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ABSTRACT

The embryonic chick face is composed of a series of facial
primordia, epithelium-covered buds of mesenchyme, which surround the
presumptive mouth. The frontonasal mass forms most of the upper beak,
the paired maxillary primordia only grow out a small amount to form
the corners of the beak, while the lower beak is entirely derived
from the paired mandibular primordia. The aims of this thesis are to
discover the factors that control this differential outgrowth and to
uncover which of these factors goes awry in abnormal facial
development.

I initially tested whether the quantity of outgrowth was
controlled by the mesenchyme or epithelium by exchanging epithelia
between primordia. The mesenchyme determined the amount of outgrowth
and all facial epithelia were interchangeable. In exchanges of limb
and face tissues, the morphology of frontonasal mass/limb
combinations most resembled the homotypic controls.

A functional assay was then developed to study growth of facial
mesenchyme in vitro. I first defined conditions where no increase in
cell number occurred. I then added serum and growth factors in order
to see which substances stimulated proliferation. A general
stimulation of proliferation was achieved by the addition of serum.
Basic fibroblast growth factor stimulated a subpopulation of
chondrocytes represented only in the frontonasal mass.

Retinoic acid affects facial development in vivo and in vitro.
I cultured cells from retinoid treated embryos to see whether they
differed in their response to bFGF. I found that the same population
that normally would be stimulated by bFGF is inhibited by retinoic
acid pretreatment.

The basis of the retinoic acid-induced facial cleft was
explored further by mapping the distribution of a nuclear receptor
for retinoic acid (RAR-P) in normal and retinoid-treated embryos. The
distribution of type II collagen transcripts was also investigated.
In normal embryos RAR-P transcripts are concentrated in the
mesenchyme of upper beak primordia and are unevenly distributed
within the maxilla and frontonasal mass. Type II collagen RNA's were
mainly found in the surface epithelium and chondrogenic regions.
Retinoid treatment changed the expression of the receptor in all the
primordia but did not change the distribution of type II collagen
transcripts.
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frontonasal mass micromass culture grown in defined
medium for 48h and then in serum-containing medium for

u8 h.uon-oooono.o.o.aaooootoooo.no.o.noo.tooooocoono.ooooo.o.160

Figure 9. Wholemounts of micromass cultures stained
with Alcian blue after 96h of culture in defined
medium with 8dded DFGE. civtveeteeveccesssseccsssoscseccsssessealb2
A) Frontonasal mass culture in defined medium
supplemented with 1

ng/ml bFGF.

B) Frontonasal mass culture in defined medium
supplemented with 10

ng/ml of bLFGF.

C) Mandibular culture in defined medium supplemented
with 1 ng/ml bFGF.

D) Mandibular culture in defined medium supplemented
with 10 ng/ml

bFGF.

Figure 10. Frontonasal mass cultures grown for 96h in

the presence of 3 different growth factors and stained

With Alcian Blue...eeeeeeeeeeeooeeeecososcasssoscoceoooseessolbl
A) Frontonasal mass culture grown in the presence of

100 ng/ml EGF.

B) Frontonasal mass culture grown in the presence of

ing/ml TGF-B.

C) Frontonasal mass culture grown with 0.5 ng/ml of

bFGF from the

second batch.

Figure 11. Increase in cell number in micromass

cultures made from embryos treated with retinoic acid

for 24 h compared to number of cells in cultures made

from normal embryos. All cultures grown in defined

MEAIUR. ¢ ¢t teveeeesoesooesacccaccscsscsssssssassssssssosananesslbb
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Figure 12. Wholemounts of micromass cultures made from

embryos pretreated with retinoic acid....c.ececeeceecccscesss 168
A) Frontonasal mass culture grown in defined medium.

B) Mandibular cultures grown in defined medium

C) Frontonasal mass culture grown in defined medium

plus 0.5 ng/ml bFGF

D) Mandibular culture grown in defined medium plus 0.5

ng/ml bFGF.

Figure 13. Effect of retinoic acid pretreatment on

growth of facial mesenchyme in micromass culture (1

ng/ml bFGF). Cell number plotted against the duration

Of CULBUPE. . ceeeeeoescscccsosssssssscsvsascssosssnascsccsnsseslfO

Figure 14. Percentage of culture occupied by cartilage
in cultures made from retinoid treated embryos
compared to cultures from normal E€mMbryoS...cccceeeecescsacsssl72

Figure 15. An SDS polyacrylamide gel loaded with 10 pl
of sample in each lane.....cicveveavenee JO R by

Figure 16. Immunoblots incubated in 4 different
antibodies tO FGF PEPtidesS...ceeeeeecseeeesccsoosssccccssensal?b

Figure 17. Immunoblots incubated with the antibody to
peptide 3, the preimmune serum for peptide 3 and the
antibody plus peptide...eeeeececenns FE R I £ <

Figure 18. Immunoblots incubated in the antibody to
peptide 4, the preimmune serum for peptide 4, and the
peptide plus AntibOAY..eeeeeeeeerecoccoccccscoscsacescsssesssl80

Chapter 4

Figure 1. A scanning electron micrographs of a stage
28 chick embryo treated with retinoic acid at stage

20.... ooooooo 00000000 oooooooooooo'oo'00000-0o.ooooooo-oo.oo'zlg
Fig!re 20-...00.o.oootooo.oooooo.ooooooo'o..0000.00.00.'0...0221

A) Putative structure of chick RAR-P protein, showing

the regions homologous to domains A-F of the human and murine
RAR-§ and structure of the RAR-P clones

B) Nucleotide sequence and predicted amino acid

sequence derived from cDNA clones lambda RAR1 and lambda RJO5.
Domains A-F of the RAR-P

Figure 3. A diagrammatic representation of the plasmid
pCH110 containing the lacZ gene...... -

Figure 4. Autoradiographed frontal sections of normal

stage 20 chick embryos probed with RAR-B and type I1

collagen riboprobes....cccceceeccss R~ 21,
A) Bright field view section hybridised with an

antisense RNA probe for RAR-B.
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B) High power view of section in A.

C) Darkfield view of section in A..

D) A different stage 20 embryo hybridised to an
antisense probe for RAR-B.

E) High power bright field view of D.

F) Dark field view of D showing.

G) Dark field view of adjacent to F hybridised to the
mRNA probe for type II collagen.

H) Dark field view of adjacent section to F hybridised
with the cRNA probe for type II collagen.

Figure 5. Parasaggital or lateral sections of normal

embryos hybridised with a probe for RNA sequences

encoding RAR=PB....ceeerrseccsscsssncscssssoscsssscnsosssssnsess 2]
A) A dark-field view of a lateral section of a stage

20 embryo.

B) A bright-field view of a stage 24 embryo sectioned

in the lateral plane.

C) A dark-field view of the section in B.

Figure 6. Frontal sections of normal stage 24 embryos
hybridised to cRNA probes for RAR-f and type II
COLlAEEN. cieeteeeeessssesssssssssscssscssssscsssscssssssseeses229
A) Whole-mount of stage 24 chick face showing the
facial primordia.

B) Bright-field view of section hybridised to a cRNA
probe for RAR-B.

C) Dark-field view of section in B.

D) Bright-field view of adjacent section to B
hybridised with a II collagen cRNA probe.

E) High power view of D

F) Dark-field view of D.

G) Bright-field view of a second stage 24 embryo
hybridised to a cRNA probe for RAR-B.

H) High power of showing the region around the left
nasal slit. ‘

I) Dark-field view of the section in G.

J) Bright field view of adjacent section to G,
hybridised to a cRNA probe for type II collagen.

K) A high power view of the right maxillary primordium
and mandible.

L) A dark-field view of J.

Figure 7. Autoradiographs of 3, normal stage 28
embryos in frontal Ssection....cciieeersscececrsccosscscscccsss23l
A) Bright-field view of section hybridised with a
RAR-B riboprobe.

B) Dark-field view of A.

C) Bright~field view of adjacent section hybridised
with a type II collagen riboprobe.

D) Dark-field view of C.

E) Bright-field view of embryo 2 hybridised with a
RAR-$ riboprobe.

F) Dark-field view of E.

G) Bright-field view of adjacent section to F
hybridised with the riboprobe for type II collagen.
H) Dark-field view of G.
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I) Bright-field view of a section of embryo 3
hybridised with the RAR-P riboprobe.

J) Dark-field view of J.

K) Adjacent section to J hybridised with the riboprobe
for type II collagen.

L) Dark-field view of K.

Figure 8.Autoradiographs of sections from two stage 2l
embryos treated with retinoic acid at stage 20....cceeceeee...233
A) Bright-field view of section hybridised with the
riboprobe for RAR-B.

B)Dark-field view of A.

C) Bright-field view of an adjacent section to B
hybridised with the riboprobe for type II collagen.

D) High power view of left maxillary primordium and
edge of mandible.

E) Dark-field view of C.

F) Bright-field view of section hybridised with the
RAR-B RNA probe.

G) Dark-field view of F.

H) Bright-field view of an adjacent section to F
hybridised with the type II collagen riboprobe.

I) Dark-field view of H.

Figure 9. Autoradiographed sections of stage 28

embryos treated with retinoic acid at stage 20..ccceeeeceeses235
A) Bright-field view of section hybridised with the

riboprobe for RAR-B.

B) Dark-field view of A.

C) An adjacent section to B hybridised with the probe

for type 11 collagen.

D) A dark-field view of C showing clearly the regions

of the surface epithelium that hybridise strongly to the riboprobe.
E) A dark-field view of an adjacent section to D

hybridised to the type II collagen mRNA strand (sense strand).
F) A bright-field view of a section from embryo 2

hybridised to the RAR-P riboprobe.

G) A dark-field view of F.

H) A bright-field view of a section hybridised to the

type II collagen RNA probe.

I) Dark-field view of H.

J) Negative control hybridised to the sense strand for

type II collagen RNA,

Figure 10. Cleared whole-mounts of grafts of facial
primordia from retinoid treated and normal embryoS...........237
A) A graft of a normal maxilla.

B) A graft of the lateral nasal process from a normal
embryo.

C) A graft of the lateral nasal process from a normal
embryo.

D) A grafted maxilla from a retinoid treated embryo.
E) The lateral nasal process from a retinoid treated
embryo

F) A graft of the lateral nasal process from a
retinoid treated embryo. '
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Figure 11. Two representative fields from a monolayer

culture of frontonasal mass cells transfected with a

plasmid containing the 1a8CZ BENE...ccreeesecccssvscssssssssesss 239
A) Two cells that have lacZ gene.

B) Two cells that have incorporated plasmid DNA.
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CHAPTER 1
GENERAL INTRODUCTION

This work is concerned with the development of the early
embryonic chick face and focuses on the mechanisms involved in the
outgrowth of the facial primordia. In this thesis I will examine the
tissue interactions involved in facial growth in addition to the
molecular basis for the growth process. I will compare normal to
abnormal growtﬁ in an attempt to understand the causes of facial
defects. Finally I will propose a scheme for understanding how the
face of chick embryos grows. In this chapter I would like to
introduce the development of the face in normal chick embryos and
describe facial defects which are produced by retinoic acid.

I. Normal development of the chick face

The 3 axes I will use to describe the chick face
will be: 1) rostral-caudal meaning head to tail, 2) dorso-ventral
meaning the back to front and, 3) medio-lateral meaning side to
side. The rostral-~caudal axis within the limb bud and individual
facial primordia can also be described as anterior-posterior. The
dorso-ventral axis is also synonymous with proximo-distal or the
axis extending out from the base of the beak to its most distal tip.
The rostral caudal plane can be seen in coronal sections. The
proximo~distal plane is represented in saggital sections. The
medio~-lateral plane is equivalent in to the plane encountered in
frontal sections.

The face of the chick embryo is first recognised at stage 14
(50-53 h incubation [Hamburger and Hamilton, 1951]) with the
development of the first branchial arch. As in mammals, this arch
will form the entire lower jaw and part of the upper jaw. Shortly

thereafter (Stage 15), the nasal placodes develop, a dominant
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feature of the early face. By stage 18 the first branchial arch has
divided into two distinct buds of tissue, the maxilla and mandible
(Yee and Abbott, 1978). A few hours later (stage 20), the embryonic
chick face consists of an oral cavity surrounded by the facial
primordia. The facial primordia are discrete buds of mesenchyme
encased in epithelium and these are fully defined by stage 24 (Fig.
1A). The deep nasal pits flank a flat, rectangular primordium called
the frontonasal mass; lateral to the nasal pits are the lateral
nasal processes; the paired maxillae are caudal to the lateral nasal
processes; and the paired mandibular primordia lie beneath the
maxillae, forming the inferior border of the stomodeum.

These nearly equally sized primordia, grow out differentially to
give rise to the mature, pointed, bill characteristic of birds (Fig
1B). The frontonasal mass gives rise to most of the upper beak
including the prenasal cartilage, nasal septum, and premaxilla. The
paired mandibular primordia form the entire lower beak. The main
structural support of the mandible at early stages of development is
Meckel's cartilage. The cartilage is relatively featureless at its
distal end but forms a distinct joint with the quadrate cartilage at
the proximal end (Romanoff, 1960, Noden, 1978a; Le Liévre, 1978).
The proximal end of Meckel's cartilage is called the retroarticular
process. The primordia which make the biggest contribution to the
bill are the frontonasal mass and mandible.

The lateral nasal processes form the superior, middle and
vestibular chonchae (Romanoff, 1960) as well as tissue just proximal
and caudal to the external nares. The paired maxillae form the
corners of the beak including the lip ridge or tomium of the upper

beak and tissue directly under the eye (Fig. 1B). Inside the oral
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cavity, the maxillae form the palatal shelves. The palatal shelves
fuse with the premaxilla at their distal end, but remain open more
proximally. This open palate, which is contiguous with the nasal
cavity, is characteristic of galliform birds (Bellairs and Jenkin,
1960) .

The individual facial primordia of the upper beak become united
into one structure between stage 26 and 30 (Yee and Abbot, 1978;
Tamarin et al., 1984). The proximal part of lateral nasal process is
fused to the maxilla however the distal parts of the primordia are
not fused with one another. Between stage 26 and 28 the seam between
the two primordia begins to 'zip up' so that by stage 28 the maxilla
and lateral nasal process are completely united. At stage 30 the
corners (globular processes) of the frontonasal mass begin to fuse
with the maxilla and by stage 31 the oronasal groove has been
obliterated. The profile of the chick face remains flat until stage
31 then the extension of the cartilage rod tilts the upper beak out,
away from the head (Tamarin et al., 1984). The distal end of the
frontonasal mass is marked by an ectodermal specialization called
the egg-tooth. The egg-tooth is first visible at stage 30 (Hamburger
and Hamilton, 1951; Yasui and Hayashi, 1967; Tamarin et al., 1984).

Up to stage 24 (4 days incubation), the facial primordia are
composed of homogeneous, undifferentiated mesenchyme. The first
tissue that begins to differentiate is the chondrogenic region of the
nasal chonchae (Romanoff, 1960). This is followed by Meckel's
cartilage in the mandible, and then by the prenasal cartilage of the
frontonasal mass. Osseous tissue is then deposited in all primordia
(Romanoff, 1960). The exact timing of onset of chondrogenesis and
osteogenesis using histochemical stains or more modern molecular

markers has not been reported for the chick face.

21



Differentiated muscle cells are first present in the mandible at
stage 28 (Ralphs et al., 1989). The frontonasal mass and maxillary
primordia do not have cells staining with muscle specific antibodies
at stage 28 (Ralphs et al., 1989).

I1. Origins of facial connective tissues and epithelium

The source of all facial connective tissue is the cranial neural
crest and the paraxial mesoderm. Very early embryos consist of a
notochord, developing neural tube, lateral plate ectoderm and
mesoderm, and paraxial mesoderm. The neural crest originate from the
neural folds as the neural tube closes. The mesenchyme derived from
the neural crest is sometimes referred to as ectomesenchyme because
the cells originally came from the neuroectoderm (Le Douarin, 1982).
The early neural region at the rostral (head-end) of the 3 to §
somite embryos is called the prosencephalon (Fig. 2A). With further
development the embryos can be divided from rostral to caudal, into
the prosencephalon, mesencephalon and rhombencephalon (Fig. 2B). With
further development the prosencephalon becomes divided into the
telencephalon and diencephalon, and the rhombencephalon is
subdivided into the metencephalon and mydhnephalon (Fig 2C,D).
Others use the terms 'forebrain' to refer to the caudal diencephalon
and rostral mesencephalon and the 'hindbrain' to include the caudal
mesencephalon and metencephalon (Noden, 1978a).

Neural crest cells in the head region begin to migrate away from
the neural fold starting at 6 somites or stage 8.5 and first appear
in the facial primordia at 22 somites or stage 14 (Noden, 1975). The
most rostral neurai crest of the embryo originates between 300 and
450 ym from the rostral-most tip of the neural folds at the 3 somite

stage (Couly and Le Douarin, 1987). This region will encompass the
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boundary between the future prosencephalon and mesencephalon. The
most caudal end of facial neural crest is at the junction of the
metencephalon and myﬂenephalon. There are crest-free zones beyond
the caudal (Noden, 1983b) and rostral (Noden, 1983b; Couly and Le
Douarin, 1987; Le Liévre, 1978) extensions of the cranial neural
crest. Thus the neural crest contributing to the frontonasal mass,
lateral nasal processes, maxillae and mandibular primordia is set
apart from neural crest that populates the . trunk
regions.

In the face, neural crest cells form all of the bones,
cartilages, tendons, pericytes and blood vessel walls, sensory and
autonomic nerves (Noden, 1978b), glial cells in the cranial ganglia
(Noden, 1978b), dermis, endothelium of the cornea, pigment cells and
the investing fascia of muscles (Noden, 1983a). It has been possible
to trace the lineage of cells in chick embryos using b& labelling
crest cells with 3H-thymidine (Johnston, 1966; Noden, 1975). However
due to cell division, the radioactive label is gradually diluted
with endogenous thymidine. It is therefore not possible to follow
the fate of neural crest cells for more than a few days. In order to
study differentiation of the connective tissues derived from neural
crest it is necessary to use a stable nuclear marker such as that
contained in the nucleoli of quail cells (Le Douarin, 1973). More
recently a monoclonal antibody to quail cells (QH 1) has been
developed and this can also be used to distinguish quail tissue from
chick under certain cdnditions (Pardanaud et al., 1987). The quail
follows a similar schedule of development to the chick and grafted
quail cells into chick hosts will contribute to virtually normal-

sized structures.

23



Non-neural crest derived structures in the head include: the
craniofacial muscles, the cranial vault, the dorsal neurocranium,
sclerotome of the cervical somites, the endothelial cells of blood
vessels, the motor nerves of the cranial ganglia. Specifically. the
somitomeres or the incompletely segmented mesenchyme in the head
region, form the jaw closing muscles and the superficial muscles of
the face (Noden, 1983a). The cranial vault and the dorsal
neurocranium are formed by the sclerotome of the occipital somites
or somitomeres (Noden, 1988). The endothelial cells of blood vessels
are formed by paraxial and lateral plate mesoderm at the level of
the otic placode (Noden, 1988). The motor roots of the trigeminal
and facial nerves are extension of cell bodies that lie in the
rhombencephalon (Lumsden and Keynes, 1989).

A. Origins of the frontonasal mass and lateral nasal processes
i. Mesenchyme

The fate of neural crest cells can be traced from their location
in particular anatomical regions of the developing brain to their
precise location in the facial primordia. By‘grafting quail neural
tube and folds from the prosencephalic and mesencephalic regions
into host chicks, several investigators have localised the source of
ectomesenchyme in the face. The mesenchyme of the frontonasal mass
and lateral nasal processes is derived from an area of the neural
fold straddling the prosencephalic-mesencephalic junction (Couly and
Le Douarin, 1987; Le Liévre, 1978, Noden, 1978a). However, it is not
clear which part of the frontonasal méss is derived from
prosencephalic crest, and which part from mesencephalic crest. Since
the migration paths of cells from both areas overlap there is mixing

of the two cell types within the facial primordia (Johnston, 1966).
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Couly and Le Douarin (1987) measured the length of the grafts with
respect to the neural fold, and this approach could provide precise
information about the contribution of prosencephalic crest to the
frontonasal mass mesenchyme. However, their paper did not address
the mesenchyme in any detail but rather concentrated on ectodermal
structures. Le Liévre (1978), using slightly older donor and host
embryos, stated that nearly all the frontonasal process is derived
from prosencephalic crest but the exact location of the
prosencephalic neural crest within the primordia of young embryos is
not illustrated in her paper. In the 9-day embryo (Reproduced in
Fig. 3B) the prosencephalic grafts has given rise to the mid-part of
the upper beak. This suggests that the donor prosencephalic quail
cells would be located superficial to those of the host chick.

The lateral nasal process is also of mixed prosencephalic and
mesencephalic origin (Le Liévre, 1978). The precise areas of the
lateral nasal process derived from these two regions of the neural
folds is not known.

ii. Epithelium

The surface epithelium of the entire frontonasal mass process
is derived from the prosencephalic neural folds. In particular, a
region 150-300 ym from the rostral tip of the neural folds gives
rise to the superficial ectoderm of the upper beak, egg tooth, and
epithelium lining the distal structures of the nose (Couly and Le
Douarin, 1985; 1987). The surface epithelium of lateral nasal
process is derived from prosencephalic lateral plate ectoderm (Couly

and Le Douarin, 1990)
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B. Origins of the first branchial arch: maxillary and mandibular
primordia
i. Mesenchyme

The maxillary primordium, like the frontonasal mass and lateral
nasal process, is composed of mixed prosencephalic and mesencephalic
neural crest. Noden (1978a) does not specifically mention a boundary
within the maxilla, however his forebrain grafts give rise to only
part of the maxilla. The illustration of a 9-day host embryo with a
graft from quail forebrain (Noden, 1978a) clearly shows that the
tomium is not labelled and the tomium is formed by the maxilla
(reproduced in Fig. 3A). Le Liévre (1978) reported that the most
rostral part of the maxilla is specifically formed by prosencephalic
crest while mesencephalic crest contributes to the caudal portion.
The distribution can be seen in Fig. 3B where a line connecting the
most caudal extension of the prosencephalic crest has been drawn.
It is not possible to pinpoint which region of the neural folds
forms the rostral maxilla and which the caudal maxilla in the early
face. Therefore, I have drawn a predicted distribution of
prosencephalic and mesencephalic crest within the stage 24 facial
primordia (Fig. 4) based on Noden (1978a) and Le Liévre (1978).

The mandibular mesenchyme is derived from mesencephalic
crest (Noden, 1978a; Le Liévre, 1974), although Noden (1978a)
suggests that there is also a contribution from the metencephalic
crest. A precise map of the neural crest is not available. In very
young embryos (3 somites) the origin of both maxillary and
mandibular mesenchyme is a region of neural fold 150um long,
beginning 450um from the rostral tip of the neural folds (Couly and
Le Douarin, 1990). It seems likely that somewhere within this stretch .

of neural crest are cells that contribute only to the mandible and
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other cells that contribute exclusively to the maxilla.
ii.Epithelium
The surface epithelium covering the maxillary and mandibular
primordia is formed by lateral plate ectoderm, slightly caudal to
that which covers the lateral nasal process (Couly and Le Douarin,
1990).

JI1. Effects of retinoids on embryological development

Retinoids are necessary for normal development. Since retinoids
cannot be synthesized de novo, they are derived from dietary vitamin
A (retinol) which is stored in the liver and then released into the
circulating blood. Having reached the target tissue, retinol can be
metabolised via retinal to all-trans-retinoic acid (Thaller and
Eichele, 1988). A retinoid-deficient diet fed to pregnant pigs has
lead to limb defects and cleft lip in the offspring (Kalter and
Warkany, 1959). In birds, retinoic acid is stored in the yolk of the
egg and once fertilization occurs the embryo can draw upon this
reservoir. If mother hens are fed a diet deficient in retinoids that
can be metabolised the the embryos have abnormal heart development
(Heine et al., 1985). Just as too little vitamin A can affect
developing embryos so can excess vitamin A. 13-cis-retinoic acid
administered to pregnant women {(Lammer et al., 1985) and mice
(Creech Kraft et al., 1989) can cause cleft palate and abnormal
limbs.'Similarly all-trans-retinoic acid administered to mice
(Kochar, 1977: Alles and Sulik, 1989), and chicks (Jelinek and
Kistler, 1981) can also lead to congenital defects in the limbs and
face. Developing amphibians can also be affected by vitamin A
derivatives. Head development can be inhibited (Durston et al.,

1989) and limbs become truncated (Scadding and Maden, 1986).
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Apart from the effects on developing embryos, vitamin A can also
affect the process of regeneration in amphibians. Normally urodeles
(tailed amphibians) only regenerate the missing piece of limb,
however exposure to retinoids causes the blastema to duplicate
structures already present as well as those more distal to the
amputation site. In addition, it is also possible to obtain
anterior-posterior duplications in certain species of frogs
(Anurans, [Maden, 1983]) with exposure to retinoids.

Local application of retinoids in chick embryos can produced
marked effects that differ from those seen when retinoids are
systemically administered. It is possible to locally release all-
trans-retinoic acid from polystyrene beads (Eichele et al., 1984),
from strips of cellulose paper (Tickle et al., 1982) or from
newsprint (Summerbell, 1983). All these methods of local application
to the chick limb can result in duplication of digits. Unlike the
urodele blastema, the anterior-posterior axis is respecified by
retinoic acid. The type of pattern observed is affected by the
length of exposure (Wilde et al., 1987; Eichele et al., 1985), the
amount of retinoid loaded into the bead (Tickle et al., 1985), the
position of the bead (Tickle, et al., 1985; Tickle and Crawley,
1988) and the age of the embryo (Eichele et al., 1985).

Controlled release of retinoic acid from beads implanted in the
limb also results in a peculiar face defect. The retinoic acid can
diffuse out from the bead up towards the face, which at stage 20 is
very near the limb bud. In these retinoic acid-treated embryos, the
upper beak fails to develop whereas the lower beak grows out
normally (Tamarin et al., 1984). It has been suggested that only one
of the upper beak primordia, the frontonasal mass, is affected by

retinoid treatment but the precise mechanism involved is not well
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understood.

IV. Specific aims

In the subsequent chapters I will examine the tissue, cellular
and molecular controls of facial growth. In the next chapter 1
discuss the results of exchanging epithelia between facial primordia
in order to see whether the epithelium or mesenchyme specifies the
characteristic outgrowth and morphogenesis of each primordium. I
also examine how tissue interactions in the face compare to those of
the limb. Combinations of limb and face tissues are analysed to see
whether epithelial-mesenchymal signals pass between limb and face
and assessed as to how well they are interpreted. The third chapter is
devoted to cellular controls of growth. Facial mesenchyme will be
cultured under various conditions to see which factors are important
for proliferation. In addition, the behaviour of mesenchyme from
retinoic acid-treated embryos is examined in culture. The aim is
to explain the cellular basis of the retinoic acid facial defect by
comparing the behaviour of normal cells with those from retinoid
treated embryos in different culture media. The third chapter I use
the tools of molecular biology to examine the expression of RNA for
a retinoic acid receptor (RAR-B) and an extracellular matrix protein
(type II collagen). Both normal and retinoic acid-treated faces are
examined in order to see whether gene expression of RAR-P and type

II collagen is important to facial morphogenesis.
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Chapter 1, Figure 1.

Left panel. A whole mount of a stage 24 embryo showing the facial
primrodia. The frontonasal mass (FNM) lies between the nasal slits,
the paired maxillae (Mx) are at each corner of the stomodeum, and the
mandible (Md) is inferior to the oral cavity.

Right panel. A stage 36 embryo showing the approximate regions that
the embryonic primordia give rise to in the mature beak.
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Chapter 1, Figure 2.

Line drawings depicting the stages of development in the early chick
head. :
A) A 3 somite embryo. The most obvious land mark is the head fold and
the region rostral to the fold is the presumptive prosencephalon
(Pro).

B) A 6 somite embryo. The prosencephalon is now distinct from the
mesencephalon (mes).

C) An 8 somite embryo. The metencephalon (met) is now a separate
swelling from the mesencephalon.

D) A 9 somite embryo. The rhombencephalon has now formed, consisting
of the metencephalon and myelencephalor*mye) .

32




33



Chapter 1, Figure 3.

A comparison between two different grafting experiments involving the
cranial neural crest.

A) Reproduction from Noden (1978a). The donor tissue straddles the
junction betwen the prosencephalon and mesencephalon and the junction
between the mesencephalon and the metencephalon. Note that the tissue
from the forebrain does not give rise to the tomium.

B) Reproduction from Le Liévre (1978). A slightly different
experiment from A. The donor tissue respected the anatomic boundaries
of the prosencephalon and mesencephalon. The lip ridge, however, is
once again not derived from prosencephalic crest.
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Chapter 1, Figure 4.

A hypothetical illustration of the specific parts of the facial
primordia derived from crest in particular anatomic locations. Note
that such fine dissections have not so far been attempted, therefore
this distribution has yet to be proven experimentally.
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CHAPTER 2
INTRODUCTION
The striking facial feature of a chicken is its protruding,

pointed bill. However, in the embryo, the face consists of primordia,
smooth swellings of ectomesenchyme encased in ectoderm, which
surround the oral cavity. Each primordium grows out to a different
extent and has a characteristic arrangement of tissues. The tissue
interactions involved in facial growth have been difficult to study
due to the complex morphology and inaccessability of the embryonic
face. The chick embryo, which is one of the easier vertebrates to
manipulate, is lying on its side for the entire period of facial
development, preventing direct access to much of the face. These
problems can be overcome by grafting facial primordia to a site in a
host embryo. This approach has been used previously to study the
chick face. Inductive signals necessary for egg tooth formation have
been studied by grafting combinations of upper beak mesenchyme and
foreign epithelia to the chorioallantoic membrane (Tonegawa, 1973).
When fragments of the facial primordia are grafted to the wing bud,
beak-like structures develop (Wedden, 1987).

Epithelial-mesenchymal interactions appear to be involved in
the growth and morphogenesis of the frontonasal mass and mandibular
primordia. Both primordia have reduced outgrowth upon removal of the
epithelium (Wedden, 1987). It is not known however, whether the
maxillary primordium requires its epithelium for development and
whether similar interactions take place in each primordium. One
possibility is that each primordium requires its own epithelium for
development. A second possibility is that primordia can develop
normally with any facial epithelium; and there is a third alternative

suggested by the relative outgrowth of the three facial primordia,
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namely that the epithelium of frontonasal mass and mandible may be
equivalent while that of the maxilla may not permit outgrowth.

As a first step in exploring the mechanisms involved in
outgrowth of facial primordia, I investigated the effect.of
exchanging the epithelium between different parts of the face. I
chose to use stage 20 and stage 24 embryos for several reasons: both
are stages at which neural crest cells have migrated into the face
(Johnson, 1966; Noden, 1975); at stage 20 the frontonasal mass is
susceptible to retinoic acid (Tamarin et al., 1984); stage 24 facial
primordia require their epithelia for outgrowth (Wedden, 1987); and
both stages precede overt differentiation of the connective tissues.
These recombination experiments will show first, whether epithelium
is primordium-specific and second, which tissue controls the shape of
the primordium. I found that the epithelia of the facial primordia
are interchangeable and that the form of the primordia is controlled
by the mesenchyme.

>There is a superficial similarity between the facial primordia
and the early limb bud of the chick embryo. The limb bud also
consists of mesenchyme encased in epithelium. In addition, the limb
bud requires its specialised epithelium, the apical ectodermal ridge,
for proximo-distal outgrowth (Saunders, 1948; Summerbell, 1974).
There is an important difference between the facial primordia and the
limb bud, however. The limb mesenchyme is derived from lateral plate
mesoderm, whereas the face mesenchyme is of neural crest origin. In
order to see whether the signalling mechanisms in the face and the
limb are similar, I tested whether the apical ridge can promote
outgrowth of facial mesenchyme. I found that the apical ridge could

support outgrowth of frontonasal mass mesenchyme but this ability
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diminished with increasing age of the apical ridge.

I also made reciprocal combinations to find out whether limb
mesenchyme could follow its programme of outgrowth and form digits
when combined with facial epithelium. The frontonasal mass epithelium
was able to support joint formation to a far greater extent than
mandibular and maxillary epithelium. Therefore in either type of
combination - face epithelium with limb mesenchyme or visa versa -
the morphogenesis with frontonasal mass tissues was superior to that

of the mandible or maxilla.
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MATERTALS AND METHODS

I.Dissection and grafting techniques

The frontonasal mass, maxillary, and mandibular primordia of
stage 23 to 24 (Hamburger and Hamilton, 1951) chick and quail embryos
were dissected into culture medium (Eagles Minimum Essential Medium
[MEM]) + 10% foetal calf serum (FCS) + 200 U/ml penicillin, 200pg/ml
streptomycin, 0.5 pg/ml fungizone (Gibco Biocult) and 4 mM-L-
glutamine). Figure 1 shows how the facial primordia were dissected.
The central region of the frontonasal mass, the entire maxilla, and
the distal half of the mandibular primordium were usedvfor grafts. In
a shorter series of experiments, facial primordia from stage 20
chick embryos were also used and dissected in an equivalent fashion.
At both stages 20 and 24, the contours of the primordia can be
clearly recognised when oblique illumination is used.

In order to isolate the mesenchyme from epithelium, undivided
facial primordia were soaked in 2% trypsin at 4°C for U45 min.
Following removal of the epithelium, the facial mesenchyme was cut as
in figure 1. Portions of mesenchyme were recombined with the entire
epithelium of a facial primordium at 37°C in culture medium for 1 to
2 hours (see Wedden, 1987). In a short series of control experiments
facial mesenchyme was recombined with epithelium taken from the back
region proximal to the wing bud or from the dorsal surface of the

limb, not including the apical ectodermal ridge.
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To examine the behavior of limb tissues in combination with
facial epithelia and mesenchyme, the wing-buds of stage 20 and 24
embryos were dissected. The buds were placed in trypsin as previously
described and the ectodermal jackets were removed and used intact in
combinations with facial mesenchyme. In reciprocal experiments, the
isolated wing mesenchyme was trimmed to within 250 um of the apex
prior to recombining with facial epithelium.

A graft site was prepared by removing a square piece of tissue
from the dorsal surface of stage 22 chick wing buds. Donor tissues
were placed into this depression and the windowed eggs were resealed
with tape. The grafts were inspected the following day to check that
they had remained in place and the hosts were then allowed to develop
for a total of 7 days after grafting.

The following types of grafts were made: intact fragments of
facial primordia; facial mesenchyme alone; control combinations of
like with like facial tissues; exchanges of facial epithelium between
facial primordia; recombinations of back epithelium or dorsal wing
epithelium and facial mesenchyme; and exchanges of facial and limb
tissues.

I1I.Examination of Grafted Tissues

Wings containing the grafted tissue were excised from the embryo
and fixed in 1/2 strength Karnovsky's fixative (Karnovsky, 1965)
overnight at 4°C. The limbs were rinsed with tap water and stained

| overnight, ‘

with 0.5% Alcian Green differentiated in acid alcohol (1% HC1l in 70%

| overnight, | two changes, 1 h each
“ethanol)) dehydrated in 100% ethanol) and cleared in methyl
salicylate. Specimens were examined and photographed under the
dissecting microscope. Several combinations using quail tissues were

taken from methyl salicylate to 95% .ethanol and embedded in methyl

methacrylate. Sections 3 um thick were placed on subbed slides and
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sections were stained using the Feulgen technique which stains quail
heterochromatin (Le Douarin, 1973). The Feulgen stain was identical
to that in Le Douarin (1973), however the method was altered to adapt
to the plastic embedding material. Slides were hydrolyse& for 1 h in
1 N HC1 preheated to 60° for 10 min. Following hydrolysis the slides
were rinsed with running water for 5 min, stained with Feulgen for
1.5 h, and bleached in 0.5% potassium metabisulfate and 5% 1 N HCl in
water changed 3 times, 5 min each time. Slides were then washed in
running water for 25 min, rinsed in distilled water for 5 min, air
dried, dipped in xylene and coverslipped.

IIX.Apical ectodermal ridge presence in early grafts

Recombinations of limb epithelium and facial mesenchyme were
fixed at 24 h and 48 h after grafting. Some of the combinations used
quail mesenchyme and chick epithelium. These were embedded in
araldite and 2um sections were taken. Sections were floated onto
gelatin-subbed slides and stained with Feulgen as described above.
Other 48 h grafts of chick tissue were fixed in half strength
Karnovsky's, post-fixed in 1% osmium tetraoxide 1 h, prepared for
critical point drying by immersing in Arklone ™
(trichlorotrifluoroethane, Agar Scientific) 30 min, and then
critically point dried. The specimens were mounted on aluminium
stubs, sputter coated with 33 nm gold, and examined using a JEOL

JSM-35 scanning electron microscope.

IV.Measurement of grafts and statistical analysis

The wholemount specimens were viewed with a dissecting microscope
and the image projected onto a digitising pad using a camera lucida.
The image was traced on the digitising pad and the input transmitted

to a computer (Archimedes) where the data was analysed using the
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DIGIT programme (Brian Hayes). In the case of frontonasal mass and
mandibular combinations length of cartilage rods were measured to
quantify outgrowth. The rounded swelling of maxillary grafts was
circumscribed and the maximum ferret (diameter) was calculated to
quantify the size of swelling.

Since the measurements of each type of graft were normally
distributed and the variances were similar it was possible to compare
the mean lengths of various types of recombinations. T tests for
small samples were carried out (Bailey, 1984) and the significance

levels reported.
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RESULTS
The number of recombinations of facial tissues performed in each
category is listed in table 1A. The number of control combinations of
like epithelium with like mesenchyme is underlined.

I. Control grafts of stage 2i facial tissues

A. Development of intact, stage 2lf facial primordia grafted to limb
buds

The behaviour of grafts of intact fragments of frontonasal mass
and mandible was the same as that described by Wedden (1987). Grafts
of the central portion of the frontonasal mass gave rise to
outgrowths which contained a long cartilage rod (see quantitative
data, fig. 4A), and had an egg tooth at their distal tip (Fig. 2A).
No nasal capsule was formed. The distal portion of the mandibular
process yielded a very long cartilage rod (Figs. 2B and 4B). The
beak-like structures that developed from the frontonasal mass and
mandible grafts also contained bone (Wedden, 1987). Swellings develop
from maxillary grafts (Fig. 2C) and were found to contain loose
connective tissue, muscle cells, and bone trabeculae (Fig. 2D).
B. Development of isolated stage 24 mesenchyme grafted to limb buds

When only the mesenchyme of each of these facial primordia is
grafted, the donor cells survived but outgrowth and morphogenesis was
inhibited in all cases. Mesenchyme from either frontonasal mass or
mandible developed very short rods of cartilage (Fig. 4A, 4B) and
also differentiated into membrane bone (see also Wedden, 1987). In
grafts of frontonasal mass mesenchyme, egg teeth were induced in the
host wing epithelium in 2/7 cases. Grafts of maxillary mesenchyme
gave rise either to no macroscopically visible structure at all (Fig.
3A) or to a small swelling. Even in these former cases, small regions

of donor tissue taken from quail embryos could be detected in

45



sections stained with Feulgen. The quail maxillary mesenchyme gave
rise to loose connective tissue and bone trabeculae (Fig. 3B). In
wings containing grafts of quail facial mesenchyme, pigmentation of
host feather germs both over the graft and at a consideréble distance
away was noted.
C. Recombinations of like-epithelium with like-mesenchyme from facial
primordia of stage 2l embryos

To assess the effects of exchanging ectoderm between facial
primordia, control experiments were carried out in which facial
mesenchyme was recombined with its own epithelium. These grafted
recombinations gave rise to structures that generally resembled those
that had developed from intact fragments. However two differences
were noted: with recombined frontonasal mass tissues, the distal end
of the cartilage rod was paddle-shaped rather than tapering, and with
recombined mandibular tissues, the extent of outgrowth was noticeably
reduced. The mean length of rods in frontonasal mass control
recombinations reached 80% of that in intact grafts and the mean
lengths for the two types of graft were not significantly different
at the 95% level (Fig. UA). Egg teeth formed in all 11 homotypic
frontonasal mass recombinations. Experimental manipulation resulted
in a decrease in rod length in mandibular combinations. In this case
the mean length of the rods in control recombinations was
significantly shorter (50%) than that obtained in the grafts of
intact mandibular fragments (Fig. 4B).

I1. Effect of exchanging ectoderm between facial primordia of chick

embryos on morphogenesis of facial grafts

A. Recombinations with stage 24 facial tissues

When facial mesenchyme was recombined with ectoderm from the two
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other primordia, structures that were identical to the controls
developed in every case. When frontonasal mass mesenchyme was
combined with maxillary (Fig. 5A) or mandibular epithelium (Fig. 5B)
an extensive outgrowth developed that was tipped with an egg tooth in
8/8 cases and 9/10 cases respectively. In combinations where
mandibular (Fig. 5C) or frontonasal mass epithelium was associated
with maxillary mesenchyme, a well defined ball of tissue arose from
the graft (Fig.5C). Cartilage did not develop in any grafts |
containing maxillary mesenchyme. Combinationé of frontonasal mass or
maxillary epithelium (Fig. 5D) with mandibular mesenchyme gave
outgrowths containing a long narrow rod of cartilage.

When frontonasal mass mesenchyme was combined with foreign
facial epithelium, the mean length of cartilage rods was the same as
that obtained in control recombinations (Fig. 4A). With mandibular
mesenchyme, epithelium from the other two facial primordia also
promoted similar development of the cartilage rod to that seen in
homotypic controls (Fig. U4B).

B. Exchanges of ectoderm between facial primordia of stage 20 chick
embryos

To test whether facial epithelia are interchangeable at stage
20, a representative recombination was made between frontonasal mass
mesenchyme and mandibular epithelium. All 5 recombinations grafted
gave rise to polarised outgrowths capped with egg teeth. However, in
contrast to stage 24 tissues, a double rod of cartilage often formed
(3/5 cases) and in these cases two egg teeth also developed (Fig. 6).
These double rods are similar to those reported by Wedden et al.
(1988) for grafts of intact frontonasal mass fragments taken from
stage-20 embryos. The length of the cartilage rod or rods was

considerably shorter than combinations of stage 24 frontonasal mass

47



mesenchyme and stage 24 mandibular epithelium (mean for stage 20
grafts 2.74, 1 S.D. = 0.78; mean for stage 24 grafts = 3.89, 1 S.D. =
0.54).

C. Cytodifferentiation in recombinations of stage 24 facial tissues

A series of heterotypic recombinations between facial tissues
was made using quail mesenchyme and chick epithelium. Sections
showed that the bulk of tissue comprising the outgrowth was of quail
origin. For example, the cartilage rod, perichondrium, bone
trabeculae, muscle and loose connective tissue which developed from a
graft of quail mandibular mesenchyme was made up of quail cells (Fig.
7A,B). At the base of the graft, there was a discrete border with the
host chick mesenchyme.

Sections showed that in addition to the differences in cartilage
differentiation, the quantity of bone and muscle contained in the
grafts varied according to the type of mesenchyme. Grafts with
mandibular mesenchyme had more bone than those with maxillary
mesenchyme, whereas very little bone developed from frontonasal mass
mesenchyme. The bone trabeculae encircled the cartilage rod in the
mandibular grafts while in the maxilla the bone trabeculae were
located centrally. In frontonasal mass mesenchyme grafts, bone
formation had only begun at the tip, directly beneath the egg tooth.

Muscle differentiated in grafts containing mandibular or
maxillary mesenchyme but no muscle was found in grafts of frontonasal
mass. In the case of the mandible, it was clear that the myogenic
cells came from the graft (Fig. 7B). However, in the muscle‘that
developed in maxillary grafts, at least some of the myogenic cells
may have originated in the host limb.

The thickness of the epithelium varied according to the type of
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mesenchyme it was combined with. In combinations with frontonasal
mass mesenchyme and facial epithelium, the overlying epithelium
developed an egg tooth which was many cell layers deep and heavily
keratinized at its surface. Epithelium which was combined with
mandibular mesenchyme was thicker at the most distal end of the
graft. The lower beak does form a cornified edge in normal chick
development. In contrast maxillary mesenchyme did not induce any
increase in thickness or keratinization of the overlying epithelium.

II1. Rate of elongation of cartilage rods in grafted tissue

To find out the rate at which the cartilage rod elongates in
outgrowths of frontonasal mass and mandible, grafts of intact
fragments from stage 24 embryos were fixed at daily intervals and the
length of the cartilage rod was measured. In figure 8A, B the length
of the cartilage rod is plotted as a function of the length of time
after grafting. On both figures 8A and 8B the growth of nasal
cartilage and Meckel's cartilage within the intact head is also
plotted. Cartilage could first be detected in the grafts between 1
and 2 days. The rate of growth for both types of primordia was
similar over the first 5 days; a period of 4 days of slow growth
followed by a burst in growth rate between 4 and 5 days. The
frontonasal mass grafts level off between 5 and 7 days whereas the
mandibular grafts coﬁtinue to elongate.

The growth curves for mandibular and frontonasal mass grafts
closely parallel those of Meckel's and nasal cartilage respectively.
The curves for frontonasal mass grafts and nasal cartilage are
remarkably similar. In the case of the mandible, Meckel's cartilage
is on average 2‘mm longer than the cartilage rods formed in grafts.
This difference in length is not surprising since grafts consisted of

only half the mandibular primordium.
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It should be noted that egg tooth formation in frontonasal mass
grafts was first seen 5 days after grafting. This is approximately
1.5 days later than the egg tooth appears in vivo.

IV. Recombinations of facial mesenchyme and non. facial epithelium

A. Frontonasal mass and mandibular mesenchyme combined with dorsal
1imb or back ectoderm from stage 24 embryos

Since all recombinations between tissues of facial primordia
gave normal morphogenesis, I tested whether epithelia from sites in
the embryo in which outgrowth does not occur would also support
development. I chose to use dorsal limb ectoderm or back ectoderm
since the epithelium in these sites would normally heal over grafts
of mesenchyme (Wedden, 1987). These recombinations also serve as an
important control for isolated mesenchyme grafts, since the delay in
epithelial growth might be affecting the amount of outgrowth. The
shortest cartilage rods are formed when no epithelium is grafted with
the mesenchyme. The results of recombinations of back or dorsal wing
epithelium and facial mesenchyme are statistically indistinguishable
from grafts of mesenchyme alone (Fig. 4A,B, P <0.05). Therefore
epithelium taken from a location that does not normally grow out -
back or dorsal wing ectoderm - does not allow morphogenesis of facial
mesenchymne.
B. Combinations of facial mesenchyme and limb apical ectodermal ridge

In order to see whether the apical ectodermal ridge (AER) could
promote outgrowth in facial mesenchyme, epithelial jackets from wing
buds including the apical ectodermal ridge were combined with
frontonasal mass, maxillary and mandibular mesenchyme (Table 1B).
Outgrowth of AER/facial mesenchyme combinations was compared to

grafts of isolated facial mesenchyme. Comparisons were also made to
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grafts of facial epithelium/like facial mesenchyme (homotypic
controls). The presence of an egg tooth in frontonasal mass
mesenchyme recombinations was taken as a sign of successful
morphogenesis.

i. Combinations of stage 20 and 2l} frontonasal mass mesenchyme

and stage 20 and 24 AER

When stage 24 frontonasal mass mesenchyme was recombined with
stage 20 AER, substantial morphogenesis of the grafts occurred (Fig.
9A). The cartilage rods were significantly longer than grafts of
isolated stage 24 frontonasal mass mesenchyme (P<0.002, Fig. 10A) and
were comparable in length to grafts of frontonasal mass epithelium
and mesenchyme (P<0.05, Fig. 10A). Combining younger frontonasal
mesenchyme (stage 20) with stage 24 AER resulted in significantly
longer cartilage rods than in isolated stage 20 mesenchyme grafts
(P<0.002, Fig. 10A). Compared to the most successful combination -
stage 2l mesenchyme and stage 20 AER - these grafts were
significantly shorter (Ps0.05). The control combination of stage 20
frontonasal mass mesenchyme and epithelium has not been done.

Stage 24 frontonasal mass mesenchyme and stage 24 AER grafts
were less successful than stage 24 frontonasal mass mesenchyme and
stage 20 AER combinations. The stage 24 combinations only reached the
same length as isolated stage 24 mesenchyme grafts (P>0.1, Fig. 10A)
and were significantly shorter than stage 24 homotypic controls
(P<0.001).

Egg tooth formation can be used to assess the quality of
development of frontonasal mass mesenchyme in grafted recombinations.
Isolated stage 24 frontonasal mass mesenchyme produced egg teeth in
43% of grafts (3/7; Fig. 10A, Fig. 9E) and isolated stage 20

mesenchyme formed egg teeth in 33X of grafts. The combination of
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stage 24 frontonasal mass mesenchyme and stage 20 AER gave rise to
egg teeth in 100% of grafts (Fig. 10A). However the same stage
mesenchyme combined with stage 24 AER was only able to form egg teeth
in 59% of grafts. This difference in egg tooth formation is not
related to the stage of tissues combined (Chi2 test), however it is
related to the amount of outgrowth of the grafts. If one takes
together all combinations with frontonasal mass mesenchyme there is a
threshold length above which nearly all grafts possess egg teeth.
This length is 1.90 mm. If one looks at egg teeth in grafts > or <
1.90 mm using a Chi2 test there is a strong association of length and
presence of egg teeth (P<0.001).

ii. Combinations of AER with mandibular mesenchyme

Grafts of mandibular mesenchyme combined with AER of any stage
undergo limited morphogenesis. Even in the best case, stage 20 AER
and stage 24 mesenchyme recombinations, the length of cartilage rod
is only slightly longer than isolated mesenchyme (P<0.1, Fig. 9C).
The mean cartilage length is significantly shorter than the length of
homotypic controls for all stages of epithelium and mesenchyme
(P<0.001, Fig.lloB).

iii. Combinations of AER with maxillary mesenchyme

The AER was able to support equivalent expansion of maxillary
mesenchyme compared to maxillary epithelium (Fig. 9D). Measurements
of the greatest diameter of maxillary grafts confirmed that AER
supported growth equal to that supported by maxillary epithelium (AER
mean = 1.80, 1 S.D. = 0.23; Maxillary epithelium mean = 1.58, 1 S.D.
= 0.02).

iv. Maintenance of the apical ridge by facial mesenchyme

The frontonasal mass, maxillary and mandibular mesenchyme were
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equally able to support the ridge for 24 h (Figs. 11, A-C; Table 2).
At 48h the frontonasal mass recombinations generally had short,
poorly defined ridges which were difficult to find in sections (Fig.
12A). Those that included mandibular and maxillary mesenchyme had
well-defined ridges at 48h (Fig. 11 D.E.and Fig. 12, B,C)

v. Initiation of cartilage differentiation and rod extension in

combinations of AER and facial mesenchyme

Does the AER have an effect on timing of cartilage
differentiation? Chondrogenic differentiation in mandibular
mesenchyme is normally 24h ahead of frontonasal mass mesenchyme (Fig.
8A,B) and this relationship does not change in combinations with AER
(Table 3). However, the extension of cartilage rods in mandibular/AER
combinations is reduced. Between 3 and 4 days after grafting there is
no change in length of cartilage in mandibular/AER combinations. In
frontonasal mass/AER combinations the rod increases in length by 3.5
times (Table 3).

V. Combinations of facial epithelium and limb mesenchyme

Facial epithelium from stage 24 frontonasal mass and mandibular
primordia were both able to support some outgrowth of stage 24 wing
tip mesenchyme although this was considerably less than native, limb
epithelium (Table 4). In contrast, maxillary epithelium permitted
only very short rods.of cartilage to develop. The cartilage in
maxillary combinations were similar in length to grafts of isolated
limb mesenchyme. When younger limb mesenchyme (stage 20) was combined
with older facial epithelium (stage 24) outgrowth improved (Table 4).
Frontonasal mass and mandibular epithelium appeared to support equal
amounts of outgrowth in stage 20 limb mesenchyme.

The quality of morphogenesis of the grafts could be assessed by

counting the number of joints which developed. The jointed cartilage
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segments could not readily be identified as particular digits. Stage
24 frontonasal mass epithelium was clearly able to support joint
formation in both stage 24 and stage 20 limb mesenchyme to a far
greater extent than stage 24 mandibular and maxillary epithelium
(Table 4, Figs. 13A-C). In the control combination of stage 24 limb
epithelium plus stage 24 limb mesenchyme, a virtually normal set of
digits developed in one instance (2 3 4) and in two cases only digits
3 and 4 developed (Fig. 13F). Isolated limb mesenchyme never formed

digits, only short rods of cartilage (Fig. 13E).
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DISCUSSION

I. Epithelia can be interchanged between facial primordia

The epithelia of the three major facial primordia appear to be
equivalent. When mesenchyme from one primordium is combined with
epithelium from either of the other two, neither morphogenesis nor
cytodifferentiation are affected. The most striking demonstration
that facial epithelia are interchangeable, is the result obtained
with maxillary epithelium. Although the maxilla does not form a
polarised outgrowth, its epithelium permits full development of FNM
or mandibular mesenchyme when assessed both qualitatively and
quantitatively.

In the absence of their epithelia, morphogenesis is stunted in
all types of facial mesenchyme (see also Wedden, 1987). Similar
failure to develop a characteristic form also occurs in the presence
of epithelium taken from regions of the embryo which do not grow out
(back, dorsal-wing epithelium). However, qyfodifferentiation of cells
into bone and cartilage still proceeds in combinations of maxillary
(Tyler and McCobb, 1980) or mandibular mesenchyme (Hall, 1978) and
limb epithelium.

When epithelia from any of the three major facial primordia are
used, extensive morpﬁogenesis and differentiation occurs. Therefore
the recombination experiments suggest that facial epithelia provide
an important signal which encourages growth in facial mesenchyme and
that similar signals are produced by the epithelium of each facial

primordium.
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II. Epithelial-mesenchymal interactions at early stages in face

development

The results show that as early as stage 20 a foreign facial
epithelium can substitute for the native type. The only difference
between stage 20 and stage 24 recombinations was the formation of a
double rod of cartilage with frontonasal mass mesenchyme in the stage
20 grafts. Wedden et al. (1988) obtained similar duplicate cartilages
and postulated that the midline of the frontonasal mass is not
established until stage 21.

I cannot exclude the possibility that facial epithelia are
different from each other at earlier stages than stage 20. In the
early mouse embryo, mandibular epithelium (first branchial arch) is
not equivalent to second branchial arch epithelium (Mina and Kollar,
1987). Furthermore, a recent model for the patterning of connective
tissue in the head suggests that cranial epithelium acts as a
template for the chondrocranium (Thorogood et al., 1986; Thorogood,
1988). This predicts local differences in the epithelium, which would
pattern the mesenchyme (see also Chapter 3).

The majority of the mesenchyme of the face is neural crest
derived (Johnston, 1966; Noden, 1975; 1978a; reviewed by Le Douarin,
1982). The pattern of structures which characterise each facial
primordium may be programmed into the neural crest prior to
migration. Noden (1983b) has demonstrated that movement of neural
crest from a presumptive facial region to a non-facial region (2nd
and 3rd branchial arches) leads to the formation of ectopic beaks in

the neck region (see also Chapter 5).
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II1. Comparison of behaviour of grafted tissues and development of

primordia in the intact head

The behaviour of the grafts shows that the extension of the
facial primordia does not require the presence of a cranial base to
push against. Their growth appears to be autonomous. Furthermore, the
shapes of the structures formed by grafts of both frontonasal mass
and mandible mirror closely their form in the intact face. However,
grafts of the maxillary primordium form a rounded swelling whereas,
in the intact face, the primordium forms the flattened edge of the
upper beak below the eyes. Therefore the form of the maxillae may
depend on their fusion with adjacent primordia.

Comparison of the grafts with the development of the cartilage
in the intact face shows that fragments can grow nearly as well when
implanted in the limb. In 10-day (stage 36) intact heads, the
prenasal cartilage and base of the nasal septum is only 5% longer
than the single cartilage element formed in frontonasal mass grafts
and Meckel's cartilage is 25% longer than the rod formed in grafts of
the distal half of the mandible. It is impressive that only half a
mandibular primordium gives rise to such a long cartilage rod but is
consistent with growth zone in the distal half of the primordium.

It is interesting to note that the onset of chondrogenesis in
the frontonasal mass is 24h behind that of the mandible. This
relationship holds in grafted fragments of facial primordia. The
programme of cell differentiation is therefore not disturbed by
growth in an ectopic site.

The cytodifferentiation of cells in grafted primordia also
closely parallels that in the intact face. For example, little muscle
differentiates in grafts containing mesenchyme from the frontonasal

mass whereas extensive muscle is found in grafts containing
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mandibular mesenchyme. This distribution of muscle is consistent with
the maps of developing head musculature by McClearn and Noden (1988).
Furthermore, cell culture studies of myogenic differentiation in
chick facial cultures have also shown that at stage 28 tﬁe mandible
has by far the largest number of muscle cells (Ralphs et. al, 1989;
see also my results Chapter 3).

IV. Mechanisms of outgrowth

These recombination experiments show that the epithelium does
not direct the shape of the primordium since for example, maxillary
mesenchyme will continue to make rounded swellings when combined with
jackets of mandibular epithelium or flat sheets of frontonasal mass
epithelium. Therefore the form of the primordia appears to be
programmed in the mesenchyme. Although it is well known that
mesenchyme can control epithelial invagination and folding, for
example in tooth morphogenesis (Kollar and Baird, 1970), these
results show that mesenchyme can also control the shape of an
evagination.

It is relatively easy to understand how the rounded swellings
that develop in maxillary grafts arise. Proliferation of cells
throughout the grafted tissue would cause it, if unrestrained, to
expand equally in all directions. In the chick maxilla, at stage 24,
regional differences in cell proliferation have been detected, but 24
hours later, at stage 28 to 29, proliferation is uniform throughout
(Bailey et al., 1988).

Elongation and formation of a polarised outgrowth pose a
different problem: expansion must be directed along a particular
axis. One possible mechanism for generating an elongated structure

involves localisation of proliferation to one face of the tissue and
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the continual addition of cells at this growing point. In organ
culture, Jacobson and Fell (1941) showed that there was a zone of
rapidly proliferating cells 200 uym from the tip of the developing
chick mandibular primordium. The spatial pattern of cell.
proliferation along the proximo-distal axis of fhe frontonasal mass
primordium is not known. In the limb where extensive elongation takes
place, the tip of the bud has the highest mitotic index (Hornbruch
and Wolpert, 1970).

The absence of cartilage differentiation in maxillary grafts
could account for the rounder shape and non-polarised growth. I
estimate that the average increase in volume of grafts of frontonasal
mass, maxilla and mandible is 15, 47, and 113 times respectively
after 6 days of development in the host wing. Therefore there is
sufficient mass of tissue in the maxilla grafts to accommodate a long
cartilage rod, if this were to differentiate in the centre. The shape
of the maxillary grafts is related to lack of directionality rather
than reduced growth.

The data show that the rate of outgrowth of facial primordia
prior to differentiation of cartilage is slow. Early growth may
therefore be due primarily to cell proliferation within the grafted
primordia. Although the labelling index for grafted primordia has not
been determined, in the intact face, cell proliferation is highest in
young embryos between stage 20 and 24 (Minkoff and Kuntz, 1977;
1978). Thereafter the labelling index decreases and this timing
coincides with the onset of chondrogenesis in vivo (see Chapter ().

The late growth spurt observed in frontonasal mass and
mandibular grafts takes place 2 days after the initial
differentiation of a cartilage rod. This polarised growth may be due

primarily to matrix deposition within the cartilage. Diewert (1980)
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has proposed that matrix secretion by the chondrocytes of Meckel's
cartilage in foetal rats is largely responsible for elongated growth
of the mandible. Elongation of the limb is also dependent on
accumulation of cartilage matrix (Summerbell, 1976; Roonéy et al.,
1984).

V. Egg tooth formation in foreign epithelia is related to the amount

of outgrowth

FNM mesenchyme can instruct the epithelium of maxillary or
mandibular facial primordia to form egg teeth in over 90% of
combinations. The common feature of all these recombinations is the
amount of cartilage growth. Egg teeth were formed in 96% of grafts
over 1.90 mm in length regardless of stage of tissue used. The grafts
which only formed short rods of cartilage also had far fewer egg
teeth. This was also found with limb epithelium. Therefore ability to
induce egg teeth is dependent on ability of various epithelia to
encourage outgrowth of frontonasal mass mesenchyme. Once the pattern
of the frontonasal mass has been laid down, then the marker for
distal outgrowth, the egg tooth, develops in the grafts.

VI. Combinations with apical ectodermal ridge

I tested whether the AER could promote proximo-distal outgrowth
and patterning of facial mesenchyme and whether facial mesenchyme
could maintain an elevated AER. Both of these qualities are
characteristic of a progress zone.

A. Outgrowth and proximodistal patterning

The outgrowth of facial mesenchyme when combined with AER shows
that frontonasal mass and mandibular mesenchyme are not equivalent.
The apical ectodermal ridge promoted outgrowth in frontonasal mass

mesenchyme but not in mandibular mesenchyme. This result was
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surprising since both primordia contain cartilage elements and
undergo polarised outgrowth. This result suggests that the mechanisms
involved in outgrowth of the frontonasal mass and the limb are
similar.

The effect of AER on frontonasal mass can readily be compared
to the developing limb and its progress zone (Summerbell et al.,
1973). The progress zone is a region of undifferentiated, rapidly
dividing cells beneath the apical ectodermal ridge that is
responsible for distal outgrowth and morphogenesis of progressively
more distal structures (Summerbell et al., 1973). The progress zone
model proposes that the length of time cells spend in the zone
imparts positional values to the cells. The longer the time spent in
the progress zone, the more distal a position the cells assume. The
cells comprising the digits have spent the longest time in the
progress zone. The apical ectodermal ridge is critical for
maintaining the progress zone beneath it, since excision causes limb
truncations (Saunders, 1948; Summerbell, 1974). The progress zone
also acts upon the AER to maintain the ridge. Combining non-limb
mesenchyme with limb jackets results in a flattening of the AER after
30 to 40h of culture (Zwilling, 1964).

Is the interaction between the AER and the frontonasai mass
mesenchyme specifying the laying down of distal structures in this
part of the face? If a progress zone exists in the frontonasal mass
then the AER should be able to act on the mesenchyme to promote
outgrowth and the laying down of an egg tooth. In the most successful
combinations, the AER did encourage significant outgrbwth and egg
teeth formed in every combination.

Other evidence that the frontonasal mass may have similar

qualities to the progress zone comes from cell culture experiments.
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The chondrogenic pattern of frontonasal mass mesenchyme in micromass
culture (Wedden et al., 1986) resembles that of the distal limb bud
(Cottrill et al., 1987). In both cases a solid sheet of cartilage
differentiates. In contrast, the patterns in the mandible resemble the
chondrogenic patterns of proximal limb bud cultures. Another
similarity between the frontonasal mass and limb is that both
structures are affected by local release of retinoic acid in vivo
(Tickle et al., 1982; Tamarin et al., 1984). The retinoic acid
effects on face and limb are discussed in more detail in Chapter 4.

An additional feature of the model is that age of mesenchyme
will affect the proximo-distal outgrowth. The older the mesenchyme
the more proximal cells will have left the progress zone and
therefore the longer the outgrowth will be. Thus far I have only
partial data to support this. Removing the epithelium from
frontonasal mass mesenchyme can be likened to removing the AER from
1limb buds. When the AER is removed from wing buds at progressivély
older stages the resulting limb is less and less truncated
(Summerbell et al., 1973). Therefore isolated stage 24 frontonasal
mass mesenchyme should form longer outgrowths than stage 20
mesenchyme. At first glance, my data supports this premise. However
given an additional day of growth, the length of stage 20 mesenchyme
might be equivalent to stage 24. The progress zone model would also
predict that egg teeth should form in nearly every case of grafted
stage 28 mesenchyme since more of the pattern is laid down by stage
28. Further discussion of the progress zone model in the face is
found in Chapter 5.

The difference in response of mandibular and frontonasal mass

mesenchyme to AER is not related to the onset of chondrogenesis.
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Rather it is the later extension of the cartilage rod which is
inhibited. There is some evidence that there are differences in the
chondrogenic populations of frontonasal mass and mandibular
mesenchyme (see Chapter 3; Wedden et al., 1986) and in the neural
crest origins of these cells (see Chapter 1). These differences could
account for the non-equivalence in combinations with limb epithelium.

The maxilla forms a round swelling when combined with AER just
as when combined with facial epithelium. The interpretation of this
data is difficult since the maxilla does not have polarised growth
like the limb bud, frontonasal mass and mandible. Studies of cell
proliferation in vivo have shown that there are only slight
differences in proliferation within the maxillary primordium and
these disappear by stage 28 (Bailey et al., 1988). Therefore, it is
unlikely that the maxilla has a progress zone, rather, the AER may
encourage central expansion of the mesenchyme in the same way that
facial epithelium does.
B. Maintenance of the AER

If facial primordia grow by a similar mechanism to the limb then
the facial mesenchyme should also maintain an elevated wing AER.
Ridge height has been correlated with outgrowth of the limb (Tickle
et al., 1989). However this relationship was not found when the AER
was combined with facial mesenchyme. The combinations of AER and all
3 types of facial mesenchyme had ridges of normal height 24h after
grafting to the host limb bud (based on measurements taken from Fig.
11) even though there were differences in subsequent growth. At 48 h,
the mandible and maxilla combinations still had obviously thickened
ridges whereas some frontonasal mass combinations did not. Since 1
only examined stage 24 AER combined with stage 24 facial mesenchyme I

cannot rule out that frontonasal mass mesenchyme can maintain stage
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20 AER longer than it can stage 24 AER. It is interesting to note
that I did not observe a thickened ridge in any of the dissected
facial epithelia from stage 24 embryos. Therefore the signalling of
facial epithelia does not depend on a thickened morphology.

VII. Non-equivalence of facial epithelium is revealed when combined

with limb mesenchyme

Testing limb mesenchyme with facial epithelium has given two
interesting results. The first is that frontonasal mass epithelium
can support joint morphogenesis in a far greater number of cases than
mandibular or maxillary epithelium. The second is that the amount of
outgrowth does not correlate with the formation of joints.

Although there was little difference in the amount of outgrowth
between combinations of limb mesenchyme/frontonasal mass epithelium
and limb mesenchyme/mandibular epithelium there was a difference in
the number of joints that formed in each type of graft. Of the three
facial epithelia, frontonasal mass epithelium resembles the AER the
most, jointed structures were formed in most combinations of
frontonasal mass epithelium and limb mesenchyme in 12 out of 16 cases
and 6 of the 12 had more than 1 joint per graft. Mandibular
epithelium was only able to produce joints in 3 out of 13 cases and
in all three cases only 1 joint per graft developed. Maxillary
epithelium did not induce joint morphogenesis or outgrowth in any of
the 10 combinations with limb mesenchyme. The result with maxillary
epithelium resembles that of combining non-limb ectoderm and limb
mesenchyme (Zwilling, 1955; Errick and Saunders, 1976) or grafting
limb mesenchyme minus its epithelium (Zwilling, 1955; 1964); The only
other report of joint morphogenesis in limb mesenchyme combined with

non-limb ectoderm is that of Searls and Zwilling (1964). Tail
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ectoderm was filled with fragments of limb mesenchyme and in 50% of
cases digit-like structures formed. The formation of an orderly
sequence of digits in these combinations surpassed the quality of
morphogenesis in combinations with frontonasal mass epitbelium. It
was proposed that thepresence of a ventfal thickening in the tail
ectoderm accounted for the suprisingly good morphogenesis in these
limb/tail combinations (Searls and Zwilling, 1964).

Perhaps the most difficult aspect of the results to reconcile is
that when facial epithelia are interchanged between primordia
morphogenesis and outgrowth occur, yet when facial epithelia are
tested against limb mesenchyme they are non-equivalent. One
explanation for this apparent paradox could be that there are
different origins for the epithelia. Couly and Le Douarin (1987) have
mapped the origins of the frontonasal mass ectoderm including the egg
tooth, to the neural fold of the future prosencephalon. The maxillary
and mandibular ectoderm do not originate in the neural folds but
rather from lateral plate ectoderm (Couly and Le Douarin, 1990). The
origins of facial ectoderm fit well with the results of
recombinations of facial epithelium with limb mesenchyme. The
epithelia of the two primordia that do not support joint
morphogenesis - the mandible and maxilla - have a commony separate
origin from that of the frontonasal mass. This difference in the head
ectoderm is revealed only in combinations with limb mesenchyme. The
fact that frontonasal mass epithelium did best in the combinations
with limb mesenchyme may mean that this epithelium shares certain
features with the AER despite their disparate embryological origins.

Turning from the experimentally created situation where
facial tissue is placed in contact with limb tissues, I shall now try

to discover out what controls the growth of facial mesenchyme in ovo.
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It is likely that the unequal growth of the primordia is involved in
generating the characteristic profile. For example, in the mammal the
maxilla makes the largest contribution to the upper jaw whereas in
the bird the frontonasal mass is the major primordium coﬂtributing to
the upper beak. Since proliferation of the mesenchyme is a major part
of growth process, it is necessary to study proliferation in
mesenchymal cultures. The factors controlling the increase in cell
number will be investigated by comparing the growth of mesenchyme in
different culture media and culturﬁsmesenchyme from embryos that

would go on to develop a cleft primary palate (retinoid-treated).
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Chapter 2. Table 1.
NUMBER AND CATEGORIES OF RECOMBINATIONS EXAMINED

A. Number of recombinations with stage 24 facial tissues

Epithelium

Intact
Mesenchyme None FNM  Mx Md DW/Back  Fragments
FNM 7 11 8 10 9 6
Mx 11 7 9 7 2 7
Md 8 9 6 7 b 6

B. Number of recombinations between facial and limb tissues

Epithelium

\

Mesenchyme 20 AER 24 AER 24 FNM 24 Md 24 Mx| None

20 limb 0 0] 7 3 0 0
24 1imb 0 3 9 10 10 5
24 Md 4 10 9 7 6 8
20 Md 0 7 0 0 0 0
24 FNM 6 17 11 10 8 7
20 FNM 0 6 0 0 0 6
KEY:

None = mesenchyme alone was grafted

FNM = frontonasal mass

Mx = maxilla

Md = mandible

DW/Back = dorsal wing epithelium or back epithelium

AER = Apical ectodermal ridge
limb = wing-tip mesenchyme

20 = stage 20

24 = stage 24

X = like epithelium with like mesenchyme

67




Chapter 2, Table 2.

MAINTENANCE OF STAGE 24 APICAL ECTODERMAL RIDGE BY STAGE 24 FACIAL

MESENCHYME: NUMBER OF GRAFTS WITH APICAL RIDGE/ TOTAL NUMBER OF

GRAFTS

A. Sectioned grafts

Type of
Mesenchyme
Frontonasal mass

Maxilla

Mandible

24 hours”
3/3
2/2

3/3

B. Scanning Electron Microscopy

Type of
Mesenchyme
Frontonasal mass

Maxilla

Mandible

48 hours

1/3

/b

k/5

48 hours"

3/3 (shortest and shallowest

2/2

2/2

morphology)

* = number of hours after grafting to host limb bud
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Chapter 2, Table 3.

EARLY GROWTH OF CARTILAGE RODS IN COMBINATIONS OF STAGE 24 LIMB
EPITHELIUM WITH STAGE 24 FRONTONASAL MASS OR MANDIBULAR MESENCHYME.

Three days* Four days*
mean length (mm) mean length (mm)
Frontonasal mass 0.31 1.14
N=2 N=2
Mandible 0.37(0.07) 0.29(.19)
N=3 N=4

* Number of days since grafting to host wing bud
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Chapter 2, Table 4.

GRAFTS OF FACIAL EPITHELIUM AND LIMB TIP MESENCHYME FROM STAGE 20 AND
24 EMBRYOS

Type of graft

1. 24
24

2. 24

3. 24
2k

. 24
20

5. 24
24

6. 24
20

7. 20
20

8. 24
24

AER +
limb mes

limb mes

FNM epi +
limb mes

FNM epi +
limb mes

M3 epi +
limb mes

M3 epi +
limb mes

Md epi +
limb mes

Mx epi +
limb mes

70

No. with joints/ % joints Length (mm) Joints
total no. per graft
3/3 100% 3.93 5 to 6
0/5 0% 0.53 (0.62) 0
7/9 78% 1.22 (0.43) 1 to?2
5/7 7%  2.65 (1.15) 1to3
3/10 33% 0.98 (0.53) Oto1l
0/3 0% 2.26 (0.89) 0
o/4 0% 1.69 (0.66) 0
0/10 0% 0.53 (0.31) 0



Chapter 2, Figure 1.

A drawing of a stage 24 chick face illustrating where experimental
tissues were excised and the width of each piece. KEY: FNM =
frontonasal mass, Mx = maxilla, Md = mandible.
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STAGE-24 CHICK EMBRYO
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Chapter 2, Figure 2.

A) A wholemount of a graft of the central third of a stage 24
frontonasal mass which has been cut off from the host limb after 7
days of growth. A cartilage rod is present as well as an egg tooth
(arrow). Scale bar = 1 mm

B) A limb which contains a graft of the distal 500 um of an intact
mandible from a stage 24 chick. A long cartilage rod has developed
which appeared to have fused at right angles to the humerus of the
host limb

(arrow). Scale bar = 1 mm

C) A graft of an intact maxillary primordium from stage 24 chick
which is located at the elbow of the right wing. A bulbous swelling
is evident (arrow). Scale bar = 1 mm

D) A histologic section of a graft of a maxillary primordium which
contains bone trabeculae in the centre (B). Scale bar = 500 um
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Chapter 2, Figure 3.

A) A wholemount of the right wing of a host chick which contains a
graft of isolated maxillary mesenchyme taken from a quail. There is
no obvious swelling at the elbow where the graft is located. Scale
bar = 1 mm

B) A 3 um section of the same limb as in 3a stained with Feulgen,
which reveals the presence of quail osteocytes (arrows) in the bone.
Scale bar = 100 pm
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Chapter 2, Figure 4.

Plots of the mean lengths of cartilage rods formed in grafts
involving A) frontonasal mass mesenchyme and B) mandibular
mesenchyme. :

Key: FNM = frontonasal mass, control = like with like combination,
mes only = mesenchyme only, Mx = maxillary, Md = mandibular, DW/BK =
Dorsal wing or back epithelium.

Upper line = potential maximum length expected as seen in homotypic
controls.

Lower line = potential minimum length expected as seen in grafts of
mesenchyme only.

Error bars represent 1 standard deviation above and below the mean.
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Chapter 2, Figure 5.

A) A combination of stage 24 FNM mesenchyme and maxillary epithelium
which has been cut off the host limb. A prenasal cartilage capped
with an egg tooth (arrow) has developed.

B) A combination of stage 24 FNM mesenchyme and mandibular epithelium
which has developed a cartilage rod with a broad end and a large egg
tooth (arrows). This graft has been removed from the host limb.

C) A combination of stage 24 mandibular epithelium and maxillary
mesenchyme which has formed a round swelling at the elbow of the host
limb (arrow).

D) A combination of stage 24 maxillary epithelium and mandibular

mesenchyme, removed from the host limb, which has formed a long
narrow rod. Scale bar for all figures = 1 mm
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Chapter 2, Figure 6.

A whole mount of a chick limb bearing a combination of the central
third of stage 20 frontonasal mass mesenchyme and mandibular

epithelium. A double rod of cartilage is present within the graft
(arrows). Scale bar = 1 mm|
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Chapter 2, Figure 7.

Appearance of heterotypic/ heterospecific combinations in tissue
sections.

A) A 3 um section of a combination of stage 24 quail mandibular
mesenchyme and chick maxillary epithelium. Virtually all the cells in
the section demonstrate the quail nucleolar marker including
chondrocytes (C), and osteocytes (0).

B) A section of stage 24 quail mandibular mesenchyme and chick
maxillary mesenchyme illustrating quail myoblasts (M). The punctate
nucleolar marker is present in all the connective tissues of this
graft indicating they are of quail origin.

Scale bars = 50um.
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Chapter 2, Figure 8.

A) Rate of elongation of cartilage rods in grafts of intact fragments
dissected from the frontonasal mass and grafted to the limb bud
compared with rate of growth of nasal cartilage in the intact head.

B) Rate of elongation of cartilage rods in mandibular grafts grown on
the limb bud compared with rate of growth of Meckel's cartilage in
the intact head.

Values represent the mean of at least 2 specimens. Time O represents
the day grafts were placed in the host limb-bud. Tissues were always
dissected from stage 24 embryos, therefore the equivalent stage

embryo for time O is stage 24. FNM = frontonasal mass. Md = mandible
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Chapter 2, Figure 9.

A) A graft consisting of stage 24 frontonasal mass mesenchyme and
stage 20 apical ridge epithelium. A long rod of cartilage has formed
which is capped with an egg tooth (arrow).Scale bar = 1 mm |
B) The reciprocal combination to 9a; Stage 20 frontonasal mass
mesenchyme combined with stage 24 apical ridge epithelium. The graft
is situated at the elbow of the host limb (arrow). No egg tooth is
present in this graft and only a short cartilage rod has formed.

C) Stage 24 mandibular mesenchyme combined with stage 20 apical ridge
epithelium. A short cartilage rod has developed in the graft (arrow)
which is near the elbow of the host limb.

D) Stage 24 maxillary mesenchyme combined with stage 24 apical ridge

epithelium. The grafted tissue has formed a rounded swelling at the
elbow of the host limb (arrow).
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Chapter 2, Figure 10.

A) The mean length of cartilage rods formed in combinations of
frontonasal mass mesenchyme and apical ectodermal ridge epithelium.
The percentage of grafts bearing egg teeth is also plotted on this
graph.

B) The mean length of cartilage rods formed in grafts of mandibular
mesenchyme and apical ectodermal ridge epithelium.

Error bars = 1 standard deviation about the mean
Key: 24 = stage 2U4; 20 = stage 20; AER = apical ectodermal ridge
epithelium; M = frontonasal mass mesenchyme for fig. 10a and

mandibular mesenchyme for fig. 10b; E = epithelium; FNM = frontonasal
mass, Md = mandible.
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Chapter 2, Figure 11.

Combinations of stage 24 quail facial mesenchyme and stage 24 chick
apical ectodermal ridge sectioned 24 and 48 h after grafting to host
limb buds and stained with feulgen. Figures a - c have been sectioned
24 h after grafting while figures d and e have been sectioned 48 h
after grafting. Scale bar = 100 um for all high magnification
photographs.

A) A combination of quail frontonasal mass mesenchyme and chick
apical ectodermal ridge epithelium. The mesenchymal component of the
graft is composed entirely of quail tissue as seen by the distinctive
nucleolar staining. The apical ectodermal ridge is present and is
entirely of chick origin (arrow). The inset shows the position of the
graft with respect to the host limb.

B) Quail maxillary mesenchyme combined with chick apical ectodermal
ridge epithelium. The inset shows the apical ridge is well maintained
at both ends of the graft. The higher magnification of the boxed in
area shows a thickened apical ridge composed of chick cells (arrow).

C) Quail mandibular mesenchyme combined with chick apical ectodermal
ridge epithelium. The apical ridge is maintained by mandibular
mesenchyme as seen in the low magnification inset. At higher
magnification the quail component can be seen in the mesenchyme
whereas the epithelium, including ridge is of chick origin (arrow).

D) Quail maxillary mesenchyme combined with apical ectodermal ridge
epithelium from the chick. 48 h after grafting, the outgrowth is
larger (inset) and the apical ridge is 5 cell layers thick (arrow).

E) Quail mandibular mesenchyme combined with apical ectodermal ridge
epithelium from the chick. 48 h after grafting, mandibular mesenchyme
has grown out from the limb (inset) and is capped with a thickened
ectodermal ridge (arrow).
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Chapter 2, Figure 12.

Scanning electron micrographs of combinations of chick facial
mesenchyme and chick apical ectodermal ridge epithelium from stage 24
embryos. The host limbs bearing the recombinations were fixed 48 h
after grafting. The location of the graft can be seen in the insets
(G) and the ridge (R) is seen in the higher power views.

Scale bar = 0.1 mm

A) A combination of frontonasal mass mesenchyme and the epithelial
jacket of a wing bud. An elevated ridge can be seen (R).

B) A combination of maxillary mesenchyme and apical ectodermal ridge
epithelium. A very prominent apical ectodermal ridge is present.

C) A combination of mandibular mesenchyme and wing bud epithelium. In
this graft a very discrete ridge can be seen (R).
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Chapter 2, Figure 13.

Combinations of wing tip mesenchyme and facial epithelium from stage
24 embryos. These wholemount limbs and grafts were fixed 6 days after
grafting to the host limb bud. Scale bar for all figures = 1 mm.

A) Frontonasal mass epithelium combined with wing mesenchyme has
formed 2 jointed structures (J) growing out from the host limb.

B) Frontonasal mass epithelium combined with wing mesenchyme. This
wholemount graft contains a complex series of cartilage rudiments
with at least 4 joints (J).

C) Frontonasal mass epithelium combined with wing mesenchyme. Two
major cartilage rods are present, each with a joint at the most
distal end of the graft (J).

D) Mandibular epithelium combined with wing mesenchyme. The limb
mesenchyme has formed only a short rod of cartilage situated at the
elbow of the host limb (arrow). A joint has not formed in this
combination.

E) Isolated wing mesenchyme grafted without any epithelium. A short
cartilage rod has formed with no joints (arrow).

F) Apical ridge epithelium and wing mesenchyme separated and

recombined. Two, nearly fully length digits 3 and 4 have formed at
the elbow of the host limb (arrow).
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CHAPTER 3
INTRODUCTION
In chapter 2 I showed that epithelium is required for outgrowth

and that the mesenchyme determines the shape of the primordium. I
also showed that each primordium grows out a specified aﬁount
according to the type of mesenchyme present in the combination. In
this chapter I will examine the factors controlling the differential
growth of facial mesenchyme. A knowledge of the cellular mechanisms
involved will lead to an understanding of how face shape is
generated.

One approach to studying facial growth is to use non-invasive,
descriptive techniques such as morphometric analysis of embryonic
material (Diewert and Lozanoff, 1988), labelling embryos with 3g-
thymidine, or mapping the distribution of known growth factors and
their receptors. I have chosen to develop a functional assay so that
potentially interesting molecules can be identified and their role
pursued in the intact face. This approach has also been used in the
developing frog embryo to screen for candidate molecules involved in
mesoderm induction (Slack et al., 1987; Gillespie et al., 1989;
Smith, 1987). Therefore, the strategy was to place facial mesenchyme
cells in culture and define conditions where proliferation did not
occur. I then screened substances for their effects on proliferation.

Blood serum, of avian, bovine or equine origin has long been
used to support growth of cells in culture. A complete analysis of
the components of serum has not been possible, however a partial list
of ingredients includes: vitamins such as retinoic acid, lipids,
trace elements, amino acids, sugars, hormones, binding proteins,
attachment factors, and enzyme inhibitors (Barnes, 1987). With such a

complex array of constituents it is difficult to sort out the effect
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of individual components and synergistic interactions that occur
among several compounds. Furthermore, the components in serum can
alter the effects of defined additives on cells. For example different
quantities of exogenous retinoic acid are necessary to inhibit
chondrogenesis in facial mesenchyme depending on whether serum is
present in the medium (Langille et. al., 1989). Therefore in order to
have a completely defined system it is necessary to eliminate serum
from the culture medium. Fortunately, many growth promoting
substances have been isolated from serum and these can be added in
various combinations to support the growth of the cell in question
(reviewed by Maurer, 1986; Barnes, 1987). By comparing the growth
characteristics of the same cells grown in serum-containing medium to
the growth in defined medium, one can begin to discover the factors
that are most important for proliferation.

There is now a substantial list of defined substances that have
been reported to control cell proliferation and these have been
termed growth factors. The recent nucleotide sequencing technology
has made it possible to compare the sequencéidifferent growth factors
and to classify those with homologous domains into superfamilies
(Mercola and Stiles, 1988). The main groupings include: transforming
growth factors (TGF's); insulin-like growth factors (IGF's),
epidermal growth factors (EGF's), platelet-derived growth factors
(PDGF's), and heparin-binding growth factors (HBGF's). Members of all
the growth factor families can induce proliferation in some cell
types and differentiation in others. For example, EGF can induce
proliferation in chick skin (Cohen, 1965) and differentiation in
mouse tooth germs (Topham et al., 1987). In contrast TGF-B is unable

to stimulate proliferation in epithelial cells but is able to
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stimulate an increase in DNA synthesis in fibroblasts (Moses et al.,
1987). TGF-B also affects differentiation and has been shown to
stimulate chondrogenesis in chick limb micromass cultures (Kulyk et
al., 1989). Furthermore it has emerged that many of the factors may
have a role in embryonic development. For example, TGF-P is related
to the product of the decapentaplegic gene in Drosophila (Padgett et
al., 1987), which is necessary for dorso-ventral patterning and
patterning within the imaginal discs. Another TGF-P related protein,
the Mullerian inhibiting substance, is responsible for the regression
of the Mullerian duct in testis development. It would be interesting
to assay the effects of all growth factors with an implicated role in
embryonic development, however as a first step I concentrated on the
effects of basic fibroblast growth factor (bFGF).

The fibroblast growth factors (FGF's) are part of the HBGF
family and were initially purified by Gospodarowicz (1974;
Gospodarowicz et al., 1984 [reviewed by Gospodarowicz et al., 1986;
1987; Thomas, 1987; Baird and Walicke, 1989; Rifkin and Moscatelli,
1989]). Members of the FGF family are involved in embryonic
development. Descriptive evidence that FGF is involved in embryonic
development comes from localisation of FGF-type growth factors in
embryos eithef at the mRNA or protein level. FGF-type protein has
been purified from frog (Kimmelman et al., 1988; Slack and Isaacs,
1989) and chick embryos (Munaim et al., 1988; Seed et al., 1988). The
message for FGF-like factors has been found in Xenopus oocytes
(Kimmelman and Kirshner, 1987), and in mouse embryos (int-2,
[Wilkinson et al., 1988; Mansour and Martin, 1988; Wilkinson et al.,
1989]). In addition, heparin binding growth factors have been

isolated from an embryonal carcinoma cell line (Heath et al., 1989).
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Not only is bFGF found in embryos, it can also act as an inducer
of mesoderm in Xenopus embryos. Several of this heparin-binding group
of growth factors - bFGF, int-2, kFGF - can have this inductive
effect on Xenopus embryos (Paterno et al., 1989; Slack et al., 1987;
Kimmelman and Kirshner, 1987). In my functional assay I find that
bFGF also has effects on facial mesenchyme. bFGF specifically
stimulates an increase in cell number of just one type of culture,
the frontonasal mass.

I also wanted to test the effects of cell density on the
response to the different culture media. It is known that in the
embryo, mesenchymal cells are in close contact with each other and
that gap junctions are formed between cells. For example, gap
junctions have been found in chick limb (Kelly and Fallon, 1983) and
maxilla (Minkoff, 1983). Therefore altering the density of cultures
is a way to examine the role of cell-cell interactions in
proliferation. Similar studies altering cell density in serum
containing medium (Kaplowitz et al., 1982) and defined medium (Kujawa
et al., 1989) in limb bud cultures have been done. Proliferation is
enhanced at high densities (Hattori and Ide, 1984; Kaplowitz et al.,
1984). Indeed for mouse limb bud cells, the increase in cell number
between days 1 and 3 of micromass culture is similar to that over the
same period in intact limb buds (Kaplowitz et al., 1982).
Proliferation of facial mesenchyme has not been studied either at
high density (Wedden et al., 1986, Langille et al., 1989) or at low
density.

In addition to proliferation, cell differentiation occurs in
micromass culture (Ahrens et al., 1977; Wedden et al., 1986; Ralphs
et al., 1989; Langille et al., 1989). The type of cells that

differentiate reflect the mixed population present in embryonic
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facial primordia. It was possible that the increase in cell number
was due to proliferation of particular cell types. I therefore looked
at the differentiation of two types of cells, the neural crest
derived chondrocytes and mesodermally-derived muscle cells. My
results show that in defined medium the proportion of chondrogenic
cells and myogenic cells is different in each primordium. Serum and
bFGF can both stimulate and inhibit differentiation depending on the
cell type and the primordium of origin.

Failure of expansion of the primordia can lead to facial
defects. When chick embryos are treated with retinoic acid, the
development of the frpntonasal mass is specifically affected and this
results in absence of the upper beak and clefting of the primary
palate (Tamarin et al., 1984). Through epithelial-mesenchymal
recombinations, it is known that the mesenchyme of the frontonasal
mass rather than epithelium is the target of retinoic acid action
(Wedden, 1987). To find out how retinoic acid affects proliferation
of facial mesenchyme I adopted two approaches. The first was to add
retinoic acid to cultured cells in vitro. The second approach was to
treat embryos with retinoic acid fin vivo and then culture the facial
mesenchyme in defined medium with or without bFGF. I showed that cell
proliferation and differentiation of all types of facial mesenchyme
was inhibited by retinoic acid added in vitro. However in cultures of
retinoic acid-pretreated mesenchyme only the frontonasal mass cell
behaviour was altered. Moreover, bFGF could not reverse the effects
of retinoic acid treatment in vivo. Therefore an interaction of bFGF

and retinoic acid on the same cell population is likely.
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MATERIALS AND METHODS

I. Cell culture

A. Preparation of cell suspensions

Facial primordia of stage-2l4 chick embryos were dissected as
illustrated in fig. 1. The entire frontonasal mass, the entire
maxillae and the distal half of the mandibular primordia were used.
Epithelia were removed using 2% trypsin (Gibco, 1:250) in calcium-
and magnesium-free saline (Hanks Buffered Salt Solution, Gibco), pH
7.4 at 4° C for 45 min. The mesenchyme of the facial primordia was
dissociated by pipetting, cell number estimated by hemocytometer and
the final concentration adjusted to 2 X 107 cells/ml.
B. Composition of media

Two types of media were used in these experiments. The serum-
containing mediumconsisted~6f 2 mM L-glutamine, 100 units/ml
penicillin, and 100 pg/ml streptomycin + 0.25 pg/ml fungizone
(antibiotic/ antimycotic, Gibco Biocult) 50:50 ratio of
F12:Dulbecco's Modified Eagle's Medium (Gibco Biocult), and 10%
foetal calf serum. The defined media contained a 60:40 ratio of
F12:DMEM, 2 mM L-glutamine, antibiotics as described for serum-
containing medium, 5 pg/ml transferrin (bovine, Sigma), 100 nM
hydrocortisone (Sigma), 5 pg/ml porcine insulin (Sigma) and 50 npg/ml
ascorbate. This formula was based on the medium used by Paulsen and
Solursh (1988) and Kujawa et al. (1989). Where indicated, bFGF (Gift
from M. Noble, purchased from British Biotechnology Ltd, Oxford) was
added to the defined media on a daily basis. Lyophilized bFGF was
rehydrated with defined medium to which Bovine Serum Albumin (BSA)
(Miles Scientific, USA) was added. The BSA concentrate was first
diluted to a concentration of 2.86% with defined medium. This stock

BSA was added to the defined medium used to rehydrate the bFGF at a
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dilution of 1:100. The stock concentration of rehydrated b-FGF was 1
ng/ul. Where indicated epidermal growth factor (EGF, Gibco), and
transforming growth factor -pl (British Biotechnology Ltd., Oxford)
were added to the cultures. The medivmwas not filtered pfior to use
since several of the components, especially insulin were adsorbed
onto the membrane. Therefore to ensure sterility, all additives were
aliquot ed and everything except the insulin was stored at -20°C.

All-trans retinoic acid (Sigma) was added to some cultures. A
sfock solution was prepared by dissolving 10 mg RA_in 1 ml of
dimethyl sulfoxide (DMSO,
Sigma) and this was further diluted to 0.1 mg/ml with DMSO prior to
adding it to defined medium. Retinoic acid was either added daily
with each change of medium, or for the first 24h only.
C. Pretreating embryos with retinoic acid

Embryos were treated with retinoids using the method described

by Eichele et al. (1984) and Tamarin et al. (1984). AG1-X2 beads (in
formate form, from Bio-Rad), 200 um in diameter were selected, soaked
in 10 mg/ml retinoic acid/DMSO solution for 20 min, rinsed twice
quickly and then left in 1 ml of Modified Eagle's Medium (Gibco
Biocult) for a total of 20 min. The apical ectodermal ridges at the
anterior edge of stage 20 wing buds were lifted and the beads were
placed under the ridge. The beads were left in place 24h until the
embryos reached stage 24. The facial primordia of treated embryos
were dissected and cells isolated in the manner previously described.
No further retinoic acid was added to the defined culture medium.
D. Cell Plating

Cells were plated either as 2 micromasses (two, 10pl drops
containing 2 X 10° cells) or as a monolayer of 4 X 10° cells in each

well of four-well tiésue culture dishes (Nunclon, average well
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diameter = 16 mm). Serum was not used in the initial plating of
micromass cultures in defined medium. In the experiments with the
first batch of bFGF, the surface of the dish was precoated with
fibronectin. 10ul drops of fibronectin (10ug/ml of phosphate buffered
saline, Calbiochem) were placed in the culture wells and left at 37°C
for 2-3 h. The fibronectin was aspirated and a 10 pl drop of cell
suspension placed on the same spot. The presence of fibronectin did
not have any effect on the final cell number in bFGF supplemented
cultures. The experiments were repeated with the second batch of bFGF
without precoating the culture dishes and a similar result was
obtained.

In all the experiments, the micromass cultures were allowed to
adhere for 1 hour before flooding with media to give a final volume
of 500 pl. Medium was replaced daily with 500 pl of fresh medium. The
insulin present in defined medium was essential for cell spreading
and flattening during the first few hours of the culture.

E. Assaying cell number

The cell number was estimated at 4 to 96 h after plating by
replacing the medium with 200ul trypsin/EDTA solution (0.1% Trypsin
and 0.001 M EDTA in Hank's calcium-magnesium-free saline, Gibco
Biocult, pH 7.2) incubating for 2 to 10 min at 20°C and then gently
agitating the dishes. When the cells began to detach, 700 ul serum-
containing medium was added to the well to stop the action of the
trypsin, and the entire contents of the well aspirated and placed
into a centrifuge tube. The cell suspension was spun to form a
pellet, resuspended in a known volume of fresh medium, and cell
number was estimated with a hemocytometer. To obtain cell suspensions
from 4 day cultures of frontonasal mass, the EDTA/trypsin treatment

was used to lift the micromasses from the substratum, 700 pl of
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medium containing serum was added to the well and the contents
aspirated into a centrifuge tube. The tube was spun to pellet the
cultures, the medium removed and replaced with a 0.2% solution of
crude collagenase (Type IA, Sigma) and the cultures were.was
incubated at 37°C until the cells could be dissociated. The
suspension was spun into a pellet and resuspended in a known volume
of medium and cell number estimated.
F. Use of BrdU and its antibody to detect cells in S-phase

One hour prior to counting the cell number, cultures were fed
with 25 pM 5-bromodeoxyuridine (BrdU) in culture medium. Cells were
removed from the wells as previously described and counted. The
suspension was spun a second time to form a pellet and 40 pl of fresh
medium used to resuspend the cells. 20ul samples of concentrated
suspension were spread on two gelatin-subbed slides (0.6% gelatin).
The cell smears were allowed to dry and then slides were dipped in
70% industrial methylated spirits at room temperature for 10-15 min
to fix and permeabilise the cells. Slides were stored for up to 2
weeks at -20°C before continuing with antibody staining. Smears were
hydrolysed for 10 min with 1.5 M HC1l at 45°C in a water bath. A mouse
monoclonal antibody to BrdU (Becton-Dickinson, California), diluted
1:10, was applied for 1 h at 37°C and binding was routinely detected
with fluorescently labelled rabbit anti-mouse antibody diluted 1:50
(Dakopatts, Denmark). A random sample of 1000 cells was chosen and
the number of labelled cells was counted. Figure 2a shows a typical
field of a cell smear under phase illumination and Fig. 2b shows the
same field under fluorescence illumination. Fluorescent cells which

took up the BrdU can be counted in Fig. 2b.
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G. Detection of myoblasts

Based on the work of Ralphs et al. (1989), myogenic cells were
counted after 48 h of culture since this is the time point at-which
they are most numerous and the myoblasts have not yet fused into
myotubes. Cultures grown for 48 h, were rinsed in phosphate-buffered
saline (PBS) and then fixed and permeabilized with 70% industrial
methylated spirits at 4°C for 3 to 5 min. The cultures were gradually
rehydrated with PBS and a monoclonal antibody to myosin heavy chains
of striated muscle, 83B6 (gift of G.K.C. Dhoot), diluted 1:200, was
applied to the cultures for 2 h at room temperature. The cultures
were then rinsed and incubated overnight at 4°C in the secondary
antibody linked to 5nM gold particles, diluted 1:100. The following
day, labelled cells were visualised with a silver enhancement kit
(Jenssen, Belgium). Numbers of muscle cells per culture could then be
counted under bright field illumination.
H. Quantifying the amount of cartilage in micromass culture

4-day micromass cultures were rinsed in PBS and then fixed with
1/2-strength Karnovsky's fixative (Karnovsky, 1965) for 2 to 12 h and
stained with Alcian blue pH 1.0 for no more than 2 h (Wedden et al.,
1986). Cartilage area was measured by tracing Alcian Blue stained
regions in a camera-lucida image which was projected onto a
digitising pad. The digitising pad was linked to an Archimedes
computer and the image was measured using the DIGIT programme (B.
Hayes).

I1. Immunoblotting of facial protein to detect the presence of bFGF

A. Sample preparation

The facial primordia of 14 chick embryos were dissected and the
epithelium removed using trypsin as described above. The primordia were

rinsed in Hanks buffered salt solution and 10% fetal calf serum and
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centrifuged for 4 min to create a pellet of mesenchyme at the bottom
of a 1.5 ml microfuge tube. The supernatant was removed with a
pipette and replaced with sample buffer (LKB laboratory manual, see
appendix for recipe). The volume of sample buffer added éo
frontonasal mass and maxillary pellets was 150 pl and 300pl was added
to the mandibular pellet. The cells were disrupted by vortexing for 1
min. A 1 ng/ul stock solution of bFGF was diluted with an equal
volume of sample buffer to give a concentration of 0.5 ng/pl bFGF. A
vial of molecular size markers (Sigma, SDS-7) was dissolved in 1.5 ml
of 1X sample buffer. A 100 X stock of bromophenol blue dye was
prepared (1% solution) and 1/100th the volume of the sample was added
to each tube. All the samples were boiled for 5 min to denature the
proteins, allowed to cool and centrifuged briefly. Protein samples
were aliquoted into smaller volumes to avoid repeated freezing and
thawing and then stored at -20°C.

B. Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

From a stock solution of 30% Acrylamide (premixed 37:1 ratio
Acrylamide/NN'-Methylenebis-acrylamide, Sigma), a 12.5%
polyacrylamide resolving gel, 0.75 mm thick, was poured first and
allowed to set (LKB, laboratory manual, see appendix for recipe).
This was overlaid with a 5% acrylamide stacking gel. The stacking gel
was poured immediately before use since the difference in pH between
the two gels would equilibrate given prolonged contact. This method
is described by Laemmli (1970).

Between 5 and 10 ul of facial protein sample, 5ul of size
markers, and 4pl of bFGF solution was added to individual wells with

a Hamilton syringe. The gel was run in a Midget Electrophoresis Unit
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(LKB) with the current set at 30 mA.
C. Immunoblotting (Western blotting) of protein gel

The gel was separated from its sandwich of glass and titanium
oxide plates and allowed to equilibrate for 30 minutes in transfer
buffer (see appendix for recipe). A sandwich was made of filter
paper, nitrocellulose membrane (0.2um pore size, Sigma), the gel, and
another piece of filter paper. All components of the sandwich were
prewetted in transfer buffer (Towbin et al., 1979). The sandwich was
placed in a cassette and the whole assembly 1owered into the buffer
chamber filled with transfer buffer (Midget MultiBlot Electrophoretic
Transfer Unit, LKB). The sandwich was allowed to blot for 1 to 2
hours at 200 mA. Following blotting, I cut from the nitrocellulose
membrane, the track with size markers and stained this portion of the
membrane with 0.1% Amido Black, 45% methanol, U45% distilled water and
10% glacial acetic acid. This was done in order to verify that
protein transfer had taken place efficiently prior to antibody
staining.
D. Detection of protein in the nitrocellulose membrane

Immune sera (polyclonal antibodies raised in rabbit) to
synthesised peptides for human basic and acidic FGF were obtained
from the laboratory of J. Slack. For each peptide, the corresponding
pre-immune sera were supplied as well as the lyophilized immunogen.
The following peptides were used as immunogens:
1) aFGF, 25-39: ILPDGTVDGTKDRSD-cysteine (conjugated to
thyroglobulin)
2) aFGF, 108-120: FVGLKKNGRSKLG (conjugated to thyroglobulin)
3) bFGF, 1-15: PALPEDGGSGAFPPG-cysteine (conjugated to BSA)
4) bFGF, 16-30: HFKDPKRLYCKNGGF (conjugated to BSA)

5) bFGF, 133-141: GQKAILFLP-cysteine (conjugated to BSA)
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The membranes were blocked in a solution of 0.25% gelatin in
Tris-buffered saline (TTBS, see appendix for recipe) for 30min, then
placed in a solution of primary antibody diluted 1:200 in TTBS for 1h
at room temperature with gentle agitation. When the peptide was used
to compete out specific binding of the antibody a solution of 1 mg/ml
was made in 100 mM Tris, 0.1% BSA, and 0.01% sodium azide. This stock
solution was diluted 10 fold and then added to primary antibody
solution at a final dilution of 1:100. The Vectastain ABC kit was
used to detect binding of antibody according to manufacturers
instructions (Vector Laboratories, California). The substrate used
was nickel chloride and diaminobenzidine.and in one experiment I used
alkaline phosphatase substrate with the appropriate secondary

antibody.
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RESULTS

I. Growth of facial mesenchyme in micromass culture

A, Serum-free medium

In defined, serum-free medium, cell number progressively
decreases in cultures from cells of all three primordia and the
percentage of cells incorporating BrdU is low (Fig. 3A, Table 1).
Initial cell attachment to the culture well is similar to other
culture conditions (compare 4h time points in Fig. 3A,B,C) therefore
the starting cell populations in all the experiments appear to be
equivalent.

B. Effect of foetal calf serum on cell number and proliferation in
cultures of facial cells

In medium containing foetal calf serum, the number of cells in
micromass cultures of all three facial primordia has increased after
4 days but the cells from each primordia behave differently; the
number of frontonasal mass cells is tripled, the number in mandible
cultures doubled and the number in maxillary cultures increased by
50% (Fig. 3B). Equal numbers of cells adhere to the dish (as seen at
4h on Fig. 3B), and the cell numbers begin to increase after 48 h and
appear to be reaching a plateau by 72 h.

The percentage of cells in S-phase in each type of culture at
48h is shown in Table 1. The growth curves in figure 3B begin to
diverge between 48 and 72h. Therefore the percentage of cells
labelled at 48 h should relate closely to subsequent differences in
cell number. At 48 h in serum-containing medium, the frontonasal mass
and maxilla have 18.6% and 19.7% of cells labelled respectively,
whereas the percent labelled cells in the mandible cultures is only
10.7% (Table 1). The maxilla has therefore an unexpectedly high

percentage of cells undergoing DNA synthesis given the very small
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increase in cell number (Fig. 3B).
C. Effect of bFGF on cell number and DNA synthesis in serum-free
medium

bFGF preferentially stimulates an increase in cell ﬁumber in
frontonasal mass cultures. When 1 ng/ml bFGF is added to defined
medium, the number of cells in frontonasal mass cultures at 96 h is
double that at 4 h, whereas, in the cultures of mandible and maxilla,
cell number still decreases (Fig. 3C). Increasing the concentration
of bFGF to 10 and 100 ng/ml leads to a further stimulation of cell
number in the frontonasal masé (Fig. 4), whereas in mandible and
maxilla cultures the number of cells is still below the number of
cells plated (l&XlO5 cells per well). A concentration of 100 ng/ml
bFGF gives the same cell number in frontonasal mass cultures as that
seen in foetal calf serum (compare Fig. 4 to 96 h data in Fig 3B).

Determination of the percentage of cells in S-phase shows that 1
ng/ml bFGF stimulates DNA synthesis in frontonasal mass cells. The
labeiling index at 48h (10.7%, Table 1), is greater than that seen in
defined medium (significant at P < 0.1). In mandibular and maxillary
cultures, the percentage of labelled cells at 48h also increases
compared with defined medium but these differences are not
significant.

Studies using a second batch of bFGF, show that frontonasal mass
mesencﬁyme increases above plating density after only 48h of culture
(Fig. 13A) whereas at 96h the cell number is similar to the values
obtained with the first batch (Compare Fig. 3C with 12A). The second
batch of bFGF does not increase the cell number in mandible and
maxillary mesenchyme compared to the number plated {(mean for mandible

= 4,74x109, S.D. = 1.03; mean for maxilla = 4.00X109, S.D. = 1.25,
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see fig. 12).

In S-phase labelling studies using the second batch of bFGF, the
frontonasal mass cultures have the same labelling index as the
mandible and maxilla at 48h (Table 7). However it is possible that
the peak of S-phase labelling may occur earlier since cell number has
already doubled by 48h (Fig. 12A).

The addition of BSA, used as a carrier protein when diluting
bFGF, does not stimulate an increase in cell number (Mean for 2 wells
= 8.3X10u for frontonasal mass; mean for 2 wells for mandible =
1.16X107).

D. Simultaneous addition of bFGF and foetal calf serum to defined
medium

The addition of 1 - 10 ng/ml of bFGF leads to a significant
increase in cell number; however, this is still less thaizggiained
with serum. In order to see whether serum contains factoré that
interact with bFGF in controlling proliferation of facial cells, 0.2%
FCS was added to defined medium containing 10 ng/ml bFGF. This small
quantity of serum has no effect on the number of cells in frontonasal
mass and mandibular cultures (Fig. 4) (T test showed no significant
difference between the number of cells/well in cultures treated with
1-10 ng/ml bFGF versus cultures treated with 10 ng/ml bFGF + 0.2%
FCS).

E.Effect of epidermal groﬁth factor (EGF) and transforming growth
factor-p (TGF-B) on cell number in micromass culture

Preliminary data were obtained from cultures in which either EGF
or TGF-p were added to defined medium. EGF does not stimulate an
increase in cell number in either frontonasal mass or mandibular
mesenchyme. Even 100 ng/ml does not increase cell number above the

number plated (Table 2). The addition of 1 ng/ml TGF-B does not
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increase cell number above the number plated in frontonasal mass and

mandibular cultures (Table 2).

II. Monolayer culture of facial mesenchyme in defined medium, foetal

calf serum and in the presence of bFGF

In order to see whether facial mesenchyme cells could
proliferate in low density conditions we plated the same number of
cells as in 2 micromasses (U4 X 105) over the entire surface of the
well. We assayed cell number in three types of media. Cells from all
three facial primordia spread out and adhere to the well when plated
in defined medium however cell number does not increase (Table 3A).
Preliminary experiments show that by the end of the culture period
approximately 1/4 the number of cells plated survive (105 cells).
Surprisingly, foetal calf serum does not stimulate an increase in
cell number. Initial adhesion is similar to micromass conditions
(Compare 4h values in fig. 3B with those in Table 3B) yet cell number
decreases.

The addition of 0.5 ng/ml of bFGF to defined medium greatly
stimulates proliferation in frontonasal mass cells and a thick,
confluent monolayer is attained by 48h. Cell number at 96h is 1.5
times greater than the number plated (Table 3C). Just as in micromass
cultures, the effects of addition of bFGF are most marked in
frontonasal mass cultures. The cultures of mandible and maxilla do
not increase above the plating density (Table 3C). The morphology of
maxillary monolayer cultures is similar to frontonasal mass cultures
and by 96h a nearly confluent monolayer is attained. Mandibular cells
are much sparser at 96h and exhibit three principal morphologies:

elongated, polyhedral, and rounded.
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I1I. Cell differentiation in micromass culture under different

culture conditions

A. Myogenesis

In defined medium the number of myogenic cells that.
differentiate in mandibular cultures is much higher than that in
frontonasal mass or maxillary cultures (Table 4). The number of
myoblasts is very small in relation to the total number of cells (1%
of the culture). The number of myoblasts is reduced when serum is
added to mandibular cultures (Table 4, Figuré 5A, B). The addition of
1 or 10 ng/ml bFGF to defined medium has no effect on the number of
muscle cells (Fig. 5C). In frontonasal mass and maxillary cultures,
the number of myogenic cells that differentiate is not changed in
different culture media (Table 4).
B. Chondrogenesis

i. Defined medium
In defined medium, a lacy pattern of cartilage forms in the

frontonasal mass (Fig. 6A); in the mandible cultures small nodules of
cartilage develop and they are distributed over the whole culture
(Fig. 6B), and in maxillary cultures tiny, very faintly stained
nodules can be detected (Fig. 6C).

ii. Foetal Calf Serum

With the addition of serum continuous sheets of cartilage form
in the frontonasal mass (Fig. 6D), nodules form in the mandible (Fig.
6E) but no cartilage is seen in the maxilla (Fig. 6F [see also Wedden
et al., 1986]). The area of cartilage in the frontonasal mass cultures
in serum containing medium is significantly larger than in defined
medium (Fig. 7, P < 0.05). In mandibular cultures, although the
pattern of chondrogenesis is different in serum-containing and

defined medium, the quantity of cartilage is the same (Fig. 7).
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The larger cartilage area seen in cultures of the frontonasal
mass in serum compared with defined medium suggests that there may be
a subpopulation of chondrocytes which require serum to differentiate.
In order to explore this possibility, frontonasal mass célls were
cultured first in defined medium for 2 days and then in serum-
containing medium for a further 2 days. However, following this
treatment, the pattern of stainable matrix and the area occupied by
cartilage at 96h is similar to that of cultures grown in defined
medium (Fig. 8, Mean = 13.1%, S.D. = 1.51 for cultures changed from
defined to serum-containing medium compared with mean of 14.0% S.D. =
2.24 for cultures grown in defined medium). Therefore a serum-
responsive, prechondrogenic population does not appear to be present
after frontonasal mass cells have been cultured for 48h in defined
medium.

iii. bFGF

bFGF has primordium-specific effects on both the pattern and
quantity of cartilage matrix. In the frontonasal mass cultures
supplemented with 1 ng/ml bFGF, a nodular pattern of cartilage
develops (Fig. 9A) and with 10 ng/ml the pattern is sheet-like (Fig.
9B) resembling that obtained with serum-containing medium. The
cartilage area in frontonasal mass cultures treated with 1 ng/ml bFGF
is 2U4% larger than in defined medium (Fig. 7)(T-test, P < 0.05). In
contrast, when bFGF is added to mandibular cultures, the extent of
cartilage differentiation is significantly reduced compared to
defined medium (eg. 1 ng/ml bFGF versus defined medium, P< 0.02, see
Fig. 9C). When 10 ng/ml bFGF is added, cartilage is scarcely
detectable (Fig. 7, Fig. 9D).

The second batch of bFGF used stimulated chondrogenesis to an
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even greater extent in the frontonasal mass than the first batch
(Compare Fig. 9A,B, to Fig. 10C). The chondrogenic area is double
that of the first batch (Compare data in Fig. 7 with the bFGF data in
Fig. 13). There is no difference in the mandibular chondpogenic area
between batches.

iv. EGF and TGF-B

The addition of 100 ng/ml EGF to frontonasal mass cultures
gives rise to a similar chondrogenic pattern to that seen with 1
ng/ml bFGF (Compare Fig. 9A with Fig. 10A). Coalesced nodules develop
in the centre of the frontonasal mass cultures. The amount of Alcian
blue stainable matrix is slightly increased in the frontonasal mass
cultures (100 ng/ml EGF added to defined medium) compared to those
grown in defined medium (Fig. 7).

One ng/ml TGF-P stimulates chondrogenesis in frontonasal mass
cultures. A dense sheet of cartilage (Fig. 10B) forms in the centre
of the culture, similar to the pattern of cultures grown in serum-
containing medium or 10 ng/ml bFGF (Compare to 6D, 9B).
Chondrogenesis is significantly increased in frontonasal mass
cultures compared to defined medium alone and even surpasses the
amount seen in serum containing cultures (Fig. 7). Mandibular
cultures have poorly defined nodules. The amount of cartilage formed
was slightly reduced in mandibular cultures compared to defined
medium but not nearly as reduced as when bFGF is added (Fig. 7).

IV. Effects of retinoic acid on facial cells

I used two different strategies to explore the functional
interactions between retinoic acid and growth factors in the control
of proliferation and differentiation of cultured facial cells. This
could be relevant to understanding the basis of the retinoic acid-

induced facial defect. The first strategy employed was a wholly in
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vitro approach. Retinoic acid was added directly to micromass
cultures in defined medium with or without bFGF. The second approach
was a combination of in vivo and in vitro techniques. Embryos were
treated in vivo with retinoic acid-soaked beads and micromass
cultures were prepared from the treated facial primordia. Cell
behaviour was studied in defined medium alone or with bFGF. I
concentrated on the second, in vivo/in vitro approach because it was
more closely related to the in vivo situation. The second batch of
bFGF was used in all the experiments with retinoic acid.
A. In vitro addition of retinoic acid to micromass culture

i. Daily addition of retinoic acid

In a series of pilot experiments various doses of retinoic acid
were added to defined medium and cell number and chondrogenesis were
measured. Retinoic acid causes many cultures to detach from the
bottom of the well, but this tendency decreases as the concentration
of retinoic acid is lowered (Table 5A). Cells round up and detach
within 24h of plating when doses between 0.1 and 1 ng/ml are used
(33.3 nM to 333 nM). Table 5A shows that some cultures survive when
0.01 ng/ml to 0.05 (3.33nM to 16.6nM) is added for all 96h of
culture, but cell number is greatly reduced (Stage 20 frontonasal
mass, 9.84X10u; stage 20 mandible, 1.48X105; stage 24 frontonasal
mass, 1.62X107).

Chondrogenesis in frontonasal mass cultures is reduced
significantly by as little as 0.05 ng/ml (Table 6A; Mean for defined
medium = 14.03%, 1 S.D. = 2.24, also see fig. 7). In mandibular
cultures, doses of 0.05, 0.025, 0.01, and 0.0075 ng/ml significantly
reduce chondrogenesis compared to defined medium (Table 6A; mean for

defined medium 3.14, 1 S.D. = 1.21). With the smallest dose used,
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0.005 ng/ml, mandibular chondrogenesis is approaching levels seen in
defined medium (Table 6A). In control experiments, the daily addition
of the solvent for retinoic acid, DMSO, does not affect
chondrogenesis compared to cultures grown in defined medium (for
mandible 4.15%, 1 S.D. = 1.96).

ii. Addition of retinoic acid for the first 24h of culture

Due to the high incidence of detached cultures, the regimen of
daily additions of retinoic acid was not pursued. Instead, retinoic
acid was added for the first 24h only. Frontonasal mass cultures are
still prone to detaching and even with as little as 0.05 ng/ml, 50%
of cultures detach before the end of the culture period (Table 5B).
Mandibular cultures fare better and none of the cultures detach even
with 0.5 ng/ml retinoic acid added to the medium. Cell number data
has not yet been collected.

Chondrogenesis in frontonasal mass cultures is slightly
inhibited a single dose of 0.25 ng/ml or 0.1 ng/ml of retinoic acid
and 0.05 ng/ml has no effect on cartilage differentiation compared to
defined medium (Table 6B; Mean for defined medium = 14.03).
Differentiation of mandibular mesenchyme is much more sensitive to
retinoic acid than frontonasal mass mesenchyme. All doses tested
reduce the amount of cartilage compared to defined medium (Table 6B;
Mean for defined medium = 3.14). There is possibly some slight
stimulation of chondrogenesis with 0.25 ng/ml when compared to 0.1
ng/ml (Table 6B).

iii. Combination of a single dose of retinoic acid and daily
doses of bFGF

The addition of 0.5 ng/ml bFGF (second batch of bFGF) at the
same time as single dose of retinoic acid improves survival of

cultures. Only the highest dose of retinoic acid - 0.5 ng/ml -
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results in cultures detaching. Frontonasal mass cultures are more
likely to detach than mandibular ones (3/4 frontonasal mass cultures
detached v.s. 0/6 of the mandibular cultures) and this occurs late in
the culture period rather than early. |

S-phase labelling data at 48h indicate that retinoic acid
affects proliferation. The addition of 0.5 ng/ml retinoic acid plus
0.5 ng/ml bFGF to frontonasal mass cultures results in 1.9% of cells
being labelled (N = 2). In mandibular cultures 4.3% of cells are in
S-phase (N = 1). These data should be compared to 0.5 ng/ml bFGF with
no retinoic acid (Table 8B).

The chondrogenic area in frontonasal mass cultures is the same
with or without the addition of retinoic acid to the medium. The
staining is slightly more pale but the chondrogenic sheet is just as
solid as in cultures supplemented with only 0.5 ng bFGF (Mean area
for 0.25 ng retinoic acid + 0.5 ng bFGF is 39%, N = 2; data should be
compared with bFGF data in Fig. 13).

B. In vivo retinoic acid treatment followed by micromass culture in
vitro

i. Defined medium

There is a substantial deg;ease in cell number in frontonasal
mass cultures from pretreated embryos (Fig. 11) with only 1/4 the
number of cells plated remaining by the fourth day of culture and
cell number declines more rapidly in cultures made from normal
embryos (Fig. 11). Although cell number is significantly decreased in
retinoic acid pretreated cultures, the percentage of cells in S-phaée
remains the same compared to defined medium (Table 7).

Cell number at 96h in mandibular and maxillary cultures is not

affected by pretreatment with retinoic acid (Fig. 10). However, the
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labelling index for mandibular cultures from pretreated embryos is
significantly increased (Table 7, P<0.01) compared to cultures made
from normal embryos. In maxillary cultures there is no difference in
S-phase labelling.

Chondrogenic differentiation of frontonasal mass and mandibular
mesenchyme is inhibited by retinoic acid pretreatment (Figs. 12A,B).
In frontonasal mass cultures the pattern consists of darkly stained
nodules, some of which have coalesced. This pattern is very different
from normal cultures (Compare to Fig. 6A). In mandibular cultures the
pattern of chondrogenesis is also changed as a result of pretreatment
with retinoic acid in vivo. The discrete nodules normally found in
mandibular cultures grown in defined medium (Fig. 6B) are absent.
Instead there are weakly stained, poorly defined nodules (Fig. 12B).
The amount of chondrogenesis in both types of cultures is halved
(Fig. 14, T tests show that chondrogenesis is significantly reduced
in frontonasal mass and mandibular cultures made from pretreated
embryos, P<0.001).

ii. bFGF

The second batch of bFGF was used in this next set of
experiments. In order to ensure that control and experimental data
were comparable, a new set of control data (cultures from non-
retinoid-treated embryos) was generated using this second batch of
bFGF. The slight batch to batch differences account for the
differences in the normal data in fig. 13 from that of fig. 3 and S-
phase labelling values in table 7 versus those from batch 1 in table
1.

Retinoid pretreatment of frontonasal mass cells results in a
striking change in the response of these cultures to bFGF. Instead of

the large increases in cell number seen in normal cultures, cell
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number does not rise above the number plated (Fig. 13A). S-phase
labelling is also slightly reduced in retinoid pretreated frontonasal
mass cultures although due to high variability in the data, no
significant difference is found (Table 7). In maxillary and
mandibular cultures cell number at 48 and 96h is almost identical in
the pretreated and normal cultures (Fig. 13B,C). There is also no
difference in S-phase labelling in maxillary or mandibular cultures
as a result of pretreating embryos with retinoic acid. The response
to bFGF is the same in bﬁth pretreated and untreated cultures. (Table
7).

The chondrogenesis data for cells pretreated with retinoic acid
and cultured in the presence of 0.5 ng/ml bFGF rather than 1 ng/ml are

in Fig. 13 and Table 7. These data are comparable since cell number

~data for 0.5 ng bFGF is similar to 1 ng/ml (see Table 8 for 0.5 ng/ml

data). With cultures from non-treated embryos chondrogenesis is
stimulated to near serum levels (Fig. 14, compare to serum values in
fig. 6). In cultures from retinoid-treated embryos, bFGF does not
stimulate chondrogenesis as it would in normal cultures. In fact, the
amount of cartilage in the bFGF treated cultures is similar to the
amount formed in normal cultures grown in defined medium (Fig. 12C,
Fig. 14). In mandibular cultures, both retinoid treatment and bFGF
suppress chondrogenesis independently. It is not surprising therefore
that bFGF added to pretreated mandibulér cultures results in
eliminating chondrogenesis almost entirely (Fig. 12 D, Fig. 1l4).

V. Immunoblotting of facial protein; detection of fibroblast growth

factors
In order to see whether facial mesenchyme in the embryos

contains fibroblast growth factors, antibodies to various FGF
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peptides were used to search for FGF's on protein blots. A protein
gel is illustrated in figure 15. The track loaded with purified bFGF
did not stain with commassie blue although the same amount could
readily be detected with antibodies. bFGF could not be detected in
Western blots of protein extracts from facial mesenchyme: Since
antibodies 1 and 2 were raised against human acidic-FGF (aFGF) and
antibodies 3 and 4 were raised against human bFGF, only the latter
two antibodies bind to the purified bovine brain bFGF in track a
(Fig. 16). The positively staining band containing bFGF is located
between the correct size markers since reported molecular weight for
this protein is 16-18 kD (British Biotechnology; Esch et al., 1985).
In addition, the technical information from British Biotechnology
states that bFGF migrates as a doublet on SDS-PAGE. I find that with
entibody 4 the doublet is visible (Fig. 16 and Fig. 1@. whereas with
antibody 3 only one band can be detected (Fig. 16 and Fig. 17). With
both antibody 3 and 4 there is some faint binding in all three facial
mesenchyme tracks to bands in the correct size range but this is
nearly equal in intensity to non-specific preimmune binding (Figs.
16,17 and 18). In order to see whether the faint mesenchyme binding
is specific, blots were incubated in the primary antibody mixed with
the immunogen. The peptide should remove binding to specific bFGF
bands recognised by the antibody. The immunogen for antibody 3
removes the faint, lower molecular weight bands in the mesenchyme but
does not remove all binding to bovine bFGF (Fig. 17). The peptide for
antibody 4 decreases staining for all 3 types of facial mesenchyme
throughout the length of the blot (Fig. 18). In the bFGF track,
staining of the lower molecular weight band of the doublet is
completely eliminated and the higher weight band is greatly reduced

(Fig. 18). A comparison of 2 different detection systems (DAB and
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alkaline phosphatase) shows that both methods are equally sensitive

(Fig. 18).
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DISCUSSION

The aim is to discover the factors that control proliferation
and differential growth of facial mesenchyme in normal embryos and
examine their relationship to the retinoic acid-induced facial
abnormalities. I established a defined culture system in which to
rapidly screen growth factors for their effects on proliferation and,
as a first step, tested the effects of serum and bFGF and carried out
some preliminary experiments with EGF and TGF-B.

In defined medium, cell number did not increase in cultures of

any of the three types of facial mesenchyme at either high or low
density. Foetal calf serum stimulated an increase in cell number and
labelling index in high density cultures from all three faéial
primordia. In contrast, low density cultures did not increase in cell
number when serum was added to the medium. bFGF leads to an increase
in cell number in only frontonasal mass mesenchyme in both high and
low density cultures. In mandibular and maxillary cultures cell
number did not increase above plating density. The question of
whether facial mesenchyme synthesises bFGF is unresolved since the
protein could not be detected using Western blotting.

Chondrogenesis occurred in the frontonasal mass and mandible in
defined medium. When either serum or bFGF was added to frontonasal
mass cultures an increase in chondrogenesis occurred along with the
increase in cell number. In mandibular cultures, the addition of
serum did not change the extent of cartilage differentiation while
with bFGF the amount of cartilage that differentiated was reduced
compared to defined medium.

Retinoic acid added in vitro reduced survival of the cultures
and decreased the amount of cartilage that differentiated in

frontonasal mass and mandibular mesenchyme. Retinoic acid treatment
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of embryos in vivo inhibited frontonasal mass mesenchyme
proliferation and differentiation in vitro . In addition, frontonasal
mass cultures made from treated embryos no longer were stimulated by
bFGF. These changes in behavior of cells in vitro following retinoic
acid treatment were not seen in mandibular or maxillary cultures.

I. Role of proliferation and cell loss in determining cell number

A measure of cell proliferation canRgbtained by labelling cells
in S-phase, by counting mitotic figures or by counting total cell
number. The labelling indices under different culture conditions were
determined to find out whether the cell number is an accurate
reflection of cell proliferation. In serum-containing media, the
differences in cell number between the facial primordia after 96h
suggest that there are intrinsic differences in proliferation rates.
However, the maxilla had an unexpectedly high labelling index in
light of the small increase in cell number. Therefore the number of
cells in a culture is a balance between proliferation and cell loss.

The number of cells lost from a culture could be related to the
amount of matrix synthesized. The maxillary cultures in serum make
very little cartilage matrix and this could allow round, mitotic
cells to float away. However in mandible cultures, the extent of
cartilage differentiation is unaffected by the addition of serum and
yet cell number and labelling index increase. This suggests that |
other factors such as cell death, in addition to chondrogenic
differentiation may act to control cell loss. . |

II. Serum-derived and tissue-derived growth factors affect proliferation

of facial mesenchyme

The most unexpected result was that bFGF stimulated only

proliferation of cells from one of the three types of facial
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mesenchyme, frontonasal mass. In contrast, serum generally stimulates
cell proliferation. The preferential effect of bFGF was unusual since
this growth factor is mitogenic for many cell types (Gospodarowicz,
et al., 1986) including limb bud mesenchyme (Kaplowitz et al., 1982;
Aono and Ide, 1988). It had been expected that bFGF would stimulate
growth of all three types of facial mesenchyme to some extent.
However the control of proliferation in vivo is complex and probably
involves more than one growth factor. In this context, it is
important to remember that serum, which has mitogenic effects on all
facial mesenchyme, contains many growth factors such as platelet-
derived growth factor (PDGF [Ross et al., 1986]) and the insulin-like
growth factors (Smith et al., 1987).

bFGF is one of a group of tissue derived factors not contained
in serum (Gospodarowicz and Moran, 1976; Thomas, 1987; Rifkin and
Moscatelli, 1989). Other tissue-derived growth factors include: nerve
growth factor (Korshing et al., 1985), epidermal growth factor
(Carpenter and Cohen, 1979) and TGF-B (Sporn et al., 1986). I have
tested two other tissue-derived growth factors - EGF and TGF-p - and
they do not apbear to stimulate an increase in cell number. Thus far,
bFGF 1is unique in its ability to stimulate proliferation of
frontonasal mass cells in culture. Further experiments using purified
growth factors in isolation or in combinations will be needed to
determine factors involved in maxillary and mandibular proliferation.

III. Serum and bFGF may be stimulating the same cell population in the

frontonasal mass

The effects of serum and bFGF on frontonasal mass cells are very
similar. b-FGF can, on its own, stimulate an increase in cell number
in frontonasal mass cultures equal to that seen in serum. Moreover,

when both bFGF and serum are added simultaneously, there is no
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synergistic effect on cell number. Therefore it appears that the same
cell population in the frontonasal mass is affected by bFGF and
serum-derived growth factors. However, I cannot exclude indirect
actions of growth factors. It is possible that bFGF acts by
stimulating target cells to produce a second faétor that affects cell
proliferation. For example, bFGF has been shown to stimulate
transforming growth factor beta 1 (TGF-B) mRNA synthesis in
osteoblasts (Noda and Vogel, 1989)

IV. The relationship of high density conditions to cell proliferation and

differentiation

Most studies involving primary cultures of early embryonic
mesenchyme utilise high density conditions in order to stimulate an
increase in cell number (Karasawa et al., 1979; Hattori and Ide,
1984; Kaplowitz et al., 1982). It is thought that intercellular
comnunication is important to embryonic cells and that growth control
signals can pass through gap junctions (Loewenstein, 1966). Gap
junctions only arise through plasma membrane contact and therefore
could be important in high density cultures. In the presence of
serum, facial cells can only proliferate at high density. However in
defined medium with bFGF, cell number can increase at low density. Not
only is cell number increased in these low density cultures, but it
is specifically the cultures of frontonasal mass in which cell number
increases above plating density. Nearly identical conditions in limb
bud cultures - bFGF and low serum medium - stimulate proliferation of
anterior limb mesenchyme at lower densities although not as low as
the density of my cultures (3.6 X 10° v.s. 2.3 X 105 cells/cm2
respectively). Therefore bFGF provides different signals to serum and

these signals do not require cell-cell contact in order to exert
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their effect.

V. The role of cellular heterogeneity in the response to serum and

bFGF

Large numbers of chondrogenic cells differentiate in frontonasal
mass and mandibular cultures in defined medium, whereas myogenic
cells constitute a very small proportion of the total cells in the
culture (see also Ralphs et al., 1989). Are potentially chondrogenic
cells specifically stimulated to divide by serum and bFGF? If this
hypothesis is true then the relative number of chondrogenic cells in
each type of facial mesenchyme should account for the differences in
cell number produced by serum and bFGF. The frontonasal mass, which
has the most potentially chondrogenic cells, has the largest increase
in cell number in serum or bFGF-containing medium. The maxilla, with
the fewest chondrogenic cells, also has the smallest increase in cell
number in all culture media. The mandible, with an intermediate
number of chondrogenic cells, increases in cell number to a moderate
extent but only when serum is added to the medium. The correlation
between cell number and number of potential chondrocytes does not
hold for mandibular cultures when bFGF is added. Not only is cell
number maintained at plating density but the number of chondrogenic
cells appears to decrease. Therefore in the mandible, unlike the
frontonasal mass, potentially chondrogenic cells are not stimulated
to divide by bFGF.

In the frontonasal mass the effects of b-FGF on cell number, S-
phase labelling, and quantity of cartilage are probably related. bFGF
stimulates potential chondrocytes to both divide and differentiate
which leads to an increase in cell number and matrix. The fact that
there is a measurable increase in the proportion of culture occupied

by cartilage supports the notion that not all cell types present in
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the frontonasal mass were equally stimulated by b-FGF. Therefore b-
FGF is probably stimulating proliferation of a sub-population of
chondrocytes which are represented principally in the frontonasal
mass.

A separate issue is the purely differentiative effects that
serum and bFGF have on facial cells in culture. The increase in
matrix in the presence of serum and bFGF could be due to recruitment
of cells which would otherwise remain non-chondrogenic in defined
medium. However when serum is added to frontonasal mass cultures that
have first been cultured for 48 h in defined medium, there is no
further increase in matrix synthesis. Therefore a subpopulation of
prechondrocytes appears to have been eliminated after 48 h in defined
medium. Chondrocytes are lost from the culture either through cell
death or irreversible differentiation to another phenotype.

In mandibular cultures, chondrocyte differentiation is inhibited
by bFGF and unchanged by serum when compared to defined medium. To
test whether bFGF can inhibit matrix synthesis it would be necessary
to culture mandible cells until chondrocytes have differentiated (48
h). The next step would be to synthesise cartilage matrix in defined
medium, however if DFGF is added at this point chondrogenesis may be
inhibited. A comparison can be made between the amount of cartilage
in mandibular cultures grown in defined medium for 96 h and those
grown first in defined medium for 48 h followed by 48 h with bFGF in
the medium. If the amount of cartilage matrix was reduced compared to
defined medium, this would argue in favour of bFGF having directly
inhibiting matrix synthesis.

TGF-f and EGF appear to stimulate differentiation in frontonasal

mass cells without affecting cell number. TGF-p has previously been
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shown to stimulate an dramatic increase in cartiiage matrix in limb
bud cultures with no increase in cell number (Kulyk et al., 1989).
EGF and TGF-P are either stimulating each chondrocyte to generate
more matrix or stimulating a greater number of cells in the culture
to differentiate into chondrocytes. To see which possibiiity is true
as well as to answer questions about bFGF specifically increasing the
number of chondrogenic cells in the frontonasal mass, it is necessary
to quantify the number of chondrogenic cells directly using an
intracellular marker. An antibody to procollagen type I1II, the
intracellular precursor for type II collagen would be ideal.

VI. Myogenesis is unaffected by addition of bFGF

When foetal calf serum is added, muscle cell number decreases
dramatically in the mandible, over the numbers seen in defined medium
cultures. Serum may suppress potentially myogenic cells from
differentiating. bFGF added to defined medium does not alter the
total number of myogenic cells which differentiate in mandibular
cultures. These results are inconsistent with those reported by Olwin
and Hauschka (1986) and others (Clegg et al., 1987; Olwin and
Hauschka, 1988). These authors showed that FGF promotes proliferation
and suppresses differentiation on cell lines and primary cultures of
skeletal muscle myoblasts. In limb buds, bFGF is required for
differentiation in some muscle cells and delays expression of
myogenic proteins in others (Seed and Hauschka, 1988). It is possible
that the facial cell populations possess both types of myogenic cells
and therefore when exposed to bFGF show no net increase in the total
number that differentiate.

VI. Are differential proliferation rates in vitro relevant to facial

development in vive ?

Frontonasal mass cultures have a lower percentage of cells in
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S-phase than frontonasal mass at comparable stages in vivo (19% in
foetal calf serum cultures compared to 35% at stage 28 in vivo
[Minkoff and Kuntz, 1977]) while maxillary cultures are gloser to the
labelling index found in the intact primordium (20% in foetal calf
serum cultures compared with 25% in the maxillary primordia [Bailey
et al., 1988]). Nevertheless it is striking that maxilla cultures
under all conditions tested, have the smallest change in cell number
and that this primordium also makes the smallest contribution to the
bill.

VII. Region-specific effects of bFGF on proliferation

The results demonstrate that bFGF can stimulate an increase in
cell number in cultures of facial mesenchyme cultures from a specific
region of the face. This is now the second report of a region-
specific effect for bFGF. Aono and Ide (1988) found that certain
areas of chick limb mesenchyme responded to FGF while others did not.

The regional difference in responsiveness to bFGF may lie in the
differential distribution of receptors. Receptors for bFGF may be
more numerous in frontonasal mass mesenchyme than in maxillary and
mandibular mesenchyme. There is evidence that non-responsive cells
lack the receptor for the growth factor and that responsive cells
have large numbers of receptors (Neufeld and Gospodarowitcz, 1985).
In differentiated embryonal carcinoma cells, receptor number rather
than increased affinity is linked to an increase in biological
response to FGF (Rizzano et al., 1988).

The mechanism of FGF action may be very different in the embryo
as compared to cell culture. It has been proposed that there may be
another level of control of FGF responsiveness which is related to

signal transduction within the cell (Gillespie et al., 1989). For
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example, in frog embryos there is no strong association between
receptor distribution and ability to form mesoderm in the presence of
FGF (Gillespie et al., 1989). Vegetal cells which do not make
mesoderm, have FGF receptors.

VIII. Mechanism of action of bFGF in vivo

It has been suggested that b-FGF could be sequestered in various
regions of the animal and released from the basement membrane in
areas of active growth or areas of tissue repair subsequent to
injuries (Baird and Walicke, 1989). There is evidence of b-FGF
binding to heparan sulfate proteoglycan in basement membranes (Jeanny
et al., 1987; Vigny et al., 1988) and in a nonspecific way to the
plasma membrane (Moscatelli, 1987). In addition, there are probably
areas within the face that synthesise b-FGF. These sources of bFGF
could include the endothelium of the blood vessels (Vlodavsky et al.,
1987a) and nervous tissue (Kalcheim and Neufeld, 1990). We know that
bFGF is synthesized in embryonic tissues. The message for bFGF and
related growth factors is detected with Northern blots in embryonic
mouse tissues, including the face (Hébert et al., 1990). At present,
there are no studies using in situ hybridisation to localise bFGF
transcripts in particular regions of the embryo. bFGF protein has
been purified from chick limb buds of stage 18 to 28 embryos (3 to 5
days incubation [Seed et al., 1988; Munaim et al., 1988]) and bodies
of stage 15 to 30 chick embryos (Seed et al., 1988; Lee et al.,
1989). I did not find bFGF in facial mesenchyme with immunoblots, but
this may be due to the fact that trypsin was used to remove the
epithelium prior to protein extraction. Basement membranes are
removed with this treatment and therefore a rich source of bFGF could
also have been eliminated (Gonzalez et al., 1990; Baldin et al.,

1990). Antibodies have so far not been possible to detect bFGF in
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chick facial mesenchyme at ages less than 6 days incubation (Stage
30, [Kalcheim and Neufeld, 1990; Joseph-Silverstein et al., 1989])
but this is probably due to lack of sensitivity of the detection
system.

Quite how bFGF is released from cells once it is synthesized is
not known since bFGF lacks the usual signal sequence necessary for
proteins to pass through plasma membranes (Leader, 1979). In
addition, it has not been possible to detect bFGF in the culture
medium of endothelial cells (Vlodavsky et al., 1987b), even though
extracts of these cells are a rich source of bFGF (Vlodavsky et al.,
1987a). I have tried culturing facial mesenchyme in medium
conditioned by bovine arteriole endothelial cells (provided by M.
Noble) and cell number did not increase. This preliminary result
suggests that bFGF is not released from the endothelial cells or is
released in such small quantities as to be ineffective in stimulating
cell proliferation.

From the reports that receptors for bFGF exist (Lee et al.,
1989; Olwin and Haushka, 1990) it seems necessary for cells to
respond to exogenous bFGF. Yet paradoxically, cells do not seem to
secrete the protein. During growth, bFGF may act in an autocrine
manner. Each cell may produce the bFGF that it requires in response
to other signals. The bFGF remains in the cytoplasm until late 61 and
then translocates to the nucleus (Baldin et al., 1990) where it might
control DNA replication or transcription. The cell surface receptors
for bFGF may be there so that cells can respond to bFGF released from
nearby dying or injured cells. Programmed cell death is a feature of
embryonic development (Sulik et al., 1988) and has been noted in the

chick face (Wedden, 1986). It would be important to correlate the
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distribution of bFGF protein with the zones of programmed cell death.

IX. Differential effects of retinoic acid on facial cells in culture

Micromass culture has been used to study the effects of retinoic
acid on facial mesenchyme. My results showed that culture survival is
reduced by adding retinoic acid to defined medium. A similar study to
my own has been carried out recently where retinoic acid was added in
vitro to micromass cultures of facial mesenchyme (Langille et al.
1989). It was found that chondrogenesis in frontonasal mass cultures
was inhibited by 0.5 ng/ml retinoic acid while in mandibular cultures
treated with the same concentration, chondrogenesis was significantly
increased compared to the amount in defined medium. In contrast, 1
did not find the amount of cartilage in mandibular cultures to be
increased above that in defined medium with any dose of retinoic
acid. There was a difference in the culture conditions between my
experiments and those of Langille et al. (1989). Although we both
used 0.5 ng/ml retinoic acid, in Langille's cultures the amount of
retinoic acid per cell was 3.6 X 107 ng/cell while in my cultures the
concentration was 6.25 X 107 ng/cell. I also tried lower doses of
retinoic acid, exposing cells to nearly equivalent concentrations per
cell to those of Langille et al. (1989). When 0.25 ng/ml was added
there was more chondrogenesis than in cultures treated with 0.1 and
0.05 ng/ml. However, the amount of chondrogenesis with 0.25 ng/ml was
still half that seen in defined medium. It is interesting that
Langille et al. (1989) measured chondrogenesis with two techniques;
extracting the alcian blue stain and measuring the absorbance of
light at a particular wavelength and measuring the density of nodules
and mean diameter. He found that an identical dose of retinoic acid
increased absorbance at 600 nm while leaving number and size of

nodules unchanged. It is possible that if I quantified the intensity
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of staining in my cultures I might have obtained similar results to
those of Langille et al. (1989).

In this chapter I reported that cell number and chondrogenesis
was inhibited in facial mesenchyme from retinoid-treated'embryos when
grown in defined medium. Facial mesenchyme from retinoic acid treated
embryos has also been grown in serum-containing medium by Wedden et
al. (1987). With serum, there was no change in the amount of
chondrogenesis in either frontonasal mass and mandibular cultures
compared to cultures made from normal embryos. In this chapter 1
reported that cell number and chondrogenesis decreased in frontonasal
mass cultures made from retinoid-treated embryos. It is possible that
proteins in serum (growth factors, binding proteins) are able to
overcome the effects of the retinoid pretreatment. In defined medium,
these substances are absent and therefore the irreversible effects on
facial mesenchyme of retinoic acid are manifest. It would be
interesting to test whether purified factors present in serum are
able to induce chondrogenesis in frontonasal mass cultures made from
retinoid-treated embryos and grown in defined medium.

X. Interaction of bFGF and retinoic acid in facial mesenchyme

The tn vitro data clearly show that only the frontonasal mass
mesenchyme is stimulated by bFGF and furthermore that pretreatment
with retinoic acid abolishes the response to bFGF. The mandibular and
maxilléry mesenchyme from pretreated embryos have exactly the same
response to bFGF as mesenchyme from non-treated embryos. The results
suggest the possibility that the population affected by retinoic acid
pretreatment is also the one normally stimulated by bFGF., If two
different populations of cells were involved then bFGF should have

stimulated an increase in cell number regardless of whether the
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embryos were exposed to retinoic acid. It is therefore possible that
the irreversible effects of retinoic acid on upper beak development
in vivo may be connected to an altered response to growth factors. In
chapter 4 I shall discuss the molecular basis of how facial cells
could respond to retinoic acid. The specific effects of fetinoic acid
on the frontonasal mass could be caused by cytotoxicity, a change in
qualities of cell membranes or via binding to its nuclear receptors,

which then leads to changes in gene expression.
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Chapter 3, Table 1.

MEAN PERCENTAGE OF BrdU-LABELLED CELLS AT 48 h IN DIFFERENT CULTURE

MEDIA

Type of Medium FNM Mx Md
Defined 6.2 (0.4) 3.7 (0.8) 2.9 (1.4)
N=21U4 N=’4 N=5
Serum 18.6 (3.5) 19.7 (2.1) 10.7 (4.0)
N=6 N=3 N=3
bFGF 10.7 (1.2) 5.5 (3.8) 4.6 (1.5)
N=3 N=21§4 N=§5

FNM = frontonasal mass

Mx = maxilla
Md = mandible

N = number of wells counted, each well containing 2 micromasses
() = 1 standard deviation
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Chapter 3, Table 2.

CELL NUMBER (X 105) AT 96 h IN CULTURES SUPPLEMENTED WITH EGF OR TGFB

Type of EGF (10ng/ml) EGF (100 ng/ml) TGF B(1ng/ml)
Mesenchyme
Frontonasal Mass 1.83 3.83 2.31

N=1 N=1 N=2
Maxilla 1.05 1.85 N.D.

N =3 N=2
Mandible 0.92 1.79 1.39

N=214 N=2 N=2

Number of cells plated at start of culture = 4 X 105
N = number of wells counted, each well containing 2 micromasses
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