeted over-expression (!,Iilkie et a7., LggS),

or separating the intracellular mechanisms using the y/F766

(:Y766F) mutant receptor (Peters et a7. , l997b,- Mohammadi et
ã7., 1,992) or dominant negative mutants (Arnaya et a7., 1993).

Growth Factors in Vertebrate Limb Development

In Xenopus embryos, growth factors are critical
normal linb development. Xenopus embryos with mutant
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receptors had normar head development but rittle or no tail
formation with deficiencies in mesodermal tissue and lack of
somite deVelopment (Arnaya et ã7., 1991); hence, Do tinb
development.

fn the chick wíng bud, a retinoic acid gradient is
present and is involved in converting the posterior-proximar
cells into the zone of porarizinq activity (zpA). The apical
ectodermal ridge (ÀER) and the zone of polarizing activity
(zPA) send signals which maintain the progress zone. The zp/.

and the progress zone are both needed to maintain a functional
AER and the AER is required to maintain the zFP.. Therefore,

comrnunication between these three areas is essential for
normal linb development (Johnson et a7. , Lgg|) .

Suzuki et a7. (J-992) demonstrated that FcF-4 (hst-l) was

produced ín the posterior half of the ÀER and speculated that
FGF-4 may be responsible for mesenchyme outgrowth. This resul-t

\^/as confirmed by Niswander et a7. (L993) and Niswander and

Martin (1-993a, l-993b) who cul-tured intact trunks of mice with
attached linb buds rninus their AER in defined media. FGF-4

added to the rnedia resulted in rnesenchyme outgrowth. Bone

morphogenic protein 2 (BMP-2), however, vras found to inhibit
mesenchyme outgrowth. By combining FcF-4 and BMp-2 in various
proportions, the extent of the outgrowth courd be controrred
and may play a role in defining limb shape. FcF-l, FcF-2 or
FGF-S could arso stimurate mesenchyme outgrowth so outgrowth

is not specific to FcF-4. FGF-2 is also found in the AER
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(Rirey et a7., L993) and rnay play a rore in both proxirnodistal

and anteroposterior patterning, especially in the anterior
regions where FGF-4 is not expressed. The level of FGF-2 in
the wing is highest during cerl proliferation (mitogenic

effect) and directs development of an extensive capirlary
network (angiogenic effect) and the migration of muscle

precursor ce1ls into Èhe wing (celt motirity effect) (Munaim

et â7., 1988). Extracellular matrix hyaluronate, which may

play a rore in limb morphogenesis, is abundant when the level
of FGF-2 is high.

FcF-4, hovrever, is required to maintain the ZpA (Vogel

and Tick1e , 1993 ¡ Niswander et ã7. , i,994) . Sonic hedgehog

(shh) is a protein secreted by the ZpA that maintains the AER

in a positive feedback loop. Estabrishment of this positive
feedback loop rnay be dependent on retinoic acid (Niswander et
â7., 1994) and functions to maintain the progress zone. Shh

may act as a diffusible morphogen or may induce other

signalling morecules locarrv. shh and FGF-4 together activate
the Hox genes and BMP-2 (Laufer et af., L994).

A signal from the dorsal ectoderm may also be needed in
addition to FGF-4 to maintain shh expression. yang and

Niswander (l-995) showed that by removing the dorsal ectod.erm,

Shh expression decreased and posterior skeletal elements were

not formed. Ectopic expression of El,e wntTa qene can replace

the dorsal ectoderm and restore Shh expression.

Hox gene expression is linked spatialry and temporally to
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linb patterning (Johnson et a7., L994) and could influence the

number and arrangement of the precartilagenous blastemas that
will eventually form the bones. The BMPrs are the likeIy
targets of the Hox genes as the BMPrs promote cartilage and

bone development (Francis et a7., L994). Disruption of Hoxd-J-3

delays Iimb development, delays ossification of distal
skeletal elements, and affects morphology in terms of fused

and missing bones. Defects ín Hoxd-fJ. result in shortened and

misshapen metacarpals and inappropriate fusion of wrist bones

(Davis and Capecchi , t994) . Tick1e (t-99i-) demonstrated

expansion of the domain of horneobox gene XIHbox L when exposed

to retinoic acid. An article by Morgan and Tabin (L994)

reviews the role of Hox genes in l-imb morphogenesis.

What causes initiation of limb bud formation? Cohn et a7.

(1995) showed that FcF-l-, FeF-2, ot FGF-4 Í/ere all capable of

inducing ectopic limb buds in stage 13-77 chick embryos as is
FcF-8 (Ohuchi et â7. , 1-994) . Alternatively, activation of

Hoxb-8 (a homeobox gene) expression in the flank mesoderm by

retinoic acid defines the ZPA-competent cells which produce

SHH and in combination with dividing mesenchyme cells, direct
the ectoderm to form an ÀER (Tabin, L995) . The FGF-4 produced

by the AER maintains the mesenchymal outgrowth and together

with Shh from the ZPA, activates patterning gene expression

(Homeobox genes). See figure 4.
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Growth Factors in Chick Facial Development,

The growth factors involved in facial devel_opment have

not been as well studied as those in the limb bud but it is
suspected that theÍr roles may be similar. The pattern of
cerlul-ar differentiation along the proximodistal axes of the

beaks of chick embryos also involves epithelial-mesenchymal

interactions although a distinct structure sinilar to the AER

is not present on any facial prirnordium. The presence of the

eyes is known to contribute to the medio-Iateral axis
patterning: removal of the eyes results in a bifid upper beak

(Silver, !962) .

In recombination experiments of epithelia and mesenchyme

grafted to host wing buds, Richman and Tickle (t992) showed

that the stage of development was important in epithelial-
rnesenchymal signalling. The presence of an egg tooth indicates
distal differentiation of the frontonasal mass (FNM): in
combinations of stage 24 AER with stage 24 FNM mesenchymer âr'r

egg tooth formed at slightly over half the rate that egg tooth

formation occurred in grafts of stage 20 AER with stage 24

FNM. AIso, in graft combinations of limb mesenchyme with
facial epitheria, the mandiburar epithelia combination

resurted in cartilage rods that v¡ere similar in rength to the

FNM epithelia combination but the pattern was not as ttlimb-

Iikerr in morphology. This finding may suggest a temporal

effect in pattern signalling because at stage 24, the mandible
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resembles its finar morphology much more than the FNM does.

Thus the mandiburar epithelia may have been past the point at
which signals for pattern formation are secreted but not

signals for outgrowth.

Basic fibroblast growth factor (FGF-2) rnay be involved in
differential growth of the facial prirnordia. FGF-2 stimulates

mitosís and increases ceII numbers of cul-tured frontonasal
mass mesenchymal cells (Richman and Crosby, 1990) but not

cultured mandibular mesenchyme cells nor cultured mesenchymal

cells from the lower half of the maxilla (I{a1in, 1993) . It is
unclear whether this is due to FGF-2 distribution within the

facial prirnordia or receptor type and/or distribution (both of

which coul-d be a reflection of the neural crest origins of
these prirnordia), or efficacy of signal transduction (the

pattern and/or relative contributions of neural crest and

somitomere mesoderm).

FGF-3, FGF-4, and FGF-8 are also found in the embryonic

face.

Exogenous retinoic acid is known to affect pattern

formation and outgrowth of the upper beak in a dose-dependent

fashion (Richrnan, L992). Retinoic acid affects the rnesenchyme,

not the epitheliun as shown in recombination experiments

(Wedden, 1987). Three retinoic acid receptors (RAR's) (Osumi

et a7. , l-990) were localized by in sjtu hybridization in
murine embryos: RARa showed weak, uniform distríbution
throughout the craniofacial region, RARP was expressed in

-27 -



cel-rs comnitting progranmed cell death and in cells developing

into parts of sensory organs (retina, optic nerve, olfactory
epithetium), and RART lras found in differentiating skin,
cartilage, and bone. The neural crest origin of the cells
correlated with the presence of RARP and RAR7. Therefore,

retinoic acid or, more like1y, a signalled molecule probably

contributes to facial patterning in a manner similar to the

wing bud. However, excess retinoic acid in the face is known

to cause facial clefting (Leon-De1gado, t992) .

Other molecules that are expressed in the face and have

a known role in rimb outgrowth and pattern formation are the

bone morphogenic proteins. Francis'West et aI. (t994) mapped

BMP-2 and BMP-4 in chick facÍa1 prirnordia. BMp-4 transcripts
were found only in the epithelium in younger embryos but later
appeared in the mesenchyme at the distal tips of the

primordJ-a. BMP-4 may regulate I,Isx-l expression and in mice,

has a role in tooth developrnent. BMP-2 was expressed in the

epitheliun and mesenchyne of young embryos and later in the

FNM and lateral nasal processes with epithelial expression

occurring before mesenchymal expression. Both BMp-2 and BMp-4

are suspected of playing a role in cartilage rnodelling.

Brown et a7. (L993) demonstrated Msx-i- expression in the

same regions as the BMP-4 distribution. I,Isx-i- plays a role in
epithelial-mesenchymal interactions and appears to be

regulated by signals from the epitheliun possibly BMp-4?.

Indeed, Brown et a7. (1993) showed that for the mesenchyme to
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maintain expression of Msx-L-, the cerrs must be in just below

the AER in the rinb or the equivalent to the AER in the facial
prirnordia. rt is interesting to note in their study that lirnb

mesenchyme grafted into the maxilla díd not maintain ILsx-l

expression. This result may be due to temporal regulation - at
the same stage of deveJ-opment, the limb is farther down the

patterning/norphogenesis path than the upper faciar primordia.

Theoretically, the linb and facial primordia 1ikeIy
follow similar morphogenic signarring pathways but the rinbs
and each of the facial primordia may have their own temporal

activation.
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SPECIFIC AIMS

In this study, the ability of fibroblast growth factor 4

to replace the epithelium in the growth and development of two

facial prirnordia (the frontonasaL mass and the mandible)

grafted into the wing bud of the chick embryo was

investigated.

The rational for the specific aim is as follows. FGF-4

v/as chosen for study on the assumption that it would be

operative in facial development since it is found in the face

(Niswander and Martin, 7992). There is information available

in the literature on the role of FGF-4 Ín limb development (as

discussed in the introduction), however, nothing is known

about thís member of an irnportant growth factor farnily (the

fibroblast growth factor farnily) in the face. We assume that
FGF-4 wiIl replace the role of the epitheliun in facial
development in a manner similar to that found in the limb.

The chick embryo was chosen as it is easy to manipul-ate

and its deveÌopment is well studied. Hamburger and Harnilton

(L951-) outlined the development of the chick based on external

morphological characteristics which allowed precise tining of
the experirnents.
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FÏGURE 1-:

Schematic diagrarn illustrating the stage 22 wing bud and
locations of the apical ectodermal ridge (AER), the progress
zone (PZ) , and the zone of polarizing actívity (ZpA). pr :
proximal, D : distal, A : anterior, P = posterior.

-3l_-



Pr

-32-



TABLE r: lists the names previousry used, in various species,
for the fibroblast growth factors and whether or not a signalpeptide sequence is present.
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TABLE r: Former Nanes of the Fibroblast Growth Factors

New Former Names gignal
Nane peptide

FGF-I acidic fibroblast growth factorr Do
endothelial cell growth factor, e-
heparin binding giowth factor, eyê-
derived growth factor If, a-retina-
derived growth factor, anionic
hypothalamus-derived growth factor,
astroglial growth factor 1_, prostatropin

FcF-2 basic fibroblast growth factor, ß- no
heparin binding growth factor, tumour
angiogenesis factor, eye-derived growth
factor, ß-retina-derived growth factor,
cartilage-derived growth factor,
cationic hypothatamus-derived growth
factor, a component of macrophage-
derived growth factor, astroglial growth
factor 2 | chondrosarcoma-derived growth
factor

FcF-3 int-2 (oncogene)

FGF-4 K-FGF, hst-I, Kaposifs sarcoma FGF

FGF-5 proto-oncogene
FcF-6 hst-2 (oncogene)

FGF-7 keratinocyte growth factor (KGF)

FcF-8 androgen-inducible growth factor

yes
yes
yes
yes

yes

yes

noIial activatin factor
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TABLE rr: lists the names previously used, in various species,for the fibroblast growth factor receptor genes.
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TABLE fI: Former Names of the Fibroblast Growth Factor

Receptor Genes

FGFR1 FGFR2 FGTR3 FGFR4

rrg

bFGFR Cek3

Ceki- K-sam

N-bFGFR K-saml

h2 TK]-4

TK25

KGFR

FGFR2h5

FGFR].

Cek2

FGFR3

FGFR4

h3

h4

FGFRI-:fi-broblast growth factor receptor l-
FGFR2=fibroblast growth factor receptor 2
FGFR3:fibroblast growth factor receptor 3
FGFR4:fibroblast growth factor receptor 4
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FTGURE 2:

schematic diagram of a fi^brobrast growth factor receptorprotein consisting of the following Jtructures: the silnalpeptide (sorid box) , the three extrãcerl_urar rg-Iike domains(Iabel]ed f , rr, and rrr), the vari-abre regiorí of the thirdrg-tike domain (thick line) , the acid uox aomain fst.ripedbox), the transmembrane region (open box), the intracellurarkinase domains (stippled boxes, 
-lãuettea'xr 

and K2) , and theC-tail peptide (label1ed c).
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FTGURE 3:

schematic diagram of the binding of FGF's to FGF receptors as
proposed by Klagsbrun and Baird (1991). The FGF first binds to
the Iow affínity heparin sulphate proteoglycan on the ce1l
surface which then presents the FGF to the high affinity FGF
receptor extracellul-ar domains.

-39-



LOW AFFINITY

BINDING

HTGH AFFINTTY

BINDTNG

Þcrp{ú Hndng furb¡n
AG blndlng dornCn

e&
üå

baslc FGF

Heparan sulfatê prot609 lycan

Hlgh afflnlly receptors
(2 and 3lgG-llke domalns)

E

w

Transmembrane domaln

Tyroslne kJnase

-40-



FIGURE 4:

schernatic model for wing bud induction and growth adapted from
Tabin (l-9es).

(A) Flank area of a stage i-5 embryo with retinoi-c acid (RÀ)
activatinq Hoxb-B expression (horizontal stripes) .

(B) Locar FcF-8 (debatable) directs formation of the zone ofpolarizing activity (zpA) in areas of Hoxb-B expression
and induces formatj-on of the progress zone (pz) rãsurting
in mesenchyme proliferation. WntTa gene expression mat
influence the ZPA also.

(c) sonic hedgehog (shh) from the ZpÀ and signals from the pZ
together induce the formatj-on of the apicar ectodermal-
ridge (AER) and Shh stimulates FGF production by the AER.

(D) shh from the zPA and FcF frorn the AER form a positive
feedback loop to maintain l-imb outgrowth and pattern
formation by activating the Hox genes and bone
morphogenic proteins (BMp) .
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MATERIALS A¡{D METHODS

f . f ncubatj-on and Staging of Embrvos

Fertilized White Leghorn chicken eggs nere obtained from
the Department of poultry science, university of Manitoba and

incubated at 99.5oF and 1ooå hurnidity. The embryos rqrere staged
(Hamburger and Hamirton, 1951) after 3.5 days of incubation to
synchronize their development so that the ernbryos would reach
either stage zz or 24 the following day. By reaving the more

developmentarry advanced embryos out of the incubator, their
rate of growth was slowed.

The eggs h¡ere rotated to release the embryo from the
inner shell membrane and then candled with a fibre-optic light
to locate the ernbryo. A hore r,/as made into the air cell,
located at the large end of the egg and a second hol_e hras

carefully made over the ernbryo which al_lowed the air space to
move over top of the embryo. A piece of tape was praced over
this second hore to attow a window to be cut into the egq

sheII. The embryo was viewed under a dissecting microscope to
deterrnine its stage of development.

stage 22 embryos (figure 5) vrere used as the host embryos

because the limb mesenchyme is sti1l undifferentiated. Stage

24 embryos served as the tissue donors as this is the earliest
stage at which ceII differentiation and cartilage formation
begins in the face. At stage 22, the wing bud can be seen as
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a semi-circular outgroi,Jth frorn the trunk. At stage 24, the

wing bud is longer than irt is wide and the allantois is
considerably larger, approaching the levet of the wing bud.

If. DÍssection of Embrvos

The donor tissue was obtained by removing the stage 24

embryo from the egg and dissecting in sterile cold Hanksl

Buffered Saline SoÌution (cibco) with 10å fetal calf serum

(Gibco) on a cold slab. The head $/as separated from the

membranes and body of the embryo. The middle third of the

frontal nasal mass and the medial half of both halves of the

mandible vrere retrieved (figure 6). These tissues,
approximately 500 pm x 500 þfr, $rere lightly stained with
Neutral Red and then placed into fresh Hankst with serum, ât

room temperature, if the epithelium was to remain intact. ff
the epitheliurn was to be removed, the donor tissue was placed

in 2Z trypsin in Hankst Buffered Sa1ine Solution at 4oC for
2O-9O minutes, depending on the batch of trypsin, until the

epitheliurn could be peeled ar.¡ay easily from the mesenchyme.

Pre-staining with Neutral Red hras done to distinguish the

epithelium (orange) from the mesenchyme (red) and thus

facilitate complete removal of the epithelium. Then the

mesenchyme r^¡as immediately placed in fresh Hanks t with serum

at AoC.
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ffI. Graftinq

The graft sites v¡ere prepared in the right wing buds of

the stage 22 host embryos after carefully dissecting through

the membranes. An approximately square site (500 ¡.cm x 500 ¡.lrn)

was delineated with a fine dissecting needle and undermined to

remove the square of tissue from the wing bud. The donor

tissue was placed immediately into this prepared site to

minimize the bteeding (figure 5).

fn the specimens that vtere to receive beads, the grafts

vrere allowed to anneal to the host wing bud at room

temperature for a minimum of 30 rninutes before proceeding with

bead placement.

IV. Bead Preparation and Placement

Heparin acrylic beads (Siglma) , 2OO pm 25o ¡lh, rô/ere

selected. To maintain the humidit.y and prevent the beads from

drying out, one covered Petri dish was used to soak all the

beads requi-red each day. 3 droplets per dish of FcF-4 (0.85

pg / pL)z , 6 beads per 4 .5 ¡.tL drop, h¡ere surrounded by 7

droplets of Dulbecco I s saline sol-ution , 2-3 beads per 8 ¡.tL

2 FãF-A supplied by Dr. Elizabeth Iriang, The Genetics
Institute, Carnbridge, MA. This FcF-4 protein is genetically
engineered from the mouse DNA seguence.
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drop, for a minimum of one hour at room temperature.

A cut was made in the graft tissue with the dissecting
needle and the bead was placed into the niddle of the grafted
tissue (figure 7).

The window lras taped over and the host embryos r,rrere

returned to the incubator to continue growing. The embryos

v¡ere checked at 24 hours to confirm that the graft tj_ssue

and/or bead was stirl in the right wing bud (figure B). The

ernbryos were allowed to grohr for another 6 days. rn normaÌ

development, the finar facial form would have been achieved by

1o days incubation so by sacrificing the embryos at 10.5 days,

the grafted tissue should have reached a similar stage.

V. Preparation of Tissue for Staining

The embryos v¡ere removed from the eggs and placed in a

dish of cold Hankst sorution on a frozen slab. The right and

left (contror) wings were detached and viewed under the

microscope to locate any outgrowths (:discrete tissue
projections not found in the untreated wing), determine the
presence of the bead if one had been placed, and determine the
presence of any egg teeth. The bead and the egg tooth are

quite opaque and easiest to see at this tirne: once stained and

cleared, they are more difficult to detect.

The pairs of wings rvere fixed together in either 5å TcA
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or half strength Karnovsky's fixative for 24 hours. The wings

were placed ín acid alcohol (7Ot ethanol, LZ HCI) for one day

and then stained for cartilage with 0.58 Alcian BIue for 3

days. The wings rdere destained in acid alcohol and several

changes of 7OZ ethanol, then dehydrated through a series of

increasing ethanol concentrations (9O2r 100å) , and finally

cleared in methyl salicylate. The cartilage rods were stained

blue whil-e the rest of the tissue became transparent.

Vf. Measurement and Photoqraphv of the Grafts

the right wings v/ere placed under a glass slide in a

petri dish filled with methyl salicylate and cornpressed

slightty, parallel to the long axis of the outgrowth.

Utilizing a Camera Lucida mounted on the microscope and a

digitizing pad, the length of the cartilage rod v/as measured

using the SigmaScan Scientific Measurement System. This

program also calculated the statistical data. The following

statistical tests v/ere performed in order to compare means

between the various types of grafts: independent studentrs t-

test and Sign test.
Photographs were taken with flford FP4 L25 black and

white filn using a Leica camera mounted on the microscope with

substage illumination.
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F]GURE 5:

Photographs of the stage 22 host chick embryo.

(A) Preparation of the graft site (s) in the right wing bud.
Scale bar : 1 mm, ê = êyê, h = heartr a = allantois.

(B) Graft tissue stained with neutral red placed into the
prepared graft site. q - graft tissue.
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FÏGURE 6:

Schematic frontal view of the stage 24 donor embryo with the
middle third of the frontonasal mass and the medial- hal-ves of
both sides of the rnandible harvested for grafting then stained
with neutraL red in Hankst with fetal calf serum. Dashed lines
: dissection cuts. FNM = frontonasal mass, MD : mandible, NP
: nasal pit, E = eye.
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FTGURE 7:

Flow chart of the experirnental- method. Not drawn to scale.
(À) Donor tissue stained lightly with neutral red in Hanks'

balanced salt solution with 58 fetal calf serum.

(B) The stage 22 host wing bud graft site is prepared.

(C) Donor tissue that is to have the epitheliurn removed
follows this pathway:
1) Donor tj-ssue is soaked in ZZ trypsin in Hanksl

buffered saline solution at 4oC until the
epithelium separated from the mesenchyme.

2) To stop the action of the trypsin, the donor tissue
is transferred into fresh Hankst with serum at 4oC.

3) The epithelium is stripped off.
4) The mesenchyme is now ready to graft into the host

wing bud.

(D) Donor tissue that is to have the epithel-ium remain intact
is placed directty into the graft site.

(E) 200 pm - 25O pm heparin acrylic beads are selected,
f-) rinsed in Dulbeccors sal-ine, then
2) soaked in either FGF-4 (5-6 beads per 4.5 ¡tl- of .85

l.Lg/ttl FGF-4) or in I p,L of Dulbecco's saline for a
minimum of t hour.
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FIGURE 8:

Chick embryo 24 hours post-graft:
(A) With graft tissue (g) and the bead (b) in the right wing

bud. a = allantois, e = eye.

(B) With the bead only in the right wing bud.

(c) Vlith graft tissue remaining in the right wing bud but the
bead has fallen out and is sitting on the al-Iantois.
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RF^ST]LTS

Growth of Frontonasal Mass Grafts on the Limb Bud

The frontal nasal mass gives rise to the pre'nasaI

cartilage and an egg tooth in normal embryonic development of

the chicken. To investigate the contribution of the epitheÌium

and mesenchyme to these structures, the middle third of the

frontonasal- mass of stage 24 chick embryos v/as grafted into
the right wing bud of stage 22 chick embryos either with the

epithetium removed or with the epitheliurn left intact. The

frontonasal mass mesenchyme without epitheliurn plus a heparin

acrylic bead soaked in FGF-4 was grafted into host wing buds

to assess whether or not FGF-4 r^/as capable of replacing the

epithelium. A sham control group received a frontonasal mass

mesenchyme without epitheliuni graft plus a bead soaked in

Dulbeccors saline solution. The results are summarized in

Tabl-e III.

The untreated control left wings of all the embryos in

all groups exhibited normal growth (not illustrated).
The frequency of recognizable, soft tissue outgrowths on

the host limb ranged from 70å in the mesenchyme only group to

l-00å in the mesenchyme plus FGF-4-soaked bead group. The

outgrowth due to the grafted tissue is easily recognized at

day 6 post-graft because the feather germs have not yet

started to grow. The presence of cartilage in the outgrowth
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ranged from 69.22 in the grafts with epithelium to 96.42 in
the grafts with FGF-4-soaked beads.

Egg teeth were present more often in the grafts with
epitherium (84.62) and grafts with FGF-4-soaked beads (g2.ge")

than in the grafts of mesenchyme only (64.32) and grafts with
a saline-soaked bead (29.62).

A1so, the presence of an eqq tooth s/as positively
correlated with the presence of a cartitage rod >.7s mm in
length in the grafts of mesenchyme only and grafts with a

saline-soaked bead groups (sign Test, p<0.05). However, in the
grafts with epitheliurn and grafts with FGF-4-soaked bead

groups, the presence of an egg tooth showed no correlation
with the length of the cartilage rod (sign Test, p>0.05).

The length of the cartirage rods (Tab1e rv) r4ras not
significantly dífferent at the o.05 level between the grafts
of mesenchyme onry (0.67 + o.3z nm) and the grafts with a

saline-soaked bead (0.70 + o.3l- mrn) at 6 days post-graft.
Because the mean length of cartilage rods in the grafts of
mesenchyme only group and grafts with a sarine-soaked bead

group v/ere indistinguishable (p>0.05), the data from both
groups will be combÍned (n=9 at 6 days post-graft). This
combination makes sense as the bead soaked in the Dulbeccors

only should have no effect on the growth of the grafted tissue
except for surgical trauma (ie. l_oss of some cell_-to-celr
contact) as the bead was placed (figure 9). This combined

group wil-I be called frontonasal mass mesenchyme grafts.
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The mean length of the cartilage rods formed in the

frontonasal maSS mesenchyme grafts (0.69 + O.30 mm) was

significantly smarler than both the grafts with epithelium
(1.35 t 0.68 mn) and the grafts with FGF-4-soaked beads (l-.06

t 0.50 nm) at the p<0.05 leve1 (figures 9,L0,11). Thus, both

the epitheliurn and the FGF-4-soaked bead v¡ere able to
stirnulate outgrowth of the cartilage rod compared to what

would form in isol-ated frontonasal mass mesenchyme.

The effectiveness of the FGF-4 bead in replacing the

epitherium can be determined by comparing the mean rength of
cartilage rods in grafts with epithelium and grafts treated
with FGF-4. The means between the grafts with epitherium and

grafts with FGF-4-soaked beads appear different (grafts with
epithelíum longer than grafts with FcF-4-soaked beads) but the

difference is not statisticarly significant at the o.05 1evel.

The wider distríbution of the lengths of the cartilage rods in
the grafts with epithelium group (figure 13) might be the

reason for the lack of significance.
The position of the bead r¡/as usualry at or near the er-bow

at the time of sacrifice.

The shape of the cartilage rod (straight or curved) and

the position of the egg tooth at the end of the cartilage rod

showed relativery the same distribution amongst a1l- the

frontonasal mass groups.

rt would appear that the placement of the FGF-4-soaked

bead did substitute for the contribution made by the
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epitheliun to the growth of the grafted mesenchyme both

terms of length of the cartilage rod and the presence of
egg tooth.

Growth of Mandibular Grafts on the Limb Bud

The mandibre gives rise to Meckelrs cartirage in the
normal embryonic development of the chicken. To investigate
the contribution of the epithelium and mesenchyme to Mecke1's

cartilage, the rnediar 5oo pn of the mandibular prominence,

with or without the epitheriun of a stage 24 embryo r^/as

grafted into the right wing bud of a stage 22 chick embryo. To

el-ucidate the possible rore of FcF-4 contributed by the

epithelium, rnandiburar grafts without epitherium rÁ/ere placed

with either a Durbeccors sarine-soaked bead or an FGF-4-soaked

bead. The results are summarized in Tab1e V.

The untreated control left wings of all the embryos in
all groups exhibited nornal growth (not itl_ustrated).

The frequency of outgrowths was consist,entry high in alr
groups, ranging from 86.72 in the mesenchyme with sarine-
soaked beads group to 1003 in the mesenchyme with epithelium
group. The presence of cartilage in the outgrowth was arso

consistently high. Both the mesenchyme with satine-soaked

beads group and mesenchyme with FcF-4-soaked beads qroup had

one specimen each that had an extra cartilage rod growing but

1n

an
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not as an outgrowth. In other words, these wings looked normal

at the tirne of dissection but when stained, each had an extra

rod of cartilage present within the normal confines of the

wing.

Egg teeth do not normally form in the rnandible of the

chicken and no egg teeth were found in the outgrowths of the

mandibular grafts in this experiment.

The length of the cartilage rods (Table VI) hras not

significantly different at the .05 level between the

mesenchyme only group (n:2¡ mean:1.56 1 0.28 mm) and the

mesenchyme with saline-soaked bead group (n:13; rnean:O.86 +

0.48 mn). As these 2 groups are not statistically different
and the plain bead should have no effect on the outgrowth,

these two groups will be combined and called the mandibular

mesenchyme grafts (figure 14).

The mean length of the cartilage rods formed in the

mandibular mesenchyme grafts (0.95 t 0.51- nn) was

significantly shorter at the p<.05 level than the mesenchyme

with epithelium grafts (3 .73 J L.27 run) but was not

significantly different at the .05 level from the mesenchyme

with FGF-4-soaked bead grafts (1.30 + O.43 rnm). Thus, FGF-4

v/as not able to stimulate outgrowth of the cartilage rod

compared to what would form in isolated rnandibular mesenchyme

(figure 15).

The effectiveness of the FcF-4 bead in replacing the

epithelium can be determined by comparing the mean length of
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the cartilage rods in the mesenchyme with epithelium grafts

(3.73 t L.27 run) to the mesenchyme wíth FGF-4-soaked bead

grafts (1.30 + 0.43 nm). The cartilage rods of the mesenchyme

with epithelium grafts (figure 16) are significantly longer

than the mesenchyme with FGF-4-soaked bead grafts, p<0.05.

Although the difference was not statistically significant

between the mandibular mesenchyme grafts and mesenchyme with

FcF-4-soaked bead grafts, their distributions (figure L7) do

appear different ie. rnandibular mesenchyme grafts are

shorter than mesenchyme treated with FGF'4-soaked beads.

The placement of the FGF-4 bead in the mandibular

mesenchyme grafts did not replace the role of the epithelium

in terms of the length of the cartilage rod. However, the

shape of the cartilage rod did appear to be affected by the

presence of FcF-4. The cartilage rods in the mandibular

mesenchyme grafts and mesenchyme with epithelíum grafts were

all straight or curvilinear. rn the mesenchyme with FcF-4-

soaked bead group, there vtas a range of shapes from square to

triangular to donut-shaped as well as curvílinear rods (figure

18).

Effect of FGF-4 Beads on the Host Limb Bud

To investigate

effect, graft sites

whether or not the bead

were prepared in stage 22

itself had any

host right wing
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buds and a heparin acrylic bead soaked in FGF-4 or Dulbeccors

saline was placed.

The FGF-4-soaked bead did not result in the development

of any egg teeth. Extra cartilage rods, duplicated digits,

duplicated radii and ulnae, duplicated humeri, fusion of the

elbow joint (cornplete and partial), and misshapen radii and

ulnae r,rere all detected in this group (figure 19). In fact,
only one specimen within this group appeared normal.

There was fusion of the elbow joint (ie. no joint space

between the humerus and radius and ulna) in approxirnaEely 24%

of the specimens that had an FcF-4-soaked bead (with or

without a graft) (Tab1e VII and figure 20). Às wetl-, the only

specimens that had 4 or more extra bits of cartilage were ones

that had an FGF-4-soaked bead (Tab1e VfIf).

No host linbs receiving a saline-soaked bead (n=1-5)

showed a true outgrowth (one wing had a small burnp) and none

developed egg teeth. No extra cartilage rods were seen (figure

2t, C and D).

Also note in the above figure (A and B) that the surgical

preparation of the graft site did not alter normal growth of

the wing.
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TABLE rrr: summarizes the resurts of the frontonasal massgraft experiments showing the number of specirnens per group(n), the absolute number and proportion that had an outgiowthvisible, the absorute number and proportion that had cari.ilagewithin the outgrowth if an outgrowth was present, the absolute
number and proportion that had an egg tooth on the outgrowth,
and the absorute number and proportion that had both an eggtooth and a cartilage rod if an outgrowth was present.
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TABLE ffI: Frontonasal Mass Grafts

croup (n) Outgronth Cartilage Egg Outgrowth with
in Tootb cartilage that
Outgrowth had egg tooth

F (2O) L4/20 L2/1,4 9/14 8/t2
(7 oz) (85 .7 z ) ( 64 .32) (66 .7 Z)

FB (15) t4/t5 1,r/L4 4/L4 4/17
(e3.38) (78.62) (28.62,) (36.4e")

FE (15) L3/L5 e/13 7]-/L3 e/e
(86.72) ( 6e.22) (84.62) (1-ooå)

4FB (28) 28/28 27 /28 26/28 25/27
(l_00å) (e6.42) (e2.ez) (e2.62)

F:frontonasal mass mesenchyme only
FB:frontonasal mass mesenchyme plus plain bead
FE=frontonasal mass mesenchyme with epithelium intact

4FB:frontonasal mass mesenchyme plus FGF-4-soaked bead
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TABLE fV: shows the mean length of the cartilage rods in each
group and number of specimens per group.
NB. Does not include specímens that didntt have a cartilage
rod.
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TABLE IV: Length of Cartilaqe Rods in Frontonasal Mass Graft

outgrowths

Group (n) mean (nn) standard
deviation
(t nn¡

F (5)

(4)

(e)

(27 )

(e)

o. 68

0.70

1.35

l-. 06

0.69

o.32

0.3r_

o. 68

0.50

0.30

FB

FE

4FB

F+FB

F:frontonasal mass mesenchyme
FB=frontonasal mass mesenchyme plus plain bead
FE=frontonasal mass mesenchlme with epithelium intact

4FB=frontonasal mass mesenchyme plus FGF-4 soaked bead
F*FB:frontonasal mass mesenchyme and frontonasal mass

mesenchyme plus plain bead
:frontonasal mass nesench¡me grafts
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FIGURE 9:

I,llholemounts of wings bearing grafts of frontonasal mass
mesenchyme without epithelium, stained with Alcian BIue. Scal,e
bar = 0.5 mm, h : humerus, t = radius, Ll: u1na, g: graft, e
= egg tooth, st : soft tissue outgrowth.

(A) Graft plus a plain bead. A soft tissue outgrowth has
formed.

(B) Graft plus a plain bead. A short cartilage rod has
formed. Surgical trauma (haematoma) likeIy disrupted the
normal development of the humerus resulting in the
shortened, bulbous morphology.

(c) Graft plus a plain bead. A slightl-y longer cartilage rod
has formed with an egg tooth at the distal end.

(D) Graft only. A short cartilage rod has formed. Note the
rnisshapen radius and ulna.

(E) Graft only. A short cartilage rod with an egq tooth at
the distal end has formed. Note the bowed radius and
short ulna.

(F) Graft only. A long cartilage rod has formed with an egg
Èooth at the distal end. The ulna is short and the digits
articul-ate at a more acute angle than normaf.
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FTGURE 10:

l.Ihoremounts of wings bearing grafts of frontonasal mass
mesenchymg with intact epitheliurn, stained with Arcian Blue,il-lustrating the range of outgrowths. scare bar : 0.5 mm, h :humerus, t : radiusr lf : ulna t g = graft, ê : egg tooth, st =soft tíssue outgrowth.

(A) A small outgrowth of soft tissue only.
(B) A medium, soft tissue outgrowth with cartilage at the

base only and an egg tooth at the distal end.

(C) A long, straight cartiJ-age rod has f ormed
outgrowth with an egg tooth at the distal tip.

in the

(D) A long, straight cartilage rod has formed with a rarge
egg tooth at the distal end.

(E) A 1ong, straight cartilage rod with a burbous distal endand an egg tooth at the tip. The radius and urna areshort.
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FIGURE ]-1.:

Wholemounts of wings bearing frontonasal mass mesenchyme
grafts wj-thout epithelium and an FcF-4-soaked bead. Sca1e bar
= 0.5 frR, h: humerus, r: radius, u = u1na, q = graft, e =
egg tooth.
(A) An egg tooth formed but no outgrowth. Note the bowed

radius and short ulna.

(B) Multiple cartilages forrned within the Lirnb and an
outgrowth at 90o to the ulna had an egg tooth at the
distal tip.

(C) Medium length, curved outgrowth with an egg tooth. Again
notice the bowed radius and uIna.

(D) Long curved outgrowth with an egg tooth.
(E) Long outgrowth with an egg tooth and a second nodule of

cartilage. Note the bent shape of the radius and ulna.

(F) Long outgrowth with an egg tooth. Note the abnormal elbow
formation.
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FIGURE 12: Mean Lenqth of Cartilaqe Rods in Frontonasal Mass
Grafts

Histogram showing the mean length of the cartilage rods in the
frontonasal mass graft experiments.

error bar : l- standard deviation
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TABLE v: summarizes the results of the mandibular graftexperiments showing the number of specimens per group (n), theproportion that had an outgrowttr ïisiule, and tne ausolutenumber and proportion that hãd cartirage witnin tne-oütgrowthif an outgrowth was present.
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TABLE V: Mandibular Grafts

croup (n) Outgrontb Cartilage in
Present Outgrowth

M (3) 3/3
( r-00å )

MB * (15) t3lLs
(86.72)

ME (11) LT|LL
( 100å)

4MB * (t_a) ß/14
(e2 . ez)

2/3
(66 .'7 e")

t2/L3
(e2.32)

t7/11-
( 100å)

13 / 1,3
( r-00å )

M=mandibular mesenchyme only
MB:mandibular rnesenchyme plus plain bead
ME:mandibular mesenchyme with intact epitheliun

4MB:mandibular mesenchyme plus FGF-4 soaked bead

*:group contained one wing with no apparent
outgrowth but an extra cartilage rod was found
when stained.
Not included in Cartilage in Outgrowth column.
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TABLE Vf: shows the mean length of the cartilage rods in each
group and number of specimens per group.
NB. Does not include specimens that didn't have a cartilage
rod.
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TABLE Vf: Length of Cartilage Rods in Mandibular Graft

Outqrowths

Group (n) mean (n¡n) standard
deviation
(t nn¡

MB

M+MB

ME

4MB

(2)

(13)

(1s)

(7)

(r-4)

1.56

0.86

0.95

3.73

1.30

o.28

0.48

0.51

1, .27

0.43

M=mandibular
MB=mandibular

M*MB:mandibular
mesenchyme

:mandibular
ME:mandibular

4MB:mandibular

mesenchyme
mesenchyme
rnesenchyme
plus plain
mesenchlme
mesenchyme
mesenchyme

only
plus plain bead
only and mandibular
bead
grafts
with intact epithelium
plus FGF-4-soaked bead
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FIGIIRE 14:

Whol-emounts of wings bearing grafts of mandibular mesenchyme
without epitheliurn, stained with Alcian Bl-ue. Sca1e bar = 0.5
ilh, h : humerus, r : radius, u : ulnat g: graft, b : bead.

(A) Graft plus a plain bead (indicated) that has formed a
short outgrowth.

(B) Graft plus a plain bead (indicated) that has formed two
outgrowths off of the ulna and a small island of
cartilage next to the bead. Note the bowed radius and
acute articulation of the digits at the wrist.

(C) Graft plus a plain bead (indicated) that has formed a
very short cartilage outgrowth.

(D) Graft that has formed a long rod of cartilage but the
outgrowth appears sma11.

(E) Graft that has formed a long rod of cartilage within the
confines of the wing.
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FïGURE l-5: Mean Lencrth of cartilage Rods in Mandibular crafts

Histogram showing the mean lengths of the cartilage rods
formed in the mandibular grafting experiments

error bar : l- standard deviation
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FIGURE 16:

Wholemounts of wings bearing grafts of mandibular mesenchyme
with intact epi-theJ-iurn, stained with Alcian BIue. Sca1e bar :
1.0 ilf,, h : humerus, r = radius, u : u1na, g: graft.
(A)

(B)

(c)

Long, straight cartilage rod has formed with a structure
resembling a ramus with a condyle and a coronoid process
at the e1bow.

Long, straight cartilage rod has formed. Note the short
ulna and the articulation of the elbow.

Another long, straight cartilage rod has formed. This
embryo was 7 days post-graft.
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FfGURE 17: Mandibular Grafts - Distribution of the Cartilacre
Rods by Lencrth.

Distribution of the length of cartilage rods formed in each
treatment group. Note the separation of the norrnal curves
which might indicate some effect on the outgrowth by the FGF-
4-soaked bead.

NB. Change in scale on the x-axis after 2.00 rnm.
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FIGURE 18:

Wholemounts of wings bearing grafts of mandibular mesenchyme
plus an FGF-4-soaked bead, stained with Alcian Bl-ue. Sca1e bar
= 0.5 fiil, h : humerus, r = radiusr ü = u]na, g: graft, b =
bead.

(A) A triangular-shaped cartilage formed.

(B) A donut-shaped cartilage formed.

(C) A semi-circular cartilage formed around the bead
(indicated).

(D) A thick rod of cartilage formed.

(E) An O-shaped Ìoop of cartilage formed between the radius
and u1na.
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FTGURE ].9:

hlholemounts of wings with an FGF-4-soaked bead only, stained
with Alcian BIue. Scale bar = 0.5 mm, h: humerus, E = radius,
u = ulna, xc : extra cartilage.
(A) Two extra rods of cartilage formed - a straight rod and

an O-shaped one.

(B) Two outgrowths formed with 2 rods of cartilage in each
(denoted by the black and white arrowheads) which
resemble extra digits.

(C) Multip1e extra rods of cartilage which may be duplicated
digits. Note the short radius and ulna.

(D) Two extra rods of cartilage that look like duplications
of digits 2 and 3.
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TABLE VII: summarizes the incidence of fused elbow joints,
partial or complete. Note that in most instances of a complete
or partial joint fusion, êD FGF-4-soaked bead hras present.
? = uncertain as to whether joint space was visible.
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Table VIT: Incidence of Fused E1bow Joint

Group (n) No ? Partial Yes

B (15) r-5 0
( l_00å )

48 (15) e 1 1 (R&H) 4
(60å) (6.72) ( 6.72) ( 26.72)

4MB (14) e 1 1 (u&H) 3
(64.3*) (7.18) (7.L2) (2r.4e")

ME ( 1r-) e 1 (no R&U) 1 (U&H) o
(81-.8u) (e.L2) (e.LZ)

MB (1s) L4 o
(e3.3å)

M (4) 4 o
( l_00å)

4FB (2e) 21 1-

(72.42) (3 .42)
F (13) r-3 o

( 1ooå )

FB (r.2) r-O O

(83.3å)
FE (13) 13 o

( l-00? )

r_ (R&H) r_

(8.32) (8.3å)
00

1
(6.7e")

0

7
(24 . rz)
0

3=plain bead only
4B=FGF-4 soaked bead only
F:frontonasal mass mesenchyme only

FB=frontonasal mass mesenchyme plus plain bead
FE:frontonasal mass mesenchyme with epitheliurn intact

4FB=frontonasal mass mesenchyme plus FGF-4 soaked bead
M:mandibular mesenchyme only

MB:mandibular mesenchyme plus plain bead
ME:mandibular mesenchyme with intact epitheliurn

4MB:mandibular mesenchyme plus FGF-4 soaked bead

R&H:radius and humerus fused
U&H=uIna and humerus fused
R&U:radius and ulna fused
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FTGURE 2O:

vüholemounts of wings with an FGF-4-soaked bead stained withArcian Blue. h : humerus, r = radius, u = urna t xc : extracartilage, b=beadt è: eggtooth, g-graft. scalebar:0.5
mm.
NB. Refer to figure L4
morphology.

for pictures of normal joint

(A) Extra cartiÌage has formed between the radius and ulna.No joint space is present.
(B) rn addition to the bead, this specimen had a frontonasal

mass mesenchyme graft. A cartilage-containing outgrowthwith an egq tooth has formed. No elbow joini spãce ispresent.

(c) This speci-men received a quail frontonasal mass
mesenchyme graft in addition to the bead. Note the
absence of a joint space betr¡een the radius and humerus.

(D) Another graft of quail frontonasaÌ mass mesenchyme. Notethe cornplete fusion of the radius and ulná to the
humerus.
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TABLE VIII: shows the number
each group. Note that in all
extra cartilage bits formed, an

of extra cartilages formed in
instances where four or more
FGF-4-soaked bead was present.

-97 -



Group

TABLE VIII: Number of Extra Cartilage Rods

2-3 1+1(n)

4B

4MB

ME

MB

M

4FB

F

FB

FE

(15)

(15)

(L4)

( 11)

(1s)

(4)

(2e)

(13)

(13)

(13)

15

l_o

L2

L4

0

3:pIain bead only
4B:FGF-4 soaked bead only
F:frontonasal mass mesenchlme only

FB:frontonasal mass mesenchyme plus
FE:frontonasal mass mesenchyme with

4FB:frontonasal mass mesenchyme plus
M:mandibular mesenchyme only

MB:mandibular mesenchyrne plus plain
ME=mandibular mesenchyme with intact

4MB:mandibular mesenchyme plus FGF-4

plain bead
epitheliurn intact
FGF-4 soaked bead

bead
epitheliurn

soaked bead
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FÏGURE 2 ]-:

Wholemounts of wings stained with Alcian Blue. H : humerus, R: radius, IJ = ulna, B: bead.

(À)

(B)

A graft site v¡as prepared in this wing but nothing else
!'/as done. The wing grew norma11y. Sca1e bar = 1 mm.

A second example illustrating that preparation of the
graft site did not have an effect on the normal
development of the wing. Sca1e bar = 1 mm.

A graft site v/as prepared and a ptain bead was ptaced.
The wing grevt normally. Scale bar : 0.5 rnm.

In this example of a plain bead placed into a prepared
graft site, the bead is clearly seen at the elbow joint
and no extra cartilage is present. Scale bar = O.2 mm.

(c)

(D)
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DISCUSSION

Effects of Surgical Manipulation of the Ernbrvo

Preparation of the graft site generally did not affect
normal development of the wing nor did preparation of the

graft site plus placement of a saline-soaked bead.

Occasionally, the marginal vein was cut during the graft site
preparation and a large haematoma formed. These lirnbs did not

show normal growth and pattern formation and were omitted from

the study. As the membranes v¡ere healing (ie. incision
closíng), a wing bud would periodically become strangulated by

the membranes: these specimens were also eliminated from the

study. Thus, the outgrowths and extra cartilages found in the

grafted embryos and the embryos receiving an FGF-4-soaked bead

were not a result of surgical trauma to the embryo.

The fusion of the elbow joint (cornplete or partial) v/as

not a result of surgical trauma since it !,/as observed in
specimens that received an FGF-4-soaked bead and not as a

general finding (which one t¡ou1d expect if fusions resutted

from surgical trauma). This phenomenon may be a result of the

induction of terminal differentiation by FcF-4 or the FGF-4

disruption of the genes responsibte for patterning the elbow.

This effect of FGF-4 nay help explain the syndactyly found in
most of the craniosynostosis syndromes and the fused elbow

joints occasionatly found in Pfeifferrs Syndrome.
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Differences in the Response of Facial primordia

to Exogenous FGF-4

rn the front,onasal mass experiments, placement of the
FGF-4-soaked bead with the frontonasal mass mesenchyme

resulted in development of a cartilage rod that was not
statistically different in rength from the frontonasar mass

mesenchyme with its intact epitheliun. rn contrast, the
mandibular experiments did not shor¡ the same response. The

FGF-4-soaked bead did not produce a long, straight outgrowth
of cartilage like the mandibular mesenchyme with epithelium
produced. The length of the cartilage outgrowth r¡/as

statistically no different, from the mesenchyme only grafts.
Therefore, the frontonasal mass and the mandible were shown to
respond differently to FGF-4. one possible expranation for the
difference in response to FGF-4 between primordia may be due

to differences in relative stage of development.

At stage 24 when the graft tissues !,¡ere harvested, the
mandible morphologically resernbles its finar form much more

than the frontonasar mass does, suggesting the facial
prinordia have their own unique time-frames for development.

The mandibular tissues used in these experiments may be past
the point at which they are sensitive to FcF-4. This
difference in sensitivity courd be due to receptor types
(FGFR1 versus FGFR2), receptor distribution v¡ithin the tissue,
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downreg'ulation of receptors, or efficacy of signal
transduction. simirar , resurts lrere noted in
epithelial/mesenchymal recombination experiments (Richrnan and

Tickre, 7992) and tissue curtures with FGF-2 (Richman and

Crosby, L99Q¡ Walin, L993).

The specific sensitivity of different facial prominences

may reflect the neurar crest origins of the mesenchyme. The

above noted tissue curture experiments may arso support the

hypothesis that tissues of different neurar crest origin may

respond differently to FGF-4. The frontonasal mass mesenchyme

ís derived from the area of the prosencephalic-rnesencephalic

junction whereas the mandibular mesenchyme is derived from the
mesencephalic neurar crest. Therefore, extremely precise
mapping of neural crest migration is needed to verify this
hypothesis.

Cartilage Pattern Formation in the Mandible

The pattern of cartilage formation was quite different in
the presence of FGF-4. In both the mandibular mesenchyme only
ând the mandibular mesenchyrne with intact epithelium glroups,

the cartilage rod was straight or srightly curved. rn the
mandibular nesenchyme plus FGF-4-soaked bead group, the
cartirage rods were triangular, round t ot substantiarry
curved. The failure of FGF-4 to restore outgrowth development

-103-



nay indicate that another factor such as FGF-2 is responsibre
for proriferation within the mandibular mesenchyme. rn the
xenopus blastocyst, FGF-4 v¡as needed for cerl mass

differentiation (Ferdman et ar., 199s) but was not mitogenic
(Rappolee et ar. , Lg94) . sirnilarly, in this series of
experiments with grafts of mandibular tissues, FGF-4 appears
to have a greater effect on cartilaginous pattern deveropment
than on outgrowth of the grafts.

rn the frontonasal mass grafting experiments, addition of
an FGF-4-soaked bead to a frontonasar mass mesenchyme graft
produced an outgrowth simirar in both length and shape to the
outgrowth produced by a frontonasal mass mesenchyme graft with
intact epithelium. Differentiation within the frontonasat mass

is most easily assessed by the presence of an egg tooth an

ectodermal specialization. The incidence of egg teeth (Tabre
rrr) was high for both the frontonasal_ mass grafts with intact
epitherium (94.62) and the frontonasar mass grafts with an

FcF-4-soaked bead (92.92). rn both these groups, the presence
of an egg tooth appeared to be índependent of the extent of
cartilage rod outgrowth. rn the frontonasal mass mesenchyme

grafts and frontonasar mass mesenchyme implanted with saline_
soaked beads, an egg tooth $¡as rareÌy present (64.32 and 2 B.62

-104-



respectively) if the length of the cartilage rod outgrowth was

less than .75 nm in length which indicates that normarry,
growth precedes differentiation. This finding courd suggest

that FGF-4 plays a major role in the terminal differentiation
of the cerls within the ectoderm of the frontonasal mass as

wel-l as a minor role in ceII proliferation in the mesenchyme.

Release characteristics of the Beads and Their Refationship
to Cartilage Outgrowths

rn these experiments, a cut !{as made into the grafted
tissue with the bead placed into the incision. consequently,

the FcF-4 concentration produced in the graft wourd be

uniforrnly high around the bead, decreasing in all directions
moving away from the bead. This locatj-on of the bead is in
contrast to previous recombination experiments where the

epithelium !,¡as placed at the surface of the graft which would

produce a gradient of epithelial factors that was high at the
surface and decreased through the thickness of the graft. This

lack of a polarized gradient may explain why the outgrowths in
this experiment were shorter than in previous experiments. rn
addition, the strain of chicken used by Richman and Tickre
(1989) was different. rn order to achieve sinirar growth in
contror grafts in Manitoba, it is necessary to incubate the
host embryos for 7 days, not 6. Due to these differences in
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the lengths of the controls, the data is not directly
comparable to previously published results (Richnan and

Tickle , 1,989 ¡ 1-992) .

Àn alternate explanation may be that FcF-4 does not have

as great an effect on the proliferation of cells of the face

as do other epithelial factors (ie. FcF-2, FcF-8). In other

words, FcF-2 and FGF-4 may have different roles in the growth

and development of the facial primordia, as they do in the

wing FGF-2 stimulates cell proliferation (Richman and

Crosby, 1990; Walin, L993; Munain et ã7., 1988) while FcF-4

directs patterning and terminal differentiation (Laufer et

a7., 1,994; Niswander et a7. , L994) . In the intact embryo, the

presence of these growth factors is likely to be temporally

regulated within each facial prinordium by other factors such

as the expression of transcription factors.

Receptors For FGFrs

Exogenous FGF-4 on Facial Mesenchyme

FGF-2 and FGF-4 have their highest binding affinities to
different receptors: FGF-2 binds to FGFR1 (isoform flfc) and

FcF-4 binds to FGFR2 (isoform IIIc). Therefore, the

differences observed could be due to the differentiaÌ
transcription of the FGFR1 and FGFR2 genes.
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FGF-4 Induces Ectopic Cartilage in the Host Lirnb Bud

Direct placement of an FGF-4-soaked bead into the

prepared graft site resulted in extra bits of cartilage growth

in the wing. This effect could be expected as FcF-2 has been

shown to induce extra digits when implanted into the anterior

margin of the wing bud away from the normal- polarizíng region

(Ri1ey et a7., 1993). In my experiments, the position of the

bead within the relatively large graft site was variable which

accounts for the differences in pattern of cartilage formed.

Since extra cartilage was induced Ín the absence of placing a

graft of facial mesenchyme, it ís possibte that it v/as

difficult to distinguish the donor from host tissue. In the

case of the frontonasal mass grafts, the presence of an egg

tooth associated with a cartilage rod confirms that it $/as

derived from graft tissue. In the mandible, wê are lacking

such a marker so f relied instead on the positJ-on of the extra

cartilage in relation to the host lirnb. All grafts ultimately

are positioned at the elbow of the host linb, therefore,

ectopic cartilage found in this location is most likeIy
derived from the grafted tissue.

Future experiments could be designed using donor tissue

from quail embryos grafts placed in chick wing buds. Quail

cells have distinct nuclei and can be differentiated from

chick cells in section using the Feulgen staining method

(LeDouarin, L973).
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FGFrs and The Cause of Craniosynostosis

Recent studies using DNA sequencing have shown a

relationship between mutat,ions in the fibroblast growth factor
receptor genes and various craniosynostosis syndromes (figure
22) .

Mutations in the third rg domain of the FGFR2 gene have

been identified in crouzonrs syndrome (Reardon et al., L994a,

1994b; Rutland et ã7., 1995; ttilkie et a7., l-99S; Jabs et aI.,
1'994; Preston et ã7. , L994) , Jackson-weiss syndrome (Jabs et
ã7. , 1994; Li et a7. , 1994) , and Pfeiffer Syndrome (Rutland et
ã7. , 1995) . A second genetic variant of pfeiffer syndrome is
due to a mutation in the FGFR1 gene (Muenke et âj. , Lgg4)

coding for the link regj-on between rg rr and rg rrr. The

syndactyly found in most of the craniosynostosÍs syndromes and

the fused elbow joints found occasionarry in pfeifferrs

syndrome may be linked to the fused elbow joints produced by

FcF-4 in the present study.

Crouzonts Syndrome, to date, shows the most genetic

variabirity with 9 different mutations producing the crouzon

phenotype (abnormar skulI shape due to premature fusion of
cranial sutures, prominent eyes, but no digit abnormalities)
on 2 different chromosomes - 10q25-q26 and 5q. The sq mutation
(the Boston type of craniosynostosis) is unique in that it
affects the l4sx-2 gene, not the FGFR2 gene (Jabs et ar. ,
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1993). The FGFR2 mutations are related to the cysteine amino

acid at position 342¡ this,is a highly conserved region and

the Cys-Cys bonds are needed to maintain the structural
integrity of FGFR2. The various mutations may cause a del-etion

of the cysteine residue, add a netd cysteine amino acid which

could form a Cys-Cys bond, ot cause other amino acid

substitutions very close to the critical Cys-Cys bonding

region, altering the stereotaxis of the protein.

All of the previousJ-y mentioned craniosynostosis

syndromes are autosomal dominant. Therefore, the patient is
1ikely to have one normaL copy of the gene. As such, to
produce the mutant phenotype, it seems most likely that these

mutations result in abnormal activation of the receptor

causing it to be super-responsive to endogenous FGFrs or for
it to remain permanently in an activated state. Phenotypic

variatj-on may be due to ligand specificity, the genetic

background in which the mutation exists (genetic variations at

other loci rnay produce gene products that interact differently

with the mutant receptor), or the degree of receptor gene

activation during different temporal stages of development.

In mice with syndactyly syndromes, the AER is thickened

(Grüneberg, 1960). Could this be due to the AER over-producing

FGF's as a result of a disrupted feed-back mechanism?

Fusion of sutures and closure of the growth plates in the

long bones normally correspond with the cessation of growth

and terminal differentiation of cartilage into bone. These
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phenomena v¡ould fit with the theory that FcF-4 is involved in
terrninar differentiation and caused the fusion of the elbow

joints in the specimens receiving an FGF-4-soaked bead.

Permanent activation of the FGFR2 would produce a sinilar
effect and courd exprain the premature fusion of the cranial
sutures cotnmon to the craniosynostosis syndromes.

Proposed Model For the Role of FGF-4 in patterning

Facial Mesenchyme

The round and Itdoubled backrr patterns of cartilage found

in the mandiburar mesenchyme grafts implanted with FcF-4 beads

may represent a duplication of the patterning of the

mandibular cartilage and if it is indeed the case, and pattern
deveropment of the facial primordia is similar to that in the

limb, then the polarizing region of the nandible is most

1íkely located at the proximal ends of the developing

mandible, away from the source of the grafted tissue. To test
this hypothesis, transplant this putative zone of polarizínq
activity to the anterior margin of the wing bud and observe

its effects. If it is indeed a polarizing region, it should

induce duplications within the wing.

The progress zone would likely be located at the distal
(= rnidline) structures of the nandible with the apical
ectodermal ridge-like region overlying this. Removar of the
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epitheliurn (mandibular mesenchyme only grafts) resulted in

truncated outgrowth of the cartilage cornpared to the

mandibular mesenchyme with epithelium grafts: this alteration

is analogrous to removal of the ÀER producing truncated limb

outgrowth.

ff the zone of polarizíng activity within the frontonasal

mass is similar to the distribution pattern of endogenous

retinoic acid as proposed by Leon-Delgado (1992) (NB. ThaIIer

and Eichele (L987) demonstrated a similar retinoic acid

gradient in the limb), then placement of the FcF-4 bead in

these experiments was into the already existing polarizíng

region and should not result in alterations of normal pattern

development. An interesting future experiment would be to

inplant a retinoic acid-soaked bead into the nasal pit of a

stage 22 embryo for 24 hours (it is thought that retinoic acid

prevents the precursor cells from becoming committed to a

differentiated phenotype), remove that bead, and then implant

an FGF-4-soaked bead into the sarne nasal pit to see what final

facial morphology develops. Using more than one FGF-4 bead

initially or adding a fresh FcF-4 bead each day would

elucidate the concentration and temporal effects of FGF-4.
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FTGURE 22:

Diagram of the genes involved and locations within the FcFreceptors of the mutations found in the 
"r""1åãvnostosissyndromes from Bel1us et aI., 1995.4

' BeII_us, - 9: . A., _ lÍcrntosh , I., snith, E. A.,Aylsworth, A. S_., Kaitila, I., Horton, W. A., Greenhaw, G. A.,Hecht, J. T., Francomano, c. À. (199á). A recurrent nutationin the tyrosine kinase ãonain .;¡ iitro¡rast growth factor
;;;:o."r 3 causes hypochondroplasia. ñÀrunn eñNsrrcs 10, p
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