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ABSTRACT

To explore the possible role of transforming growth factor a (TGF-a) in craniofacial development, its
expression in the craniofacial region of rat embryos from embryonic day (d) 9 to d 20 was examined by in
situ hybridisation and immunostaining. The TGF-a transcripts were first detected in the neural fold of
embryonic d 9 and 10 embryos. In the craniofacial region, the TGF-a transcripts were not detected until
embryonic d 16 in mesenchyme surrounding the olfactory bulb, within the olfactory bulb, the nasal capsule,
vomemasal organ, and vibrissal follicle. In addition, TGF-ac message was detected in mesenchyme in the
vicinity of Meckel's cartilage, and in the dental epithelium and lamina. This expression pattern of TGF-a
transcripts persisted until embryonic d 17 but disappeared by d 18. The presence of TGF-a protein largely
coincided with TGF-a message although, unlike the message, it persisted throughout later embryogenesis in
the craniofacial region. The possible function of TGF-a in chondrogenesis was explored by employing the
micromass culture technique. Cartilage nodule formation in mesenchymal cells cultured from rat mandibles
in the presence of TGF-a was significantly inhibited. This inhibitory effect of TGF-a on chondrogenesis was
reversed by addition of antibody against the EGF receptor, which crossreacts with the TGF-a receptor. The
inhibitory effect of TGF-a on chondrogenesis in vitro was further confirmed by micromass culture using
mesenchymal cells from rat embryonic limb bud. Taken together, these results demonstrate the involvement
of TGF-a in chondrogenesis during embryonic development, possibly by way of a specific inhibition of
cartilage formation from mesenchymal precursor cells.
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INTRODUCTION

Transforming growth factor-a (TGF-a) was originally
discovered in the culture fluids of various cells
transformed by retroviruses or chemical agents (re-
viewed by Derynck, 1988). Since its expression was
detected in most tumour-derived cell lines and in cells
transformed by oncogenes, retroviruses, and tumour
promoters, it was suggested that TGF-a is involved in
the generation or progression of some forms of
neoplasia (reviewed by Massague, 1990). Further-
more, TGF-a was postulated to act in an autocrine
manner in the induction of the neoplastic state. More
recent studies, however, have demonstrated the
presence of both TGF-a mRNA and protein in
certain normal tissues of the vertebrate embryo and

adult, suggesting that TGF-a may also play a role in
the regulation of normal cell growth and differen-
tiation (Werb, 1990; Wilcox & Derynck, 1988;
reviewed by Derynck, 1992).
The expression pattern of TGF-a in developing

vertebrate embryos, including the chick, mouse and
rat, has been examined at both the RNA and protein
level (Twardzik, 1985; Wilcox & Derynck, 1988;
Werb, 1990; Dixon et al. 1991; Diaz-Ruiz et al. 1993).
In the developing mouse embryo, TGF-a mRNA
could be detected as early as the 4-cell stage using a
PCR-based method (Rappolee et al. 1989). TGF-a
mRNA was continuously detected in the developing
mouse embryo until embryonic d 10, with the highest
level present at embryonic d 7-9 (Wilcox & Derynck,
1988). Similarly, in the developing rat embryo, a high
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level of expression of TGF-ac mRNA was found
around d 8 and 9 of gestation (Lee, 1990). In situ
hybridisation studies have demonstrated the presence
of a peak of TGF-oc mRNA in the otic vesicle, oral
cavity, 1st pharyngeal pouch, 1st and 2nd branchial
arches, and developing mesonephric tubules of em-
bryonic mouse kidney at embryonic d 9 and 10
(Wilcox & Derynck, 1988). The appearance of the
mRNA peak in the developing mouse embryo
coincided with that of the TGF-a polypeptide,
although biochemically detectable levels were present
in late gestation (Twardzik, 1985).
The possible functions of TGF-a in the formation

of other organs during embryogenesis are still unclear.
A number of studies have implicated TGF-ac in skin
development, hair growth, and keratinisation of the
epidermis (Vassar & Fuchs, 1991). Mice with a null
mutation of the TGF-ac gene have abnormal skin
architecture with a dramatic derangement of hair
follicles, wavy hair and curly whiskers (Mann et al.
1993), although no craniofacial abnormality was
observed in TGF-ac knockout mice. Since EGF and
the EGF receptors are expressed in the craniofacial
region of early developing rodent embryos (reviewed
by Slavkin, 1993) and since TGF-a has been impli-
cated as the embryonic homologue ofEGF (Matrisian
et al. 1982; Freemark & Comer, 1987), recent
attention has focused on the possible role ofTGF-a in
craniofacial development, especially in the formation
of cartilage, bone and teeth.
The goal of this study was to investigate the

possible functional role of TGF-a in craniofacial
morphogenesis and chondrogenesis during cranio-
facial and limb formation. In situ hybridisation and
immunohistochemistry were first employed to localise
TGF-a mRNA transcripts and TGF-a protein in rat
embryonic tissues. Two peaks of message were
detected, one early in development, the other past
midgestation. A similar pattern of TGF-a protein
expression occurred, although the 2nd peak continued
to near term. Micromass cultures were performed to
analyse the role of TGF-a in chondrogenesis of the
embryonic mandible and limb bud by addition of
TGF-ac and/or monoclonal antibody against EGF
receptor. The results show that exogenous TGF-a
inhibits chrondrogenesis of mesenchymal cells in
micromass culture and that abrogation of the EGF
receptor by an a-EGF receptor monoclonal antibody
diminishes the inhibitory effect ofTGF-a on chondro-
genesis. These results suggest that TGF-a may
regulate the size and shape of developing cartilage by
inhibiting chondrogenesis through its binding to the

MATERIALS AND METHODS

Preparation of tissue samples

Pregnant female Sprague-Dawley rats were killed by
ether overdose, and the gravid uteri were aseptically
removed in phosphate buffered saline (PBS). In-
dividual embryos were dissected from the uterine
decidua and staged based on the external features
according to the descriptions of Christie (1964).
Embryos older than 14.5 d were then decapitated and
the heads fixed. For in situ hybridisation, tissues were
fixed overnight in 4% paraformaldehyde while for
immunostaining tissue were fixed overnight in Bouin's
fixative or 4% paraformaldehyde. Tissues were

dehydrated and embedded in paraffin wax. Sections
were cut at 7 gm and mounted on Superfrost/Plus
slides. For in situ hybridisation, the slides were baked
overnight at 60 °C 1 d before the in situ hybridisation
was carried out.

Preparation of riboprobes for in situ hybridisation

A 2.3 kb fragment from the 4.5 kb rat TGF-oc cDNA
was originally cloned into the pEMBL vector at the
EcoR 2 site (Lee et al. 1985). A 1.3 kb insert from the
3' end of the untranslated TGF-a cDNA was isolated
by using the restriction enzyme Accl. This 1.3 kb
insert was subcloned into the pBluescript vector at the
Accl site. For the antisense riboprobe, the DNA
template was linearised with BamH 1 and transcribed
in vitro with T7 RNA polymerase in the presence of
35S-UTP. The negative control sense riboprobe was

synthesised with T3 RNA polymerase from the same

template after linearisation with Xhol. The syn-

thesised riboprobes were precipitated with ethanol
and their size was checked by separation on agarose

gels followed by autoradiography. The probes was

hydrolysed to about 150 bp fragments and denatured
before use by heating at 80 °C for 2 min.

In situ hybridisation

In situ hybridisation was performed according to the
previously described method of Swalla et al. (1988).
Briefly, sections were deparaffinised in xylene, and
rehydrated through graded ethanol to water. After
proteinase K (1 mg/ml) treatment at 37 °C for 30 min,
sections were hybridised overnight with 50 Al hy-
bridisation buffer (0.3 M NaCl, 20 mM NaAc,
1 mM EDTA, 0.4 M DTT, IX Denhardt's -0.02%
ficoll, 0.02% polyvinyl pyrolidone, 250 gig/ml yeast
tRNA, 10% dextran sulphate, 50% formamide)

EGF receptor. containing about 3.6 x 101 cpm riboprobe at 50 'C.
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Stringent washes were carried out in 2 x SSC at 60 °C,
followed by 0.2 x SSC at 50 'C. Sections were then
treated with 20 gg of RNase A/ml and 1 U RNase
TI/ml at 37 'C min. After washing, slides were
dehydrated by immersion in graded ethanol con-
taining 0.3 M ammonium acetate. The sections were
air dried, coated with NTB-2 nuclear emulsion and
stored in the dark with desiccant at 4 'C for 2 to 3 wk.
After development, the sections were counterstained
with haematoxylin and coverslipped with Permount.
In situ hybridisation experiments were performed a
total of 4 times.

Immunohistochemical staining

Monoclonal antibody against rat TGF-a, purchased
from Oncogene Science, was obtained by immunisa-
tion ofBALB/C mice with recombinant human TGF-
a and fusion of mouse splenocytes with Ag 8.653
mouse myeloma cells. This antibody was shown by
immunoassay to be sensitive and specific for native
TGF-a and did not detect precursor TGF-a (Sorvillo
et al. 1990). Sections were deparaffinised and rehydra-
ted through graded ethanol, followed by immersion in
PBS for 10 min. The primary antibody (10 gg/ml) was
applied directly to the sections and incubated at 4 'C
in a humid atmosphere overnight. The sections were
washed 3 times for 10 min each in PBS at room
temperature, followed by incubation with goat anti-
mouse IgG antibody conjugated to horseradish
peroxidase (Promega) for 30 min. After rinsing with 3
changes of PBS, the antibody was visualised by
development with 0.5 mg/ml diaminobenzidine
(DAB) (Sigma) in PBS containing 0.01 % H202. The
sections were counterstained with haematoxylin, de-
hydrated in graded ethanol, cleared in Histosol and
mounted with Permount. In control sections, the
primary antibody was omitted or competed against
native TGF-a at a concentration of 10 jg/ul.

Micromass culture

Micromass cultures of rat embryonic mandibular and
limb bud mesenchymal cells were performed ac-
cording to previously described methods (Ahrens et
al. 1977; Langille & Solursh, 1990). To obtain
mesenchymal cells from mandibles of rat embryos,
embryonic d 13 (stage 23A) rats were dissected in
sterile PBS. Mandibles were removed from the
embryos and pooled. To compare the results obtained
from the micromass culture of mandibular mes-
enchymal cells, mesenchymal cells from d 13 rat
hindlimb buds were also isolated for micromass

The isolated mandible or limb bud tissues were

washed in calcium and mangesium-free saline
G (100 mm NaCl, 5 mm KCl, 1 mm KH2PO4,
1 mM Na2HPO4) and further minced with a scalpel.
Tissues were then digested with 0.1% trypsin and
0.1 % collagenase in 10% chick serum for 10 min at
37 °C, with vigorous pipetting to loosen the epithelium
and dissociate the mesenchyme from the isolated
tissues. Digestion was stopped by adding culture
medium containing 10% fetal calf serum. The
dissociated cells were filtered through 2 layers of no.

20 Nitex (Tetko Inc., NY) in order to obtain a single
mesenchymal cell suspension. After the total cell
number was calculated for the resulting cell sus-

pensions using a haemocytometer, cells were centri-
fuged at 400 g for 6 min and then resuspended in
modified essential medium (MEM) containing 10 %
fetal calf serum. In order to plate cells at high density,
they were suspended at 2 x 107 cells/ml. Drops of
media and cells (10 pl) were carefully placed in wells
of 24-well cell culture places and allowed to adhere at
37 °C for 2 h before the addition of 0.5 ml medium.
The medium was changed every day. Recombinant
human TGFa (R&D Systems) was added into culture
media at a final concentration of 0.05 ng/ml,
0.5 ng/ml, 5 ng/ml or 10 ng/ml after cells attached to
the culture plates. Both TGF-a and a monoclonal
blocking antibody (diluted 1:4 in MEM) against the
EGF receptor (Developmental Study Hybridoma
Bank, Department of Biological Sciences, University
of Iowa) (Chandler et al. 1985) were added to the
media of separate wells. Micromass cultures with
normal media and media containing nonrelevant
hybridoma conditioned medium (NS1) (diluted 1:4 in
MEM) were used as negative controls. To obtain
frank chondrogenic nodules, micromass cultures of
mandibular mesenchymal cells were maintained for
11 d, while the cultures of limb bud mesenchymal cells
were maintained for 4 d. They were then fixed for
0.5 h in 2% glacial acid-ethanol and rehydrated and
stained overnight in 1 % Alcian blue (in 0.1 N HCl),
pH 1.0. Cartilage nodule formation in each micromass
culture was examined. For quantitation of cartilage
matrix, the bound Alcian blue was quantitatively
extracted overnight in 200 pl of 4 M quanidine hy-
drochloride at 4 'C. The absorbance of each extract
was measured at 600 nm on a Titerkek ELISA reader.
Under such conditions absorbance is linearly pro-

portional to the amount of cartilage matrix. Each
experiment was performed at least twice and data
presented is the mean of triplicate samples from a

single representative experiment.

culture.
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RESULTS

Expression of TGF-ot transcripts in the craniofacial
region

In situ hybridisation was performed to detect TGF-cx
mRNA in the craniofacial region at different stages of

rat embryo development. Since TGF-a transcripts
have been detected in the 1st and 2nd branchial arches
of the mouse embryo at embryonic d 9 and 10 (Wilcox
& Derynck, 1988), the rat embryos used in this study
were staged from embryonic d 9.5, when the neural
folds are developing, to embryonic d 20. The results

Table. Localisation of TGF-a mRNA and protein in the craniofacial region of different stage rat embryos*

Embryonic ages (day) 9.5 10.5 11.5 12.5 14.5 16.5 17.0 18.5 19.5 20.0

In situ hybridisation + + - - - + + + - - -
Immunostaining + + - - - + + + + + +

* -, Negative signal or staining; +, weak signal or staining; + +, strong signal or staining.

B

_________
Fig. 1. Localisation of TGF-a message by in situ hybridisation in sections of the d 9.5 rat embryo. (A) Antisense hybridisation, dark-field;
(B) bright-field of (A); (C) sense hybridisation, dark-field; (D) bright-field of C. Bar, 50 gm.
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Fig. 2. Low magnification micrographs of sections of d 17 rat craniofacial region prepared for in situ hybridisation using antisense probe
for TGF-a mRNA. (A) Bright-field micrograph of anterior frontal section through the d 17 (stage 29.5) rat head. (B) Dark-field image of the
same section hybridised with antisense TGF-a probe demonstrating signal in the olfactory epithelium (1), vomeronasal organ (3), follicle
of vibrissa (6) and the mesenchyme surrounding the nasal capsule (8). 1, Olfactory epithelim; 2, anterior extremity of cartilage primordium
of nasal septum; 3, vomeronasal organ; 4, tongue; 5, lower incisor tooth; 6, hair follicle; 7, nasal capsule; 8, mesenchyme surrounding the
nasal capsule. Bar, 1 mm.

are summarised in the Table. A transient and specific
spatial expression of TGF-a transcripts was observed
during rat craniofacial development. The expression
of TGF-a transcripts in d 9.5 and 10.5 embryos was
found to be localised in the neural folds of developing
embryos (Fig. 1). From d 11.5 to 14.5 the craniofacial
region demonstrated no detectable signal. TGF-a
transcripts were again present, however, in the
craniofacial region at embryonic d 16.5 and 17. These
transcripts again were not detected in the craniofacial
region at embryonic d 18.5 and 20.
Low-power examination of frontal sections in the

craniofacial region of the d 17 embryo revealed the
localisation of TGF-a mRNA in the wall of olfactory
bulb, olfactory epithelium, as well as in the mes-
enchyme surrounding the nasal capsule and cartilage
of the capsule itself at the anterior (Fig. 2) and more
posterior (Fig. 3) regions of the nasal septum. Sense

probes were used as controls and gave no detectable
signal, indicating the specificity of the antisense probe.
In addition, a positive signal was detected in several
other discrete regions of the head including the
vomeronasal organ and vibrissal follicle. At higher
magnification (Fig. 4), the localisation of TGF-a
message in the olfactory bulb and nasal cavity was
clearly visible and distinctly defined. TGF-a message
was also found in the mesenchyme in the vicinity of
Meckel's cartilage and in the stellate reticulum, outer
and inner enamel epithelia and in the dental lamina
(Fig. 5). This pattern of localisation of TGF-a
transcripts persisted only from d 16.5 to 17. Before
and after this period, no TGF-a transcripts could be
detected in the craniofacial region.
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Fig. 3. For legend see opposite.
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Fig. 4. Higher magnification micrograph of sections of the d 17 rat craniofacial region prepared for in situ hybridisation using antisense
probe for TGF-a mRNA. (A) Bright-field micrograph of a frontal section through d 17 (stage 29.5) rat head. (B) Dark-field micrograph of
(A) showing signal in the wall of olfactory bulb (1), mesenchyme near the nasal septum cartilage primordium (2) and mesenchyme surrounding
nasal cavity (3). (C) Higher magnification bright-field micrograph of the wall of olfactory bulb region (1) in the same section as (A). (D)
Dark-field micrograph of the wall of the olfactory bulb (1) showing a strong signal in this region. (E) Higher magnification micrograph of
the nasal cavity region (3) in the same sections as (A). (F) Dark-field micrograph of the nasal cavity region (3) showing a strong signal in
the mesenchyme surrounding this region. 1; Wall of olfactory bulb; 2, mesenchyme near the nasal septum cartilage primordium; 3,
mesenchyme surrounding the nasal cavity. (A-B) Bar, 0.2 mm; (C-F) bar, 0.1 mm.

Fig. 3. Low magnification micrograph of sections of d 17 rat craniofacial region prepared for in situ hybridisation using antisense and sense
probe for TGF-a mRNA. (A) Bright-field micrograph of a more posterior frontal section through the d 17 (stage 29.5) rat head. (B) Dark-
field image of a frontal section through the d 17 (stage 29.5) rat head probed with TGF-a sense cRNA (control). No specifically localised
signals could be detected, indicating the specificity of the antisense probe. (C) Dark-field photograph of an adjacent frontal section through
the d 17 (stage 29.5) rat head probed with TGF-a antisense mRNA. Signal was detected in the wall of the olfactory bulb (1), the mesenchyme
near the nasal septum cartilage primordium (2), and the mesenchyme surrounding the nasal cavity (6). Signal shown in the lens was nonspecific.
1, Wall of olfactory bulb; 2, mesenchyme near nasal septum cartilage primordium; 3; cartilage primordium of nasal septum; 4, lens; 5;
Meckel's cartilage; 6, mesenchyme surrounding nasal cavity. Bar, 1 mm.
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Fig. 5. Higher magnification micrographs of sections at the d 17 craniofacial region prepared for in situ hybridisation using antisense probe
for TGF-as mRNA. (A) Bright-field photograph of a frontal section through a d 17 (stage 29.5) lower jaw. (B) Same frontal section as (A)
showing inconsistent signal in tongue (1) and the mesenchyme surrounding the intramembranous bone (2). (C) Higher magnification bright-
field of Meckel's cartilage region (3). (D) Dark-field image of (C) showing signal in the mesenchyme surrounding the intramembranous bone
(2). (E) Higher magnification bright-field micrograph of tooth bud region. (F) Dark-field micrograph of tooth bud region showing signal
in dental epithelium (4) and dental lamina (6). (G) Higher magnification bright-field of the vibrissal follicle. (H) Dark-field image of the
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Fig. 6. Immunolocalisation of TGF-a protein using a monoclonal TGF-a antibody in the stage 29.5 (d 17) embryonic rat head (frontal
section). (A) The nasal region showing TGF-a localisation at the olfactory epithelium (ne, arrowhead) and mesenchyme (m). (B) Higher
magnification of nasal septum cartilage primordium and its adjacent region showing the staining ofTGF-a in the adjacent nasal mesenchyme
which appears to be condensing (arrowhead). (C) Wall of olfactory bulb showing the staining of TGF-a in its adjacent mesenchymal cells
(arrow, m) and the inner cells of the bulb (arrowhead). (D) The developing tooth showing a low level of TGF-a staining in the mesenchyme
(arrowhead m). (E) Lower jaw showing the TGF-a staining in the condensed dental mesenchyme and bone-forming regions near Meckel's
cartilage (M). (F) Higher magnification showing the TGF-a staining in osteoblasts forming intramembranous bone (arrow, b) in the region
of Meckel's cartilage. (A-B) bar, 0.5 mm, (C-F) 0.05 mm.

vibrissal follicle showing signal in the medulla and inner root sheath layer of vibrissal follicle. 1 Tongue; 2, mesenchyme surrounding the
intramembranous bone; 3, Meckel's cartilage; 4, dental epithelium; 5, dental papilla (mesenchyme); 6, dental lamina; 7, hair papilla; 8, hair
matrix; 9, root sheath of hair follicle. (A-B) bar = 0.3 mm; (C-D) bar 0.1 mm; (E-H) bar, 0.05 mm.
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Immunohistochemical localisation of TGF-a

To assess the localisation of TGF-a translation
products, immunohistochemical methods were used.
The results are summarised in the Table. In the
craniofacial region, similar to the expression of
transcripts, immunoreactivity was detected transiently
at d 9.5 and 10.5 and then beginning again at the
d 16.5 embryo. This positive immunostaining per-
sisted in the craniofacial region until d 20.5. At d 16.5,
staining for TGF-a was weakly present in the
epithelium, the vibrissa follicles and the bone-forming
mesenchyme surrounding Meckel's cartilage (data not
shown). At d 17, the immunostaining pattern ofTGF-
a in the craniofacial region generally coincided with
the expression pattern of TGF-a transcripts revealed
by in situ hybridisation (Fig. 6). TGF-a staining was
present in the inner cells of the olfactory bulb and
nasal epithelium and the mesenchyme surrounding
the wall of the olfactory bulb. Strongly stained cells of
the mesenchyme near the nasal septum cartilage and
osteoblasts forming the intramembranous bone of the
lower jaw were also detected. In addition, the dental
mesenchyme, dental epithelium and dental lamina of
the developing tooth were slightly immunopositive.
Thus, while TGF-a mRNA was not found in the
craniofacial region of embryonic d 18.5 and 20 by in
situ hybridisation, immunochemical staining revealed
the localisation of TGF-a protein in the craniofacial
region of d 16.5 to d 20 rat embryos, with a pattern
similar to that observed at d 17 (data not shown).

Functional analysis of TGF-a in chondrogenesis

To analyse the possible function ofTGF-a in cartilage
formation, mesenchymal cells from mandibles were
differentiated in vitro as micromass cultures. Em-
bryonic d 13 (stage 23 A) rat mandibular mes-
enchymal cells were initially isolated for this purpose.
The stage chosen was based on the observation that
mandibular mesenchyme at this time becomes in-
dependent of its epithelium with respect to its
subsequent production of both cartilage and bone
(Langille & Solursh, 1990). In the micromass system,
cells cultured with normal media or with hybridoma
conditioned medium (NS 1, without IgG) were used as
controls. Experimental cells were cultured with me-
dium containing different concentrations of TGF-oc.
In the rescue experiments, monoclonal antibody
against EGF receptor was included in the medium
together with TGF-a. To test any effects of EGF
receptor antibody alone, cells were also cultured in
media containing this reagent. Cartilage nodule
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Fig. 7. Alcian blue stained rat mandible micromass cultures
showing cartilage differentiation. The mesenchymal cells were
isolated from d 13 embryonic mandibles and allowed to differentiate
in micromass culture for 11 d. Cartilage nodules are indicated by
arrowheads. (A) MEM+ 10% FCS+NS1 (1:4 dilution); (B)
MEM+10% FCS+0.5ng/ml TGF-oa; (C) MEM+10%
FCS+5ng/ml TGF-a; (D) MEM+10% FCS+5ng/ml TGF-
a+aEGFR (1:4 dilution). (A-D) Bar, 1 mm.

formation was examined in the system and measured
relative to the cartilage formation in the control
cultures. The results obtained from these experiments
shown in Figures 7 and 8. Mesenchymal cells from
d 13 mandibles were capable of forming cartilage
nodules with normal medium. Addition of hybridoma
conditioned medium into the medium did not affect
the formation of cartilage nodules (Fig. 7A). How-
ever, addition ofTGF-a in the culture medium clearly
inhibited chondrogenesis, as evidenced by the failure
of cartilage nodule formation or the greatly reduced
number and size of cartilage nodules in the micromass
culture system (Fig. 7B, C). The specific inhibitory
effect on cartilage nodule formation by TGF-a was
demonstrated by the rescue experiment, in which
monoclonal antibody against EGF receptor was
added together with TGF-a. Since both TGF-a and
EGF are believed to function through binding to the
same receptor, the EGF receptor, antibody against
the EGF receptor blocks the binding of TGF-a to its
receptor and thereby prevent its function. In this
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Fig. 8. Histogram showing the relative amount of cartilage matrix
production as measured by Alcian blue extraction from micromass
cultures of embryonic d 13 rat mandibles grown in defined medium
with or without TGF-a and a-EGFR for 11 d. The data are the
means of values from 3 cultures from the same cell preparation.
Bars indicate standard deviation. Stars indicate statistically sig-
nificant (P < 0.001) difference from control medium.

experiment, cartilage nodule formation was indeed
similar to that of the controls (Fig. 7 D), indicating the
rescue effect of the antibody directed against EGF
receptor. The inhibitory of TGF-oc on chondrogenesis
of mesenchymal cells in micromass cultures were
quantified by measurement of the amount of cartilage
matrix production. Alcian blue bound to the cartilage
matrix was extracted from micromass cultures of d 13
rat mandibular mesenchyme grown in defined medium
with or without TGF-a and a-EGFR for 11 d. The
amount of Alcian blue was proportionate to the
amount of cartilage matrix in these cultures. Similar
results were obtained in other experiments using
mesenchymal cells from stage 23 chick mandibles
(data not shown). It is evident that cartilage matrix
production in the micromass culture system with
0.5 ng/ml and the 5 ng/ml TGF-a was reduced by
about 50% compared with controls and the rescue
experiment (Fig. 8). These results are statistically
significant (P < 0.001 compared with the control and
rescue experiments) by 1-way ANOVA analysis and
Newman-Keuls analysis.
To further confirm the results obtained from

micromass culture using mesenchymal cells from rat
mandibles, mesenchymal cells from rat hindlimb bud
were also used in the micromass system to test the
inhibitory effect of TGF-o in chondrogenesis. Mes-
enchymal cells isolated from embryonic d 13 rat
hindlimb buds were used in experiments designed like
those described for mandibular mesenchymal cell
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Fig. 9. Alcian blue stained 13 d embryonic rat hindlimb bud
micromass cultures showing cartilage differentiation. (A)
MEM+10% FCS+NS1 (1:4 dilution); (B) MEM+10%
FCS + 0.5 ng/ml TGF-a; (C) MEM + 10% FCS + 5 ng/ml TGF-
a; (D) MEM + 10 % FCS + 5 ng/ml-a+ a-EGFR (1:4 dilution);
(A-D) bar, 1 mm.

culture. The results are shown in Figures 9 and 10.
When comparing the limb bud to the mandible in
the micromass system, it is obvious that chondro-
genesis proceeded to a greater extent in the former.
This was most probably due to the greater proportion
of chondrogenic cells capable of differentiation at the
time of isolation in the limb bud versus the mandible.
In the control experiment, where normal culture
medium was used, cartilage nodules were well-formed
(Fig. 9 A). Inclusion of the hybridoma conditioned
medium in the culture media had no effect on cartilage
nodule formation (data not shown). Similarly, ad-
dition of TGF-oc to the culture medium (5 ng/ml)
inhibited cartilage nodule formation, as indicated by
the severe reduction of cartilage nodule number and
size (Fig. 9 C). This inhibitory effect appeared dose
dependent and was reversed by addition of EGF
receptor antibody (Fig. 9D). As measured by the
quantification of Alcian blue extracted from the
micromass cultures, 0.05 ng/ml TGF-oc did not inhibit
cartilage formation, while 0.5 ng/ml TGF-oc inhibited
cartilage formation by 30%, 5 ng/ml by about 50%,
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Fig. 10. Histogram showing the relative amount of cartilage matrix
production as measured by Alcian blue extraction from micromass
cultures of embryonic day 13 rat hindlimb buds grown in defined
medium with or without TGF-a and a-EGFR for 4 d. The data
are the means of values from 3 cultures from the same cell
preparation. Bars indicate standard deviation. Stars indicate
statistical significance (P < 0.001).

and 10 ng/ml by about 75% (Fig. 10). Again,
specificity of the inhibitory effect of TGF-a on

chondrogenesis was verified by a rescue experiment,
as shown in Figure 10. These results are statistically
significant (P < 0.001 compared with control and
rescue experiments) by 1-way ANOVA and Newman-
Keuls analysis. As for mandibular cells, similar results
were obtained in other experiments using cultures of
mesenchymal cells from stage 23 chick limb buds.

DISCUSSION

Previous studies have strongly suggested the involve-
ment of EGF and TGF-ac in craniofacial morpho-
genesis (Slavkin, 1993), particularly in cartilage for-
mation (Shum et al. 1993). TGF-a transcripts were

shown to be present in the murine embryo (Werb,
1990), and both TGF-a transcripts and protein have
been localised to the mandible ofthe developing mouse
(Wilcox & Derynck, 1988; Dixon et al. 1991).
However, a more complete documentation of the
temporal and spatial expression of TGF-a RNA and
protein in the craniofacial region of the developing rat
embryo has not been established.

Temporal and spatial expression patterns of TGF-a
mRNA and protein

TGF-a mRNA and protein could be detected in the
neuroectoderm of rat embryos as early as d 9.5. These

results are basically similar to those found in the early
mouse embryo, where the level of TGF-a mRNA is
highest in structures of ectodermal origin (Wilcox &
Derynck, 1988). It has been suggested that the major
role of TGF-a mRNA and protein in the neuro-
ectoderm and embryonic ectoderm is the promotion
of cell proliferation in these rapidly growing tissues.
TGF-a is transiently and spatially expressed during

rat craniofacial development. The localisation of
TGF-a transcripts in the craniofacial region was
primarily observed in the mesenchymal cells of the
nasal and mandibular regions. In addition, TGF-a
mRNA was also detected in the developing teeth,
tongue and olfactory bulb. Basically, the presence of
TGF-a protein coincides with the TGF-a mRNA in
the craniofacial region of developing rat embryos
although the protein persists longer than the message.
The TGF-a containing tissues in the craniofacial
region include precartilage mesenchyme, developing
teeth, vibrissal follicles, olfactory bulb and nasal
epithelia. In addition, in situ hybridisation data show
that TGF-ca mRNA was expressed in the medulla
layer and inner root sheath of vibrissal follicles which
are 2 layers that form soft keratin. TGF-a may
regulate vibrissal follicle outgrowth by stimulating
cells of the medulla and inner root sheath to
proliferate and keratinise. Moreover, both TGF-a
and EGF have been shown to induce accelerated
tooth eruption and inhibit hair growth (Derynck,
1986). This is consistent with null mutation studies in
which TGF-a minus mutants exhibit abnormal skin
histology, wavy hair, curly whiskers and corneal
defects (Mann et al. 1993). The fact that no other
obvious anomalies occur suggests that the presence of
TGF-a elsewhere during embryogeneiss is not re-
quired for normal development of those structures or
is redundant relative to other growth factors or
regulatory molecules.

Interestingly, after embryonic d 18.5, although
TGF-a transcripts were no longer detected in the rat
craniofacial region, immunostaining continued to
show the presence ofTGF-ac protein. Possible explana-
tions for this observation are that (1) these proteins
were transported from other embryonic tissues which
expressed TGF-a message and synthesised the pro-
tein; evidence at least consistent with this explanation
comes from the observations that developing heart
and limb continuously express TGF-a mRNA from
d 16.5 to and throughout d 20 (data not shown); (2)
these proteins were very stable; (3) the message was
too low to detect; (4) these proteins were produced by
maternal decidua and then localised to the embryo
through presently unknown transport mechanisms
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(Lee, 1990). Han et al. (1987) showed that a transient
peak of TGF-a expression occurred in the maternal
decidua of the d 8 rat conceptus. They suggested that
TGF-a produced in the decidua stimulates cell
proliferation not only locally though an autocrine
mechanism, but may also act on the placenta and the
embryo through paracrine or endocrine mechanisms.

The inhibitory effect of TGF-a in chondrogenesis

The micromass culture system was employed as a
model to test the role of TGF-a in chondrogenesis of
rat mandibular mesenchyme. Exogenous TGF-a in
this system inhibited chondrogenesis of mandibular
mesenchyme, as demonstrated by the number and size
of formed cartilage nodules. This inhibitory effect of
TGF-a on chondrogenesis was also demonstrated in
the micromass system using rat limb mesenchyme.
Furthermore, a dose-dependent effect was observed.
The functional effect of TGF-ac on cell growth and
differentiation is generally believed to be mediated
through its binding to EGF receptor and activation of
intrinsic protein tyrosine kinase (Pike et al. 1982;
Massague, 1983). Blockage of binding of TGF-a to
the EGF receptor presumably affects the TGF-a
signalling pathway, ultimately to regulate chondro-
genesis.

It was shown previously that antisense ablation of
EGF expression induced Meckel's cartilage dysmor-
phogenesis (Shum et al. 1993). Coffin-Collins & Hall
(1989) reported that exogenous EGF at 10-20 ng/ml
inhibited both proliferation of mesenchyme and
chondrogenesis in mesenchyme cultured with or
without epithelium by using [3H]thymidine-labelled
cells as an index of proliferative activity and chon-
drocyte size and relative amount of extracellular
matrix as indices of chondrogenesis. All inhibitory
effects of epithelium on intact tissues could be
mimicked by exposing isolated mesenchyme to EGF
at 10 ng/ml (Coffin-Collins & Hall, 1989). The
inhibition of chondrogenesis in cultured mandibular
mesenchyme by exogenous TGF-a coincides with
these results, and suggests that both EGF and TGF-
a have similar functions in chondrogenesis during
embryonic development. Both factors exert their
function by inhibiting cartilage formation and regu-
lating the size and shape of cartilage. The actual
mechanism of this inhibition is unclear and awaits
further experimentation. It is possible that TGF-a
simply promotes cell proliferation and therefore
inhibits cell differentiation. Alternatively, TGF-oc may
promote the differentiation of nonchondrogenic mes-

enchymal cells and thus reduce the number or
proximity of cells available for cartilage development.
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