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Summary

Retinoic acid causes a range of embryonic defects,
including craniofacial abnormalities, in both birds and
mammals and is believed to have a number of roles in
normal development. We have previously shown that the
distribution of retinoic acid receptor-f (RAR-f tran-
scripts is spatially restricted within the neural-crest-
derived upper beak primordia of the chick embryo. We
have now used in situ hybridisation to trace the
distribution of RAR-f transcripts during the migration
of cranial neural crest cells and during formation of
these primordia.

RAR-§ transcripts were present in a subset of
migrating neural-crest-derived cells in the head of the
stage 10 embryo. These cells were situated in pathways
followed by cells that migrate from the neural crest
overlying the posterior prosencephalic/anterior mesen-
cephalic region of the developing brain. Cells containing
RAR-f transcripts accumulated around the developing
eyes and in the regions of the ventral head from which
the upper beak primordia later develop. We mapped the

distribution of RAR-f transcripts as the facial primordia
were forming, with particular reference to the develop-
ment of the maxillary primordia. We found that these
form in a region of the ventral head that includes the
boundary between regions of high and low levels of
RAR-$ transcripts. The boundary between these two
groups of cells persisted as the maxillary primordia
developed.

The restriction of RAR-f transcripts to a subset of
migrating neural crest cells which arise from a specific
region of the neural crest, and which give rise to
precisely distributed populations of cells, provides
further evidence that there is some form of prepattern-
ing in the neural crest from which the facial primordia
originate.

Key words: chick embryogenesis, facial primordia,
maxillary primordia, neural crest, RAR-f, retinoic acid
receptor.

Introduction

The vitamin A metabolite retinoic acid (RA) can affect
pattern formation in a number of developmental
systems, including the developing chick limb bud
(reviewed by Tickle and Brickell, 1991) and face
(reviewed by Wedden et al., 1988), and the developing
Xenopus central nervous system (Durston et al., 1989).
Retinoids are also potent teratogens in mammals,
where they cause a wide range of embryological
defects, including abnormalities in limb and craniofacial
development (Satre and Kocchar, 1989; Morriss and
Thorogood, 1978; Lammer et al., 1985). Dencker et al.
(1990) have shown that radiolabelled RA and RA
analogues injected into pregnant mice accumulate in
specific locations in the embryo, including the neural

plate, neural crest, the roof of the midbrain, the
hindbrain, neural tube, limb buds and upper jaw
primordia. RA occurs endogenously in developing
chick limb buds (Thaller and Eichele, 1987), in the floor
plate of the chick neural tube (Wagner et al., 1990) and
in the Xenopus embryo (Durston et al., 1989).
Application of a bead soaked in an appropriate
concentration of RA to the chick wing bud between
embryonic stages 18 and 21 results in failure of upper
beak development in 100% of treated embryos
(Tamarin et al., 1984; Wedden and Tickle, 1986). The
chick face is formed from a set of primordia populated
by mesenchymal cells originating from the cranial
neural crest. The frontonasal mass, lateral nasal
processes and maxillary primordia give rise to the upper
beak, whilst the mandibular primordia give rise to the
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lower beak. RA treatment results in failure of out-
growth of the frontonasal mass, which then fails to fuse
with the lateral nasal processes and the maxillary
primordia, resulting in severe bilateral clefting of the
primary palate. Recombination experiments with epi-
thelium and mesenchyme from normal and RA-treated
embryos have shown that RA acts on the mesenchymal
cells of the facial primordia, rather than on the
epithelium (Wedden, 1987). The development of the
mandibular primordia is unaffected by RA. These data,
along with the evidence for the presence and active
localisation of RA in embryos and its teratogenic
effects, indicate a role for RA in normal facial
development.

Chick facial primordia arise as buds of neural-crest-
derived ectomesenchyme encased in epithelium. Noden
(1975) has mapped the contributions of cells from
different levels of the cranial neural crest to these
primordia. Neural crest cells from the posterior prosen-
cephalic and anterior mesencephalic levels of the early
brain migrate rostrally around the optic lobes. They
migrate into the ventral region of the head, ventral and
posterior to the optic lobes, contributing mainly to the
frontonasal mass, lateral nasal processes and maxillary
primordia. Cells migrating laterally from the posterior
mesencephalon contribute mainly to the maxillary
primordia and, to a lesser extent, to the mandibular
primordia. All of the facial primordia are distinct by
embryonic stages 18-19.

The effects of RA on cells are thought to be mediated
by nuclear RA receptors that belong to the steroid/
thyroid hormone receptor family (Green and Cham-
bon, 1988). Two classes of nuclear receptors that
respond to RA have been identified in humans, mice
and chickens. One class comprises RAR-« (Petkovich
et al., 1987; Giguére et al., 1987; Noji et al., 1991),
RAR-f (Brand et al., 1988; Benbrook et al., 1988;
Smith and Eichele, 1991; Rowe et al., 1991a; Noji et al.,
1991) and RAR-y (Zelent et al., 1989; Krust et al.,
1989). The other class comprises RXR-a (Manglesdorf
et al., 1990), RXR-8 (Manglesdorf et al., 1990; Hamada
et al., 1989) and a third receptor, cRXR, identified in
chickens (Rowe et al., 1991b).

Studies in the mouse have shown that transcripts
encoding these receptors have distinct patterns of
distribution in a broad range of embryonic tissues
(Dollé et al., 1989, 1990; Ruberte et al., 1990, 1991). In
the early facial primordia, murine RAR-a and RAR-y
transcripts were found to be uniformly distributed, with
RAR-y transcripts gradually becoming restricted to
regions of chondrogenesis (Osumi-Yamashita et al.,
1990). In contrast, in both the mouse (Osumi-Yamas-
hita et al., 1990) and the chick (Rowe et al., 1991a;
Smith and Eichele, 1991), RAR-S transcripts were
found to be regionally localised within the facial
primordia. cRXR transcripts-are not detectable in the
neural-crest-derived mesenchyme of the facial primor-
dia, even though cRXR transcripts are abundant in
other neural crest derivatives (Rowe et al., 1991b).

In the chick, at embryonic stages 20, 24 and 28, RAR-
B transcripts were found to be abundant in parts of the

upper beak primordia, which are affected by RA
treatment, and present at lower levels in the mandibu-
lar primordia (Rowe et al., 1991a). Transcripts were
abundant in the anterior part of the maxillary primor-
dia, but were undetectable in the posterior parts of
these primordia. High levels of transcripts were also
localised to the edges and corners of the frontonasal
mass, to a v-shaped region in the centre of the
frontonasal mass and to the lateral nasal processes. The
complex distribution of RAR-f transcripts to specific
facial primordia and to certain regions within single
primordia is intriguing. We have therefore used in situ
hybridisation to investigate the development of this
pattern of RAR-f transcript distribution by examining
the embryonic chick head, between stages 10 and 18,
when the facial primordia are forming. In particular, we
have followed closely the development of the maxillary
primordia where the localisation of RAR-f transcript
levels within the primordia is most striking. At stages 10
and 12, as neural crest cells are migrating into the
ventral head and visceral arches, we have used in situ
hybridisation to cRXR transcripts as a marker for the
location of migrating neural crest cells.

Materials and methods

Chick embryos

Fertilised chicken eggs were obtained from Poyndon Farm,
Waltham Cross, Herts, UK and were incubated at 38+1°C.
The embryos were staged according to Hamburger and
Hamilton (1951) and dissected into sterile PBS.

RAR-B hybridisation probe

The 3S-labelled antisense RNA probe for chicken RAR-S
transcripts was synthesised as previously described, using the
chicken RAR-8 ¢cDNA clone pRAR1 as a template after
linearising with BarmHI (Rowe et al., 1991a). The probe
contained sequences complementary to those encoding part
of the A domain, the B, C and D domains and part of the E
domain of RAR-B. The negative control sense strand probe
was synthesised from the same template, linearised with Sall.

cRXR hybridisation probe

The 3S-labelled antisense RNA probe for cRXR transcripts
was synthesised using the cDNA clone pR2BE as a template
after linearising with BamHI (Rowe et al., 1991b). The probe
contained sequences complementary to those encoding the E
and F domains of cRXR. The negative control sense strand
probe was synthesised from the same template, linearised
with EcoRI.

In situ hybridisation

Whole early embryos (stages 10 and 12) or dissected heads
(stage 14 and later) were fixed and embedded in wax as
described by Davidson et al. (1988). 7 um sections were cut,
collected on slides coated with 3-aminopropyltriethoxysilane
(TESPA, Sigma) and baked for 6-16 hours at 60°C. Some
sections were taken at this stage for histological examination
and stained with Mallory’s stain. Probes were prepared and in
situ hybridisation was performed as described previously
(Rowe et al., 1991a) After autoradiography, slides were
stained in 0.5% (w/v) malachite green.



Results

Stage 10

At stage 10, cranial neural crest cells have begun to
migrate away from the neural crest. Some cells migrate
ventrally, posterior to the optic lobes, whilst others
migrate anteriorly over the optic lobes before migrating
ventrally (Noden, 1975). The distribution of RAR-f
transcripts in the head of the stage 10 chick embryo is
shown in Fig. 1. Low levels of RAR-f transcripts were
detected in cells anterior and posterior to the optic
lobes and in cells ventral to the developing midbrain.
RAR-f transcripts were not detectable in the meso-
derm-derived mesenchyme ventral to the developing
mesencephalon and anterior thombencephalon. RAR-
B transcripts were also detectable at very low levels in
the developing central nervous system anterior to
rhombomere 5. There was a striking increase in the
levels of RAR-f transcripts in the neural tube in
rhombomere 5. This increase was graded along the
anterior-posterior axis and did not appear to coincide
with the boundary between rhombomeres 5 and 6.
RAR-f transcripts were also present at high levels
within the developing otic vesicle, in the rest of the
hindbrain and in the neural tube.

In transverse sections through the head in the region
of the optic lobes of stage 10 embryos, RAR-8
transcripts were present at very low levels in cells dorsal
to the optic lobes (Fig. 2C). Hybridisation of adjacent
sections with a cRXR probe, which hybridises to
migrating neural crest cells and most neural crest
derivatives (Rowe et al., 1991b, and our unpublished
observations), enabled us to identify the positions of
neural crest cells in these sections (Fig. 2B), indicating
that the cells dorsal to the optic lobes that contained
RAR-f transcripts had the same location as migrating
neural crest cells. In sections from more posterior
regions of the developing head, RAR-f transcripts
were undetectable other than in the developing central
nervous system (data not shown). RAR-§ transcripts
were present at extremely low levels in the optic lobes
themselves and in the developing brain (Fig. 2C).

Stage 12

At stage 12, the positions of migrating neural crest cells
in transverse sections of the developing head were again
visualised by in situ hybridisation with the cRXR probe
(Fig. 3C, G, K). In sections anterior to the optic lobes,
neural crest cells containing cRXR transcripts were
located lateral to the developing prosencephalon (Fig.
3C). In sections through the head in the region of the
optic lobes, migrating neural crest cells containing
c¢cRXR transcripts were present dorsal to the optic
lobes, lateral to the prosencephalon (Fig. 3G). In the
posterior prosencephalic/anterior mesencephalic region
of the head, neural crest cells containing cRXR
transcripts accumulated ventrolaterally relative to the
developing brain (Fig. 3K). Sections in series with those
hybridised with the cRXR probe were hybridised with
the RAR-S probe (Fig. 3B, F, I). RAR-B transcripts
were present at high levels in migrating neural crest
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Fig. 1. Distribution of RAR-f transcripts at stage 10.
Adjacent sections through the head region of a stage 10
embryo. (A) Stained with malachite green and
photographed under bright-field illumination; (B and C)
hybridised with the probe for RAR-f transcripts and
photographed under dark-field illumination; (D) hybridised
with a negative control probe and photographed under
dark-field illumination. ol, optic lobe; ov, otic vesicle; r5,
rhombomere 5; r6, thombomere 6. Scale bar: 200 um.

cells in the same regions of the developing head as those
where cRXR transcripts were present. RAR-f tran-
scripts were present in the neural-crest-derived cells
lateral to the prosencephalon anterior to the optic lobes
(Fig. 3B). In the region of the optic lobes, RAR-8
transcripts were also present in the neural-crest-derived
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Fig. 2. Distribution of RAR-S transcripts at stage 10.
Adjacent transverse sections through the head of a stage 10
embryo at the level of the optic lobes. (A and C)
Hybridised with the probe for RAR-S transcripts; (B)
hybridised with the probe for cRXR transcripts; (D)
hybridised with a negative control probe. (A)
Photographed under bright-field illumination; (B, C, and
D) photographed under dark-field illumination. Scale bar:

200 pm.

cells dorsal to the optic lobes as well as in the small
population of cells which have by this stage migrated
ventral to the developing brain (Fig. 3F). Posterior to
the optic lobes, RAR-f transcripts were present in
neural-crest-derived cells ventrolateral to the develop-
ing posterior prosencephalon/anterior mesencephalon.
RAR-f transcripts were present at very low levels in the
developing cranial and viseral arch neural-crest-derived
mesenchyme. Low levels of RAR-S transcripts were
also detected in the developing optic lobes and brain.

Stage 14

By stage 14, neural crest cells have migrated ventrally in
the head, both anterior and posterior to the developing
eye, and into the first branchial arch (Noden, 1975).
Mallory’s stained sections show that although cell
density is higher in the first branchial arch mesenchyme
than in the ventral head mesenchyme (Fig. 4A), it was
in the ventral head mesenchyme that RAR-f transcripts
were most abundant (Fig. 4B). Transcripts were
particularly concentrated in the ventral head mesen-
chyme around the optic cups.

Stages 15 and 16

At stage 15, the nasal placodes are forming as
thickenings of head ectoderm (for a description see Yee
and Abbott, 1978). RAR-S transcripts were most
abundant in the mesenchyme lateral and medial to the
placodes (Fig. SA, B, C). Deeper frontal sections and
parasagittal sections (Fig. 5D to I) show that RAR-S
transcripts were still most abundant around the optic
cup and in the ventral head mesenchyme. The maxillary
primordia are not yet formed at this stage and each
appears only as a slight bulge in the mesenchyme just
posterior to the developing eye and anterior to the first
branchial arch (Fig. 5G, H). At stages 15 and 16, there
was already a demarcation in the ventral head between
regions containing high and low levels of RAR-f
transcripts (Fig. SH) and this demarcation lay within
the bulges that develop into the maxillary primordium
(indicated by arrow in Fig. 5H). Therefore, like the
more mature maxillary primordia, the anterior part of
these bulges contain cells with high levels of RAR-S
transcripts, whilst the posterior part of these of the
bulges contain cells with low levels of RAR-§ tran-
scripts. The first branchial arch mesenchyme and the
mesenchyme just anterior to it contain relatively low
levels of RAR-B transcripts. Shallower parasagittal
sections of stage 16 heads (Fig. 6A, B, C) also revealed
that RAR-f transcripts were not particularly abundant
in the first branchial arch as compared to the rest of the
developing head. RAR-$ transcripts were still most
abundant in the periocular and ventral regions of the
head and were undetectable in the dorsal head
mesenchyme.

Stage 18

By stage 18, the maxillary processes are prominent
buds, lying anterior to the mandibular primordia.
RAR-B transcripts were detected in cells in a continu-
ous region extending from a postion anterior and
ventral to the developing eyes into the anterior halves
of the maxillary processes (Fig. 6D to I). The posterior
halves of the maxillary processes and the mandibular
primordia did not contain RAR-p transcripts. RAR-f
transcripts were absent from the dorsal head mesen-
chyme, but were still present in the periocular region of
the head mesenchyme. This distribution of RAR-8
transcripts persists in the head mesenchyme at stages
20, 24 and 28, as we have previously described (Rowe,
1991a).
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Fig. 3. Distribution of RAR-p transcripts at stage 12. Transverse sections through the head of a stage 12 embryo. The line
drawing shows the three areas from which sections were taken. A to D from area 1, anterior to the optic lobes; E to H
from area 2, through the optic lobes; I to L from area 3, posterior to the optic lobes, through the anterior mesencephalon.
B, E, F, I and J, hybridised with the probe for RAR-f transcripts. C, G and K, hybridised with the probe for cRXR
transcripts. A, D, H and L, hybridised with a negative control probe. A, E, I were photographed under bright-field
illumination and all other sections were photographed under dark-field illumination. Scale bar: 200 um.

Fig. 4. Distribution of RAR-f transcripts at stage 14. Adjacent frontal sections through the optic vesicles (o) and first
branchial arch (b) of a stage 14 embryo. (A) Section stained with Mallory’s stain and photographed under bright-field
illumination; (B) hybridised with the probe for RAR-S transcripts; (C) hybridised with a negative control probe. (B and C)
Photographed under dark-field illumination. Scale bar: 200 um.

Discussion cephalon. At later stages, cells containing RAR-B
o transcripts were found surrounding the optic cups and
RAR-B transcripts in migrating neural crest cells accumulating in the ventral head mesenchyme. Tran-

At embryonic stage 10, streams of cells containing  scripts were present at much lower levels in the first
RAR-S transcripts were found anterior and posterior to  branchial arch mesenchyme. By stage 18, cells contain-
the optic lobes, and ventral to the developing mesen-  ing high levels of RAR-f transripts were found in the
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Fig. 5. Distribution of RAR-f transcripts at stage 15. A, B and C are adjacent frontal sections through the head of a stage
15 embryo at the level of the nasal placodes (n). D, E and F are deeper sections in the same plane as A, B and C, through
the optic cups (o) and the first branchial arch (b). G, H and I are parasagittal sections through the head at the same stage,
the arrow on H indicates the demarcation between areas of high and low RAR-f transcript levels. (A, D and G) Stained
with Mallory’s stain and photographed under bright-field illumination; (B, E and H) hybridised with the probe for RAR-8
transcripts; (C, F and I) hybridised with a negative control probe. (B, C, E, F, H and I) Photographed under dark-field

illumination. Scale bar: 200 um.

frontonasal mass, the lateral nasal processes and the
anterior part of the maxillary primordia, but not in the
posterior part of the maxillary primordia or in the
mandibular primordia; a pattern closely resembling that
which we have previously described for stage 20, 24 and
28 chick embryos (Rowe et al., 1991a).

The locations of these cells, from stage 10 onwards,
correspond to those of migrating neural crest cells
which arise from the neural crest at the posterior
prosencephalic/anterior mesencephalic level of the
developing brain and which subsequently populate the
frontonasal mass, the lateral nasal processes and the
maxillary primordia of the developing face. (Noden,
1975; Le Lievre, 1978). Neural crest cells arising from
the posterior mesencephalic/anterior rhombencephalic
level of the developing brain, which migrate to form the
first branchial arch and subsequently give rise to the
mandibular primordia (Noden, 1975; Le Lievre, 1978),
contained extremely low levels of RAR-fBtranscripts, as
did neural crest cells migrating from more posterior
regions of the hindbrain. It therefore appears that
migrating neural crest cells destined to participate in
forming regions of the head that contain high levels of
RAR- transcripts, already express the RAR-fS gene by
stage 10. It is not clear whether these cells contain

RAR-p transcripts prior to migration, or whether
transcripts only begin to accumulate as the cells
migrate. In either case, the difference in RAR-f gene
expression between cells arising from different pos-
itions within the neural crest is intriguing. It is possible
that positional cues acting within the neural crest could
activate RAR-f gene expression directly, or could
prime cells to activate RAR-f gene expression shortly
after they begin to migrate. Since RAR-8 gene
expression can be induced by RA both in vitro (de Thé
et al., 1990) and in vivo (Noji et al., 1991; Rowe et al.,
1991a), it is possible that the local concentration of free
RA is one such cue, although it is likely that other
factors also have a role in regulating RAR-f gene
expression (Rossant et al., 1991).

The function of RAR-8 in cells derived from the
cranial neural crest is unclear. In particular, it is not
known whether these cells require RAR-S prior to
migration, during migration or once they have reached
their destinations in the developing face. Grafting
experiments indicate that cells arising at different levels
of the cranial neural crest are prepatterned in terms of
the craniofacial structures to which they will give rise
(Noden, 1983). In view of the apparent restriction of
RAR-p transcripts to neural crest cells arising from the
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Fig. 6. Distribution of RAR- transcripts at stages 16 and 18. A, B and C are adjacent parasagittal sections through the
head of a stage 16 embryo. D, E and F are parasagittal sections through the head of a stage 18 embryo. G, H and I are
frontal sections through a stage 18 embryo. (A) Stained with Mallory’s stain; (B, D, E, G and H) hybridised with the
probe for RAR-8 transcripts; (C, F and I) hybridised with a negative control probe. (A, D and G) photographed under
bright-field illumination. All other sections photographed under dark-field illumination. f, frontonasal mass; Inp, lateral
nasal process; mnp, medial nasal process; md mandibular primordium; n, nasal slit; o, optic cup. Scale bar: 200 yum.

posterior prosencephalic/anterior mesencephalic level
of the developing brain, it is possible that RAR-f is
involved in the specification of these cells. RAR-B
could regulate, or act in concert with, other genes that
are required to specify these cells, either within the
neural crest or during migration. The identity of these
genes is unknown. There are no known homeobox-
containing genes that are expressed in this region of the
developing brain, although homeobox-containing genes
that are expressed in regions lying either anterior or
posterior to this region have been described (Price et
al., 1991; Hunt et al., 1991).

Distribution of RAR-P transcripts in the maxillary
primordia

Perhaps the most striking feature of the distribution of
RAR-B transcripts in the facial primordia is the
restriction of high levels of transcripts to the anterior
part of the maxillary primordia, which is apparent from
stage 18 onwards. One possibility is that this difference
in RAR-f transcript levels reflects the presence of two
distinct cell populations within the maxillary primordia.
The precise origins of the maxillary primordia are
unclear. It has been suggested on the basis of
morphological studies that they arise from the first
branchial arch, although data from analyses of neural

crest migration do not support this view (for review see
Le Douarin, 1982). Our data suggest that the cells that
populate the posterior part of the maxillary primordia
share a common origin with the cells that populate the
first branchial arch and the ventral head mesenchyme
just anterior to it.

Distribution of RAR-B transcripts in the neural
epithelia
As well as being present in a subset of cells derived from
the cranial neural crest, RAR-B transcripts were
present in the neural epithelia at all stages examined.
At stage 10, transcripts were abundant in the neural
tube and posterior hindbrain, showed a graded de-
crease in levels within rhombomere 5 and were present
at extremely low levels in more anterior regions.
Transcripts were abundant in the otic vesicle. This
distribution is maintained until at least stage 20 of chick
development (Smith and Eichele, 1991) and differs
from that observed in the mouse, where the anterior
limit of RAR-B gene expression has been reported to
correspond to the boundary between rhombomeres 6
and 7, and where no transcripts were detected in the
otic vesicle (Ruberte et al., 1991).

This difference is suprising and may have impli-
cations for models of how RAR-S gene expression is
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regulated in the vertebrate hindbrain. Since RAR-8
gene expression can be induced by RA, it has been
suggested that the distribution of RAR-f transcripts in
the hindbrain may reflect the distribution of free
endogenous RA and that this could in turn reflect the
distribution of the cellular retinoic acid binding protein
(CRABP), which is thought to regulate the amount of
free RA within the cell (Morriss-Kay, 1991). This seems
unlikely, however, since the distribution of CRABP in
the chick (Maden et al., 1991) and mouse (Dencker et
al., 1990) hindbrain at equivalent stages is similar. This
indicates that there may not be a simple relationship
between the levels of CRABP and RAR-S gene
expression in the hindbrain, and suggests that factors
other than RA influence RAR-f gene expression.

It will be of interest to compare the expression
domains in mouse and chick of other key regulatory
molecules that are expressed in the developing hind-
brain, such as int- 2, Krox-20 and genes within the Hox-
1 and Hox-2 clusters. In the one comparison reported so
far, the Ghox-lab and Hox-2.9 genes have similar
domains of expression in the chick and the mouse
embryonic hindbrain (Sundin and Eichele, 1990).

In the developing head, high levels of RAR-f
transcripts are confined to two separate regions, part of
the neural-crest-derived facial mesenchyme and the
posterior half of the developing hindbrain. This defines
two very different tissues where the receptor may
function and suggests that RAR-§ is involved in a
variety of morphogenetic processes during head devel-
opment. In addition, the restriction of RAR-f tran-
scripts to a subset of migrating neural crest cells
provides further evidence that there is some form of
prepatterning in the neural crest from which the facial
primordia arise.
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