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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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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 growth 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 lk
(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.
IA). 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
IB). 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, I960, Noden, 1978a; Le Li^vre, 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, i960) 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. IB). Inside the oral

20

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,

I960).
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,,

198*1). 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 1 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,

I960). 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, i960). 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.
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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)*
II. 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 5
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 mye/epcephalon (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 neural crest of the embryo originates between 300 and
450 pm 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 myelervephalon. There are crest-free zones beyond
the caudal (Noden, 1983b) and rostral (Noden, 1983b; Couly and Le
Douarin, 1987; Le Li6vre, 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 by labelling
crest cells with ^H-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 conditions (Pardanaud et al.t 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.
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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 Li^vre, 1978, Noden, 1978a). However, it is not
clear which part of the frontonasal mass 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 Li6vre (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 Lidvre, 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 pm 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 Li§vre (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 Li&vre (1978).
The mandibular mesenchyme is derived from mesencephalic
crest (Noden, 1978a; Le Li6vre, 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 150pm long,
beginning 450pm 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).
III. Effects of retinoids on embryological development
Retinoids are necessary for normal development. Since retinoids
cannot be synthesized de novof 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 al1-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-cfs-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 alltrans-retinoic acid from polystyrene beads (Eichele et al., 198*0,
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

28

understood.
IV. Specific alms
In the subsequent chapters I will examine the tissue, cellular
and molecular controls of facial growth. In the next chapter I
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-fi) 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-ft 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 andmyelencephalon|(mye).
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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 Li6vre (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
i

INTRODUCTION
The striking facial feature of a chicken is its protruding,
i

|
|

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

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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MATERIALS 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-Lglutamine).

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 used for 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 45 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.

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 im 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.
II.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
Iovernight,
with 0.5# Alcian Green,A differentiated in acid alcohol (1# HC1 in 70#
| overnight,
| two changes, 1 h each
methanol)* 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 P“ 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 hydrolysed 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 HC1 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.
III.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 2pm 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
mu

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 24 facial tissues
A. Development of intact, stage 24 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

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 considerable distance
away was noted.
C. Recombinations of like-epithelium with like-mesenchyme from facial
primordia of stage

2k 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. kA). 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).
II. Effect of exchanging ectoderm between facial primordia of chick
embryos on morphogenesis of facial grafts
A. Recombinations with stage 2k facial tissues
When facial mesenchyme was recombined with ectoderm from the two

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. 90) or frontonasal mass epithelium was associated
with maxillary mesenchyme, a well defined ball of tissue arose from
the graft (Fig.50). Cartilage did not develop in any grafts
containing maxillary mesenchyme. Combinations of frontonasal mass or
maxillary epithelium (Fig. 50) 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. kh). 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. kB).
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

2k 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

kl

2k frontonasal mass

mesenchyme and stage

2k mandibular epithelium (mean for stage 20

grafts 2.7k, 1 S.D. * O.78 ; mean for stage 2k grafts ■ 3*89, 1 S.D. *
0.5k).
C. Cytodifferentiation in recombinations of stage 2k 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. 78) • 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.
III. 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 ^ d 7 days whereas the
mandibular grafts continue 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
limb or back ectoderm from stage

2k 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
mesenchyme.
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 IB).
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 24 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^O.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 24 mesenchyme and stage 20 AER - these grafts were
significantly shorter (PsO.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 33% of grafts. The combination of
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stage 2k 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 2k 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 (Chi

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 Chi

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

2k mesenchyme recombinations, the length of cartilage rod

is only slightly longer than isolated mesenchyme (P^O.l, Fig. 90).
The mean cartilage length is significantly shorter than the length of
homotypic controls for all stages of epithelium and mesenchyme
(P<0.001, Fig. 10B).
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 * I.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

2k frontonasal mass epithelium was clearly able to support joint
formation in both stage

2k and stage 20 limb mesenchyme to a far

greater extent than stage

2k mandibular and maxillary epithelium

(Table k t Figs. 13A-C). In the control combination of stage 2k limb
epithelium plus stage

2k limb mesenchyme, a virtually normal set of

digits developed in one instance (2 2 4) and in two cases only digits
2 and k developed (Fig. 13F). Isolated limb mesenchyme never formed
digits, only short rods of cartilage (Fig. 13E).

5k

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, cytodifferentiation 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 morphogenesis 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.

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

2k recombinations was the formation of a

double rod of cartilage with frontonasal mass mesenchyme in the stage
20 grafts. Wedden et at. (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.t 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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III. 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 2^h 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 the 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 ym from the tip of the developing
chick mandibular primordium. The spatial pattern of cell
proliferation along the proximo-distal axis of the 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; Rooney et at.,
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

recombinationsis the

amount of cartilage growth. Egg teeth were formed in S6% 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, 197*0* 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 frontonasal 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 outgrowth 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
limb buds. When the AER is removed from wing buds at progressively
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. t 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 I
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, 19551 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 epithelium. It
was proposed that the presence of a ventral 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 common^ 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 contributing 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 culturincjmesenchyme 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

Mesenchyme

None

FNM

Mx

Md

DW/Back

Intact
Fragments

FNM

7

11

8

10

9

6

Mx

11

1

9

7

2

7

Md

8

9

6

7

4

6

B. Number of recombinations between facial and limb tissues
Epithelium
Mesenchyme

20 AER

24 AER

24 FNM

24 Md

24 Mx 1None

20 limb

0

0

7

3

0

0

24 limb

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 =mesenchymealone 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
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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

24 hours

48 hours

Frontonasal mass

3/3

1/3

Maxilla

2/2

4/4

Mandible

3/3

4/5

B. Scanning Electron Microscopy
Type of
Mesenchyme

48 hours

Frontonasal mass

3/3 (shortest and shallowest
morphology)

Maxilla

2/2

Mandible

2/2

* = 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 2k LIMB
EPITHELIUM WITH STAGE 24 FRONTONASAL MASS OR MANDIBULAR MESENCHYME,

*

*

Three days
Four days
mean length (mm)__________ mean length (mm)
Frontonasal mass

0.31
N=2

1.14
N=2

Mandible

0.37(0.07)
N=3

0.29(.19)
N=4

* Number of days since grafting to host wing bud

[

i
i
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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

No. with joints/
% joints Length (mn)
Joints
total no.___________________________________ per graft

24 AER +
24 limb mes

3/3

100*

24 limb mes

0/5

24 FNM epi +
24 limb mes

3-93

5 to 6

02

0.53 (0.62)

0

7/9

782

1.22 (0.43)

1 to 2

24 FNM epi +
20 limb mes

5/7

712

2.65 (1.15)

1 to 3

24 Md epi +
24 limb mes

3/10

332

0.98 (0.53)

0 to 1

24 Md epi +
20 limb mes

0/3

02

2.26 (0.89)

0

20 Md epi +
20 limb mes

0/4

02

1.69 (0.66)

0

24 Mx epi +
24 limb mes

0/10

02

0.53 (0.3D

0
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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 ym 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 ym
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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 in 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 s 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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Length of cartilage rods in grafts of
frontonasal mass mesenchyme
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mandibular mesenchyme
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B.
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Mes only
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Mx epi

FNM epi

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 I
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Chapter 2, Figure 7*
Appearance of heterotypic/ heterospecific combinations in tissue
sections.
A) A 3 pm 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 = 50pm.
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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 0 represents
the day grafts were placed in the host limb-bud. Tissues were always
dissected from stage 2k embryos, therefore the equivalent stage
embryo for time 0 is stage 2k, FNM * frontonasal mass. Md = mandible
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Chapter 2, Figure 9»
A) A graft consisting of stage 2k 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 2k 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 2k 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 2k maxillary mesenchyme combined with stage 2k 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: 2k - stage 2k; 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 pm 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 2 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 amount
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 ^Hthymidine, 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

97

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

of

has made it possible to compare the sequenceAdifferent 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-p 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-|S 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)t which is necessary for dorso-ventral patterning and
patterning within the imaginal discs. Another TGF-|J 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 either 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, I987K

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, 198*1; 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 frontonasal 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 in 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-24 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 calciumand 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 10^ cells/ml.
B. Composition of media
Two types of media were used in these experiments. The serumcontaining mediumconsisted of 2 mM L-glutamine, 100 units/ml
penicillin, and 100 yg/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 serumcontaining medium, 5 pg/ml transferrin (bovine, Sigma), 100 nM
hydrocortisone (Sigma), 5 Ug/ml porcine insulin (Sigma) and 50 pg/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/pl. Where indicated epidermal growth factor (EGF, Gibco), and
transforming growth factor -pi (British Biotechnology Ltd., Oxford)
were added to the cultures. The medium was not filtered prior to use
since several of the components, especially insulin were adsorbed
onto the membrane. Therefore to ensure sterility, all additives were
aliquo"t ed and everything except the insulin was stored at -20°C.
All-trans retinoic acid (Sigma) was added to some cultures. A
stock solution was prepared by dissolving 10 mg R A i n 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 ym 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, lOpl drops
containing 2 X 10^ cells) or as a monolayer of 4 X 10^ cells in each
well of four-well tissue 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. lOpl drops of fibronectin (lOpg/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 pi 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 pi. Medium was replaced daily with 500 pi 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 200pl 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 pi serumcontaining 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,
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700 pi of

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 pi of fresh
medium used to resuspend the cells. 20pl 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 HC1 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.

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 J0% 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, 83B 6 (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).
II. 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 oJtre
rinsed in Hanks buffered salt solution and 10# fetal calf serum and
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centrifuged for k 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 to
frontonasal mass and maxillary pellets was 150 pi and 300pl was added
to the mandibular pellet. The cells were disrupted by vortexing for 1
min. A 1 ng/pl 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 IX sample buffer. A 100 X stock of bromophenol blue dye was
prepared (1# solution) and l/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 (SDSPAGE)
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 pi of facial protein sample, 5pl of size
markers, and k\il 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 (0.2pm 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 lowered 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, *+5# methanol, 45# 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”l4l: 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 lh
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.

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 »s 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 l8.63» and 19*73* of cells labelled respectively,
whereas the percent labelled cells in the mandible cultures is only
10.73* (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 number 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 mass (Fig. 4), whereas in mandible and
maxilla cultures the number of cells is still below the number of
cells plated (4X10^ 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
labelling 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
mesenchyme increases above plating density after only 48h of culture
(Fig. ISA) whereas at 96h the cell number is similar to the values
obtained with the first batch (Compare Fig. 3C with 13A). The second
batch of bFGF does not increase the cell number in mandible and
maxillary mesenchyme compared to the number plated (mean for mandible
= 4.74X105 , S.D. * 1.03; mean for maxilla = 4.00X105 , 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
= 8.3X10^ for frontonasal mass; mean for 2 wells for mandible =
1.16X105).
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

-tMr
increase in cell number; however, this is still less thanAobtained
with serum. In order to see whether serum contains factors 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 growth factor (EGF) and transforming growth
factor-f$ (TGF-p) 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-p 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 {k X 10^) 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/k the number of cells plated survive (10^ 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 9&h and exhibit three principal morphologies:
elongated, polyhedral, and rounded.
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III. 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, Figure 5A, B ) . The addition of
1 or 10 ng/ml bFGF to defined medium has no effect on the number of
muscle cells (Fig. 50). 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. 7i 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 cells were
cultured first in defined medium for 2 days and then in serumcontaining 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 lk.0% S.D. *
2.2k for cultures grown in defined medium). Therefore a serumresponsive, 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 2k% larger than in defined medium (Fig. 7)(T-test, P i 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. Pi 0.02, see
Fig. 9C). When 10 ng/ml bFGF is added, cartilage is scarcely
detectable (Fig. 7i 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. IOC). 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 chondrogenic area
between batches.
iv. EGF and TGF-p
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-£ 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 serumcontaining 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 acidinduced 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 l6.6nM) is added for all 96h of
culture, but cell number is greatly reduced (Stage 20 frontonasal
mass, 9*84X10^; stage 20 mandible, 1.48X10^; stage 24 frontonasal
mass, 1.62X105 ).
Chondrogenesis in frontonasal mass cultures is reduced
significantly by as little as 0.05 ng/ml (Table 6A; Mean for defined
medium = l4.03/5»» 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/^ 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 h.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 decrease in cell number in frontonasal
mass cultures from pretreated embryos (Fig. 11) with only 1/k 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-phase
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 7t P^O.Ol) 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 nonretinoid- 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 Sphase 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 ^8 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 both 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 aT6
in Fig. 13 and Table 7. Thest 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 mandibular cultures results in
eliminating chondrogenesis almost entirely (Fig. 12 D, Fig. 14).
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
antibody 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-p.
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 facial
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
be
A measure of cell proliferation canAobtained 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 plateletderived 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-£ (Spom et al., 1986). I have
tested two other tissue-derived growth factors - EGF and TGF-£ - and
they do not appear to stimulate an increase in cell number. Thus far,
bFGF is 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 factor that affects cell
proliferation. For example, bFGF has been shown to stimulate
transforming growth factor beta 1 (TGF-£) 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
communication 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 bFGFj 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 10^ cells/cm^
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, Sphase 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 bFGF 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 bFGF 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-£ 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 cartilage 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 possibility 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 II, 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 vivo ?
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 closer 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 regionspecific 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

131

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., 1969)- 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 (Hebert 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 G^ 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, I
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*8 X 10^ ng/cell while in my cultures the
concentration was 6.25 X 10^ 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 I
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 in 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
maxillary 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

135

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 retinoic 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)
N = 4

3-7 (0.8)
N = 4

2.9 (1.4)
N = 5

Serum

18.6 (3-5)
N = 6

19-7 (2.1)
N = 3

10.7 (4.0)
N = 3

bFGF

10.7 (1.2)
N = 3

5-5 (3*8)
N = 4

4.6 (1.5)
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 TGFp

Type of
Mesenchyme

EGF (lOng/ml)

EGF (100 ng/ml)

TGF £(lng/ml)

Frontonasal Mass

1.83
N = 1

3.83
N = 1

2.31
N = 2

Maxilla

1.05
N = 3

1.85
N = 2

N.D.

Mandible

0.92
N = 4

1.79
N = 2

1.39
N = 2

Number of cells plated at start of culture = 4 X 10^
N * number of wells counted, each well containing 2 micromasses
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Chapter 3» Table 3*
CELL NUMBER (X 105 ) IN MONOLAYER CULTURES
A. Defined Medium
Primordium

Hours of Culture
96h

Frontonasal mass

1.50
N=1

Maxilla

1.10
N=1

Mandible

1.41
N=1

B . Serum-containing medium
Primordium
4

Hours of Culture
24
48
12

96

Frontonasal mass

2.63
N=4
(0.38)

2.43
N=1

0.37
N=2

0.035
N=1

0.006
N=1

Maxilla

2.73
N=7
(0.36)

2.00
N=1

1.88
N=3
(1.06)

1.05
N=8
(0.80)

0.89
N=6
(0.94)

Mandible

3.06
N=2

1.78

1.24
N=3
(0.06)

2.50

0.73
N=7
(0.54)

N=5
(0.62)

N=5
(1.47)

C. Defined medium supplemented with 0.5 nf?/ml bFGF (second batch)
Primordium
48

Frontonasal mass

2.85
N=1

Maxilla

Mandible

Hours of Culture
96

6.10
N=1
4.10
N=1

4.60
N=1

I .76
N=2

N = number of wells counted, 2 micromasses per well
( ) = 1 standard deviation, calculated for N>3
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Chapter 3* Table 4.
NUMBER OF MUSCLE CELLS AT 48h IN DIFFERENT CULTURE CONDITIONS

Primordium

Frontonasal mass

Maxilla

Mandible

FCS
*

13.8

DM

Type of Medium
1 ng/ml bFGF

10 ng/ml bFGF

N=6
(7.7)

11.1
N=9
(6.1)

11
N=8
(9.7)

7.5
N=4
(1.7)

332
N=2

432
N=2

238
N=2

259
N=2

998
N=6
(292)

53^8
N=6
(660)

5731
N=6
(1361)

5285
N=6
(553)

N = number of individual micromass cultures counted
0 = 1 standard deviation calculated for N>3
N.D. = no data available
* There were 2 experiments which gave very different muscle cell
counts for the frontonasal mass. These values are listed here:

Exp. 43
Exp. 45
Exp. 45

FCS

DM

83
298
N.D.

147
167
343

1 ng/ml bFGF
134
298
344
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10 ng/ml bFGF
N.D.
280
241

Chapter 3» Table 5*
THE EFFECTS OF ADDING RETINOIC ACID IN VITRO

A,Daily addition of retinoic acid in vitro:
number of detached cultures/total number of cultures.

Primordium

Daily dose of retinoic acid in ng/ml
0.01
0.1
0.025
0.0075
0.05

0.005

Frontonasal mass

2/2

0/8

N.D.

N.D.

N.D.

N.D.

Maxilla

2/2

2/2

2/2

0/2

N.D.

N.D.

Mandible

2/2

4/10

0/2

0/4

0/2

0/2

B.Addition of retinoic acid for first 24h only:
number of detached cultures/total number of cultures.
Primordium

Dose of retinoic acid in ng/ml
0.5
0.25
0.1
0.05
0.01

Frontonasal mass

3/4

0/3

2/4

2/4

N.D.

Maxilla

N.D.

0/4

2/2

N.D.

N.D.

Mandible

0/4

0/8

0/4

0/2

0/2

N.D. = no data available
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Chapter 3* Table 6.
THE EFFECTS ON CHONDROGENESIS OF THE ADDITION OF RETINOIC ACID IN
VITRO

A.Percentage area of culture occupied by cartilage: Retinoic acid
added daily for entire culture period
Primordium

Dally Dose of Retinoic Acid
0.1

0.05

0.025

0.01

0.0075

0.005

Frontonasal mass

12
N=2

8.2%
N=2

N.D.

N.D.

N.D.

N.D.

Mandible

N.D.

0.253*
N=2

0 .2%
N=2

0.4*
N=2

0.22
N=2

2.82
N=2

B.Percentage area of culture occupied by cartilage: Retinoic acid
added for the first 24h only
Primordium

Dose of Retinoic Acid
0.5

0.25

0.1

0.05

0.01

Frontonasal mass

N.D.

10.32
N=3

10.22
N=2

14.93*
N=2

N.D.

Mandible

02
N=4

1.62
N=2

0.12
n =4

0.22
N=2

1.5%
N=2

N.D. = no data available
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Chapter 3» Table 7«

PERCENTAGE OF CELLS IN S-PHASE AFTER 48h OF CULTURE; COMPARISON OF
CELLS FROM RETINOID-TREATED EMBRYOS AND CELLS FROM NORMAL EMBRYOS

*

DM
PreTx

bFGF
Normal

PreTx

Normal

5-5 (2.5)
N=5

n =4

6.0 (1.2)
N=6

8.2 (4.22)
N=5

5.2 (1.5)
N=6

2.4 (0.6)
N=4

6.4 (2.1)
N=6

6.2 (1.0)
N=3

4.7 (2.6)

3.7 (0.8)
N=4

7.4 (4.1)
n =4

5.9 (2.1)
N=5

Type of Mesenchyme
Frontonasal Mass

Mandible

Maxilla

n =4

6.3 (0.4)

* PreTx = Embryos pretreated with retinoic acid for 24h prior to
dissecting the facial primordia.
DM = Defined medium
bFGF = 1 ng/ml bFGF added daily to cultures grown in defined medium
0 = 1 standard deviation
N = number of wells, 2 micromasses per well

i

I
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Chapter 3# Table 8.
THE EFFECTS OF bFGF ON CELL NUMBER AND CELL PROLIFERATION IN CULTURES
MADE FROM EMBRYOS PRETREATED WITH RETINOIC ACID

A.Cell number in normal cultures and cultures from embryos treated
with Retinoic acid: 0.5 ng/ml bFGF added daily to defined medium
48h PreTx^

48h Normal

96h PreTx

96h Normal

Type of Mesenchyme
Frontonasal mass

2.66*
N=2

Maxilla

3.60
N=2

5.45
N=1

3.45
N=1

2.21
N=1

Mandible

4.62
N=2

2.46
N=2

2.53
N=2

2.65
N=1

2.59
N=2

4.96
N=2

6.30(0.53)
N=3

1
i

i
!
if
i
i
I
|

B.Percentage of cells in S-phase after 48h of culture: Comparison of
cells from retinoic acid treated embryos to cells from normal embryos

PreTx^________________ Normal
0.5 ng/ml bFGF
0.5 ng/ml bFGF
Type of Mesenchyme
Frontonasal Mass

5*6
N=2

6.7
N=2

Maxilla

5-1
N=2

5-9
N=1

Mandible

5-1
N=2

6.7
N=1

* All cell number data X 10^
1 = Embryos pretreated with retinoic acid for 24h prior to dissecting
the facial primordia.
N = number of wells, 2 micromasses/well
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Chapter 3» Figure 1.
A diagram of a stage 2k chick face; the dashed lines indicate how
facial primordia were dissected. The entire 375 P® width of the
maxillary primordium was dissected. KEY: FNM = frontonasal mass, Mx
maxilla, Md = mandible.
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Chapter 3» Figure 2.
A cell smear made from a 24 h maxillary culture grown In serumcontaining medium. BrdU was added to the culture 1 h before making
this smear. The cells in S phase were visualized by using an antibody
to BrdU and a fluorescently labelled second antibody.
Scale bar = 100 ym
A) Phase photomicrograph
B) The same field as in A viewed under fluorescence illumination.
Eleven cells which incorporated BrdU are labelled with the BrdU
antibody.
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Chapter 3t Figure 3*
A) Cell number plotted as a function of duration of culture in
defined medium. Each value represents the mean of 3 to 11 separate
experiments.
B) Cell number plotted as a function of duration of culture in
medium containing foetal calf serum. Each value represents the mean
of 3 to 8 separate experiments.
C) Cell number plotted as a function of duration of culture in
defined medium containing 1 ng/ml of bFGF. Each value represents the
mean of 4 to 6 separate experiments. These cultures were plated on
fibronectin spots but this did not affect the number of cells
adhering at 4h (compare with 3B)•
Key: Arrow = number of cells plated, 4 h time point illustrates the
number of cells that adhered from the suspension. Error bars
represent 1 standard deviation on either side of mean.
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Growth of facial mesenchyme in
micromass culture
10.00
9.00

Defined medium

-

8.00
7.00

-

6.00
5.00
4.00
3.00

1.00

-

0.00
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10.00
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9.00
8.00

-

7.00

-

6.00
5.00

”

-

4.00
3.00
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2.00
1.00

0.00
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-

8.00

-
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-
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Chapter 3» Figure

k.

Histogram showing cell number in micromass cultures 96 h after
addition of 1, 10, 100 ng/ml bFGF and 10 ng/ml ♦ 0.2% FCS to defined
medium. Each bar for the 1 and 10 ng/ml data represents the mean of
four to six separate experiments. The 100 ng/ml data is the mean of
two experiments. The data for serum + bFGF was the mean of two to
three experiments. Error bars represent 1 standard deviation.
KEY: Arrow = mean number of cells adhering 4h after plating
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Response of facial mesenchyme to various doses of bFGF
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10 + 0.2% FCS

Frontonasal mass
Mandible
Maxilla

Chapter 3» Figure 5»
Phase photomicrographs of mandibular mesenchyme cultures fixed after
^8h of culture and stained with a muscle specific antibody. Scale bar
for all photographs is 250pm.
A) A culture grown in defined medium. Darkly stained muscle cells are
swirling around cartilage nodules (N).
B) Mandibular cells cultured in 10% fetal calf serum. Far fewer
muscle cells are visible than in A.
C) Mandibular cells cultured in the presence of 10 ng/ml bFGF. The
nodular pattern is no longer obvious and muscle cells are no longer
organised around nodules.
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Chapter 3* Figure 6.
Micromass cultures stained with Alcian blue at 96h in defined or
serum-containing medium. Scale bar for all figures = 1.0 mm.
A) Frontonasal mass cells in defined medium. The Alcian-blue stained
matrix has a lacy appearance (compare with solid sheet in 6D).
B) Mandible cells in defined medium. An array of tiny nodules extends
out to the edges of the culture (compare to 6E).
C) Maxilla cells in defined medium. Faintly staining nodules can be
detected.
D) Frontonasal mass cells in serum-containing medium. A central sheet
of cartilage is present.
E) Mandible cells in serum-containing medium. The cartilage matrix is
arranged in nodules confined to the centre of the culture.
F) Maxilla cells in serum-containing medium. There is no visible
cartilage matrix.
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Chapter 3» Figure 7*
Histogram showing the percentage area occupied by cartilage in
micromass cultures in different culture media. For DM, FCS and bFGF,
each bar represents the mean of 4 to 9 cultures for frontonasal mass
cells and the mean of 6 to 16 separate cultures for mandibular cells.
For EGF, frontonasal mass data is the mean of 3 cultures and for
TGF-p, frontonasal mass data is the mean of 3 cultures and mandibular
data is the mean of 2 cultures. The error bars represent 1 standard
deviation.
KEY: FCS * Foetal calf serum-containing medium, DM * defined medium,
bFGF * basic fibroblast growth factor, EGF = epidermal growth factor,
TGF-f} = transforming growth factor beta.
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The effect of growth factors on the
amount of cartilage matrix
% of Culture Occupied by Cartilage

50.0 -

40.0 -

30.0 -
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■

-

10.0
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Chapter 3» Figure 8.
A frontonasal mass micromass culture grown in defined medium for 48h
and then for 48h with 10% fetal calf serum. The pattern of
chondrogenesis is similar to frontonasal mass cultures grown in
defined medium for 96h (compare to Fig. 6A). Scale bar - 1.0 mm
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Chapter 3» Figure 9*
Micromass cultures stained with Alcian blue after 96h of culture in
defined medium with added bFGF. Scale bar = 1.0 mm
A) Frontonasal mass culture in defined medium supplemented with 1
ng/ml bFGF. Darkly stained chondrogenic area in the centre of the
culture contains nodules, some of which have coalesced.
B) Frontonasal mass culture in defined medium supplemented with 10
ng/ml of bFGF. A dense sheet of cartilage has formed in the centre of
the culture similar to that which forms in serum (compare to Fig.
6D).
C) Mandibular culture in defined medium supplemented with 1 ng/ml
bFGF. A few tiny nodules of cartilage in the centre of the culture
have developed but far fewer than in media without bFGF (compare with
Fig. 8B).
D) Mandibular culture in defined medium supplemented with 10 ng/ml
bFGF. Virtually no cartilage has differentiated.
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Chapter 3» Figure 10.
Frontonasal mass cultures grown for 96h in the presence of 3
different growth factors and stained with Alcian blue.
Scale bar = 1 mm.
A) Frontonasal mass culture grown in the presence of 100 ng/ml EGF. A
nodular pattern has differentiated.
B) Frontonasal mass culture grown in the presence of 1 ng/ml TGF-p. A
dense sheet of cartilage has differentiated.
C) Frontonasal mass culture grown with 0.5 ng/ml of bFGF from the
second batch. A nearly confluent sheet of cartilage has formed in the
centre of the culture.
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Chapter 3# Figure 11.
Mean 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 medium.
FNM = frontonasal mass, Md = mandible, Mx = maxilla, PreTx = cultures
from retinoid-treated embryos.
Number of wells counted (N) and 1 standard deviation for each mean
value ()
48 h

96 h

Type of culture
FNM DM

N=4

N=10.

(0.56)

(0.82)

FNM PreTx

N=5
(0.43)

N=4
(0.45)

Md DM

N=ll
(0.35)

N=l6
(0.49)

Md PreTx

N=6
(0.72)

N=4
(0.72)

Mx DM

N=7
(0.47)

N=12
(0.24)

Mx PreTx

N=4
(0.19)

N=2
(0.11)
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Effect of retinoic acid pretreatment on growth of facial
mesenchyme in micromass culture (defined medium)
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Chapter 3» Figure 12.
Wholemounts of micromass cultures made from embryos treated with
retinoic acid stained with Alcian blue. Scale bar * 1 mm.
A) A frontonasal mass culture grown in defined medium. The cartilage
pattern is nodular and the stained area is much reduced compared to
normal cultures of frontonasal mass.
B) A mandibular culture grown in defined medium. There are some very
faintly stained, poorly defined nodules present. The pattern is
changed compared to mandibular cultures made from normal embryos.
C) A frontonasal mass culture grown in bFGF supplemented medium (0.5
ng/ml, second batch). The condrogenic region is small compared to the
area of the whole culture and the pattern consists of coalesced
nodules.
D) A mandibular culture grown in bFGF supplemented medium (0.5 ng/ml,
second batch). The appearance is similar to a culture made from
normal embryos in that no cartilage has differentiated.
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Chapter 3* Figure 13Cell number v.s. duration of culture in cultures made from retinoic
acid-treated embryos and cultures made from normal embryos. Cultures
were grown in defined medium supplemented with 1 ng/ml bFGF.
A) Frontonasal mass cell number in cultures from pretreated embryos
does not increase as it does in normal cultures.
B) Maxillary cell number is identical in cultures made from
retinoid-treated embryos and normal embryos.
C) Cell number in mandibular cultures is identical regardless of the
type of mesenchyme used.
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Effect of retinoic acid pretreatment on growth of facial
mesenchyme in micromass culture ( lng/ml bFGF)
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Chapter 3# Figure 14.
A histogram depicting the percentage of the culture occupied by
cartilage in cultures made from normal and retinoid-treated embryos.
The amount of cartilage in frontonasal mass cultures made from
retinoid-treated embryos is reduced by 50% in defined medium, and 70%
in bFGF supplemented cultures. The amount of cartilage in mandibular
cultures is also reduced by retinoid treatment.
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Effect of pretreating embryos with retinoic acid on the
amount of cartilage synthesized in culture
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Chapter 3t Figure 15.

An SDS polyacrylamide gel loaded with 10 yl of sample in
each lane. Track a = frontonasal mass mesenchyme
Track b * maxillary mesenchyme
Track c = mandibular mesenchyme
Track d = purified bovine bFGF, approximately 0.5 ng loaded. The bFGF
is dissolved in medium containing BSA and this band can be seen at
the top of the track (arrow)
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Chapter 3* Figure 16.
Two different blots made from 2 gels run simultaneously on the same
apparatus. Panels 1-4 are from blot 1 and panels 5“8 are from blot 2.
The track (a) has 2 ng of purified bovine bFGF and track (b) has 10
pi of mandibular mesenchyme sample. The locations of the size markers
are depicted with arrows. All proteins have been detected with
Avidin-biotin conjugated second antibody from the Vectastain kit.
1) Membrane incubated in antibody 3 to bFGF. The BSA is recognised by
this antibody since the immunogen was conjugated to BSA. Note that a
single band is detected by the antibody in the track containing bFGF.
2) A membrane incubated in preimmune serum for antibody 3» Very
little non-specific staining is present.
3) Antibody 4 was used to incubate this membrane. A doublet is
recognised in the bFGF-containing track in contrast to antibody 3*
4) Preimmune serum for antibody 4 does not bind to any protein on the
membrane.
5) Antibody 1, which recognises aFGF, does not bind to the bFGF
loaded in track a.
6) Preimmune serum control for antibody 1.
7) Antibody 2, which recognises aFGF, does not bind to any protein on
the blot.
8) Preimmune serum control for antibody 2.
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C h ap ter 3» F ig u re 17*

Three immunoblots made from 2 different gels. Panels 1 & 2 are from
gel 1 and panel 3 is from gel 2. All secondary antibodies were from
the Vectastain kit and reacted with DAB. Track a has been loaded with
2 ng of purified bovine bFGF, track b has been loaded with 5ul of
frontonasal mass sample, track c has been loaded with 5 pi of
maxillary sample, and track d has been loaded with 3 1*1 of mandibular
sample.
1) This membrane has been incubated in antibody 3» There is a single,
very dark band in track a where the bFGF has migrated and three
faintly staining bands in each of tracks b, c, and d at the same
level as the bFGF band. However, there are also bands visible at all
levels of the blot of similar intensity in tracks b, c, and d.
2) This membrane has been incubated in 1.7 yg/ml peptide plus the
antibody to peptide 3» Not all the staining of the bFGF band has been
removed by the peptide (track a), however there is very little
staining of the protein bands in tracks b-d.
3) A membrane incubated in the preimmune serum for antibody 3* Very
little background staining is evident.
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Chapter 3» Figure 18.
An immunoblot in which the antibody to peptide 4 was used. Panels 1
and 2 are from one gel and panels 3 and 4 are from a second gel.
Track (a) has been loaded with 2 ng of the purified bFGF, tracks (b),
(c), and (d) have been loaded with 5 pi of frontonasal mass, maxilla,
and mandible sample, respectively.
1) The antibody to peptide 4 recognises a doublet in the bFGF track
(a) and does not bind to any bands in tracks b, c, and d. A secondary
antibody conjugated to alkaline phosphatase was used to detect bound
antibody.
2) Preimmune serum control for peptide 4.
3) The primary antibody was mixed with 1.7 pg/ml of peptide 4 prior
to incubation of this membrane. Most of the specific binding to the
bFGF band has been eliminated.
4) A membrane incubated in the antibody to peptide 4 as in panel 1,
however the secondary antibody was conjugated to avidin-biotin. The
doublet of bFGF can be seen in track a.
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APPENDIX
Sample Buffer
2.5 ml 1.25 M Tris-HCl buffer, pH 6.8
1.0 g Sodium Dodecyl Sulfate
2.5 ml 2-Mercaptoethanol
5.8 Ml Glycerol (87/0
35 ml distilled water
Make up to 50 ml, store frozen -20°C for 4-6 months
Polyacrylamide gel
Resolving gel (15 ml)
30% Acrylamide stock (ml)
Distilled Water
1.875 M Tris-HCl pH 8.8 (ml)
1.25 M Tris-HCl pH 6.8 (ml)
Degas solution then add

6.25

Stacking gel (5 ml)
0.8
3.6

5.50
3.00

-

0.5

-

10% SDS (yl)
150.0
TEMED (yl)
7.5
10% Ammonium Persulfate (yl)
50.0
Mix carefully and cast immediately
TEMED - N ,N ,N f,N ’-Tetramethylethylenediamine
IPX Electrode Buffer Tris-Glycine

50.0
5.0
17.0

144.2 g Glycine
30.3 g Tris
10.0 g SDS
Dissolve in 800 ml distilled water and then make up to 1 litre. Can be
stored at room temperature for up to 2 months.
IX Transfer Buffer
For 1 litre:
100 ml of 10X electrode buffer
200 ml methanol
700 ml distilled water
Tris-buffered saline (TTBS)
100 mM Tris
0.9 % NaCl
Adjust pH to 7*5
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CHAPTER 4
INTRODUCTION
Retinoic acid has a striking effect on the developing chick
face. The upper beak fails to grow out while the lower beak extends
normally (Tamarin et al., 1984). Frontonasal mass cells cultured from
retinoid-treated embryos are similarly inhibited in their growth and
differentiation. I would like to know what the basis is for the
retinoid effects on upper beak cells. In this chapter I examine the
distribution of one of the nuclear receptors for retinoic acid in the
developing face and look at how expression is altered following
retinoic acid treatment. This area of study could lead to an
understanding of the molecular events involved in normal and abnormal
facial morphogenesis.
I. The effects of all-frrcms retinoic acid on the developing face
Careful study of the morphology of the abnormal, retinoidtreated face has shown that the frontonasal mass is specifically
affected (Tamarin et al., 1984). The shape of the lateral nasal
processes and maxillae are distorted but this is thought to be
secondary to the lack of fusion with the frontonasal mass primordium
(figure 1. [Tamarin et al., 1984]). Grafting studies have confirmed
that mandibular primordia from retinoid-treated embryos develop
completely normally whereas the frontonasal mass grafts are
significantly shorter (Wedden, 1987). In this chapter, I describe the
growth of isolated lateral nasal processes and maxillae from treated
embryos.
The proposed mechanism underlying the upper beak defect centres
on the failure of the frontonasal mass to enlarge. The contact
between the frontonasal mass, lateral nasal and maxillary primordia
does not occur which in turn prevents their fusion with each other.
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With continued development, the upper beak primordia of treated
embryos remain as individual tubercles (Fig. 1 and Tamarin et al,,
1984).
II. The dose-response characteristics of the retinoic
acid facial defect
Implanting retinoic acid-soaked beads under the apical
ectodermal ridge of the limb bud causes a cleft upper beak. The
response of the upper beak depends on: 1) the length of exposure, 2)
the concentration of retinoic acid loaded into the bead and 3) the
age of the embryo (Tamarin et al., 1984; Wedden and Tickle, 1986). In
order for frontonasal mass development to be completely inhibited,
the face must be exposed for a minimum of 24 h to retinoic acid.
Beads soaked in 10 mg/ml retinoic acid cause severe upper beak
defects in 100# of embryos where as lower doses lead to truncations.
Embryos are most sensitive to retinoic acid between stages 20 and 21.
Thereafter sensitivity drops sharply until by stage 24, the face is
unaffected by exposure to retinoids. I therefore chose to examine
retinoic acid receptor distribution in embryos treated at stage 20
with beads soaked in 10 mg/ml of retinoic acid. I describe the
retinoic acid receptor distribution prior to bead implantation at
stage 20, then 24h and 48 h following implantation. Since the dose
used causes the most severe facial defect, any resulting changes in
distribution or level of the receptor should be readily apparent.
III. Retinoic acid considered as a possible morphogen
There is suggestive evidence in the limb-bud that retinoic acid
is a natural morphogen involved in anterior-posterior patterning. A
morphogen is defined as a molecule distributed in a pattern capable
of generating a pattern (Wolpert, 1989). In fact, retinoic acid is

183

found in a graded distribution in limb buds with the highest
concentration being near the polarising region (Thaller and Eichele,

1987). The gradient of retinoic acid may provide the positional
information limb cells require to form the correct pattern of
cartilage elements. Other evidence that retinoic acid may be an
endogenous morphogen is that local release of retinoids at the
anterior margin of the limb bud mimics the effects of polarising
region grafts (Saunders and Gassling, 1968; Tickle et al., 1982).
Both these manipulations lead to the formation of duplicated
cartilage elements. It is not known whether a polarising region
exists in facial primordia, therefore it is not possible to compare
effects of a natural patterning substance to those of retinoic acid
as one can in the limb bud. However it is important to note that no
concentration of retinoic acid ever gave rise to duplicated upper
beak structures (Wedden and Tickle, 1986). This difference in
response to retinoic acid between the limb and beak may simply be due
to the form of administration. The beak experiences a systemic dose
from a bead implanted in the limb bud whereas the limb bud is exposed
to locally released retinoic acid. In chick embryos where retinoic
acid has been applied systemically, only limb truncations have been
reported (Jelinek and Kistler, 1981).
IV. Means of registering the presence of retinoic acid
It has recently been learned that there are nuclear receptors
for retinoic (RARs) that can bind to DNA (Giguere et al., 1987;
Petkovich et al., 1987; Benbrook et al., 1988; Ragsdale et al.,

1989). It is therefore possible that gene expression could be altered
by ligand-induced binding of the receptor to the DNA (Green and
Chambon, 1988; Brickell and Tickle, 1989). The number of different
receptors for retinoic acid is ever increasing. For example, there
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are now 3 retinoic acid receptors (a,

and gamma) reported for

mouse (Zelent et a l 1989)* Each receptor has conserved DNA (region
C) and ligand binding domains (region E) and less conserved regions
A, B, D, and F. The function of the A/B region may be to activate
transcription (reviewed by Green and Chambon, 1988). The zinc-finger
structure of the DNA binding region is similar to other steroid
hormone receptors and therefore retinoic acid receptors are contained
within the steroid and thyroid hormone receptor superfamily (Evans,
1988). In addition to the retinoic acid receptors within the
superfamily there are also orphan receptors such as RxR (Mangelsdorf
et al., 1990). These receptors are postulated to be a part of another
evolutionally older, pathway for retinoic acid action. Cell surface
receptors and gap junctions are not required for retinoic acid to
penetrate cell membranes since the molecule is hydrophobic and lipid
soluble.
Retinoids also bind to carrier proteins in the cytoplasm
(reviewed by Chytil and Ong, 1984), such as cellular retinol binding
protein (CRBP) or cellular retinoic acid binding protein (CRABP). The
binding proteins regulate the amount of available retinoic acid in
the cell and tissue.

In the chick limb for example, the distribution

of CRABP in the mesenchyme could steepen the gradient of free
retinoic acid and can therefore be instrumental in setting up
positional information (Maden et al., 1988). Another possible role
for the binding proteins is to act as a carrier for retinoic acid,
ferrying the retinoic acid to its nuclear receptors.
It is possible that all of the retinoid-binding molecules could
play a role in normal and abnormal (retinoic acid produced facial
clefting, duplicated limb structures) development. This chapter is
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concerned with the expression of the chick version of retinoic acid
receptor-p (RAR-p). There are two features of RAR-p that make it
especially interesting to study. The first is that retinoic acid
binds to RAR-p with higher affinity than it does RAR a (Brand et
al., 1988) Secondly, retinoic acid can also induce the expression of
RAR-p (de The et al., 1989)* The chick RAR-p was cloned by Dr. Annie
Rowe (Rowe, Richman and Brickell, unpublished results) and the
pattern of expression in normal and retinoic acid treated chick faces
was examined. I have found that RAR-p expression is concentrated in
the upper beak primordia and that retinoic acid treatment affects
gene expression in these primordia.
V. Type II collagen
It is known that cranial epithelia synthesise type II collagen
in discrete regions between stages 10 and 16 and this distribution
correlates with future regions of chondrogenesis. Moreover, because
of the correlation, it has been proposed that type II collagen plays
an active role in patterning the chondrocranium (Thorogood et al.,
1986; Thorogood, 1988). Neural crest cells, which form most of the
chondrocranium, migrate through extracellular matrix on their way to
the branchial arches etc. On the way, neural crest cells encounter
type II collagen and become trapped in particular regions. The
differentiation into cartilage ensues and thus the morphology of the
chondrocranium is developed. The trapping of neural crest cells in
particular locations has been termed the ’Flypaper Model’ (Thorogood,

1988).
It is important to compare the RAR-p mRNA distribution with
another molecule which has a known pattern of localised expression
in the face. The specificity of each pattern can be recognised and
their relationship to morphology ascertained. I chose to use a probe
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for type II collagen as a positive control. Type II collagen is
classically known to be produced by cartilage and transcripts of the
gene have been found in the chondrogenic regions of limb buds (Devlin
et al, , 1988; Swalla et al., 1988). In addition to its association
with cartilage, type II collagen protein has been localised in
particular sub-basement membrane regions of the developing head
(Thorogood et al., 1986). It has been proposed that mesenchymal cells
that are exposed to type II collagen will then differentiate into
cartilage. Therefore type II collagen may play a role in patterning
the chondrocranium of the early head (Thorogood, 1988). I have found
Type II collagen mRNA in both chondrogenic regions and in certain
facial epithelia. The frontonasal mass mesenchyme expresses type II
collagen and RAR-p in the same region, where as the mandible
expresses the transcripts in non-overlapping distributions.

187 0^

MATERIALS
I. List of abbreviations
PBS = phosphate buffered saline
SSC * sodium chloride/sodium citrate
ddW = double distilled water
RNA = ribonucleic acid
cDNA a complementary deoxyribonucleic acid
CTP a cytosine triphosphate
TESPA a triaminopropyltriethoxysilane
EtOH a ethanol
IMS a industrial methylated spirit
Tris a TRIZMA base, tris[hydroxymethyl]aminomethane
DTT a dithiothreitol
RAR a retinoic acid receptor
X-gal a 5-bromo-chloro-3-indolyl-(S“D-galactoside
EDTA a ethylenediaminetetraacetic acid
EGTA a Ethylene Glycol-bis(-£-aminoethyl Ether) N,N,N*,N*-Tetraacetic
acid
PIPES a piperazinediethanesulfonic acid
BSA a bovine serum albumin
bFGF a basic-fibroblast growth factor
II. Solutions
All chemicals purchased from BDH, UK unless otherwise indicated.
10X PBS stock = 1.3M NaCl, 70mM Na2H 4 , 30 mM NaH2P0^*H20)
20X SSC stock a 3M NaCl, 0.3M Sodium Citrate
Proteinase K buffer a 100 mM Tris, 50 mM EDTA, pH 7*5
RNase buffer a 10 mM Tris, 0.5 M NaCl, 5 mM EDTA, pH 8
10X Salts for hybridisation mix a 0.3 M NaCl, 0.1 M Tris pH 7»5» 0.1
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M sodium phosphate buffer pH 6.8, 50 mM EDTA,

10 X Denhardts

solution
50X Denhardts Solution = 1% Ficoll, 1% polyvinyl pyrolidone, 1% BSA
(Fraction V)
Deionized formamide * formamide stirred for 30 min with deionizing resin
then filtered.
III. Hybridisation Solution
Final concentration of radioactivity should be 5 X 10^ to 10^ counts
per minute/yl.
Volume

Stock

final

Ingredient

50

20X

IX

salts

482.5

IX

0.5X

Deionised formamide

200

50%

10*

dextran S0/j in H2O

25

20mg/ml 500yg/ml yeast total RNA

20

1 M

5

50mM

DTT

10 mg/ml 50yg/ml Poly A

25 (in 50 mMDTT, 50% formamide) cold S-labelled RNA
10 (in 20 mMDTT, 50* form) 35S labelled cRNA
165__________________ ddW, autoclaved
1000 yl total volume
IV. Probes used for in situ hybridisation
A (5-type RAR cDNA clone was isolated from a 10 day chick cDNA
library by Dr. Annie Rowe. The identity of the receptorwas

confirmed

by homology to human and murine (5-type receptors. Dr.Roweconfirmed
the specificity of cRNA probes by performing Northern blot analysis
with a complimentary oligo nucleotide made to the A region of the
gene. The oligo probe recognised the same two transcripts (3*5 and
2.8 kb) as the full length cRNA.
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The entire length of the RAR-p cDNA was transcribed to make cRNA
probes for in situ hybridisation (Fig. 1). A type II (al) collagen
cDNA (pCJ4, Devlin et al., 1988) was used to create cRNA probes for
in situ hybridisation. In addition, the opposite strand was
transcribed to make mRNA for use as a negative-control. All probes
were labelled with 35s CTP

(New England Nuclear, Dupont, Specific

activity = 1300 Curies/mmole) activity) and hydrolised to an average
length of 150 bases prior to use according to the method of Hogan et
al. (1986).
METHODS
I. Tissue preparation
The pattern of expression of RAR-p and type II collagen
transcripts was determined in the facial primordia of stage 20, 24,
and 28 chick embryos. Retinoic acid soaked beads were placed in stage
20 embryos as described elsewhere (chapter 2, see also Eichele et
al., 1984) and treated embryos were fixed 24 and 48 h after bead
placement. Beads were not removed from the embryos at any time. Heads
were dissected in ice cold PBS on an ice cooled slab and fixed
overnight in freshly made 42 paraformaldehyde in PBS (4°C, pH 1.2).
Heads were rinsed in PBS at 4°C two times for 30 min, then dehydrated
in a series of ethanols; 2 X 1:1 EtOH/PBS, 15 min; 2 X 10% EtOH 15
min; 1 X 852 EtOH 30 min; 1 X 952 EtOH 1 h; 3 X 1002 EtOH, 1 h each;
|

2 X toluene, 30 min each; and 3 X freshly melted and filtered

|

paraffin (DIFC0 Polywax, Difco, Surrey) 30 min each. Blocks were
stored at 4°C and could be used several months after embedding. All

i

|

methods involved in this and subsequent sections were partially

!

I

derived from a protocol provided by D. Davidson (MRC, Edinburgh).
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II. Preparation of slides and coverslips and sectioning of blocks
A. Slide cleaning and coating
Glass slides were cleaned by dipping in 10% HC1 in 70% IMS 10
sec, distilled water 10 sec, 95# IMS 10 sec, and then dried in oven
at 150°C. Slides were handled with gloves after acid washing. Slides
were dipped in a 2% solution of TESPA (Sigma UK) in acetone for 10
sec; 2 X 100X acetone, 10 sec; 1 X ddW 10 sec; and baked dry at 42°C.
Slides are best used fresh after TESPA coating (within the first 4
days) although they can be recoated with TESPA if longer than 4 days
has elapsed.
B. Sectioning
Seven pm thick sections were taken and relevant areas were
selected to be placed onto slides. A drop of distilled, autoclaved
water was placed on the clean slides which were lying on a hotplate
(40°C). Sections were floated onto the water, allowed to spread out
and positioned at the bottom 1/3 of the slide. Sections were dried
onto slides for several hours on the hotplate and then sealed onto
the slides overnight in a wax oven (60°C). Sections were stored at
4°C with dessicant in box and these could be stored up to several
months prior to hybridisation.
Slides were grouped into threes and 2 adjacent sections of each
type of head were placed on the three slides. Slide "a" was always
hybridised with the RAR-p probe, slide "b" was hybridised to type II
collagen mRNA (negative-control), and slide Mc" was hybridised to the
type II collagen cRNA probe. Thus it was possible to find directly
adjacent sections hybridised to RAR-p and type II collagen.
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C. Siliconising coverslips
Coverslips of various sizes were washed in detergent (Teepol),
rinsed in ddW, 100# EtOH and allowed to air dry. Coverslips were
dipped in a 2# solution of Dimethyldichlorosilane (BDH, UK) at room
temperature, dried, rinsed in ddW, dried, and then baked at 120°C for
2-3 h.
III. Prehybridisation
After several modifications of the hybridisation protocol the
following gave the best signal to background ratio (Combined methods
of Hogan et al., 1986; Wilkinson et al., 1987; and D.Davidson).
1) 15 min xylene (fresh)
2) 2 min each 100, 95, 90, 80, 60, 30# EtOH
3) distilled water 2 times for 2 min
4) 20 min HC1 (1:49 made up in autoclaved, ddW)
5) 5 min in 2X SSC
6) 10 min in 5pg/ml Proteinase K (Gibco, BRL) 37°C
7) 2 min in 2 mg/ml glycine
8) 2 X 1 min PBS
9) 15~20 min in 4# paraformaldehyde/PBS
10) 2 min PBS
11) 10 min in 1:400 acetic anhydride made up in 0.1M triethanolamine
(Sigma, UK) pH 8.
12) PBS 5 min
13) Dehydrate 30, 60, 80, 95, 100# EtOH for 2 min each.
14) Air dry 1 h under cover
IV. Hybridisation
1) Mix hybridisation mixture then add ^5$ labelled cRNA
2) Vortex and heat at 80°C for 2 min
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3) Place probe on ice
4) Spread probe onto sections using parafilm, and cover with
siliconized coverslip.
5) Place

slides in plastic box with3MM paper (Whatman)soaked

in

30% formamide, 2X SSC on bottom and dry paper sellotaped to lid.
6) Seal and place boxes in water bath or oven between 55~59°C for at
least 18 h.
V. Post-hybridisation washes
1) Soak coverslips off in 2 X SSC, 30% formamide at 50°C with 10 mM
DTT
2) 2X SSC, 30% formamide, 10 mM DTT 65°C, 20 min
3) RNase buffer 15 min, 2X, 37°C
4) RNase

40 pg/ml (50 mg/ml stock),37°♦30 min

5) RNase buffer, as before
6) 2X SSC, 30% formamide, 10 mM DTT, 20 min, 65°C
7) Repeat step 6
8) 0.1 X SSC, 20 min, 10 mM DTT, 65°C

(MOST stringent wash)

9) 0.1 X SSC, 10 mM DTT, room temp, quick rinse
10) Dehydrate using 0.3M ammonium acetate in 80, 90, 95» 100 % EtOH
for 2 min each.
11) Air dry 1 hr or more under dust cover.
VI. Autoradiography and staining
In the darkroom with a safelight on, slides were dipped in
Ilford K5 (Ilford, UK) emulsion (42°C), diluted 1:1 with 2% glycerol
in water. The emulsion was hardened on an ice cooled tray for 10 min
and then the slides were allowed to dry flat for at least 2 h or
overnight. Slides were boxed and stored at 4°C with dessicant in box
and left to expose 2 to 4 weeks. After exposure, slides were
developed using Kodak D19 developer for 5 min, rinsed in water and
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fixed with Kodak Unifix. After this point slides were handled in
daylight. Sections were stained for 2 min with a 0.05# solution of
Malachite green (made fresh from 1#

stock). Excess stain could be

removed easily under gentle running water. Slides were allowed to air
dry several hours, then soaked in xylene 30 min to several hours, and
coverslipped with DPX mountant (BDH, UK).
VII. Transfection of cells and detection of &-galactosidase activity
Frontonasal mass cells were isolated and plated at low density
(2.3 X 105 cells/cm^) in the presence of 0.5 ng/ml bFGF. The culture
was allowed to proliferate for kSh and become nearly confluent. A
also see Fig. 3 ) which

plasmid (pCHHO, Pharmacia;

rTM

contains the lacZ gene, was mixed with Lipofectin

(BRL, Life

Technologies, Inc.). Five pg of DNA was mixed with 12.5pl water, and
12.5pl

of Lipofectin ™(lmg/ml) was mixed with 12.5pl water. These

two solutions were mixed together and added directly to the well,
25yl per well. The bFGF medium had been removed and cultures were
TM

rinsed twice with defined medium prior to adding the Lipofectin

.

The cells were exposed to the transfection agent for 2k h after which
time the medium was replaced with defined medium plus 0.5 ng/ml bFGF.
The culture was allowed to grow for another 2k h prior to fixation.
Cultures were fixed overnight at 4°C in 2% paraformaldehyde, made up
in 0.1M PIPES, 2 mM MgCl and 1.25 mM EGTA, pH 6 .9 . The cultures were
then washed in 0.1 M PIPES, 2 mM MgCl at k°C for 10 min, and
permeabilized with 0.1 M PIPES, 2 mM MgCl, 0.01# sodium desoxycholate
and 0.02# Nonidet P-40 (Sigma,UK) for 10 min. The same detergent
solution plus 5 mM potassium ferrocyanide, 5 mM potassium
ferricyanide, and 1 mg/ml X-gal (Gibco BRL) was used to incubate the
cells for 3 h at 37°C. Both transfected and non-transfected cultures
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were treated exactly the same way, ie. exposed to X-gal for 3 h.
Finally cultures were rinsed 2 times for 5 min in 0.1 M PIPES, 4
times for 5 min in water, dehydrated in alcohols and mounted in
glycerol. Cells which had incorporated plasmid DNA were stained blue,
the product of p-galactosidase hydrolysing the dye from fi-Dgalactoside.
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RESULTS
I. RAR-P and type II collagen expression in facial primordia of
normal embryos
A. Stage 20 embryos
RAR-p transcripts are expressed in specific regions of Stage 20
embryos (N = k). Strong hybridisation is found in; the upper (rostral
or anterior) part of the maxillae, the lateral nasal processes, and
the lateral edges of the frontonasal mass (Figs. 4A-F). The signal is
primarily mesenchymal rather than epithelial (Fig. ^B, E). In
contrast, there is only weak hybridisation in the mandible, the
central region of the frontonasal mass and the lower part of the
maxillae (Fig. *IA-F). The neural tube and brain appear to show
moderate levels of

hybridisation, however this is very close to

background levels and is probably not specific (Compare Fig. 4F to
4G, the negative-control).
Lateral sections of stage 20 embryos reveal that the facial
primordia have more RAR-p transcripts than the dorsal parts of the
head (Fig. 5A). Therefore although from frontal sections the mandible
appears to be only weakly hybridised, the lateral sections
demonstrate that there is some specific hybridisation to the RAR-p
probe. The total area of the stage 20 face that expresses RAR-p is
quite small in lateral sections and this is consistent with the
appearance in frontal sections.
Type II collagen transcripts have a striking epithelial
localisation along the lateral sides of the lateral nasal processes,
and mandible and hyoid arches (Fig. 4h ). The otic vesicles are
strongly positive as are the notochord and neural tube. There is some
positive hybridisation over brain tissue and over the neural tissue
in centre of the mandible. The nasal pit epithelium and oral
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epithelium are similar to negative controls (Fig. 4G).
B. Stage 24 embryos
The pattern of RAR-p expression in stage 24 embryos (N ■ 4)
shows considerable similarity to stage 20 embryos. There is a sharp
boundary in the maxilla with strong hybridisation in the rostral part
and weak hybridisation in the caudal part (Fig. 6B,C,J(H,I). The
lateral nasal processes, as well as lateral edges and corners of the
frontonasal mass (Fig. 6B,C,J,H,I) also show strong hybridisation. As
at stage 20, hybridisation is mainly mesenchymal (Fig. 6H). The
mandible has no area of specifically strong hybridisation.
At stage 24 there are also regions with positive hybridisation,
which were not positive at stage 20. There is a triangular shaped
area of moderate hybridisation in the frontonasal mass (Fig. 6J,I).
The apex of the triangle points down (caudally) towards the edge of
the frontonasal mass, while the base extends across the upper aspect
of the nasal slits. It should be noted that the plane of section
(Plane 1 as depicted in fig. 6) in figures 6B-F does not demonstrate
the hybridisation within the frontonasal mass. This is because Plane
1 (Fig. 6) cuts through the frontonasal mass more deeply, missing the
area of strong hybridisation found in plane 2 (Fig. 6, Fig. 4G-L).
At this stage, the notochord is

moderately positive.

Lateral sections of stage 24 embryos to which the RAR-p probe
was hybridised, demonstrate a clear boundary between strongly
hybridised rostral and signal-poor caudal parts of the maxilla (Fig.
5B,C). As one moves from the oral cavity to the hind brain, the
boundary within the maxilla moves up, towards the brain. This
explains why different depths of sections in the frontal plane show
different proportions of the maxilla with abundant levels of RAR-p
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transcripts. As in the case with stage 20 embryos, RAR-p transcripts
are more abundant in the facial primordia than in the pharynx or
dorsal regions of the head. In addition there is hybridisation over
the hyoid arch below the mandible.
Some aspects of type II collagen localisation are conserved
between stage 20 and stage 24. Signal is restricted to the epithelium
of the lateral nasal processes, lateral aspect of the mandible and
hyoid arches and within the notochord (Fig. 6D,E,F,J,K,L). The oral
side of the mandibular epithelium is negative (Fig. 6K). Unlike stage
20, there is a strong signal in the cranial epithelium at the top of
the head (Fig. 6J,L). In some specimens which were late stage 2Vs,
there was type II signal over early condensing Meckel’s cartilage in
the mandible (Fig. 6J,K). Note that the sections in Figs. 6J,K,L are
very heavily labelled over all the tissue. This is because the type
II collagen probe in this experiment was very heavily labelled. These
slides should have been developed earlier than the slides hybridised
to RAR-p in order to decrease the level of background labelling.
C. Stage 28 embryos
At stage 28 (N = 4) the pattern of RAR-p transcripts is similar
to that of stage 24 embryos except more accentuated. There are very
strong areas of hybridisation in the lateral nasal processes, centre
of the frontonasal, and the edges and comers of the frontonasal mass
(Fig. 7 A,B,E,F,I,J). The maxilla has a very distinct boundary
between hybridised and nonhybridised halves. The notochord is still
moderately hybridised to RAR-p. Once again the epithelium is
negative. Unlike earlier faces, in stage 28 embryos, moderate
hybridisation is visible surrounding the condensing Meckels cartilage
in the mandible (Fig. 7E,F).
Type II collagen transcripts are found in the epithelium of the
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head as they were at stage 24. The superior aspect of the cranium,
the lateral surfaces of the lateral nasal processes as well as the
lateral surface of the mandible and hyoid arches are all rich in type
II collagen signal (7C,D,G,H,K,L). The oral surface of the maxillary
and mandibular epithelium are noticably negative. The external
epithelium' of the maxilla is now expressing type II collagen whereas
at stage 24 this epithelium was negative. Chondrogenesis in the
mandible is underway in Meckel’s cartilage while the frontonasal mass
has just initiated cellular condensation in the centre of the
primordium where the prenasal cartilage will form. Type II collagen
transcripts are therefore found within the mandible in Meckel’s
cartilage (Fig. 70tH) and over the centre of the frontonasal mass
(Fig. 7C,D,G,H).
Since chondrogenesis is just beginning in the frontonasal mass
at stage 28 there is some variation in the level of type II collagen
transcripts between different embryos. This is due to the signal rich
region being very small in the initial stages of cytodifferentiation
and therefore only included in a few sections. It is likely that the
embryo in Fig. 11-L is slightly behind in development compared to the
embryo in 7A-D and the embryo in 7E-H.
It is interesting to compare the RAR-p hybridisation in figure
7E and F, with the type II collagen signal in figure 7G and H. The
RAR-p signal-free region in the mandible corresponds almost exactly
to the strongly positive type II collagen region over Meckel’s
cartilage. In the frontonasal mass, the RAR -p and type II collagen
signals are both over the same region. The frontonasal mass in
figures 7A-D demonstrates the colocalization of RAR-p and type II
collagen transcripts in a V-shaped region in the centre of the
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primordium.
II, RAR-g and type II collagen expression in retlnoic acid treated
embryos
A. Stage 24 embryos
Twenty-four hours after retinoid treatment (stage 24),
interesting changes in RAR-p distribution can be detected. These
changes occur primarily in the maxillary and mandibular primordia. In
stage 24 treated embryos (N = 3)t transcript expression extends
throughout the maxillae. The absence of a sharp boundary within the
maxilla is evident in two different planes of section (Figs. 8A-E are
cut in plane 2, Fig.6; Figs. 8F-I are cut in plane 1, Fig. 6). The
level of hybridisation also appears to be elevated in the treated
mandible primordium (Fig. 8B,G) compared with normal embryos (Fig.
6C, I). In contrast, the frontonasal mass retains the V-shaped region
of high expression in the central region as well as high levels over
the edges and corners of the primordium. The lateral nasal processes
also hybridise strongly. Note that non-specific background signal is
higher in sections depicted in Fig. 8A-E than in 8F-I. These sections
were hybridised on two different occasions, therefore amount of label
incorporated into the RAR-0 and type II collagen probes was not
exactly the same for both experiments. This resulted in overexposure
of some of the autoradiographs.
The pattern of type II collagen transcripts is unchanged as a
result of retinoic acid treatment (Fig. 8C,D,E,H,I). There is marked
expression in the lateral epithelium of the mandible and maxilla
(Fig. 8D), superior surface of the cranium and lateral side of
lateral nasal processes. Early condensing Meckel's cartilage can be
detected in the embryo in Figs. 8C-E.
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B. Stage 28 embryos
A total of 3» treated, stage 28 embryos were examined. By stage
28 (48h after bead implantation) extensive changes in morphology of
the face can be seen (Fig. 9A-J). There is a general broadening of
the face with a distortion of the lateral nasal processes and
maxillae. The maxillae have rotated such that the oral side is now
facing outward towards the lateral surface of the mandible. The
lateral nasal process is now bilobed. The frontonasal mass has
rounded rather than sharp corners and a dimple in the centre of the
primordium extending to the oral edge of the primordium. The mandible
appears to be more pointed than untreated embryos but this is due to
the angle of the primordium. In treated embryos the mandible is
pulled up towards the frontonasal mass rather than protruding out
from the rest of the head.
RAR-p transcripts are down to near background levels in lateral
nasal processes, maxillae, corners and lateral edges of frontonasal
mass (compare Fig. 9B and E; Fig. 9G and J). There is no longer a
sharp boundary between the transcript-rich upper part of the maxilla
and the absence of specific hybridisation in the lower part. The only
strongly positive area is in the centre of the frontonasal mass,
where a butterfly shaped concentration of signal can be seen (Fig.
9B,G). The mandible has a similar pattern to the untreated stage 28
embryo, hybridisation adjacent to but not over Meckel's cartilage
(Fig. 9A,B,F,G). The density of silver grains in the mandible appears
to be similar to that of untreated stage 28 embryos.
Type II collagen localisation is now absent from the frontonasal
mass although it is still present in the mandible over Meckel's
cartilage (Fig. 9C,D,H,I). The epithelial localisation is similar to
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untreated stage 28 embryos. For example, the absence of type II
collagen signal in the oral epithelium is also a feature of treated
embryos. It is possible to determine the degree of rotation of the
treated maxillae by the location of the boundary between hyridised
external epithelium and non-hybridised oral epithelium. This boundary
is moved lateral to its original location. The nasal epithelium does
not have detectable type II collagen transcripts.
III. Development of isolated retinoid treated maxillae and lateral
nasal processes
Since the expression of RAR-p in the maxillae and lateral nasal
processes is altered by retinoic acid treatment, the development of
maxillary primordia and lateral nasal processes was studied by
grafting them to the wing buds of host embryos. Retinoic acid
treatment of stage 20 embryos has no measurable effect on the
development of grafted maxillae. The maxillae form round swellings of
equal magnitude to non-treated maxillae (Mean diameter of untreated
maxillae is 2.52, 1 S.D. = 0.15, N = 3; diameter of treated maxillae
is 2.3, 1 S.D. = 0.40, N = 4) and the morphology is indistinguishable
in whole mount specimens (Fig. 10A nontreated maxilla, Fig. 10D
treated maxilla).
The lateral nasal processes from untreated embryos (N = 4)
developed into a recognizable series of 2 chonchae and a rod of
cartilage (Fig. 10B,C). Treated lateral nasal processes (N = 3) give
rise to a poorly defined mass of cartilage (Fig. 10E,F). Chonchae can
not be clearly distinguished. This is consistent with the bilobed
appearance of the primordium in sections.
IV. The transfection of DNA into facial cells
One way to study gene function is to insert extra copies into
the cell, leading to over-expression. This can be accomplished with
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cell lines using various methods of transfection but has not so far
been carried out with primary cultures of facial mesenchyme. The low
density frontonasal mass cultures grown in the presence of bFGF have
the desired characteristics for successful transfection: 1) The high
rate of proliferation, 2) the ability to control proliferation by the
addition or subtraction of a defined substance and, 3) the ability to
grow well in low density conditions. As a first step towards
developing methods that would allow transfection of face cells with
RAR-p, experiments were carried out in collaboration with Dr. Mukesh
Patel of the Medical Molecular Biology Unit. We explored the
efficiency of transfection using a plasmid with the marker gene (lac
Z, coding for -(J galactosidase) encapsulated in liposomes.
Dr. Patel performed the transfection. After fixation,
permeabilization and cleaving the substrate (X-gal), there were a
total of 45 positive cells in the lipofected culture (see
representative fields, fig. 11A,B). Part of the culture detached
during the staining procedure and therefore an accurate measurement
of total cell number in the well was difficult. This detachment of

TM

cells could have been due to prolonged exposure to Lipofectin

since

it is know to be mildly cytotoxic. I estimated total cell number by
measuring the central area of the transfected culture that had lost
its cells and calculating the cell density of the central region of
the nontransfected culture. I calculated the number of cells that
would have been present in the detached area and subtracting this
value from the number normally present in 96 h cultures of
frontonasal mass cells (6 X 10^). There were probably 4.3 X 10^ cells
remaining in the well, therefore the incidence of transfection was
1:10,000. The control culture provided with the same amount of
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substrate was completely negative, ie. no endogenous
activity could be detected.
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galactosidase

DISCUSSION
To gain insight into the molecular basis for the retinoic acidinduced defect in upper beak development, the expression of RAR-0
transcripts was studied using in situ hybridisation. In normal
embryos the upper beak primordia have higher levels of

transcript

than the lower beak primordia. Furthermore, there is a strikingly
uneven distribution of receptor expression within single primordia
such as the maxilla and frontonasal mass. Type II collagen
transcripts are also regionally localised in the faces of normal
embryos but the pattern is quite different to that of RAR-ft RNA.
There is no mesenchymal hybridisation until stage 24 when
chondrogenesis is initiated in the mandible. The epithelium shows
type II collagen transcripts over extra-oral epithelia but not
intra-oral epithelium. Embryos treated with retinoic acid at stage 20
show detectable changes in expression of RAR-p as early as 24h after
treatment (Stage 24). Only the maxillae, which contribute to the
upper beak, show changes in gene expression. The mandibular primordia
form the lower beak, are not affected by retinoic acid, and do not
show a change in the distribution of RAR-£ transcripts. Forty-eight
hours after retinoic acid treatment, RAR-p expression appears to be
down regulated in all the upper beak primordia and again unchanged in
the mandibular primordia. The distribution of type II collagen
transcripts remains unaltered for the first 24 h after retinoic acid
treatment. Forty-eight hours after retinoic acid treatment, the usual
increase in type II collagen signal (which correlates with the onset
of chondrogenesis in the centre of the frontonasal mass), is not
apparent. Type II collagen transcripts are present in Meckel’s
cartilage 48 h following retinoic acid treatment just as in normal
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embryos.
I. Comparison of RAR-fr distribution In the face with other retinoidbinding substances.
Studies that have examined the distribution of retinoid-binding
substances in the face have all used the mouse embryo and none have
looked specifically at RAR-|J. The

distribution of CRABP message

(Perez-Castro et al.# 1989) and protein (Maden et al,, 1990) has been
described. At early stages, only the frontonasal mass expresses CRABP
transcripts and once cytodifferentiation has begun, both upper and
lower facial primordia express CRABP throughout the mesenchyme. The
protein for CRABP is expressed in early first branchial arch
mesenchyme. The distribution of RAR-gamma transcripts in the face of
the mouse embryo has been described (Ruberte et al, , 1990). The
distribution of signal is even throughout the frontonasal mass and
mandible mesenchyme. Later in development RAR-gamma is found in the
oral epithelium above the tooth germs and also in the epithelium
that forms the hair follicles. RAR-fS is the only retinoid-binding
substance to localise in particular regions of the face although the
distribution of all substances that could affect registering of the
retinoic acid signal should also be examined.
II. Uneven expression of RAR-B in the upper beak primordia of normal
embryos may relate to embryological origins, the fate of the
primordia. and fusion between primordia
A. Embryological origins of upper beak mesenchyme
The normal chick embryo expresses abundant RAR-|J transcripts in
the centre and edges of the frontonasal mass, in the lateral nasal
processes and in the rostral (anterior) part of the maxilla. It is
possible that the uneven distribution in upper beak primordia is
related to the neural crest origins of facial mesenchyme. The
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frontonasal mass, lateral nasal process and maxilla are derived from
prosencephalic and mesencephalic crest cells. Therefore the primordia
which express the receptor are comprised of similar neural crest
populations.
The striking regional expression of the receptor within these
primordia may be related to which parts of the primordia are derived
from mesencephalic crest and which parts are derived from
prosencephalic crest. From the data, one can hypothesise that RAR-p
expression is primarily associated with neural crest cells derived
from the prosencephalon.
The rostral part of the maxilla, which expresses RAR-p, is
derived from prosencephalic crest

(Le Lidvre, 1978) whereas the

caudal part of the maxilla does not express RAR-p and is formed
primarily by mesencephalic crest. The lateral nasal process has
completely even expression of RAR-p in both frontal and lateral
planes of section and the greater proportion of this primordium is
composed of prosencephalic crest (Le Lidvre, 1978).
The correlation of RAR-p expression and prosencephalic crest
-derived cells in the frontonasal mass is less clear. The centre of
the frontonasal mass is hybridised to RAR-p in shallower sections and
not in deeper ones. In Chapter 1 I described how in the frontonasal
mass the more distal structures are derived from the prosencephalic
crest while those more proximal are from mesencephalic crest (Le
Lidvre, 1978). Therefore it is likely that in young embryos there is
a superficial layer of prosencephalic crest underlaid by a deeper
layer of mesencephalic crest and RAR-p is expressed in the
prosencephalic cells. RAR-p is also found at the lateral edges of the
frontonasal mass in both shallow and deeper sections. It is not known
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whether the edges of the primordium are composed of mostly
prosencephalic neural crest. In order to answer this question it
would be necessary to graft prosencephalic crest of a quail into a
chick, and then perform both in situ hybridisation and Feulgen
staining on the sections of chimeric embryos.
B. The fate of the facial primordia
The significance of the boundary of RAR-p expression in the
maxilla may be in determining the fate of the different regions of
the primordium. The boundary of RAR-p expression is in fact
noticeably canted at stage 28, slanting up towards the frontonasal
mass in frontal sections. It appears as though the external
structures and the part of the maxilla involved in fusing with the
premaxilla, derive from the region which hybridises strongly to RAR-p
probe. The part of the maxilla that forms the palatal shelves may be
derived from the signal-poor region. This idea needs to be confirmed
by developing a fate map of the maxilla.
In the frontonasal mass, RAR-p expression is associated with
two different regions of the primordium, the globular processes that
form the premaxilla, and central third that forms the nasal septum
and prenasal cartilage. The regions with low levels of RAR-p
transcripts also contribute to centre of the upper beak but the exact
fate of these cells is not known.
C. RAR-p is expressed at high levels in areas of the primordia
involved in fusion
The process of fusion is thought to involve 1) epithelial
contact between facial primordia, 2) breaking down of the epithelial
seam, 3) ingrowth of mesenchyme across the junction between the two
primordia (reviewed by Ferguson, 1988). It is known that retinoic
acid treatment leads to bilateral clefting of the primary palate and
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that this is due to the lack of contact between the frontonasal mass
and maxilla (Tamarin et al., 1984). The sections of stage 28 retinoic
acid treated embryos show the globular processes of the frontonasal
mass are rounded and do not approach the maxillae. It is possible
that RAR-p is necessary for outgrowth of the globular processes and
the maxilla. In the normal embryo, the edges and comers of the
frontonasal mass and the rostral part of the maxilla have abundant
transcripts for RAR-p. In the retinoid-treated embryo the expression
of RAR-p is down to background levels in the zones of fusion.
Therefore it could be that expression of RAR-p is involved in step 1
of the fusion process, growing the primordia the right amount and in
the right direction to bring them into contact.
III. Tests for the function of RAR-P in normal facial development
The expression of RAR-p in the face implies that the ligand,
retinoic acid is also in the vicinity. However it is not known
whether retinoic acid is present endogenously in the facial
primordia. The presence of the receptor in the normal chick face is a
clue that retinoic acid is required for facial development.
An important test for the role of RAR-p in normal patterning of
the face could come from either over expressing the receptor or
alternatively blocking its expression. The former would simulate
excess, exogenous retinoic acid, while the latter would reproduce the
defects of retinoid deficient embryos. In order to perform this
experiment in vivo it would be necessary to create a transgenic
animal containing cells with extra copies of the gene for RAR-p.
By linking the RAR-p gene to a foreign promoter, RAR-p would be
expressed ectopically. This would be expected to result in
developmental abnormalities if RAR-p is involved in pattern
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formation.
It is also possible to overexpress genes in vitro. The results
of my transfection experiment give encouraging evidence that
exogenous DNA can be loaded into facial mesenchyme cells. Further
refinement of the technique is however necessary since such a small
proportion of cells were transfected. Ultimately it will be possible
to overexpress RAR-p in frontonasal mass cells grown in culture,
treat them with retinoic acid and see if the response is altered. In
addition this approach could be used to discover the genes activated
when retinoic acid binds to RAR-p. Fragments of facial primordia
could be also transfected with excess copies of RAR-p and then
grafted to host limb buds. In the case of pieces of tissue, a viral
vector must be used in order to get the DNA into the cells.
Another, less direct test

for the role of RAR-p in normal

facial growth, is to examine mutant chick embryos. There are at least
two documented chick mutants with facial defects; the cpp (Yee and
Abbot, 1978) and talpid mutants (Ede and Kelly, 196*0. If RAR-p
distribution is changed in these embryos then it is likely that RAR-p
is necessary for setting up normal facial pattern.
IV. Does retinoic acid work through RAR-B to produce the facial
defect?
The three lines of evidence that support a connection between
RAR-p and the retinoic acid-induced facial defect are the following:
1) the receptor is expressed at its highest levels in the primordia
known to be targets of retinoic acid, 2) the receptor is expressed at
stage 20 which is when the face is most susceptible to retinoic acid
and 3) the receptor is found primarily in the mesenchyme rather than
the epithelium.
The primordia known to be affected by retinoic acid include the
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frontonasal mass (Wedden, 1987) and lateral nasal process. The
sensitivity of the lateral nasal process was not previously noted.
The maxilla and mandible are not affected and this has been confirmed
in organ and cell culture (Chapter 3)» The frontonasal mass and
lateral nasal process express the receptor while the mandible has
comparatively weak hybridisation. The correlation between the
primordia that express RAR-p and those that have abnormal growth as a
result of retinoic acid treatment is strong for the frontonasal mass,
and lateral nasal process.
In the maxilla however, the receptor is expressed in quite high
levels and yet growth is not affected by retinoic acid treatment.
There must be a mechanism in this primordium to protect it from the
effects of retinoic acid. It is possible that although the message is
present, the transcripts are not translated into protein. Another
possibility is that there are high levels of binding proteins in the
maxilla that decrease the amount of free retinoic acid available to
the cells. It will be necessary to look at the distribution of all
the retinoic acid receptors and binding proteins with antibodies and
in situ hybridisation to understand how retinoic acid can affect only
certain primordia.
The earliest stage of face examined so far is stage 20. RAR-p
is clearly present at high levels at stage 20 and continues to be
expressed in the upper beak primordia between stage 20 and 28. It is
not known whether RAR-p expression is turned on specifically at stage
20 and therefore younger stages should be examined.
Epithelial-mesenchymal recombinations of treated and untreated
facial primordia have shown that it is the mesenchyme that is
affected by retinoic acid

(Wedden, 1987). The expression of RAR-p in
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the mesenchyme suggests quite strongly that this receptor could be
involved in the production of the facial defect. In mouse embryos
RAR-gamma and

cellular retinoic acid binding protein are found in

the facial mesenchyme. It is not known whether any other receptors
besides RAR-p or binding proteins are found in chick facial
mesenchyme.
V. The significance of the change in distribution of RAR-P following
retinoic acid treatment
Retinoic acid treatment changes the distribution of RAR-p in
all the upper beak primordia but not in a coordinated way. There is
no simple correlation between retinoic acid treatment and either an
up or down regulation of the receptor.
Forty-eight hours after retinoic acid bead implantation, RAR-p
expression is decreased in all three upper beak primordia and the
first morphological changes have occurred. In both the frontonasal
mass and lateral nasal process the distribution of RAR-p transcripts
is unchanged 24 h after retinoic acid treatment. Therefore in these
two primordia any 'early* effects on RAR expression are not obvious.
The changes in RAR-p expression appear to be coincident with, rather
than preceding morphological alterations. Because the decrease in
RAR-p RNA levels occurs well after the period of retinoid sensitivity
ends (stage 24, [Wedden and Tickle, 1986]), it is likely that the
down regulation is a late event in a cascade of transcriptional
events triggered by retinoic acid. At present the genes regulated by
binding of the RAR's to chick embryo DNA are not known (Brickell and
Tickle, 1989) although homeobox containing-genes are likely
candidates (LaRosa and Gudas, 1988).
In the maxilla and mandible RAR-p expression appears to be up
regulated. In the maxilla, the formerly non-expressing part of the
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primordium has a rise in number of RAR-p transcripts 24 h after
retinoid treatment. There could be two reasons for the increase in
receptor transcripts in the maxilla. The first is that formerly non
expressing cells are induced to express RAR-p and the second is that
non-expressing cells are somehow lost from the primordium. The loss
of non-expressing cells could occur due to cell death or differences
in proliferation rates in the rostral and caudal parts. There does
not appear to be any decrease in size of the primordium after
retinoic acid treatment therefore cell loss through death is
unlikely. It is possible that retinoic acid causes only the rostral
cells to proliferate. In this scenario the rostral cells would
populate the lower part of the primordium. In the limb bud, retinoic
acid only stimulates an increase in cell number in anterior
mesenchyme (Ide and Aono, 1988).
There is evidence from hepatoma cell lines that RAR-p is
preferentially expressed in response to retinoic acid treatment. One
hour following the addition of retinoic acid transcripts for RAR-p
increase and stay elevated for up to 12 h with continuous exposure to
retinoic acid

(de The et aZ., 1989)* In order to see whether RAR-p

expression is specifically regulated by retinoic acid in caudal
maxillary or mandibular cells it would be necessary to place the
cells in culture and quantify the amount of RAR-p RNA using Northern
blotting in retinoid-treated and untreated cultures.
VI. The relative localisation of RAR-g and type II collagen
transcripts in facial mesenchyme
Type II collagen is expressed in the chondrogenic blastema of
the frontonasal mass and mandible. In the mandible, transcripts are
first detected over condensing Meckel's cartilage at stage 24 and are
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still present at high levels at 28. In the frontonasal mass type II
collagen RNA cannot be detected until stage 28, and only the centre
of the primordium hybridises to the type II collagen probe. RAR-p
transcripts are not associated with Meckel’s cartilage at stage 2k or
stage 28. RAR-p is primarily expressed adjacent to the cartilage
blastema in the presumptive perichondrium. In the frontonasal mass
RAR-p is expressed both prior to and simultaneously with type II
collagen transcripts. Both types of transcripts are found in the
central third of the frontonasal mass at stage 28.
In order to decide whether RAR-p association with chondrogenic
regions is the norm or the exception I will compare my results to
those found in the differentiating mouse limb bud (Doll6 et al.,
1989). In limbs where chondrogenesis has not begun, RAR-p is found in
the flank mesoderm and proximal part of the limb bud, whereas RAR-a
and gamma are found throughout the mesenchyme. Once a cartilage
blastema has formed (similar to a stage 28 mandible), RAR-p is found
adjacent to, but not over, the cartilage blastema. In contrast, RAR-a
is found throughout the tissue. RAR gamma is expressed in the
cartilage blastema and the limb epithelium. Therefore RAR-p
distribution in the mouse limb exactly matches the distribution of
RAR-p in the mandible. The frontonasal mass is so far unique in the
expression of RAR-p in a chondrogenic blastema.
Following retinoic acid treatment of embryos the distribution
of type II collagen transcripts is not changed in the mandible. The
cartilage blastema initiates chondrogenesis at stage 2k and continues
to express type II collagen RNA at stage 28. In the frontonasal mass,
however, chondrogenesis does not begin as it normally would in stage
28 embryos. It is well known that retinoic acid can prevent
chondrocytes from differentiating in vitro (Langille et al., 1989;
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Chapter 3) but the in vivo inhibition must be working through a
different mechanism. The period of greatest sensitivity to retinoic
acid in vivo is between stage 20 and 21 and this is 48 h before
chondrocytes differentiate. Therefore it is unlikely that retinoic
acid is directly affecting differentiation, but rather preventing
cells from becoming committed to the chondrogenic type.
VII. The role of type II collagen RNA in epithelia of the face
Type II collagen is normally thought of as the major collagen of
cartilage (reviewed by von der Mark, 1936). However recently there
have been reports of collagen type II being associated with
epithelium (Thorogood et al,, 1986; Kosher and Solursh, 1989; Fitch
et al,,1989)* In this chapter I describe strong
type II

hybridisationto

collagen RNA in the extra-oral epithelia of the face.

Although the message for type II collagen is present in head
epithelia at stages 20, 24, and 28, a study of the distribution of
type II

collagen did not find the protein in the epithelium or

basement membrane at

stage 20 (Thorogood et al,,1936; Fitch et al,,

1989). The surface head and face epithelium of older chick embryos
has not been examined for presence of type II collagen.
One proposed function of type II collagen in the subbasement
membrane region of cranial epithelium is to trap migrating neural
crest cells and to induce the formation of cartilage. Since type II
collagen is only found in particular locations, this trapping process
would pattern the chondrocranium. The invasion of neural crest into
the branchial arches is complete by stage 14-15 (Noden, 1975)
therefore I did not expect the epithelia at stages 20 - 28 to be
involved the patterning of the chondrocranium. It would be of
interest to look at type II collagen RNA distribution in embryos
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younger than stage 15 in order to see whether the transcripts are
found in the same locations as the protein (Thorogood et al., 1986).
Type II collagen is thought to play a major role in patterning
the cartilaginous capsules of the sense organs. The nasal capsule has
been examined from stage 20 to 23 in my study and I did not find
significant levels of type II collagen transcripts in the nasal
epithelium. A preliminary comparison of grain counts in the negative
control to counts over the nasal epithelium in sections hybridised to
type II collagen show no difference. The protein however, has been
localised beneath nasal epithelia from as early as stage 15 and is
expressed continuously in the nasal passages until the latest stage
examined, stage 36 (Croucher and Tickle, 1989; Fitch et al, , 1989).
The fact that no message for type II collagen is found at the same
stages as the protein may be due to high background signal in some of
the sections which would make it difficult to detect a slight
increase in signal over nasal epithelium. Another possibility is that
type II collagen RNA is expressed prior to stage 20 and the
translated protein turns over very slowly.
The correlation between type II collagen expression in
epithelia and patterning of chondrogenic regions is not consistent
throughout the entire body. Others have found type II collagen in
epithelial-mesenchymal interfaces over non-chondrogenic regions

such

as the cornea and mesonephros in very early chick embryos (Kosher and
Solursh, 1989). The function of type II collagen in these regions
remains to be elucidated.
The epithelia of the external surface of the maxillae,
mandible, lateral nasal process and the top of the cranial vault have
very high levels of type II collagen transcripts. There is a clear
demarcation between the strongly expressing extra-oral epithelia and
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the nonexpressing intra-oral epithelia. This is the first report of a
marker distinguishing between these two types of epithelium in the
chick embryo. It is likely that type II collagen is necessary as a
structural protein in the cornified layers of the beak in a similar
way to the cornea (reviewed by Hay, 1980). It might appear that type
II collagen transcripts are associated with keratinized epithelia.
However the limb bud epithelium, which also keratinizes, does not
express type II collagen RNA at stages 21 to 25 (Devlin et al., 1988;
Swalla et al,, 1988). Another example is the oral epithelium. It is
known that the palatal shelves in chicks are covered with keratinized
epithelium (Koch and Smiley, 1981)

and yet the internal surfaceof

the maxilla does not express typeII collagen transcripts. It would
be interesting to look at other extracellular matrix,
and cell surface markers in order

cytoskeletal

to see whether any of these

colocalises with type II collagen message.
The presence or absence of type II collagen in epithelia is not
related to a difference in embryonic origins since it has been shown
that the same region of ectoderm gave rise to both intra-oral and
extra-oral epithelium (Couly and LeDouarin, 1990). A finer dissection
of lateral plate ectoderm may reveal a patch which gives rise to only
oral epithelium.
The treatment of embryos with retinoic acid did not change the
type II collagen distribution in the facial epithelia. The boundary
between external epithelia that express type II collagen and intra
oral epithelia that do not express collagen type II still exists.
There are some well known, metaplastic effects of retinoids on
keratinised epithelia. The cells become transformed to a mucous
secreting, non-keratinised type of epithelium. It is not known
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whether the local release of retinoic acid has this same metaplastic
effect on the keratinization of facial epithelia.
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k, Figure

1.

A scanning electron micrograph of a stage 28 chick embryo treated
with retinoic acid at stage 20 (Reproduced from Tamarin et al.,1984).
Fusion between the facial primordia of the upper beak has not
occurred. Tubercule 1 is the frontonasal mass, 2 and 3 represent the
bilobed lateral nasal process, 4 is the maxilla, 5 is the premaxilla,
and 6 is the palatal shelf.
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Chapter 4, Figure 2
A) Putative structure of chick RAR-p protein, showing the regions
homologous to domains A-F of the human and murine RAR-p. C is the
DNA-binding domain, and G the ligand-binding domain. The region of
lambda RAR1 used as a probe in Northern blotting and in situ
hybridisation analyses is indicated, as is the insert of lambda RJ05.
Coding sequences are represented by thick lines and the 3'
untranslated region by a thin line. Scale bar: 100 bp.
B) Nucleotide sequence and predicted amino acid sequence derived from
cDNA clones lambda RAR1 and lambda RJ03* Domains A-F of the RAR-p
protein are indicated and domains A,C, and E are boxed. Comparison
with the human and murine RAR-p sequences (Benbrook et al., 1988;
Krust et al., 1989; Zelent et al., 1989). indicates that the clone
lambda RAR1 lacks sequence encoding a further 23 N-terminal aminoacids, including the initiation codon.
This figure was provided by A. Rowe.
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A B C

E

D

F

RAR1
RJ05

CCG TCT
Pro Ser

TGCATG CTC CAG GAG AAG GCT CTC AAA GCA TGC TTC AGT GGA TTG GCA CAA ACA
CysMet Leu Gin Glu Lys Ala Leu Lys Ala Cys Phe Ser Gly Leu Ala Gin Thr

60

GAG TGG
Glu Trp

CAACAC CGG CAC AGT GCT CAA TCA GTT GAA ACT CAG AGC ACC AGT TCT GAG GAA
GinHis Arg His Ser Ala Gin Ser Val Glu Thr Gin Ser Thr Ser Ser Glu Glu

120

CTT GTT CCA AGC CCT CCT TCA CCA CTT CCA CCC CCG CGT GTT TAC AAG CCC TGT TTT GTC
Leu Val Pro Ser Pro Pro Ser Pro Leu Pro Pro Pro Arg Val Tyr Lys Pro Cys Phe Val

180

TGT CAA GAC AAA TCA TCT
Cys Gin Asp Lys Ser Ser

GGA TAT CAC TAT GGT GTC AGT GCT TGT GAG GGA TGT AAG GGC
Gly Tyr His Tyr Gly Val Ser Ala Cys Glu Gly Cys Lys Gly

240

TTT TTC CGC AGG AGT ATC
Phe Phe Arg Arg Ser lie

CAGAAG AAC ATG GTT TAC ACA TGT CAT AGA GAT AAG AAC TGT
Gin Lys Asn Met Val Tyr Thr Cys His Arg Asp Lys Asn Cys

300

GTT ATC AAT AAA GTT ACC
Val lie Asn Lys Val Thr

AGGAAT CGC TGC CAG TAC TGC AGA CTA CAG AAG TGC TTT GAA
ArgAsn Arg Cys Gin Tyr Cys Arg Leu Gin Lys Cys Phe Glu

360

GTG GGA ATG TCC AAA GAA
Val Gly Met Ser Lys Glu

TCT GTC AGA AAT GAT AGG AAC AAA AAG AAG AAG GAA CCT ACA
SerVal Arg Asn Asp Arg Asn Lys Lys Lys Lys Glu Pro Thr

420

AAG CAG GAC TCC ACA GAA
Lys Gin Asp Ser Thr Glu

AAC TAT GAA ATG ACA GCA GAG CTG GAT GAT CTC ACT GAG AAG
Asn Tyr Glu Met Thr Ala Glu Leu Asp Asp Leu Thr Glu Lys

480

ATC CGA AAA GCT CAC CAG GAA ACC TTC CCC TCG CTC TGC CAG CTG GGA AAG TAC ACT ACA
lie Arg Lys Ala His Gin Glu Thr Phe Pro Ser Leu Cys Gin Leu Gly Lys Tyr Thr Thr

540

AAC TCG AGT GCA GAC CAT CGG GTT CGA CTG GAC CTT GGG CTC TGG GAC AAA TTC AGT GAA
Asn Ser Ser Ala Asp His Arg Val Arg Leu Asp Leu Gly Leu Trp Asp Lys Phe Ser Glu

600

CTT GCA ACA AAG TGC ATT ATT AAA ATA GTG GAA TTT GCA AAA CGA TTG CCA GGC TTT ACA
Leu Ala Thr Lys Cys lie lie Lys lie Val Glu Phe Ala Lys Arg Leu Pro Gly Phe Thr

660

AGC TTG ACC ATT GCA GAC CAG ATA ACT CTA CTT AAA GCA GCC TGC CTG GAC ATA CTG ATC
Ser Leu Thr lie Ala Asp Gin lie Thr Leu Leu Lys Ala Ala Cys Leu Asp lie Leu lie

720

CTC AGA ATT TGC ACA AGA TAC ACC CCA GAA CAA GAC ACC ATG ACA TTT TCA GAT GGC CTT
Leu Arg lie Cys Thr Arg Tyr Thr Pro Glu Gin Asp Thr Met Thr Phe Ser Asp Gly Leu

780

ACC CTG AAC CGA ACT CAG ATG CAC AAT GCT GGA TTT GGC CCC CTG ACC GAC CTC GTG TTC
Thr Leu Asn Arg Thr Gin Met His Asn Ala Gly Phe Gly Pro Leu Thr Asp Leu Val Phe

840

ACC TTT GCC AAC CAG CTC CTG CCT TTG GAA ATG GAT GAC ACA GAA ACC GGT CTC CTT AGT
Thr Phe Ala Asn Gin Leu Leu Pro Leu Glu Met Asp Asp Thr Glu Thr Gly Leu Leu Ser

900

GCC ATC TGC TTG ATC TGT GGA GAT CGC CAG GAC CTT GAA GAA CCA ATG AAA GTG GAT AAG
Ala H e Cys Leu lie Cys Gly Asp Arg Gin Asp Leu Glu Glu Pro Met Lys Val Asp Lys

960

CTT CAG GAA CCG TTG CTT GAA GCG CTG AAA ATC TAT ATC CGA AAG AGA CGA CCC AAC AAG 1020
Leu Gin Glu Pro Leu Leu Glu Ala Leu Lys lie Tyr lie Arg Lys Arg Arg Pro Asn Lys
CCT CAC ATG TTT CCA AAG ATC TTA ATG AAA ATC ACA GAT CTT CGT AGC ATC AGT GCA AAA 1080
Pro His Met Phe Pro Lys lie Leu Met Lys lie Thr' Asp Leu Arg Ser lie Ser Ala Lys
GGT GCA GAA CGT GTC ATT ACG TTG AAA ATG GAA ATT CCT GGA TCC ATG CCA CCT CTT ATT 1140
Gly Ala Glu Arg Val lie Thr Leu Lys Met Glu lie Pro Gly Ser Met Pro Pro Leu lie
CAA GAA ATG TTG GAG AAC TCT GAA GGA CAC GAA CCA CTG ACA CCA ACC TCA AAT GGA AAT 1200
Gin Glu Met Leu Glu Asn Ser Glu Gly His Glu Pro Leu Thr Pro Thr Ser Asn Gly Asn
ACT GCA GAA CAC AGT CCG AGT ATC TCA CCA AGC TCA GTG GAT AAC AGC AGT GTC AGT CAA 1260
Thr Ala Glu His Ser Pro Ser lie Ser Pro Ser Ser Val Asp Asn Ser Ser Val Ser Gin
TCC CCT ATG GTG CAA TAAGACATTTTCCACCTACTTCAGACATTCCTAACACCTTATGTACAGGGATGTACAGG 1334
Ser Pro Met Val Gin
GATGAAAAGCAAGAAAAACATTTTTACTGCTGCTTACTTTCTGGACTTAATATATATCTATATATGTATATATATATAT 1413
AGATAAAAACTCAACAAGGACCAAGAAATTTTCGTATGTATCAATATATACTCCTTGCTGTTTAAACTCTTAAAATAGA 1492
AAATGCAAACTTTTGAAACTCTAAATCAGCCATTTCCG
1530
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Chapter 4, Figure 3*
A diagrammatic representation of the plasmid pCHllO containing the
lacZ gene. The lacZ gene codes for the enzyme fl-galactosidase and
therefore cells carrying copies of the plasmid will be able to
hydrolyse the substrate X-gal. Normal eucaryotic cells do not express
endogenous p-galactosidase activity.
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Chapter 4, Figure 4.
Autoradiographed frontal sections of normal stage 20 chick embryos.
In bright-field silver grains are black, in dark-field silver grains
are white. Scale bar * 250 pm
A) Bright field view section hybridised with an antisense
RNA probe for RAR-p. Black silver grains (autoradiographic signal)
can be seen over the lateral edges of the frontonasal mass (F),
lateral nasal processes, lateral and rostral to the maxillae and
upper half of the maxilla (M) on the left side of the section. The
right maxilla is sectioned in a shallower plane and is completely
hybridised to the RAR-{S antisense probe. The probe hybridises weakly
to the centre of the frontonasal mass and the mandible (Md)
B) High power view of section in A showing the silver grains are
concentrated mainly over the mesenchyme. The probe binds to the
epithelium at much lower levels (E).
C) Darkfield view of section in A showing silver grains as white on a
black background.
D) A different stage 20 embryo hybridised to an antisense probe for
RAR-p. In this bright field view the nasal slit (N) and lateral nasal
process (L) on the right side and the maxilla on the left side are
included in the plane of section. The notochord (NO) and otic vesicle
(0) are also visible.
E) High power bright field view of D demonstrating the black silver
grains in the lateral nasal process and upper half of the maxilla.
The signal is slightly weaker in this specimen than in A-C.
F) Dark field view of D showing clearly the autoradiographic signal
over the lateral nasal processes, upper half of maxilla, and lateral
edges of the frontonasal mass. There is very little hybridisation
over the mandible.
G) Dark field view of adjacent section to F hybridised to the mRNA
probe for type II collagen. In this negative-control there is some
nonspecific hybridisation over the neural epithelium lining the
brain and over the nasal slit.
H) Dark field view of adjacent section to F hybridised with the cRNA
probe for type II collagen. Dense accumulation of silver grains can
be seen over the external surface of the lateral nasal process,
mandible and hyoid arch. In addition the notochord, otic vesicle, and
neural tube are labelled as is the neural tissue in the mandible
(Ne).
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4, Figure 5*

Parasaggital or lateral sections of normal embryos hybridised with
a probe for RNA sequences encoding RAR-p. Scale bar = 500 ym
A) A dark-field view of a lateral section of a stage 20 embryo. The
RAR-p probe hybridises to the region below the nasal pit. This
signal-rich region probably includes some maxillary tissue as the
section is not in the midline. Note how the level of signal in the
mandible is lower than in the upper face primordia but higher than
more dorsal tissue. The facial primordia have more abundant
transcripts for RAR-p than do the pharynx or brain.
B) A bright-field view of a stage 24 embryo sectioned in the lateral
plane. The section is approximately midway through the maxillary and
mandibular primordia. Note the high levels of hybridisation in the
frontonasal mass (F), caudal part of the maxilla (M). The level of
signal is much lower in the mandible. Note that compared to the
dorsal parts of the head the face is hybridised strongly to RAR-p
probe.
C) A dark-field view of the section in B.
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6.

Frontal sections of normal stage 2k embryos hybridised to cRNA probes
for RAR-p and type II collagen. All panels are autoradiographs except
A. Planes of section can be seen below this plate. Sections in panels
B-F are cut in plane 1. Sections in G-L are cut in plane 2. Plane 1
cuts deeply through the frontonasal mass and more shallow through the
mandible. Plane 2 cuts the frontonasal mass shallower and the
mandible deeper than plane 1. Scale bar - 500 pm
A) Whole-mount of stage 2k chick face showing the facial primordia.
B) Bright-field view of section hybridised to a cRNA probe for RAR-p.
Black silver grains are concentrated over the lateral nasal
processes, rostral two thirds of the maxilla (M) and over the
notochord (beneath the mandible).
C) Dark-field view of section in B.
D) Bright-field view of adjacent section to B, hybridised to a type
II collagen cRNA probe. Dark silver grains are present over the
external surface epithelium of the lateral nasal process, mandible and
hyoid arch (caudal to mandible).
E) High power view of D demonstrating autoradiographic signal over
the epithelium of the lateral nasal process and mandible (arrows).
F) Dark-field view of D. Silver grains are concentrated over the
lateral process, mandibular epithgliUffl, end the lining of the brain.
G) Bright-field view of a different stage 2k embryo hybridised to
a cRNA probe for RAR-p. Black silver grains are concentrated over the
mesenchyme of the lateral nasal processes, rostral part of the
maxilla, corners of the frontonasal mass, and in a V-shape across the
frontonasal mass. The mandible is only weakly hybridised.
H) High power of showing the region around the left nasal slit. Note
that the epithelium has much less signal over it than the mesenchyme
(arrow). The boundary between signal-rich rostral and signal-poor
caudal parts of the maxilla is visible.
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. Very dark accumulation of silver grains
can be seen over the top of the head, epithelium covering the lateral
surfaces of the lateral nasal processes, maxillae, and mandible.
There are abundant type II collagen transcripts over the region where
Meckel's cartilage will condense (Me).
K) A high power view of the right maxillary primordium and mandible
showing the clear boundary between strongly hybridising and weakly
hybridising regions of the epithelium (arrows).
L) A dark-field view of J. The level of background signal is very
high because the autoradiograph is overexposed.
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Autoradiographs of 3» normal stage 28 embryos in frontal section. A-D
is embryo 1, E-H is embryo 2, and I-L is embryo 3« Scale bar = 500 pm
A) Bright-field view of section hybridised with a RAR-p riboprobe.
The lateral nasal processes (L), rostral part of the maxilla (H), and
centre of the frontonasal mass (F) are strongly labelled. In the
mandible (Md), two streaks of more strongly labelled tissue are just
visible.
B) Dark-field view of A. The mandibular hybridisation is clearly
seen, as is the triangle of hybridisation in the frontonasal mass.
C) Bright-field view of adjacent section hybridised with a type II
collagen riboprobe. A triangular region in the centre of the
frontonasal mass is heavily labelled as is the epithelium on the
lateral aspect of the maxilla, between the lateral nasal process and
maxilla (E), and over the mandible.
D) Dark-field view of C. Strong hybridisation in the mandible can be
seen. Note that the tissue in the mandible that is labelled the most
does not overlap with the labelled area in B. In the frontonasal mass
the area labelled with type II collagen is also the same area
labelled with the RAR-p probe (see panel B).
E) Bright-field view of embryo 2 hybridised with a RAR-p riboprobe.
Very strong labelling is present over the mesenchyme in the centre of
the frontonasal mass, corners of the frontonasal mass, and lateral
nasal processes. The mandible has a rim of silver grains around
Meckel's cartilage (Me). The nasal epithelium lining the nasal slit
(N) is weakly labelled.
F) Dark-field view of E. The hybridisation over the notochord (NO)
can be seen as well as the halo of signal around Meckel's cartilage.
G) Bright-field view of adjacent section to F hybridised with
the riboprobe for type II collagen. The section has been overexposed
prior to developing therefore background levels are very high.
Nonetheless, the boundary between intra- and extra- oral epithelia is
clear (arrows). Meckel's cartilage is heavily labelled (Me). Silver
grains are very dense over the centre of the frontonasal mass, and
therefore it is not possible to make out a discrete pattern.
H) Dark-field view of G. The concentration of silver grains over
Meckel's cartilage is so great that the path of light is completely
obstructed. The cartilage appears black instead of white under darkfield. Note that hybridisation in the mandible is the reciprocal of
that seen in F.
I) Bright-field view of a section of embryo 3 hybridised with the
RAR-p riboprobe. A similar distribution to A and E is seen. Note the
cant in the hybridisation boundary within the maxilla. This embryo is
sectioned deeper through the frontonasal mass and maxilla than
embryos 1 and 2.
J) Dark-field view of J.
K) Adjacent section to J hybridised with the riboprobe for type II
collagen. Labelling at the top of the head can be seen as well as the
labelled extra-oral epithelium. The arrows indicate the boundary
between labelled extra-oral and weakly labelled intra-oral epithelium.
L) Dark-field view of K. Strong signal over the notochord (NO) and
Meckel's cartilage (Me) can be seen.
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Chapter 4, Figure 8.
Autoradiographs of sections from two stage 24 embryos treated with
retinoic acid at stage 20. Panels A-E are embryo 1, and panels F-I
are embryo 2. Plane of section for embryo 1 is shallower through the
frontonasal mass and deeper through the mandible than is the plane of
section for embryo 2. Refer to figure 6 for diagrammatic
representation of planes of section. Scale bar = 250 ym
A) Bright-field view of section hybridised with the riboprobe for
RAR-p. The triangular shaped wedge of hybridisation is seen in the
frontonasal mass (F) as in normal embryos. The maxillae are both
heavily labelled.
B)Dark-field view of A. The mandible appears to have relatively
higher levels of signal than normal stage 24 embryos.
C) Bright-field view of an adjacent section to B hybridised with
the riboprobe for type II collagen. Labelling in the epithelium can be
seen as well as in early condensing Meckel's cartilage (Me).
D) High power view of left maxillary primordium and edge of mandible.
Arrows show the demarcation between the external and intra-oral
epithelia.
E) Dark-field view of C showing the high level of background signal
due to over exposure of the autoradiograph.
F) Bright-field view of section hybridised with the RAR-p RNA probe. The
frontonasal mass contains a region of hybridisation just below the
telencephalon. This corresponds to the wedge shaped area in A.
G) Dark-field view of F. The caudal part of left maxilla has a small
area that is less hybridised to the probe whereas the entire right
maxilla is labelled.
H) The type II collagen riboprobe has been hybridised to an adjacent
section to G. Epithelial label is present.
I) Dark-field view of H showing that the brain is heavily labelled as
is the surface epithelium.
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Chapter 4, Figure 9*
Autoradiographed sections of stage 28 embryos treated with retinoic
acid at stage 20. Panels A-E are embryo 1, and panels F-J are embryo
2. The abnormal morphology of the facial primordia can be compared to
the embryo in Fig. 1. Scale bar * 500 pm.
A) Bright-field view of section hybridised with the riboprobe for
RAR-p. The density of silver grains is greatest in the centre of the
frontonasal mass above the arrow. The left side has been cut at a
deeper level than the right and the bilobed lateral nasal process
can be seen on the left side (L). The maxilla are also distorted .
B) Dark-field view of A showing clearly the butterfly shaped region
of hybridisation in the centre of the frontonasal mass. The mandible
has a streak of silver grains. Compare this panel to E in order to
see the level of background signal. The surface epithelium is nonspecifically hybridised in panel E as it is in this section.
C) An adjacent section to B hybridised with the probe for type II
collagen. The arrow shows where intra-oral epithelium meets extra
oral epithelium. The hybridisation over Meckel’s cartilage can also
be seen (Me).
D) A dark-field view of C showing clearly the regions of the surface
epithelium that hybridise strongly to the riboprobe. Meckel’s
cartilage is also heavily labelled as is a region above the left
nasal slit.
E) A dark-field view of an adjacent section to D hybridised to
the type II collagen mRNA strand (sense strand). In this negativecontrol the level of non-specific hybridisation is low.
F) A bright-field view of a section from embryo 2 hybridised to the
RAR-p riboprobe. This embryo has been sectioned deeper than embryo 1.
G) A dark-field view of F showing the butterfly shaped hybridisation
in the centre of the frontonasal mass primordium and a central streak
of dense silver grains in the bilobed lateral nasal processes (L).
The maxilla exhibit only weak hybridisation equivalent to the levels
seen in the negative control (panel J). In the mandible an area of
low signal is present over Meckel's cartilage and this is surrounded
by a rim of more strongly hybridised tissue.
H) A bright-field view of a section hybridised to the type II collagen
RNA probe. This section shows very dense silver grains over Meckel’s
cartilage and in the epithelium. The boundary between the intra-oral
and extra-oral epithelium is marked by the arrow.
I) Dark-field view of H showing that this section has been over
exposed and the density of silver grains is high all over the
section. Note that Meckel’s cartilage, which is black in this
section, fills in the signal-poor region seen in panel G.
J) Negative control hybridised to the sense strand for type II
collagen RNA. Higher levels of non-specific hybridisationare seen in
this embryo compared to the embryo in panel E.
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Cleared whole-mounts of grafts of facial primordia from retinoid
treated and normal embryos. Grafts were allowed to grow for 6 days
prior to fixation. Panels A-C are grafts from normal embryos while
panels D-F are grafts from retinoid treated embryos.
Scale bar = 1 mm.
A) A graft of a normal maxilla (arrow) that has formed a rounded
swelling at the elbow of the host limb.
B) A graft of the lateral nasal process from a normal embryo (arrows)
that has formed 3 chonchae and a curved rod of cartilage. The humerus
of the host limb has been distorted by the growth of the graft.
C) A graft of the lateral nasal process from a normal embryo that has
been excised from the host limb. The cartilagenous chonchae are
visible.
D) A grafted maxilla from a retinoid treated embryo found at the
elbow of the host limb. A similar rounded swelling to that in panel A
has formed (arrow).
E) The lateral nasal process from a retinoid treated embryo excised
from the host limb. The morphology of the chonchae is barely
recognised in this specimen.
F) A graft of the lateral nasal process from a retinoid treated
embryo. This specimen has been removed from the host limb. The form
of the chonchae cannot be seen in this graft.
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Two representative fields from a monolayer culture of frontonasal
mass cells transfected with a plasmid containing the lacZ gene. Scale
bar = 100 ym
A) The cytoplasm of a cell that has expressed the lacZ gene is filled
with the dark blue reaction product (arrow).
B) Two cells that have incorporated plasmid DNA (arrows).
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APPENDIX
I. Hybridisation Solution
Final concentration of radioactivity should be 5 X 10^ to 10^ counts
per minute/ill.
Example:
With 10® counts, we can make 1000 pi of probe. Each pi will have 10^
counts. The recipe is as follows:
Volume
Stock
final

Ingredient

50

20X

IX

salts

482.5

IX

0.5X

Deionised formamide

200

50*

10*

dextran SO^ in H2O

25

20mg/ml

500pg/ml

Yeast Total RNA (YT)

20

1 M

50mM

DTT

5

10 mg/ml

50pg/ml

Poly A

25

cold S-labelled plasmid
(in 50 mM DTT, 502 form)

10

hot probe
(in 20 mM DTT, 502 form)

165

ddW, autoclaved

1000 pi total volume

1

|
I

Key:
DTT = Dithiothreitol
ddW = double, distilled water
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II. Recipes for in situ hybridisation

A. Phosphate Buffered Saline (10X stock) for processing tissue
Make up in 1 litre:
1.3 M NaCl
70 mM Na2HP0/j
30 mM N a ^ P O ^ ' ^ O

76.0 g
9*938
4.14g

dihydrous 12.4 g
dihydrous
4.68 g

This can be autoclaved and stored indefinitely. It is important to use
autoclaved PBS for processing embryos prior to embedding in paraffin.

B. 20X Sodium Chloride/Sodium Citrate (SSC)
Make up in 1 litre:
3 M NaCl
0.3 M Na Citrate

175.3g
88.2g

pH 7.0

C. 10X Salts for hybridisation mix
0.3 M NaCl
0.1 M Tris pH 7-5
0.1 M Sodium Phosphate Buffer pH 6.8
50 mM EDTA
10 X Denhardt's solution
Can be stored at -20°C

D. Denhardt's Solution
For a 50X solution
1% Ficoll
1% polyvinyl pyrolidone
1% BSA (Fraction V)
Millipore filter it before use.
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CHAPTER 5
GENERAL DISCUSSION
Building a face is a complicated process. However, this can be
broken down into a scheme that involves 3 steps. The first step may
involve identifying each facial primordium ie. specifying that a
frontonasal mass is distinct from a maxilla. The next step would be
to arrange tissues within each primordium and the third would be for
each primordium to grow out a certain amount and fuse with adjacent
primordia. Compared to the limb bud, patterning in the face is quite
similar, therefore some useful comparisons can be made. In this
discussion I shall gather together the results of my work and
endeavour to fit them into the scheme I have just outlined.
I. How is the identity of the facial primordia established?
There are two ways in which the identity of the facial
primordia can be established. One is to endow the neural crest cells
with intrinsic patterning information before they migrate and the
other is to establish the identity once neural crest cells have
populated the facial primordia. There is some evidence that cells
know the identity of their primordium prior to neural crest
migration Noden (1933b). Mesencephalic neural crest transplanted to
the preotic region (myelercephalon) gave rise to ectopic beak-like
structures in the neck (1983b). This result appears to contradict
the results of previous experiments by the same author (Noden,
1978a). The difference appears to arise due to the site in the host
where the graft was placed. In the second set of experiments Noden
(1983b) placed his grafts so that they always ended up contributing
to mandibular structures as well as 2nd or 3rd arch structures. In
the first set of experiments, Noden (1978a) placed his graft more
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rostrally such that donor quail tissue was always found within the
1st branchial arch or upper beak but never in the 2nd or 3rd
branchial arch. Therefore we can conclude that mesencephalic neural
crest cells exhibit some intrinsic degree of patterning when moved
far caudally but do not do so when only moved a little caudally.
However the programmed pattern does not contain a complete set of
cues, since the arrangement of cartilage and bone in ectopic beaks
was very inconsistent between grafts and only rudimentary upper
beaks formed. Thickened ectoderm resembling egg teeth was seen in
some of the cervical outgrowths but there was never any cartilage in
these grafts. Therefore the environment through which the facial
neural crest cells migrate as well as interactions within the facial
primordia once the crest cells arrive, must also be important in
establishing definitive beak pattern (Noden, 1988).
If patterning cues are present in premigratory neural crest
cells it should be possible to find molecular markers expressed in
particular regions of the crest. There have already been reports of
certain homeobox-containing genes in mice that are expressed in
particular locations along the rostral-caudal axis of the neural
tube (reviewed by Holland and Hogan, 1988). CRABP is expressed in
the neural crest of mouse embryos but not specifically the cranial
crest (Maden et al., 1990).
A finding relevant to chick facial morphogenesis is the
expression of engrailed protein at the junction of the mesencephalon
and metencephalon in stage 9 chick embryos (Patel et al,, 1989)*
Engrailed is the product of a homeobox-containing gene involved in
organising the early Drosophila embryo (Laurence and Struhl, 1982).
At stage 9. the antibody to engrailed protein binds to a few cells at
the dorsal surface of the chick neural tube. The stained area
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increases in size and appears to spread ventrally at the time of
cranial flexure (between stage 12-14; Hamburger and Hamilton, 1951).
This is the same stage when neural crest cells begin populating the
face (Noden, 1975). It would be very interesting to look in more
detail at the developing facial regions with this antibody.
Another gene that has been localised in the cranial neural
crest of mouse embryos is Krox-20 (Wilkinson et al., 1989). This
gene has the zinc-finger DNA binding domain which implies a role in
modifying DNA transcription. Later Krox-20 is expressed in the
ganglia of cranial nerves. It is possible that expression of Krox-20
may label premigratory neural crest cells and as a consequence,
these cells go on to form the cells of the ganglia.
Local mechanisms may also act to specify the primordia. For
example certain genes may be expressed more generally early in
development and then become restricted to particular primordia. In
the Drosophila embryo, the homeobox gene engrailed is used to
establish the boundaries of parasegments in Drosophila embryos
(reviewed by Ingham, 1988). Later in development engrailed is
expressed in the imaginal discs to maintain compartment boundaries
(Lawrence and Struhl., 1982).
II. Interactions controlling the spatial arrangement of tissues
within the primordia
A. Positional information in the facial primordia
The pattern within each primordium is determined by the
mesenchyme as I have shown in chapter 1. How the pattern is generated
is not known. It is possible that positional information operates
in the facial primordia as it has been suggested for the chick limb
(Wolpert and Stein, 1984). Positional information can be used to
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specify pattern by providing an address for each cell and
subsequently allowing groups of cells to interpret environmental cues
based on their genetic and developmental histories (Wolpert, 1969;
1989). In the limb bud, cells in a particular position will
experience a unique concentration of a substance made by the
polarising region and therefore become either digit 2, 2* or 5.
(Tickle, 1980). The laying down of distal structures is under the
control of the progress zone (Summerbell et al., 1973)- For
simplicity, I will focus on positional information in the
frontonasal mass across the medio-lateral axis since the most
experimental data is available on this axis..
The frontonasal mass is a symmetrical, not a polarised
structure about its medio-lateral axis. Only one set of midline
structures forms and the cells that become part of the midline
appear to be determined by stage 21 (Wedden, 1988). Po^ttern'mcj
infornvsjbion. can be transmitted in one of three ways. The first is by
a concentration gradient of a diffusible signalling substance. The
second relies entirely on differences between cell populations in
their ability to sense and respond to the morphogen. In this second
option there is no need for a gradient to be present. The third
possibility is the development of several threshold peaks within the
structure that are set up by two diffusible substances with
different qualities. There would be an inhibitor that can diffuse
across large distances and a rapidly broken down activator
(Meinhardt, 1989)*
In order to use the concentration of a diffusible substance to
determine where the centre of the frontonasal mass it woo Icl be
necessary to have a symmetrical distribution of the signalling
substance. There could be two sources of diffusible substances at
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the edges of the primordium or one source in the centre of the
primordium. In both cases the concentration at the centre will be
unique and therefore a cartilage rod will develop. Thus if by
analogy like in the limb-bud, retinoic acid is acting as a natural
morphogen, there should be a unique concentration of retinoic acid
in the centre of the frontonasal mass. Application of retinoic acid
could produce an even distribution across the primordium and this
would lead to abolition of the midline and inhibition of outgrowth.
The second possibility is that there is an even distribution of
retinoic acid in the frontonasal mass. In this case, there must be
some other way of registering a unique set of properties into cells.
RAR's are good candidates for transducing a flat concentration
profile for retinoic acid into an uneven one. If the number of
receptors is increased in a particular region then this part of the
primordium will be extra sensitive to retinoic acid. The only
receptor I have examined is RAR-p and it is not expressed in the
centre of the primordium until stage 24. The midline however, is
established by stage 21. Therefore it is unlikely that RAR-p
provides information to the frontonasal mass regarding the location
of the midline.
The third possibility is that two different substances act
together to set up peaks of morphogenetic activity. Initially, the
morphogenetic field of the frontonasal mass is wide enough to
contain two peaks of morphogen and with narrowing of the primordium,
these two peaks overlap and form just one peak in the centre. This
would help explain how the midline is established except for one
problem. The frontonasal mass width between the nasal slits does not
decrease until after stage 26 (Patterson and Minkoff, 1985) and
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this is long after the middle cells appear to know they are going to
form midline structures.
B. Factors associated with patterning the mesenchyme in the facial
primordia
One way to find signalling molecules involved in the
patterning of mesenchyme in the facial primordia is to look at
the distribution of the protein or RNA in tissue sections. The
qualities that a signalling molecule should possess include; 1) its
presence at relevant times in development in particular, prior to
to

overt cell differentiation and 2) the abilityAstimulate regionspecific proliferation and differentiation. Growth factors,
homeobox-containing genes and retinoic acid receptors and binding
proteins are good candidates for intra-primordial patterning
molecules. I have found only two studies that examine the
distribution of growth factors in chick face. Insulin-like growth
factors are found in stage 20 to 28 chick facial mesenchyme, although
by stage 28 the staining intensity decreases in the cartilage
blastema of the frontonasal mass and mandible (Ralphs et al., 1990).
bFGF is only found in older chick faces (stage 30) and then it is
principally associated with muscle (Joseph-Silverstein et al., 1989;
Kalcheim and Neufeld, 1990). Therefore at present it seems that
extracellular bFGF does not contribute to the patterning of the
facial mesenchyme. My in vitro assay (Chapter 3) suggests that bFGF
may play a role in patterning the facial mesenchyme by being able to
selectively stimulate or inhibit subpopulations of chondrocytes.
Examination of the distribution of bFGF RNA with in situ
hybridisation in early facial primordia is necessary in order to
understand the role

of bFGF in patterning the undifferentiated

mesenchyme.
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At present, the only molecule In undifferentiated chick facial
mesenchyme known to have an uneven distribution is RAR-p (Chapter
4). I am certain that further investigation will discover other
molecules that are regionally distributed in chick facial
mesenchyme. The chick limb bud has been examined more extensively
than the face and already there are several reports of molecules
with uneven distributions in the mesenchyme. Several examples of
unevenly distributed molecules include: CRABP (Maden et al., 1988),
retinoic acid (Thaller and Eichele, 1987)* and GHox-2.1 (Wedden et

a l ., 1989).
The mouse embryo seems to be the favourite vertebrate used to
screen for expression of various growth factors, protooncogenes,
receptors and binding proteins. The facial primordia have been
specifically mentioned in several of these studies. The homeoboxcontaining gene Hox-7 is found in the first branchial arch and
frontonasal mass mesenchyme with a higher concentration in the
distal ends of the primordia (Benoit et a l, , 1989). In the early
stages of facial development Hox-7 may be involved in outgrowth of
the primordia. Later in the differentiating mesenchyme, Hox-7,1 is
found in the early tooth germs it may later be involved with
epithelial-mesenchymal interactions (Hill et a l . , 1989). A member of
the heparin-binding growth factor family related to an oncogene,

int-2 , is expressed at the RNA level in the 1st and 2nd branchial
arches (Wilkinson et al., 1988). Later in development, int-2 is found
specifically in the mesenchyme of the developing tooth germs and
could be important in patterning the arrangement of teeth within the
£
jaws (Wilkinson et a l. , 1989)* Like Hox-7.1, int-2 may first act as a
signal to help pattern the mesenchyme and then have a second role in
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epithelial-mesenchymal interactions. TGF-ft is also found in
developing mouse embryos but is primarily expressed and translated
once differentiation has occurred (Lehnert and Akhurst, 1988). The
protein has been found in condensing Meckel’s cartilage,in the
mesenchyme surrounding the hair follicles and within the enamel organ
and dental papillae of tooth germs (Heine et al., 1987)* The RNA
transcripts for TGF-p were found specifically in the epithelium of
developing follicles and in the papilla and enamel organ of tooth
germs (Lehnert and Akhurst, 1988). The localisation of TGF-£ in
regions undergoing epithelial-mesenchymal interactions supports the
idea that TGF-p is involved in tissue interactions within the facial
primordia. This includes a role in the patterning of ectodermal
specialisations such as teeth and hair.
The binding proteins for retinoic acid and retinol (PerezCastro et al., 1989) as well as RAR-gamma (Ruberte et al., 1990)
have been localised to the mouse facial primordia at the stages
prior to overt cell differentiation but an uneven distribution
within primordia has not been reported. More studies need to be done
at pre-differentiation stages to find molecules that involved in
mesenchymal patterning.
III. Outgrowth and fusion of facial primordia
In chapter 2, I discussed the epithelial-mesenchymal interactions
responsible for outgrowth. Epithelium is required and facial
epithelia are special in their ability to promote maximal outgrowth
of facial mesenchyme. Non-facial epithelia are not as good at
inducing outgrowth. The only known exception is the apical ectodermal
ridge which promotes some outgrowth of frontonasal mass mesenchyme.
The results in chapter 2 suggest that the

frontonasal mass

and the limb have similar epithelial mesenchymal interactions.
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In the limb, outgrowth is linked to programming along the proximodistal axis. The same is also true for the frontonasal mass where
laying down of distal structures - the egg tooth - is dependent on
the amount of outgrowth. To further test the possibility that cells
in the frontonasal mass acquire values along the proximo-distal axis
by the amount of time spent in a progress zone, one could
investigate the effects of irradiation. In the limb bud, irradiation
decreases the number of cells in the progress zone (Wolpert et al.,

1979). In order to repopulate this zone, cell division must occur to
replace the killed cells. Since the progress zone normally
proliferates at

a higher rate than the proximal mesenchyme

(Summerbell, 1976), daughter cells eventually spill out of the
progress zone into the proximal mesenchyme. Irradiation prevents
this spill over and therefore proximal structures do not form. If a
progress zone is present in the frontonasal mass, one might expect
the formation of extremely short upper beaks with egg teeth after
irradiation. Distal differentiation should be unaffected while
proximal outgrowth is inhibited. Labelling studies on sections of
the frontonasal mass might reveal regional differences in
proliferation. It seems likely that a progress zone, if present,
would be located at the caudal edge of the primordium, therefore
frontal and saggital sections would be most revealing. S-phase
labelling studies by Minkoff and Kuntz (1977) on the frontonasal
mass have not looked at these planes of section.
The results in chapter 3 suggest that bFGF may be involved in
differential growth of the facial primordia in the embryo. It will be
important to explore these possibilities in the intact head. It has
(lEthylene/vinyl acetate copolymer)
been shown that bFGF can be loaded into chips of EVAc^and local
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release can lead to regeneration of retinal tissue (Park and Holland,

1989). It should be possible to quantify the release of bFGF from
EVAc using my cell culture system and then to place implants
containing bFGF into fragments of facial mesenchyme grafted to the
limb bud. Since isolated mesenchyme alone never reaches its full
potential length, any substantial increase in length would be due to
bFGF. Another sign of increased outgrowth would be an increase in the
frequency of egg tooth formation.
It seems likely that outgrowth of the face is under the control
of a number of different growth factors, as well as signals from the
epithelium. Since the epithelia are interchangeable between
primordia (Chapter 2) it is unlikely that differences in the
epithelium pattern the amount of outgrowth in each primordium.
Rather, it may be the interpretation of the epithelial signals that
varies between the primordia. For example, the production of growth
factors may be induced in the mesenchyme by signals from the
epithelium. Since I have shown that each primordium varies in its
sensitivity to growth factors it is possible that this could account
for the difference in outgrowth. Thus far it has not been shown that
epithelium induces the production of growth factors in mesenchyme
but it is a hypothesis that can be tested.
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Epithelia Are Interchangeable between Facial Primordia of Chick
Embryos and Morphogenesis Is Controlled by the Mesenchyme
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The embryonic chick face is composed of a series of facial primordia, epithelium-covered buds of mesenchyme, which
surround the presumptive mouth. The protruding adult upper beak containing the prenasal cartilage is formed from the
frontonasal niass, the paired maxillary primordia form the sides of the face, while the lower beak is derived from the
paired mandibular primordia which contain the two Meckel’s cartilages. When grafted to a host wing bud, the fronto
nasal mass and the mandibular primordia both form elongated outgrowths, whereas the maxillary primordium forms a
ball of tissue. Facial epithelium is required for growth and morphogenesis of all primordia. Recombinations between
epithelium and mesenchyme from different primordia show that the epithelia are interchangeable and appear to be
equivalent. Even the epithelium from the maxillary primordium that does not grow out in a polarized fashion can
support outgrowth of the frontonasal mass and mandibular mesenchyme. The form of the recombined graft is deter
mined by the mesenchymal component. © 1989 Academic Press, Inc.

INTRODUCTION

The striking facial feature of a chicken is its pro
truding, pointed bill. However, in the embryo, the face
consists of primordia, smooth swellings of ectomesenchyme encased in ectoderm, which surround the oral
cavity. The primordium between the nasal pits, called
the frontonasal mass, grows out to give rise to most of
the upper beak which contains a rod of cartilage, the
prenasal cartilage, and has an ectodermal specializa
tion, the egg tooth, at its distal tip (Kingsbury et a I,
1953; Yasui and Hayashi, 1967; Tamarin et a 1 , 1984); the
two swellings at each corner of the mouth, the maxil
lary processes, make up the sides of the upper beak and
give rise to various membrane bones (Le Lievre, 1978);
and finally the two primordia below, the mandibular
primordia, contain the paired Meckel’s cartilages, and
elongate extensively to form the lower beak.
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 pri
mordia have reduced outgrowth upon removal of the
epithelium (Wedden, 1987). It is not known, however,
whether the maxillary primordium requires its epithe
lium for development and whether similar interactions
take place in each primordium. One possibility is that
each primordium requires its own epithelium for devel
opment. A second possibility is that primordia can de
velop normally with any facial epithelium, and there is
201

a third alternative suggested by the relative outgrowth
of the three facial primordia, namely, that the epithe
lium of frontonasal mass and mandible may be equiva
lent, while that of the maxilla may not permit out
growth. Therefore, as a first step in exploring the mech
anisms involved in outgrowth of facial primordia, we
have investigated the effect of exchanging the epithe
lium between different parts of the face. We have cho
sen to use stage 20 and stage 24 embryos for several
reasons: both are stages at which neural crest cells have
migrated into the face (Johnston, 1966); at stage 20 the
frontonasal mass is susceptible to retinoic acid (Ta
marin et a l, 1984); stage 24 facial primordia require
their epithelia for outgrowth (Wedden, 1987); and both
are stages at which overt differentiation of connective
tissues has not occurred. These recombination experi
ments will show, first, whether epithelium is primor
dium specific and, second, which tissue controls the
shape of the primordium.
We find that the epithelia of the facial primordia are
interchangeable and that the form of the primordia is
controlled by the mesenchyme.
MATERIALS AND METHODS

D issection and G raftin g Techniques

The frontonasal mass, the maxillary and mandibular
primordia, and the wing buds of stage 23 to 24 (Ham
burger and Hamilton, 1951) chick and quail embryos
were dissected into culture medium (Eagle’s minimum
0012-1606/89 $3.00
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essential medium (MEM) + 10% fetal calf serum (FCSJ
+ 200 U /m l penicillin, 200 n g /m \ streptomycin, 0.5
/ig/ml fungizone (GIBCO Biocult), and 4 m M 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 used for grafts. In a shorter series of
experiments, facial primordia from stage 20 chick em
bryos were also used and dissected in an equivalent
fashion. At both stages 20 and 24, the contours of the
primordia can be clearly recognized when oblique illu
mination is used.
In order to isolate the mesenchyme from epithelium,
undivided facial primordia were soaked in 2% trypsin
at 4°C for 45 min. Following removal of the epithelium,
the facial mesenchyme was cut as in Fig. 1. Portions of
mesenchyme were recombined with the entire epithe
lium of a facial primordium at 37° C in culture medium
for 1 to 2 hr (see Wedden, 1987). In a short series of
control experiments facial mesenchyme was recom
bined 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.
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 frag
ments of facial primordia, facial mesenchyme alone,
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control combinations of like with like facial tissues, ex
changes of facial epithelium between facial primordia,
and recombinations of back epithelium or dorsal wing
epithelium and facial mesenchyme.
E xam in ation o f G rafted Tissues

Wings containing the grafted tissue were excised
from the embryo and fixed in one-half strength Karnovsky’s fixative (Karnovsky, 1965) overnight at 4°C.
The limbs were rinsed with tap water and stained with
0.5% alcian green, differentiated in acid alcohol (1%
HC1 in 70% methanol), dehydrated in 100% methanol,
and cleared in methyl salicylate. Specimens were exam
ined and photographed under the dissecting micro
scope. Several combinations using quail tissues were
taken from methyl salicylate to 95% methanol and em
bedded in methyl methacrylate. Sections 3-/mi thick
were stained using the Feulgen technique which distin
guishes quail from chick nuclei (Le Douarin, 1973).
M easurem ent o f Cartilage R ods and S ta tistica l A n a lysis

Specimens were projected onto a digitizing pad using
a camera lucida. The long axis of each cartilage rod was
traced using a digitizing pen linked to a Kontron com
puter. The IBAS-I digitizing programme provided a
display of the distance traced.
Since the measurements of each type of graft were
normally distributed and the variances were similar, it
was possible to compare mean lengths between various
types of recombinations. Confidence intervals at the
95% level were calculated in order to determine
whether means were significantly the same or different
from each other.
RESULTS

The number of grafts performed in each category is
listed in Table 1. The number of control combinations of
like epithelium with like mesenchyme is underlined.
D evelopm ent o f In tact F acial P rim o rd ia and Isolated
F acial M esenchym e fro m Stage 2k E m bryos
500j)m]

STAGE-24 CHICK EMBRYO
F ig . 1. A drawing of a stage 24 chick face illustrating where experi
mental tissues were excised and the width of each piece. FNM, fron
tonasal mass; Mx, maxilla; Md, mandible.

The behavior of grafts of intact fragments of fron
tonasal mass and mandible was the same as that de
scribed by Wedden (1987). Grafts of the central portion
of the frontonasal mass gave rise to outgrowths which
contained a long cartilage rod 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 (Fig. 2B). The beak-like struc
tures that developed from the frontonasal mass and
mandible grafts also contained bone (Wedden, 1987).
Swellings develop from maxillary grafts (Fig. 2C) and
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TABLE 1
N um ber

of

R ecombinations

with

S tage 24 T issu e s

E pithelium
Intact
fragm ents

None

FNM

Mx

Md

D W /b ack

FNM
Mx

7
11

6
7

6

13

9

10
7
7

9

Md

8
9
6

2
4

7
6

M esenchym e

N ote. N on e, m esen ch ym e alone w as grafted; FNM , fro n to n a sa l
m ass; Mx, m axilla; Md, mandible; D W /back, dorsal w in g ep itheliu m
or back epithelium .

were found to contain loose connective tissue, muscle
cells, and bone trabeculae (Fig. 2D).
When only the mesenchyme of each of these facial
p rim o rd ia was grafted, the donor cells survived but
o utgrow th and morphogenesis were inhibited in all
cases. Mesenchyme from either frontonasal mass or
mandible developed very short rods of cartilage and
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also differentiated into membrane bone (see also Wed
den, 1987). In grafts of frontonasal mass mesenchyme,
egg teeth were induced in the host wing epithelium in
two of seven cases. G rafts 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 sections stained with
Feulgen. The quail maxillary mesenchyme gave rise to
loose connective tissue and bone trabeculae (Fig. 3B). In
wings containing g ra fts of quail facial mesenchyme,
pigmentation of host feather germs both over the graft
and a t a considerable distance away was noted.
Effect o f Exchanging Ectoderm between Facial
Primordia o f Stage 2k Chick Em bryos on
Morphogenesis o f Facial Grafts
To assess the effects of exchanging ectoderm between
facial primordia, control experiments were first carried
out in which facial mesenchyme was recombined with
its own epithelium. These controls gave rise to struc-

F ig . 2. (A ) A w hole m ount of a graft of the cen tral third of a stage 24 fron ton asal m ass w hich has been cut off from the h ost lim b after 7 days
o f grow th. A cartilage rod is present as w ell as an egg tooth (arrow). Scale bar = 1 mm. (B) A lim b w hich con tains a g ra ft of the d istal 500 pm of
an in tact m andible from a stage 24 chick. A long cartilage rod has developed which appeared to have fused at right a n gles to the hum erus of the
h ost lim b (arrow). Scale bar = 1 mm. (C) A graft of an in tact m axillary prim ordium from a sta g e 24 chick w hich is located at the elbow of the
righ t w ing. A bulbous sw ellin g is evident (arrow ). Scale bar = 1 mm. (D) A h istologic section of a graft of a m axillary prim ordium which
con ta in s bone trabeculae in the center (B). Scale bar = 500 pm.
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Since all recom binations between tissues of facial
p rim o rd ia gave n o rm a l m o rp h o g en e sis, we tested
w hether epithelia from sites in the embryo in which
outgrowth does not occur would also support develop
ment. We chose to use dorsal limb ectoderm or back
ectoderm since the epithelium in these sites would nor
mally heal over grafts of mesenchyme (Wedden, 1987).
These recombinations also serve as an im po rtant con
trol for isolated mesenchyme grafts, since the delay in
epithelialization might be affecting the am ount of out
growth. The result was clear. Nonfacial epithelium did
not promote morphogenesis and outgrowth was similar
to th a t when mesenchyme alone was grafted.
Cytodijferentiation in Recombinations o f Facial Tissues

F ig . 3. (A ) A w hole m ount of the righ t w in g of a h ost chick which
co n ta in s a gra ft o f iso la ted m a x illa ry m esen ch y m e taken from a
quail. There is no obvious sw ellin g at the elbow w h ere the graft is
located. Scale bar = 1 mm. (B) A 'S-^m section of the sam e lim b as in
3A sta in ed w ith F eulgen, w hich reveals the p resence of quail osteocytes (arrow s) in the bone. Scale bar = 100 pm.

tures th a t generally resembled those t h a t had devel
oped from intact fragments. However two differences
were noted: with recombined frontonasal mass tissues,
the distal end of the cartilage rod was paddle-shaped
ra th e r than tapering, and with recombined mandibular
tissues, the extent of outgrowth was noticeably reduced
(see below).
When facial mesenchyme was recombined with ecto
derm from the two other primordia, structures th a t
were identical to the controls developed in every case.
When fronto nasal m ass m esenchym e was combined
w ith m axillary (Fig. 4A) or m a n d ib u la r epithelium
(Fig. 4B) an extensive outgrowth developed th a t was
tipped with an egg tooth in 8 of 8 cases and 9 of 10 cases,
respectively. In combinations where m andibular (Fig.
4C) or frontonasal mass epithelium was associated with
m axillary mesenchyme, a well-defined ball of tissue
arose from the g ra ft (Fig. 4C). Cartilage did not develop
in any grafts containing maxillary mesenchyme. Com
binations of frontonasal mass or m axillary epithelium
(Fig. 4D) w ith m a n d ib u la r m esen c h y m e gave o u t
growths containing a long narrow rod of cartilage.

A series of heterotypic recombinations between facial
tissues was made using quail mesenchyme and chick
epithelium . Sections showed t h a t the bulk of tissue
comprising the outgrowth was of quail origin. For ex
ample, the cartilage rod, perichondrium, bone trabecu
lae, muscle, and loose connective tissue which developed
from a g ra ft of quail m an d ib u lar m esenchym e was
made up of quail cells (Figs. 5A, 5B). At the base of the
graft, there was a discrete border with the host chick
mesenchyme.
Sections showed th a t in addition to the differences in
cartilage differentiation, the quantity of bone and m us
cle contained in the grafts varied according to the type
of mesenchyme. G rafts with m andibular 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 m andibular grafts, while in the
maxilla the bone trabeculae were located centrally. In
the frontonasal mass bone formation had only begun at
the tip of the graft, directly beneath the egg tooth.
Muscle differentiated in g rafts containing m andibu
lar or maxillary mesenchyme but no muscle was found
in grafts of frontonasal mass. In the case of the m andi
ble, it was clear th a t the myogenic cells came from the
gra ft (Fig. 5B). However, in the muscle th a t 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 mesenchyme it was combined with. In com
binations with frontonasal mass mesenchyme and fa 
cial epithelium, the overlying epithelium developed an
egg tooth which was many cell layers deep and heavily
keratinized at its surface. Epithelium which was com
bined with m andibular mesenchyme was thicker a t the
most distal end of the graft. The lower beak does form a
cornified edge in norm al chick development. In con
trast, m axillary mesenchyme did not induce any in 
crease in thickness or keratinization of the overlying
epithelium.
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F ig . 4. (A ) A com bination of stage 24 FNM m esenchym e and m axillary ep itheliu m w hich h as been cut off the h ost limb. A p renasal cartilage
capped w ith an egg tooth (arrow) has developed. Scale bar = 1 mm. (B) A com bination of sta g e 24 FNM m esenchym e and m andibular
ep itheliu m w hich has developed a cartilage rod w ith a broad end and a large egg tooth (arrow s). T his graft has been rem oved from the host
limb. S cale bar = 1 mm. (C) A com bination of stage 24 m andibular ep itheliu m and m axillary m esen ch ym e which has form ed a round sw ellin g at
the elbow o f the host lim b (arrow). Scale bar = 1 mm. (D) A com bination of sta g e 24 m axillary ep itheliu m and m andibular m esenchym e,
rem oved from the host limb, which has form ed a long narrow rod. Scale bar = 1 mm.

Exchanges o f Ectoderm between Facial Prim ordia o f
Stage 20 Chick Embryos
To test whether facial epithelia are interchangeable
at stage 20, a representative recombination was made
between frontonasal mass mesenchyme and mandibu
lar epithelium. All five recom binations grafted gave
rise to polarized outgrowths containing cartilage. How
ever, in contrast to stage 24 tissues, a double rod of
cartilage often formed (three of five cases) and in these
cases two egg teeth also developed (Fig. 6). These double
rods are sim ilar to those reported by Wedden et al.
(1988) for grafts of intact frontonasal mass fragm ents
taken from stage 20 embryos.
Quantitative Results—Length o f Cartilage Rods
To quantitate the effectiveness of a foreign facial epi
thelium in replacing native epithelium in the develop
ing face, we measured the length of the cartilage rods
formed by frontonasal mass and m andibular mesen
chyme. The data are shown in Figs. 7A and 7B.
The shortest cartilage rods are formed when no epi
thelium 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 (P < 0.05). Therefore
epithelium taken from a location th a t does not normally
grow o u t—back or dorsal wing ec to d e rm —does not
allow morphogenesis of facial mesenchyme.
Experim ental manipulation resulted in a decrease in
rod length when compared with grafts of intact frag 
ments. This phenomenon was especially marked when
m an d ib u lar m esenchym e was used. In this case the
mean length of the rods in control recombinations was
significantly shorter (50%) than th a t of the rods ob
tained in the g rafts of intact m andibular fragments.
However, the mean length of the rods in frontonasal
mass control recombinations reached 80% of th a t in
intact grafts and the calculated confidence intervals of
the two types of gra ft were not significantly different at
the 95% level.
When frontonasal mass mesenchyme was combined
with foreign facial epithelium, the mean length of car
tilage rods was the same as t h a t obtained in control
recombinations. With m andibular mesenchyme, epithe
lium from the other two facial primordia also promoted
development of the cartilage rod similar to th a t seen in
homotypic controls.
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and nasal cartilage, respectively. The curves for fron
tonasal mass grafts and nasal cartilage are rem arkably
similar. In the case of the mandible, Meckel’s cartilage
is on average 2 mm longer th a n th e c a rtila g e rods
formed in grafts.
It should be noted th a t egg tooth formation in fron
tonasal mass grafts was first seen 5 days after grafting.
This is approximately 1.5 days later than the egg tooth
appears in vivo.
DISC U SSIO N

Epithelia Can B e Interchanged between
Facial Prim ordia

F ig . 5. (A ) A 3-gm section o f a com bination o f sta g e 24 quail m an 
dibular m esenchym e and chick m axillary ep ith eliu m . V irtu ally all the
cells in the section d em onstrate the quail nucleolar m arker including
chondrocytes (c) and o steo cy tes (o). Scale bar = 50 pm. (B) A section
of sta g e 24 quail m andibular m esen ch ym e and chick m axillary e p ith e
lium illu stra tin g quail m yob lasts (m ). The p u n ctate nucleolar m arker
is p resen t in all the connective tissu e s of th is g ra ft in d icatin g th a t
th ey are o f quail origin. Scale bar = 50 pm.

The epithelia of the three m ajor facial prim ordia ap
pear to be equivalent. When mesenchyme from one pri
mordium is combined with epithelium from either of
the other two, both morphogenesis and cytodifferentiation appear to be unaffected. The most striking demon
stration th a t facial epithelia are interchangeable is the
result obtained with m axillary epithelium. Although
the maxilla does not form a polarized outgrowth, its
epithelium permitted full development of FNM or m an
dibular mesenchyme when assessed both qualitatively
and quantitatively.
In the absence of their epithelia, morphogenesis is
stu n ted in all types of facial m esenchym e (see also
Wedden, 11)87). Similar failure to develop a ch a rac te r
istic form also occurs in the presence of epithelium
taken from regions of the embryo which do not grow out
(back, dorsal-wing epithelium). However, cytodifferentiation of cells into bone and cartilage still proceeds in
combinations of maxillary (Tyler and McCobb, 1980) or
m andibular mesenchyme (Hall, 1978) and limb epithe
lium.

Rate o f Elongation o f Cartilage Rods in Grafted Tissue
To find out the rate at which the cartilage rod elon
gates in outgrowths of frontonasal mass and mandible,
grafted fragm ents were fixed at daily intervals and the
length of the cartilage rod was measured. In Figs. 8A
and 8B the length of the cartilage rod is plotted as a
function of the length of time after grafting. On both
Figs. 8A and 8B the g row th of n asa l c a rtila g e 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 pri
mordia was similar over the first 5 days; a period of 4
days of slow growth followed by a b urst in rate between
4 and 5 days. The frontonasal mass levels off between 5
and 7 days, whereas the mandible continues to elongate.
The growth curves for m andibular and frontonasal
mass grafts closely parallel those of Meckel’s cartilage

I-- 1

F ig . 6. A w hole m ount of a chick lim b b earin g a com b ination of th e
central third of sta g e 20 fron ton asal m ass m esen ch ym e and m and ib u 
lar ep itheliu m . A double rod of cartilage is p resen t w ith in the g ra ft
(arrow s).
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F ig . 7. Plots of the mean lengths of cartilage rods formed in grafts involving (A) frontonasal mass mesenchyme and (B) mandibular
mesenchyme. 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.

When epithelium is used from any of the three major
facial primordia, extensive morphogenesis and differentation occur. Therefore the recombination experi
ments suggest that facial epithelia contain an impor
tant signal which encourages growth in facial mesen
chyme and that similar signals are produced by the
epithelium of each facial primordium.
E pithelial-M esen ch ym al Interactions at E a rly Stages
in Face D evelopm ent

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 recombi

nations was the formation of a double rod of cartilage
with frontonasal mass mesenchyme in the stage 20
grafts. Wedden et a i (1988) obtained similar duplicate
cartilages and have postulated that the midline of the
frontonasal mass is not established until stage 21.
We cannot exclude the possibility that facial epithelia
are different at earlier stages than at 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 a l,
1986; Thorogood, 1988). This predicts local differences
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GROWTH RATE OF CARTILAGE RODS IN FNM GRAFTS
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F ig . 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 means of at least two specimens. Time 0
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 0 is stage 24. FNM, frontonasal mass; Md, mandible.

in the ep ith eliu m , w hich w ould p a ttern the m esen 
chyme.
Com parison o f B eh avior o f G rafted Tissues and
D evelopm ent o f P rim o rd ia in the In tact H ead
The behavior of the g rafts show s th a t the extension
of th e facial prim ordia does not require the presence of
a cranial base to push against. Their grow th appears to
be autonom ous. Furtherm ore, the shapes of the struc
tures form ed by grafts of both frontonasal m ass and
m andible mirror closely their form in the in tact face.
H owever, grafts of the m axillary prim ordium form a
rounded sw elling, w hereas, in the in tact face, the pri
mordium form s the flattened edge o f the upper beak
below the eyes. Therefore the form of the m axillae m ay
depend on their fusion w ith adjacent primordia.

Comparison of our grafts w ith the developm ent o f the
cartilage in the intact face show s th at fragm ents can
grow nearly as w ell w hen im planted in the limb. In
10-day intact heads, the prenasal cartilage and base of
the nasal septum is only 5% longer than the single
cartilage elem ent form ed in frontonasal m ass grafts
and M eckel’s ca r tila g e is 25% longer th a n th e rod
form ed in grafts of the distal h a lf of the mandible. It is
im pressive th a t only h a lf a m andibular prim ordium
gives rise to such a long cartilage rod but is consistent
w ith the growth zone in the distal h alf of the prim or
dium (see below).
The cytodifferentiation of cells in grafted prim ordia
also closely parallels th at in the intact face. For exam 
ple, little m uscle d ifferen tia tes in g ra fts co n tain in g
m esenchym e from the frontonasal m ass, w hereas ex 
tensive m uscle is found in grafts containing m andibular
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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 cul
tures have also shown that at stage 28 the mandible has
by far the largest number of muscle cells (Ralphs et al.,
1989).
M echanism s o f O utgrowth

Our recombination experiments show that the epi
thelium 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. Al
though it is well known that mesenchyme can control
epithelial invagination and folding as in, for example,
tooth morphogenesis (Kollar and Baird, 1970), these re
sults show that mesenchyme can also control the shape
of an outgrowth.
It is relatively easy to understand how the rounded
swellings that develop in maxillary grafts arise. Prolif
eration of cells throughout the grafted tissue would
cause it, if unrestrained, to expand equally in all direc
tions. In the chick maxilla, at stage 24, regional differ
ences in cell proliferation have been detected, but 24 hr
later, at stage 28 to stage 29, proliferation is uniform
throughout (Bailey et a l, 1988).
Elongation and formation of a polarized outgrowth
pose a different problem: expansion must be directed
along a particular axis. One possible mechanism for
generating an elongated structure involves localization
of proliferation to one face of the tissue and the contin
ual 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 ^m from the tip
of the developing chick mandibular primordium. The
spatial pattern of cell proliferation along the proximodistal axis of the frontonasal mass primordium is not
known. In the limb where extensive elongation takes
place, the tip of the bud has the highest proliferative
index (Hornbruch and Wolpert, 1970). Differentiation
of a cartilage rod could also drive polarized extension.
Diewert (1980) has proposed that proliferation and ma
trix secretion by the chondrocytes of Meckel’s cartilage
in fetal rats are largely responsible for elongated
growth of the mandible. Therefore, the absence of car
tilage differentiation in maxillary grafts could account
for the rounder shape and nonpolarized growth. We es
timate that the average increases in volume of grafts of
frontonasal mass, maxilla, and mandible are 15,47, and
113 times, respectively, after 7 days of development in
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the host wing. Therefore there is sufficient mass of tis
sue in the maxilla grafts to accommodate a long carti
lage rod, if this were to differentiate in the center. The
shape of the maxillary grafts is related to lack of direc
tionality rather than reduced growth.
Our data show that the most rapid change in length
of frontonasal mass and mandibular grafts occur after
cartilage has differentiated. This is also the case in the
limb (Summerbell, 1976) where accumulation of matrix
is the primary means by which limb cartilage elongates
(Rooney et a l, 1984). Early outgrowth of the facial pri
mordia may be due primarily to cell proliferation,
whereas later extension is related to cartilage matrix
deposition. There is evidence at least for the maxilla
and parts of the frontonasal mass that the rate of cell
proliferation decreases as development proceeds (Minkoff and Kuntz, 1977; 1978).
Com parisons betw een the F ace and L im b

The apical ectodermal ridge of developing limbs is of
crucial importance in generating proximodistal out
growth. Grafting a supernumerary apical ridge to a
limb bud will induce outgrowth in that region
(Saunders et a l, 1976), while removal of the apical ridge
leads to limb truncations (Summerbell, 1974; Saunders,
1948). We have shown that facial epithelium is impor
tant for outgrowth of the facial primordia. However,
the nature of the signals produced by epithelium that
are required for outgrowth is unknown. We already
have at least one example of a substance which affects
patterning in both the face (Tamarin et a l, 1984) and
limb (Tickle et a l, 1982), namely, retinoic acid. Future
work will examine whether the signals for outgrowth
are the same in both limbs and the face.
C.T. is supported by a grant from the MRC U.K. J.M.R. is a recipient
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Differential growth of facial primordia in chick embryos: responses of facial
mesenchyme to basic fibroblast growth factor (bFGF) and serum in
micromass culture
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ClevelandSt., London W1P6DB, UK

Summary
Differential growth of the three major facial primordia,
the frontonasal mass, maxilla and mandible, results in a
characteristic face shape. Abnormal growth of any of the
primordia can lead to facial defects. In order to dissect
out the factors that control growth, we developed a
functional assay for cell proliferation using micromass
culture and defined medium. Cell number was deter
mined over a 4 day period and BrdU incorporation was
used to determine the percentage of cells in S-phase. In
defined medium, cell number progressively decreases
and proliferation is very reduced in cultures of cells from
all three primordia. When foetal calf serum was added,
frontonasal mass cell number triples, mandible doubles
and maxilla increases by half. The number of cells in
S-phase increased in every case but the final cell number
reflects a balance between proliferation and cell loss
from the culture. The addition of basic fibroblast growth
factor (bFGF) to defined medium leads to an increase in
cell number in the frontonasal mass, while the cell
number of mandibular and maxillary cultures is rela-

tively unaffected. The percentage of cells in S-phase is
highest in frontonasal mass cultures. Serum and bFGF
both increase chondrogenesis in frontonasal mass cul
tures when compared to defined medium. In contrast in
mandibular cultures, serum does not change the amount
of cartilage and with bFGF chondrogenesis is reduced.
The coordination of the changes in proliferation and
differentiation in frontonasal mass cultures suggest that
either these two processes are independently stimulated
to the same extent or a single subpopulation of cells is
stimulated to divide and differentiate into chondrocytes.
The different responses of the populations of individual
facial primordia to growth factors may contribute to
differential growth in vivo and also be linked to the
generation of facial defects.

Introduction

upper beak and clefting of the primary palate (Tamarin
et a l 1984). Therefore an understanding of how the
growth of each primordium is controlled may give
insights into the basis of specific facial defects such as
cleft lip.
Facial growth has been difficult to study due to the
complex morphology and inaccessibility of the embry
onic face. One approach to the problem is to measure
growth using morphometric analysis of embryonic ma
terial. However, in order to discover the factors con
trolling growth, it is necessary to use both descriptive
and functional approaches. The former technique
would involve mapping the distribution of known
growth factors and their receptors as well as relevant
extracellular matrix molecules. We have chosen to
develop a functional assay so that we can identify
potentially interesting molecules whose role we can
then pursue in the intact face. This approach has also

Differential growth is a major factor in determining face
shape. At early stages in embryogenesis, the chick face
consists of primordia, buds of mesenchyme encased in
epithelium, which are of more-or-less equal size. As
development proceeds, the primordia enlarge differen
tially and fuse to give rise to the bill. The frontonasal
mass, the primordium that lies between the nasal pits,
gjows out to form most of the upper beak; the maxillary
primordia, lateral to the presumptive oral cavity, con
tribute to only the corners of the upper beak; and the
paired mandibular primordia, inferior to the presump
tive oral cavity, grow out to form the entire lower beak.
Failure of expansion of the primordia can lead to
facial defects. When chick embryos are treated with
retinoic acid, the development of the frontonasal mass
is specifically affected and this results in absence of the

Key words: bFGF, frontonasal mass, mandible, maxilla,
micromass culture, defmed-medium, facial primordium,
BrdU, chondrocytes.
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been used in the developing frog embryo to screen for
candidate molecules involved in mesoderm induction
(Slack et al. 1987; Gillespie et al. 1989).
The growth of each primordium is a property of the
mesenchyme since the epithelia overlying facial primor
dia are interchangeable (Richman and Tickle, 1989).
Therefore, our strategy was to place facial mesenchyme
cells in high density (micromass) culture and define
conditions where proliferation did not occur. We then
screened substances for their effects on proliferation
including foetal calf serum and basic fibroblast growth
factor (bFGF) (Gospodarowicz et al. 1984).
We show that when facial mesenchyme cells are
cultured in micromass with medium containing foetal
calf serum, proliferation occurs. Cell number increases
in all three primordia but to differing extents. In
contrast, bFGF, a well-known mitogen for many mes
enchymal cell types (Gospodarowicz et al. 1986), pref
erentially stimulates an increase in cell number in
frontonasal mass mesenchyme.
Since each facial primordium contains different pro
portions of potentially chondrogenic and myogenic cells
(see Wedden et al. 1986; Ralphs et al. 1989), we
explored whether the basis of the differential response
is related to cellular heterogeneity. The results show
that the proportion of chondrogenic cells in each
primordium cannot wholely account for the differential
response to bFGF.
Materials and methods
Preparation o f cell suspensions
Facial primordia of stage 24 chick embryos were dissected
according to the dimensions 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 magnesiumfree saline (Hanks Buffered Salt Solution, Gibco), p H 7.4 at

r»-r
1^:

1125 jum

FNM

MX

MD -M

Fig. 1. A diagram of a stage 24 chick face; the dashed lines
indicate how facial primordia were dissected. The entire
375 jum width of the maxillary primordium was dissected.
KEY: FNM= frontonasal mass, Mx=maxilla,
Md=mandible.

4°C for 45min. The mesenchyme of the facial primordia was
dissociated by pipetting, cell number estimated by hemocytometer and the final concentration adjusted to
2 x l0 7 cells ml-1.
Composition o f media
Two types of media were used in these experiments. The
serum-containing media consisted of 2mM L-glutamine,
100 units ml-1 penicillin, and lOOjiigmn1 streptomycin+
O . l S f i g m C 1 fungizone (antibiotic/antimycotic, Gibco Bio
cult) 50:50 ratio of F12:DMEM (Gibco Biocult), and 10%
foetal calf serum. The defined media contained a 60:40 ratio
of F12: DMEM, 2mM L-glutamine, antibiotics as described for
serum-containing medium, 5/igm l-1 transferrin (bovine,
Sigma), 100nM hydrocortisone (Sigma), 5jUgml-1 porcine
insulin (Sigma) and 50/xgml-1 ascorbate. This formula was
based on the medium used by Paulsen and Solursh (1988) and
Kujawa e t 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 dilution
of 1:100. The stock concentration of rehydrated b-FGF was
l n g / T 1.
Cell plating
Cells were plated either as 2 micromasses (two, 10jul drops
containing 2 x l0 5 cells) or as a monolayer of 4x10 cells in
each well of four-well tissue culture dishes (Nunclon, average
well diameter=16mm). Serum was not used in the initial
plating of micromass cultures in defined medium. In the
growth factor experiments, the surface of the dish was
precoated with fibronectin. lO^ul drops of fibronectin
(lOjUgml-1 of PBS, Calbiochem) were placed in the culture
wells and left at 37°C for 2-3 h. The fibronectin was aspirated
and a 10 p i 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 exper
iments were repeated without precoating the culture dishes
and similar responses to bFGF were 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 500^1. Medium was replaced daily with 500^1 of
fresh medium. The insulin present in defined medium was
essential for cell spreading and flattening during the first few
hours of the culture.
Assaying cell number
The cell number was estimated at 4 to 96 h after plating by
replacing the medium with 200 (A trypsin/EDTA solution
(0.1% Trypsin and 0.001m EDTA in calcium-/magnesiumfree saline, 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 /rl 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 suspen
sion 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 p i of
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
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10.00

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.

9.00 1.00 -

7.00 6.00

Use o f B rdU and its antibody to detect cells in S-phase
One hour prior to counting the cell number, cultures were fed
with 25 jMM5-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/d of fresh medium used to resuspend the cells.
20 ;ul samples of concentrated suspension were spread on two
gelatin-subbed slides. 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 at 45 °C using 1.5 m HC1. A mouse monoclonal
antibody to BrdU (Becton-Dickinson, California), diluted
1:10, was applied for l h at 37 °C and binding was routinely
detected with fluorescently labelled rabbit anti-mouse anti
body diluted 1:50 (Dakopatts, Denmark). A random sample
of 1000 cells was chosen and the number of labelled cells was
counted.
Detection o f myoblasts
Based on the work of Ralphs e t a l . (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 2h at room temperature. The
cultures were then rinsed and incubated overnight at 4°C in
the secondary antibody linked to 5 nM gold particles, diluted
1:40. The following day, labelled cells were visualized with a
silver enhancement kit (Jenssen, Belgium). Numbers of
muscle cells per culture could then be counted under brightheld illumination.
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Staining fo r 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
2h (Wedden et al. 1986). Cartilage area was measured by
tracing Alcian-Blue-stained regions in a camera-lucids image
which was projected onto a digitizing pad. The digitizing pad
was linked to an Archimedes computer and the image was
measured using the DIGIT program (B. Hayes).

Results
G rowth o f facial mesenchyme in serum-free medium

In defined medium alone, cell number progressively
decreased in cultures from cells of all three primordia
and the percentage of cells incorporating BrdU was low
(Fig. 2A, Table 1).
Effect o f serum-containing medium on cell number
a n d proliferation in cultures o f facial cells

In medium containing foetal calf serum, the number of

2.00

-

1.00

-

0.00
0 4

96

H o u r s o f c ulture

Fig. 2. (A) Cell number plotted as a function of duration of
culture in defined medium. Each value represents the mean
of 3 to 11 separate experiments. (B) Cell number plotted as
a function of duration of culture in medium containing
foetal calf serum. Each value represents the mean of 3 to 8
separate experiments. (C) Cell number plotted as a function
of duration of culture in defined medium containing
ln g m l-1 of bFGF. Each value represents the mean of 4 to
6 separate experiments. These cultures were plated on
fibronectin spots but this did not affect the number of cells
adhering at 4h (compare with 3B). Key: Arrow=number of
cells plated, 4h time point illustrates the number of cells
that adhered from the suspension.
frontonasal mass
mandible
maxilla cultures. Error bars represent 1
standard deviation on either side of mean.

344

J. M. Richman and Z. Crosby

Table 1. Percentage o f BrdU -labelled cells at 48 h in

12 . 0 0 -

different culture media
FNM

Type of Medium

Mx

□

Md

6.2 (0.4)
n= 4

3.7 (0.8)

2.9 (1.4)

n=4

n=5

Serum (10%)

18.6 (3.5)
n= 6

19.7 (2.1)
n= 3

10.7 (4.0)
n- 3

bFGF (lngml-1)

10.7 (1.2)
n= 3

5.5 (3.8)

4.6 (1.5)

n=4

n-5

Defined

FNM=Frontonasal mass
Mx=Maxilla
Md=Mandible
()=1 standard deviation

10 .0 0 -

Frontonasal mass

E3 Mandible
O

Maxilla

0.0 0 '
1

10

100

i p + 0. 2% FCS

D ose o f bFG F (ng/m l)

cells in micromass cultures of all three facial primordia
had increased after 4 days but the cells from each
primordia behaved differently; the number of frontona
sal mass cells tripled, the number in mandible cultures
doubled and the number in maxillary cultures increased
by 50% (Fig. 2B). Equal numbers of cells adhered to
the dish (as seen at 4h on Fig. 2B), and the cell
numbers began to increase after 48 h and appeared to
be reaching a plateau by 72 h.
The percentage of cells in S-phase in each type of
culture at 48 h is shown in Table 1. The growth curves in
Fig. 2B begin to diverge between 48 and 72 h. There
fore 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 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 in
crease in cell number (Fig. 2B).
Effect o f bFGF on cell number and D N A synthesis in
serum-free medium

bFGF preferentially stimulated an increase in cell
number in frontonasal mass cultures. When ln g m l-1
bFGF is added to defined medium, the number of cells
in frontonasal mass cultures at 96 h was double that at
4h, whereas, in the mandible and maxilla cultures, cell
number still decreased (Fig. 2C). Increasing the con
centration of bFGF to 10 and lOOngml- led to a
further stimulation of cell number in the frontonasal
mass (Fig. 3), whereas in mandible and maxilla cultures
the number of cells was still below the number of cells
plated. A concentration of lOOngml-1 bFGF gives the
same cell number in frontonasal mass cultures as that
seen in foetal calf serum (compare Fig. 3 to 96 h data in
Fig 2B). Preliminary studies using a different batch of
bFGF but a dose equivalent to lOOngml-1 showed that
mandible and maxillary mesenchyme do not increase in
cell number significantly compared to the number
plated (mean for mandible=4.45xl05, s. d .= 0.93;
mean for maxilla=3.32xl05, s. d . =0.60). The addition
of BSA, used as a carrier protein when diluting bFGF,

Fig. 3. Histogram showing cell number in micromass
cultures after 96h after addition of 1, 10, lOOngml-1 bFGF
and 10ngml-1+0.2% FCS to defined medium. Each bar
for the 1 and lOngml-1 data represents the mean of four to
six separate experiments. The lOOngml-1 data is the mean
of two experiments. The data for serum+bFGF was the
mean of two to three experiments. Error bars represent 1
standard deviation. KEY: Arrow=mean number of cells
adhering 4h after plating.

did not alter the cell number (data not shown) from the
values obtained in defined medium (Fig. 2A).
Determination of the percentage of cells in S-phase
showed that ln gm l-1 bFGF stimulated DNA synthesis
in frontonasal mass cells. The labelling index at 48 h
(10.7 %, Table 1), was greater than that seen in defined
medium (significant at F^O.l). In mandibular and
maxillary cultures, the percentage of labelled cells at
48 h also increased compared with defined medium but
these differences were not found to be significant.
The plating efficiency of facial cells (the number of
cells present at 4 h) was identical in all cultures whether
serum or bFGF was added and therefore the starting
cell populations in all the experiments appear to be
equivalent.
The addition of 1-10 ng ml-1 of bFGF led to a
significant increase in cell number; however, this was
still less than than obtained with serum. In order to see
whether serum contains factors that interact with
b-FGF in controlling proliferation of facial cells, 0.2%
FCS was added to defined medium containing
lOngml-1 b-FGF. This small quantity of serum had no
effect on the number of cells in frontonasal mass and
mandibular cultures (Fig. 3) (t-test showed no signifi
cant difference between the number of cells/well in
cultures treated with 1-10 ng ml-1 b-FGF versus cul
tures treated with lOngml-1 b-FGF+0.2% FCS).
Cell differentiation
Myogenesis

In defined medium, the number of myogenic cells that
differentiated in mandibular cultures was much higher
than that in frontonasal mass or maxillary cultures (data
not shown). The number of myoblasts is very small in
relation to the total number of cells (1 % of the culture).
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1 and lOngml-1 bFGF was 24% larger than in defined
medium (Fig. 4) (t-test, P ^ 0.05). In contrast, when
bFGF is added to mandibular cultures, the extent of
cartilage differentiation is significantly reduced com
pared to defined medium (eg. ln gm l-1 bFGF versus
defined medium, P^0.02). When lOngml-1 bFGF was
added, cartilage was scarcely detectable (Fig. 4,
Fig. 6D).

Frontonasal Mass
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Discussion

FCS

DM

DM + 1 ng/ml
bFGF

DM + 10 ng/ml
bFGF

T ype o f culture m edium

Fig. 4. Histogram showing the percentage area occupied by
cartilage in micromass cultures in different culture media.
Each bar represents the mean of 4 to 9 cultures for
frontonasal mass cells and the mean of 6 to 16 separate
cultures for mandibular cells. The error bars represent 1
standard deviation. KEY: FCS= Foetal calf serumcontaining medium, DM=defined medium.

The number of myoblasts was reduced when serum was
added to mandibular cultures (DM, mean=5348;
1 s .d .= 6 6 0 ; FCS, mean=998, 1 s . d . = 2 9 2 ) . The ad
dition of 1 or lOngml-1 bFGF to defined medium had
no effect (ln gm l-1 bFGF, mean=5731, 1 s.d . = 1361;
lOngml-1 bFGF, mean=5285, 1 s . d . = 5 5 3 ) . In fronto
nasal mass and maxillary cultures, the number of
myogenic cells that differentiated was not changed in
different culture media (data not shown).
Chondrogenesis

In defined medium, a lacy pattern of cartilage formed in
the frontonasal mass (Fig. 5A); small nodules of carti
lage developed in the mandible cultures that are distrib
uted over the whole culture (Fig. 5B), and in maxillary
cultures tiny, very faintly stained nodules could be
detected (Fig. 5C).
With the addition of serum continuous sheets of
cartilage formed in the frontonasal mass (Fig. 5D),
nodules formed in the mandible (Fig. 5E) but no
cartilage was seen in the maxilla (Fig. 5F) (see also
Wedden et al. 1986). The area of cartilage in the
frontonasal mass cultures in serum-containing medium
was significantly larger than in defined medium (Fig. 4,
PsSO.05). In mandibular cultures, although the pattern
of chondrogenesis was different in serum-containing
and defined medium, the quantity of cartilage was the
same (Fig. 4).
bFGF has primordium-specific effects on both the
pattern and quantity of cartilage matrix. In the fronto
nasal mass cultures supplemented with 1 ng ml-1 bFGF,
a nodular pattern of cartilage developed (Fig. 6A) and
with lOngml-1 the pattern was sheet-like (Fig. 6B)
resembling that obtained with serum-containing me
dium. With even higher doses of bFGF, a larger, denser
sheet of cartilage was formed (data not shown). The
cartilage area in frontonasal mass cultures treated with

The aim is to discover the factors that control prolifer
ation of facial mesenchyme and ultimately understand
their role in differential growth in vivo. We established
a defined culture system in which to rapidly screen
growth factors for their effects on proliferation and, as a
first step, we tested the effects of serum and bFGF.
Foetal calf serum stimulates an increase in cell
number and labelling index in cultures of cells from all
three facial primordia. In contrast, bFGF leads to an
increase in cell number in only frontonasal mass mesen
chyme and labelling index was highest in these cultures.
The increase in proliferation of frontonasal mass cul
tures when either serum or bFGF was added was
accompanied by an increase in chondrogenesis. 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.
Role o f proliferation and cell loss in determining cell
number

The labelling indices under the three culture conditions
were determined to find out whether the cell number is
an accurate reflection of cell proliferation. However,
with serum, 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 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 in addition to
chondrogenic differentiation may act to control cell
loss.
Serum-derived and tissue-derived growth factors affect
proliferation o f facial mesenchyme

Serum generally stimulates cell proliferation whereas
bFGF has a preferential effect on frontonasal mass
cultures. Foetal calf serum contains growth factors such
as platelet-derived growth factor (PDGF) (Ross et al.
1986). Further analysis is required to determine which
factors in serum are involved in mediating proliferation
of facial cells and whether these are present in the
developing face.
bFGF is a tissue-derived factor that is not present in
serum (Gospodarowicz and Moran, 1976; Thomas,
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Fig . 5. M i c r o m a s s cu lt u r e s s t a i n e d with
A l c i a n b lu e at % h in d e f i n e d o r se ru m c o n t a i n i n g m e d i u m . ( A ) F r o n to n a s a l m ass
cells in d e f i n e d m e d i u m . T h e A l c i a n - b l u e
s t a in e d m a trix has a lacy a p p e a r a n c e
( c o m p a r e w ith so lid s h e e t in 5 D ) .
( B ) M a n d i b l e cells in d e f i n e d m e d i u m .
A n array o f tiny n o d u l e s e x t e n d s ou t to
the e d g e s o f the cu lture ( c o m p a r e to 5 E ) .
( C ) M a x illa cells in d e f in e d m e d i u m .
Fain tly sta in in g n o d u le s ca n b e d e t e c t e d .
( D ) F r o n t o n a s a l m a ss cells in se r u m c o n t a i n i n g m e d i u m . A cen tral s h e e t o f
ca rtila ge is p res en t. ( E ) M a n d i b l e cells in
s e r u m - c o n t a i n i n g m e d i u m . T h e cartilage
matrix is arra n ged in n o d u l e s c o n f i n e d to
the c e n t r e o f the cu ltu r e. ( F ) M ax illa ce lls
in s e r u m - c o n t a i n i n g m e d i u m . T h e r e is no
v isib le ca rtilage matrix. S ca le bar for all
f i g u r e s = 1.0 m m .

1987; Rifkin and Moscatelli, 1989). Nevertheless, 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
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, we cannot exclude indirect actions of growth
factors. It is possible that bFGF acts by stimulating
target cells to produce a second factor that affects cell
proliferation. For example, bFGF has been shown to
stimulate transforming growth factor beta 1 (TGF beta)
mRNA synthesis in osteoblasts (Noda and Vogel,
1989).
There are many other tissue-derived growth factors
that are absent in serum such as nerve growth factor
(Korsching et al. 1985), epidermal growth factor (Car
penter and Cohen, 1979) and beta TGFs (Sporn et al.

1986). Some of these could act as mitogens for maxillary
and mandibular cells.
The role o f cellular heterogeneity in the response to
serum and bFGF
The cell population constituting the facial primordia is
heterogeneous and can differentiate into myogenic and
chondrogenic cells in high density culture (Wedden et
al. 1986; Langille et al. 1989). Myogenic cells constitute
a very small proportion of the total cells in the culture
(see also Ralphs et al. 1989), whereas large numbers of
chondrogenic cells differentiate in frontonasal mass and
mandible cultures in defined medium. Could the rela
tive number of chondrogenic cells in each type of facial
mesenchyme account for the differences in cell number
produced by serum and bFGF? In serum-containing
medium, the increase in cell number is correlated with
the number of chondrogenic cells. Similarly bFGF
stimulates frontonasal mass cells to proliferate. How
ever, bFGF does not lead to an increase in cell number
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Fig. 6. M ic r o m a ss cultures sta in ed with
A l c i a n blu e after 96 h o f cultur e in
d efine d m e d i u m with ad d e d b F G F .
( A ) F ro n to n a sa l m ass culture in d efined
m e d i u m s u p p l e m e n t e d with 1 n g m l -1
b F G F . D a r k l y stain ed c h o n d r o g e n i c
area in the c e n t r e o f the cultur e c o n t a in s
n o d u le s , s o m e o f wh ich have c o a l e s c e d .
( B ) F r o n to n a s a l m ass cultur e in d efine d
m e d i u m s u p p l e m e n t e d with l O n g m l -1
o f b F G F . A d e n s e s h e e t o f cartilage has
f o r m e d in the cen tre o f the cu lture
similar to that w h ich form s in se rum
( c o m p a r e to Fig. 5 D ) . (C) M an d ib ular
cultur e in d efin e d m e d iu m
s u p p l e m e n t e d with 1 n g m l -1 b F G F . A
f e w tiny n o d u le s o f cartilage in the
c en tre o f the cu lture h a ve d e v e l o p e d but
far fe w e r than in m e d i a w ith o u t b F G F
( c o m p a r e with Fig. 6 B ) . ( D ) M a n d ib u la r
cultur e in d ef in e d m e d i u m
s u p p l e m e n t e d with l O n g m l -1 b F G F .
V irtually n o ca rtilage differen tiate s.
S ca le b a r = 1 . 0 m m .

^

in mandibular cultures even though many potentially
chondrogenic cells are present.
A separate issue is the purely differentiative effects
that serum and bFGF have on chondrocytes. In man
dibular cultures, chondrocyte differentiation is in
hibited by bFGF and unchanged by serum whereas in
frontonasal mass cultures both serum and bFGF in
crease chondrogenesis over that seen in defined me
dium. Therefore, the mandible cultures lack the posi
tively responsive chondrogenic cells that are found in
frontonasal mass cultures. In limb buds, subpopulations
of myogenic cells that differ in their response to bFGF
have also been detected (Seed and Hauschka, 1988).
Relevance to normal facial development
Frontonasal mass cultures have a lower percentage of
cells in 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 closer to the
labeling 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.
The results suggest that bFGF may be involved in
differential growth of the facial primordia in the em
bryo. The growth factor may be unequally distributed,
the number of receptors (Neufeld and Gospodarowicz,
1985) may vary, and the efficiency of signal transduction
(Gillespie et al. 1989) may be different in each facial cell

population. It will be important to explore these possi
bilities in the intact head. Although bFGF has been
purified from brains (Risau et al. 1988), bodies (Seed et
al. 1988; Lee etal. 1989) and limb buds (Seed etal. 1988;
Munaim et al. 1988) of chick embryos, it is not known
whether bFGF is present in the face.
The development of the frontonasal mass is specifi
cally affected by retinoic acid treatment in vivo
(Tamarin et al. 1984; Wedden, 1987). Since both bFGF
and retinoic acid affect the same primordium, it is
possible that a single cell population within the fronto
nasal mass is responsive to both. It will be interesting to
find out whether there is a functional interaction
between retinoic acid and bFGF and whether this is
related to the facial defect.
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