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The last decade has seen an explosion in our knowledge of the
processes involved in setting up the body plan of vertebrate
embryos, particularly concerning the acquisition of specific
cell fates during formation of the mesoderm and the identifi-
cation of some of the genes involved in defining positional
identities. But we still know relatively little about the
molecular bases of neural induction, the process by which
certain cells (the ‘organizer’) in the gastrulating embryo induce
the neighbouring ectoderm to give rise to the nervous system,
rather than to skin. Since Spemann and Mangold’s (1924)
famous demonstration that a graft of the dorsal lip of the blasto-
pore of a newt embryo can not only elicit neural differentiation
from host ectoderm but also organize a new embryonic axis,
much effort has been invested in identifying the signals
involved. Recent results in frogs (Smith and Harland, 1992;
Smith et al., 1993; Lamb et al., 1993; Hemmati-Brivanlou and
Melton, 1992, 1994; Hemmati-Brivanlou et al., 1994) have
implicated activin as an inhibitor and noggin and follistatin as

neura  to th
bone  son
hedgehog (Riddle et al., 1993) are also expressed in (and ma
be secreted by) the organizer but their function has not yet bee
defined in detail.

Three recent findings from this laboratory have provided u
with new tools with which to study neural induction in th
chick embryo. First, when cells secreting epithelial scatt
factor are grafted into early chick embryos, a neural-plate-lik
structure sometimes forms (Ireland et al., 1987; Stern et a
1990). Second, the 

 

extraembryonic epiblast of the area opac
of the chick is competent to respond to neural induction and 
regionalizing signals; this has been used as an assay to separa
the two processes experimentally and to propose that differe
signals are responsible for induction and for regionalizatio
(Storey et al., 1992). Finally, a marker (L5) specific for ver
early avian neural plate cells has become available (Roberts 
al., 1991).

Epithelial scatter factor (SF) is secreted by certain fibrob
lasts and causes the scattering of cultured epithelial cells an
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l inducers. Other factors, such as nodal (related
 morphogenetic proteins; Zhou et al., 1993) and

GF/SF, as well as explants of prospective neural
differentiate into cells with neuronal morp
essing neuronal markers. To investigate w
/SF is expressed in the chick embryo at appro
s of development, we produced specific cDNA 

used them for in situ hybridization. We find that
itive streak stage, HGF/SF is expressed specific
en’s node. We therefore propose that HGF/SF p
during the early steps of neural induction, perh
cing or maintaining the competence of the epib
nd to neural inducing signals.

ords: hepatocyte growth factor/scatter factor, c-met, neu
tion, Hensen’s node, primitive streak, L5, neural compet
 embryo
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previously shown (Roberts, C., Platt, N., Streit, A.,
ner, M. and Stern, C. D. (1991) Development 112,
0) that grafts of Hensen’s node into chick embryos
e and maintain expression of the L5 carbohydrate
hbouring epiblast cells, and that antibodies against
ibit neural induction by such a graft. We now show
5 is initially widely expressed in the epiblast, but as
 induction proceeds it gradually becomes confined to
-regulated in the early neural plate. L5 can therefore
sidered as a marker for cells that are competent to
d to neural induction.
also show that Hepatocyte Growth Factor/Scatter
 (HGF/SF) promotes the expression of L5 by

bryonic epiblast in collagen gels after overnight
. Explants cultured for several days in the presence
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nversion into cells with fibroblast-like morphology
and Perryman, 1985; Stoker et al., 1987; Gherardi et
; Weidner et al., 1990). Recently, SF was found to be
 to hepatocyte growth factor (HGF) (Nakamura et al.,
iyazawa et al., 1989; Zarnegar and Michalopoulos,
herardi and Stoker, 1990; Weidner et al., 1991) and
nally renamed HGF/SF. 

we investigate the ability of HGF/SF and other
s of the family of kringle-containing molecules to
the expression of early neural and/or mesodermal
 by the epiblast of the area opaca of the chick embryo,
novel in vitro assay. We find that HGF/SF rapidly
expression of the L5 epitope, a very early marker of
ifferentiation which appears itself to be involved in the
 of the epiblast to neural inducing signals (Roberts et
). However, HGF/SF does not induce expression of

 number of mesodermal markers tested. To analyze its

and Calbiochem 539515), apolipoprotein-A1 (Sigma A9284) and α2-
macroglobulin (Sigma M7151). For differentiation assays, most of the
factors were tested in a concentration range of 1 ng ml−1 to 1 µg 
ml−1.

Collagen gel assay for neural differentiation
A new assay was developed to assess whether specific factors can
induce chick epiblast cells to differentiate and to express tissue-
specific markers. The test tissue is an explant of epiblast from the
inner part of the area opaca of chick embryos at stage 3+ (Hamburger
and Hamilton, 1951). In most cases, the epiblast was dissected free
of its associated germ wall endoderm; in a few cases, however, the
germ wall endoderm was left attached to the epiblast explant.

Collagen was obtained from rat tails as follows: the tendons of the
terminal portions of young rat tails were pulled off with forceps and
immediately placed in 2.5 mM acetic acid (50 ml). After gentle
stirring overnight at 4°C, the volume of the collagen solution was
brought up to 110 ml with sterile distilled water, centrifuged at 35,500
g for 30 minutes at 4°C and the supernatant collected. In most exper-

. Streit and others
on in the early embryo, we prepared cDNA probes for

k homolog of HGF/SF, which we used for in situ
ation. We report that HGF/SF is expressed in Hensen’s
e region of the embryo that emits neuralizing signals.
efore propose that HGF/SF is involved directly in the
ps of neural induction, perhaps by eliciting or main-
competence in the epiblast to respond to neural
 signals, or perhaps as a neural inducer acting in con-
 with other factors.

IALS AND METHODS

s
ens’ eggs were obtained from Coppocks Poultry Farm,
, Oxford (Rhode Island Red × Light Sussex) and Spafas,
setts (White Leghorn). They were incubated at 38°C until

reached the desired stage of development. This was assessed
 to Eyal-Giladi and Kochav (1976) for preprimitive streak
 Roman numbers) and following Hamburger and Hamilton
r later stages (in Arabic numerals).

ount immunostaining of embryos
e-mount staining, embryos were fixed in methanol contain-
 hydrogen peroxide for 1-2 hours at room temperature,
hree times in phosphate-buffered saline (PBS; pH 7.4) and
n 1% BSA, 1% normal goat serum, 0.01% Tween-20, 0.01%

iments, the collagen concentration was adjusted with sterile water to
an OD280nm of 0.15. After this, the solution was stored at 4°C for up
to 4 weeks.

To prepare the assay medium, 7 parts collagen solution were mixed
with 1 part Medium 199 (10×) with either Earle’s or Hank’s salts
(Gibco or Flow), 1 part NaHCO3 (11 g l−1), 0.1 part glutamine (100×,
Gibco), 0.1 part penicillin/streptomycin/amphotericin-B stock (Sigma
A4668) and finally 1 part fetal calf serum (Gibco) at 4°C. This
solution was stable for 1-3 hours at 4°C. After placing factor (usually
1-5 µl; see below) into a well of a 24-well tissue culture plate
(Sterilin), 350 µl of the collagen medium were added to the well and
mixed briefly. Test explants (1-3) were then placed in the well, as
close as possible to the base, whilst the medium was still liquid and
the solution was allowed to solidify for about 10 minutes at room tem-
perature or at 37°C. Factors to be tested were prepared as stock
solutions (50-300×) and two-fold serial dilutions were prepared in
Medium 199 or 0.3 M NaCl in individual wells. Control wells
contained the appropriate volume of diluent. Each of the experimen-
tal conditions was tested at least in triplicate in each experimental set,
and all experiments were repeated at least three times.

Plates containing explants in assay medium were first placed in a dry
incubator at 38°C for 10 minutes to complete the gelling process, and
then transferred to a 37°C incubator equilibrated with 6% CO2. They
were grown under these conditions for various periods from overnight
to 8 days, and were observed each day during the incubation period.
They were fixed in 4% formaldehyde in 0.1 M Tris-saline pH 7.5 (1-5
hours) or in absolute methanol; the latter usually gave more repro-
l in PBS for at least 1-2 hours. Embryos were then incubated
noclonal antibody (Streit et al., 1990), diluted in blocking
vernight at 4°C, rinsed 5 times for 30 minutes in PBS with
een-20 and incubated in HRP-conjugated goat anti-rat IgM
em, 1:5000) overnight at 4°C. After extensive washing in
en, peroxidase activity was revealed in 500 µg ml−1 3,3′-
enzidine tetrahydrochloride (Aldrich) in 100 mM Tris-HCl
containing 0.003% hydrogen peroxide at room temperature.
ion was stopped in tap water and embryos counterstained in
n and cleared in cedarwood oil.

was obtained by purification from supernatants of human
broblasts and the ras-transformed clone (D4) of NIH3T3
s as described (Gherardi et al., 1989) or by heparin affinity
graphy from supernatants of the mouse myeloma line NS0
d with a full-length mouse HGF/SF clone (M. Sharpe, K.
 E. Gherardi, unpublished data). The following other factors
o tested: plasminogen (Sigma P5661 and Calbiochem
 plasmin (Sigma P4895 and Calbiochem 527621), thrombin
3010 and Calbiochem 605195), prothrombin (Sigma F5132

ducible results and lower background. Explants were then washed
overnight in 0.1 M Tris-saline containing 0.1%, 0.25% or 0.5% Triton
X-100 or 0.02% Tween-20 and then either stained with Giemsa or
processed for immunocytochemistry with one of a variety of antibodies.

For immunocytochemistry, the following antibodies were used: L5
(Streit et al., 1990), 3A10 (Furley et al., 1990), a mixture of three
monoclonal antibodies against each of the three classes of neurofila-
ment proteins (Boehringer-Mannheim), or antibodies recognizing
mesodermal tissues (Not1, for notochord; Yamada et al., 1991;
Selleck and Stern 1992, a monoclonal anti-smooth muscle actin
antibody [Sigma A2547], a rabbit antiserum against skeletal muscle
myosin [Sigma M7523] and 13F4 [Rong et al., 1992], which recog-
nizes both skeletal and cardiac chick muscle). In some experiments,
the mesodermal markers were used as a mixture, which was preab-
sorbed with formaldehyde-fixed area opaca for 1 hour at room tem-
perature before use, which we found to reduce non-specific staining.
After several further washes in Tris-saline with Triton X-100 or
Tween-20, the well was incubated with appropriate peroxidase-con-
jugated secondary antibody overnight (Sigma for mouse IgM [1:100],
Calbiochem for rat IgM [1:5000], Jackson Immunoresearch for mouse
IgG [1:200], Amersham peroxidase-conjugated donkey anti-rabbit
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. After this, the wells were washed extensively including a
sh in 0.1 M Tris, pH 7.4 and the peroxidase visualized with

l−1 diaminobenzidine (Aldrich) in this buffer to which was
2O2 (1:10,000 dilution of 30% stock). Finally, the wells were
in tap water and stored in distilled water containing 0.02%
al or 0.01% sodium azide as preservatives.

scattering assay
ity of HGF/SF to induce cell scattering was assyed using the
kidney epithelial line MDCK according to Stoker and
n (1985).

lar cloning of a 500 bp cDNA probe for chick
 from Hensen’s node
s prepared from Hensen’s node or the primitive streak of
 at stages 3-4 using the extraction procedure of Krieg and
(1987). Typically, 100 Hensen’s nodes yielded ~50 µg of
A. The RNA was treated with RNase-free DNase (HT
ology), and first strand cDNA generated from 5-10 µg of

rimed with the oligonucleotide R3 (5′-ATNGGRCAR-
either according to Izpisúa-Belmonte et al. (1993) except that an extra
hour of prehybridization at 65°C was added and the RNase A

Fig. 1. Cloning strategy of chick HGF/SF. Schematic diagram of
HGF/SF and location of the primers used for cloning. The A-chain of
HGF/SF is shown as open boxes and consists of a leader sequence
(L), an N-terminal domain (N) followed by four kringles (K1-K4)
and a short linker sequence. Locations of the PCR primers are
indicated by arrows and corresponding cDNA clones by stippled
bars. 
CCA-3′) (Fig. 1) using reverse transcriptase (Super RT,
Biotechnology) at 42°C for 1 hour. Aliquots (one-tenth

 of the first strand reaction were used for DNA amplification
tisense primer R3, and sense primer F2 (5′-TTYGAY-
YTAYTG-3′) using Taq polymerase (Cetus Corp.) for 40

t 92°C (1 minute), 45°C (2 minutes), and 72°C (1 minute).
g phenol extraction, aliquots of this material
amplified for 30 cycles under the same con-
using the sense primer F2 and the internal
 primer R4 (5′-TCSTGCATRTTYT-
A-3′). The resulting 500 bp product was

from a low-gelling temperature agarose gel and
nto the vector pCRII (Invitrogen). The DNA
 of clone POLLO23 was determined on both

by either the dideoxy method (Sanger et al.,
 on an ABI 373A automatic sequencer using dye
ors according to the manufacturers’ instructions.

lar cloning of a 1200 bp probe for chick
 from newborn liver

as prepared from frozen newborn chick liver
g to Chomczynski and Sacchi (1987). First strand
as synthesised from 10 µg total RNA primed

 antisense primer R5 (5′-TGTGGAGCAAGT-
C-3′) (Fig. 1) using reverse transcriptase (Super

iotechnology Ltd) at 42°C for 1 hour. Aliquots
th volume) of the first strand reaction were used
 amplification with antisense primer R5, and

imer F7 (5′-CKYSMASYRSMASCATGTGG-
 Taq polymerase (Cetus Corp.) for 10 cycles at
 minute), 50°C (1 minute), and 72°C (1.5
. Aliquots (one-tenth volume) of this material
amplified for a further 30 cycles under the same
s using the nested antisense primer R6 (5′-
TGCCACGATAACAA-3′) and the sense

7. The resulting 1.2 kb product was purified by
gel electrophoresis and ligated into the vector
nvitrogen). The insert was subcloned into the

site of pBluescript KS− and the DNA sequence
POLLO199 determined on both strands by gen-
 series of nested Exonuclease III deletion clones
f, 1984) which were sequenced by the dideoxy
Sanger et al., 1977). 

mount in situ hybridization with DIG-
 riboprobes
le-mount in situ hybridization was performed

treatment after hybridization was omitted, or by a method based on
that of Wilkinson (1993) modified by Drs P. Ingham and D. Ish-
Horowicz. Briefly, in the latter, proteinase-K treatment (10 µg/ml)
was done for 5 minutes, prehybridization and hybridization performed
in 1.3× SSC (pH 4.5) at 70°C, and post-hybridization washes in the
same solution at the same temperature. Embryos were fixed in 4%

Fig. 2. Expression of the L5 epitope in whole-mount immunostained chick
embryos. (A) Stage XIV. Immunoreactivity first appears close to the posterior
bridge and in scattered cells in the central epiblast of the area pellucida. 
(B) Higher power view of a portion of the central epiblast of the embryo in A.,
showing immunoreactive cells. (C) Stage 3+. Immunoreactivity surrounds the
anterior part of the streak. (D) Stage 4. L5-positive cells radiate out from the
anterior streak and extend into the inner part of the area opaca. (E) Stage 6. The
intensity of labelling increases dramatically and becomes confined to the
presumptive neural plate, shortly before this elevates. (F) Stage 9−. L5
expression is seen throughout the neural tube.



816

formalde
dehydrate
15 minute
to photog

In situ h
riboprob
Embryos
overnight
performe
labelled a
(Fig. 1). T
orientatio
was don
BioRad),
ted light 

RESUL

Pattern
embryo
The broa
trulation
describe
histoche
appears 
area pell
lation be
neural p
limits of
have now
results o
appear in
formatio
many L
pellucid
cells as f
stages 5-
Hensen’
1992), a
immuno
quickly 
neural p
persists t
2F and R

HGF/SF
It was p
cells suc
factor in
an ectop
factor ha
Miyazaw
Gherard
directly 
an assay
the indu

When
3-3+ (Ha
in cultur

A

hyde in PBS overnight after the chromogenic reaction, some
d in absolute methanol for 10 minutes and in propanol for
s; and cleared in tetrahydronaphthalene for 30 minutes prior
raphy.

ybridization in sections with 35S-labelled
es

 were explanted and fixed in 4% paraformaldehyde
. Embedding, sectioning and in situ hybridization were
d following the protocols of Wilkinson (1993), with a 35S-
ntisense probe transcribed from the 0.5 kb clone POLLO23
he sense probe was obtained by transcription of the reverse

n clone POLLO54. Imaging of the resulting autoradiographs
e with a confocal laser scanning microscope (MRC500,
 using reflection imaging for the silver grains and transmit-
for the section.

to expand, usually as a sheet, within 12 hours. In 15 separate
experiments, control and treated cultures (n=510) were stained
with monoclonal antibody against the L5 epitope. Cultures
without added factors (n=89; Fig. 3A; see also Table 1) or
treated with prothrombin (n=135; Fig. 3B) contained little or
no L5-positivity after 16-24 hours’ culture. Prothrombin-
treated explants sometimes (41/135) showed a few very weak
patches of L5 staining in the centre of the explant (Fig. 3B).
Positive control explants of prospective neural plate including
adjacent Hensen’s node (n=72) and area opaca epiblast

. Streit and others

Table 1. Summary of the effects of various factors related
to HGF/SF on morphology, and expression of L5-

positivity and neurofilament-related antigens, compared
to scattering activity of the factors when tested on MDCK

cells

TS

s of expression of the L5 epitope in normal
s
d changes in the expression of this epitope during gas-
 and neurulation in the chick embryo have been
d previously (Roberts et al., 1991), based on immuno-
mistry on tissue sections. L5 immunoreactivity
initially in some scattered cells of the epiblast of the
ucida in a broad region of the embryo and, as neuru-
gins, it quickly becomes restricted to the elevating

late. To gain a more global view of the changes in the
 expression of this marker during the early stages, we
 analysed the expression of L5 in whole mounts. The

btained are shown in Fig. 2. Immunoreactive cells first
 the area pellucida at about the time of primitive streak
n (stages XIV-2; Fig. 2A,B); by stages 3-4 there are
5-positive cells throughout the epiblast of the area
a (except at the most posterior end) and encompassing
ar as the inner third of the area opaca (Fig. 2C,D). By
6, when the area opaca ceases to respond to a graft of
s node by forming a secondary axis (Storey et al.,
nd just before the neural plate starts to elevate, L5
reactivity is also down-regulated in the area opaca, and
becomes concentrated in the region of the presumptive
late (Fig. 2E). The specificity of neural expression
hroughout the stages of closure of the neural tube (Fig.
oberts et al., 1991).

 induces rapid expression of L5
reviously found that grafts of scatter-factor-producing
h as those of the human MRC-5 line, or of purified
to chick embryos sometimes elicits the formation of
ic neural plate (Stern et al., 1990). Since then, scatter
s been identified as HGF/SF (Nakamura et al., 1989;
a et al., 1989; Zarnegar and Michalopoulos, 1989;

i and Stoker, 1990; Weidner et al., 1990). To test more
the effects of HGF/SF on chick epiblast, we designed
 using three-dimensional collagen gel cultures to assay
ction of L5 by the factor.
 an explant of epiblast from the area opaca of a stage
mburger and Hamilton, 1951) chick embryo is placed
e in a collagen gel without addition of factors, it starts

Neuronal L5 Scatter
morphology positivity Neurofilaments activity

hHGF/SF (human, +++ * N/T +++ +++
purified [MRC5]) (n=76) (n=76)

mHGF/SF (mouse, +++ * N/T +++ +++
purified [D4]) (n=32) (n=32) 4-16 ng/ml

4-16 ng/ml 4-16 ng/ml

mr-HGF/SF (mouse, +++ * +++ +++ +++
recombinant) (n=307) (n=250) (n=77) 4-16 ng/ml

4-16 ng/ml 4-16 ng/ml 4-16 ng/ml

Plasminogen − − − −
(n=36) (n=72) (n=15) (1 µg/ml)

(1 µg/ml) (0.5 µg/ml) (1 µg/ml)

Plasmin + N/T − −
(n=36) (n=15) (1 µg/ml)

100 ng/ml (100 ng/ml)

Untreated − − − −
(n=415) (n=89) (n=103)

PDGF − N/T − N/T
(n=12) (n=4)

(20 ng/ml) (20 ng/ml)

NGF − N/T − N/T
(n=21) (n=4)

(20 ng/ml) (20 ng/ml)

α2-macroglobulin − N/T N/T N/T
(n=24)

(1 µg/ml)

Prothrombin − +** − −
(n=54) (n=135) (n=29) (1 µg/ml)

(1 µg/ml) 25 ng/ml (1 µg/ml)

Thrombin − N/T N/T N/T
(n=12)

(1 µg/ml)

Apolipoprotein-A1 − N/T N/T N/T
(n=12)

(1 µg/ml)

+++ denotes a strong effect; +, a weak effect; −, no effect. N/T, not tested.
The concentration given in each box represents the lowest concentration
tested at which the effect indicated was seen. When this number is in
brackets, it denotes the highest concentration at which the factor was tested
without effect. n=total number of explants. In each case, the result shown was
obtained in at least 80% of cases, except: *, experiments in which only 50%
of explants showed this result; **, experiments in which 30% of explants
showed this result. L5 expression was assessed after overnight culture;
neuronal morphology and neurofilament markers were assessed after 5-7
days’ culture.
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 exposed to HGF/SF (n=250), in contrast, showed
5-positivity after 24 hours’ culture (Fig. 3C). A dose-

e analysis of L5 expression after treatment with various
rations of HGF/SF is shown in Table 2. Weak L5
reactivity is seen at a concentration of 3.2 ng/ml
imately 50 pM), and maximal effects are seen at 13
00 pM) and above.

F elicits differentiation of cells with neuron-
rphology

s of area opaca epiblast, either untreated or treated with
 or other members of its family, as well as explants of

tive neural plate including Hensen’s node from stage
bryos (‘positive control’) were set up as described

nd incubated for 5-8 days to examine their potential to
tiate into cells with neuronal morphology and their
ion of markers of terminally differentiated neurones.
t 100 sets of experiments (in total, 1178 explants)

and untreated cultures with any of these antibodies, either
when used alone or as a mixture. These results suggest that
HGF/SF does not induce neural differentiation through a prior
mesodermal induction, either of dorsal/axial (notochord) or of
ventral (muscle) type.

Molecular cloning of cDNA probes for chick HGF/SF
Because of the results obtained in vitro with HGF/SF, we
decided to investigate the expression of this molecule in
normal embryos. For this purpose, we generated two cDNA
probes by RT-PCR from chick Hensen’s node RNA, using
degenerate primers based on conserved human and rat HGF/SF
rformed (summarized in Table 1). Each experiment
ed negative controls (untreated and treated with
 factors related to HGF/SF; n=589), positive controls
ctive neural plate; n=174) and HGF/SF-treated
 explants. In about 50% of the experimental sets, the
 control explants contained cells with bipolar mor-
, which extended long processes into the gel by 5
lture. By 7-8 days, many processes were fasciculated
g, thick bundles. These fascicles appear identical to
at grow out of mature ventral neural tube explants

age 11 embryos in collagen gel cultures (c.f. Stern et
6). These cells and their processes stained with

y 3A10, specific for a phosphorylated neurofilament-
ed protein epitope (Yamada et al., 1991) and with
onal antibodies against neurofilament proteins. In the
ts of experiments, HGF/SF-treated area opaca explants
 the same morphological changes and the same
 of immunoreactivity as the positive controls (Fig. 4),
e same time course. No such changes were seen in
d controls or in explants treated with other factors
Table 1). In the remaining sets of experiments, no cells
ar neuronal morphology could be observed in positive
, negative controls or treated cultures. To test whether
plants nevertheless express neuronal markers, three
 experiments in which no neurone-like cells appeared

ained with anti-neurofilament antibodies (27 explants
: untreated epiblast, neural plate and HGF/SF-treated
). In all these cases, both the neural plate (25/27) and
F/SF-treated (23/27) explants, but not the untreated
, were immunoreactive, despite the absence of
l morphology (Fig. 4).

ce of mesodermal cells in HGF/SF-treated
s
y for the possible presence of mesoderm in the
-treated cultures, which could in turn be responsible

presence of cells with neuronal characteristics, experi-
and control cultures were probed with antibodies rec-
g mesodermal derivatives (anti-skeletal muscle [two
ies], anti-smooth muscle actin, brachyury and anti-
rd [Not-1]). In 20 separate sets of experiments, we
able to find any differences between HGF/SF-treated

Fig. 3. HGF/SF induces rapid expression of L5. Explants grown in
culture for 24 hours, then stained with monoclonal antibody against
L5 by immunoperoxidase. (A) Control (untreated) explants. No
staining is seen. (B) Explant treated with prothrombin (25 ng/ml).
Some faint patches of immunoreactive cells are seen in the centre of
the explant. (C) A pair of explants that had been treated with
HGF/SF (11 ng/ml). Very strong immunoreactivity is seen
throughout the explants. Magnification: ×10.
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sequences. The sequence spanned by these clones is shown in
Fig. 5, and the protein translation confirms that it encodes the
major part of the A chain of the chick homologue of HGF/SF,
based on the following features.

(i) The sequence includes the leader, N-terminal domain and
four kringle domains, corresponding exactly to the region of
human and rat HGF/SF bounded by the primers F7 and R3. At
the protein level (Fig. 6), the chick clone shows the highest level
of sequence identity with HGF/SF (human and mouse, 73%),
whereas the homology is lower with the sequences of the related

A. Streit and others

Table 2. Dose-response of the expression of L5 in explants
cultured with HGF/SF 

ng/ml 0 0.1-1.6 3.2 6.5 13 26 52

− − +/− ++ +++ +++ +++
(n=45) (n=54) (n=18) (n=46) (n=48) (n=42) (n=43)

The table comprises the results of at least three separate sets of experiments
for each concentration. n=total number of explants. In each case, at least 80%
of explants showed the result indicated. −, no expression; +/−, very slight
expression; ++, moderate expression; +++, very strong expression.

Fig. 4. Development of neuronal characteristics in HGF/SF-treated explants. Area opaca epiblast (B-F) and presumptive neural plate (A)
explants cultured for 7 days in the absence (A,B,E) or presence (C,D,F) of 16 ng/ml HGF/SF, after staining with antibodies against
neurofilament proteins. (A) Neural plate explant which did not show cells with neuronal morphology after 7 days’ culture, but is neurofilament-
positive. (B) Explant of area opaca epiblast cultured in the absence of factors for 7 days. No immunoreactivity is seen. (C,D) Explants of area
opaca epiblast that had been cultured in the presence of HGF/SF for 7 days. (C) contained cells with neuronal morphology, (D) did not, but
both are immunoreactive. (E) Phase-contrast view of control (untreated) explant, showing the epithelial sheet-like morphology of the edge. 
(F) Phase-contrast view of HGF/SF-treated explant, showing numerous processes with neurite-like morphology extending into the collagen gel.
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e molecule (Han et al., 1991; Degen et al., 1991)
 42%, mouse 40%) or with plasminogen (human and
34%). The chick clone shows a higher level of sequence
 with HGF-like than with plasminogen, as expected.
mong different kringle-containing proteins, sequence
ation drops substantially in the inter-kringle regions.
e protein sequence of the chick clone is aligned against
, HGF-like and plasminogen sequences, it can be seen
 spacing between kringles is identical to that of the
and mouse HGF/SF, but differs from the length of the
ingle regions of the HGF-like protein and plasminogen
ecies (Fig. 6). Moreover, the chick clone contains a 5
cid deletion in kringle 1, which corresponds to an alter-
 spliced variant form of human HGF/SF (Rubin et al.,
eidner et al., 1991) not found in HGF-like or plas-

n.
onclude that the cDNA clone shown in Fig. 5 corre-
to chick HGF/SF.

DISCUSSION

L5 as a marker of cells competent to respond to
neural inducing signals
In a previous study, it was reported that during elevation of the
neural plate and subsequent neural tube closure, L5 immunore-
activity is restricted to these structures. Its expression was also
detected at earlier stages of development, during formation of
the primitive streak, in scattered cells of the epiblast, but it was
impossible to determine the precise three-dimensional limits of
the labelling pattern from tissue sections. The study therefore
concluded that L5 is ‘an early marker for neural induction’
(Roberts et al., 1991).

Our present study, using whole-mount immunostaining,
extends these observations, and further reveals that the limits
of expression correspond, at various stages of development,
with the area that is competent to respond to neural inducing
sion of HGF/SF in the early chick embryo
ormed in situ hybridization both in whole mounts (with
enin [DIG]-labelled RNA probes) and in sections (with
belled RNA probe) to localize the expression of chick
 mRNA in chick embryos at stages XII-6.

 both techniques, transcripts
und only in specific locations at
tages of development. The
btained are summarized in Fig.

ore the appearance of the
e streak, HGF/SF is very
expressed in a band in the

 at the posterior end of the
l zone (Fig. 7G), decreasing
its circumference towards more
parts of the embryo. The
r end of the marginal zone
 and moves anteriorly during
e streak formation (see Stern,
Hatada and Stern, 1994) to
 located at Hensen’s node, and
valent to the dorsal marginal
 amphibians (see Stern et al.,
zpisúa-Belmonte et al., 1993).
e appearance of the primitive
xpression is found, still at low
t the anterior end of the streak,
en’s node (Fig. 7A-D). More
rly in the streak there is no
ion (Fig. 7F). Shortly after this,
pt levels quickly decline and,
itant with the loss of inducing
 from the node, by stage 6,
 transcripts are no longer
le. None of these patterns is
en hybridization is conducted
e sense strand (Fig. 7E).
 results indicate that HGF/SF
is expressed specifically in the
er region of the chick embryo
the stages at which neural
n takes place.

signals: immunoreactivity in the epiblast initially extends as far
as the inner third of the area opaca and, by
the stage at which this region loses compe
a graft of Hensen’s node (Storey et al., 1
tivity rapidly withdraws to the central r
pellucida, becoming confined to the area

Fig. 5. Sequence of a 1.3kb chick HGF/SF cDNA. Nucleotide sequence a
of the cDNA. Nucleotides −14 to 1141 are from POLLO199 and 1142 to 
POLLO23. There are no sequence differences between POLLO23 and PO
nucleotides correspond to the PCR primers F7 and R4 (see Fig. 1). Conse
residues are circled. This sequence has been submitted to EMBL (accessi
 the end of stage 4,
tence to respond to
992), immunoreac-
egions of the area
 that will form the
nd protein translation
1335 are from
LLO199. The boxed

rved cysteine
on number pending).
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matic increase in expression of L5 in area opaca
explants. Since control explants, cultured in the

of factors or in the presence of other members of the
ontaining family of proteins, lose L5 expression after

 mouse HGF/SF, HGF-like and plasminogen. Key:
 1989); mHGF/SF, mouse HGF/SF (Andermarcher, E.,
uman and mouse HGF-like (Han et al., 1991; and Degen et
t al., 1991; Degen et al., 1990). Alignments are calculated
rived from Clustal V. A dash indicates identity to the
ed bars indicate conserved cysteine residues.
late. Consistent with the idea that L5 is a marker for
ompetence, Roberts et al. (1991) found that grafting

a cells secreting the antibody together with Hensen’s
vents neural induction by the latter, suggesting that the

and dra
epiblast 
absence 
kringle-c

ignment of the partial protein sequences of chick HGF/SF with human and
, chick HGF/SF (this paper); hHGF/SF, human HGF/SF (Nakamura et al.,
. and Gherardi, E., unpublished data); hHGF-l and mHGF-l, respectively h
; hplgn and mplgn, respectively human and mouse plasminogen (Browne e
stal V (Higgins and Sharp, 1988). Pairwise aminoacid similarities were de
 sequence (chick HGF/SF) and an asterisk indicates a gap insertion. Stippl
tself or the molecules carrying it are directly involved
sponse to neural inducing signals.
ition, Roberts et al. (1991) also reported that a graft
n’s node into the area opaca causes an increase in the
 as well as in the longer-term maintenance of L5
n in surrounding areas. This finding suggests that

s node enhances or maintains the competence of
cells to respond to neuralizing signals emanating from
 together, these findings from the present and previous
ead us to propose that at stages prior to formation of
al plate (stages 2-6), L5 is a marker for regions
nt to respond to neural induction, which may itself be
 in the response to such an induction, and which is
n part by signals emanating from the node.

 enhances and maintains the expression of

sent study, we also show that HGF/SF, but not several
mbers of the kringle-containing factors, cause a rapid

overnight culture in collagen gels, as they do in the embryo,
whilst HGF/SF-treated explants show both persistent and
increased expression of the epitope, a minimal hypothesis is
that HGF/SF maintains the expression of L5 immunoreactiv-
ity in cells that are normally destined to lose it. In the light of
the considerations made in the previous section, an obvious
hypothesis is that HGF/SF maintains the competence of
epiblast cells to respond to neural inducing signals. To test this
hypothesis further, we cultured treated explants for more
prolonged periods and in some experiments we also included
other factors to investigate the possibility of synergism.

HGF/SF promotes neuronal differentiation in vitro
In the presence of HGF/SF, about 50% of explants of extraem-
bryonic epiblast from the area opaca develop cells with mor-
phologies characteristic of neuronal cells and long, fascicu-
lated axonal processes. Treated explants also react with
antibodies specific for neurofilaments and for neurofilament-
associated proteins. Cells with similar morphologies and
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ic properties are seen in the same proportion of
s of prospective neural plate. However, they were
bserved in explants of area opaca cultured in the
 of factors or in the presence of other peptide factors
1) or of other members of the family of kringle-con-
 proteins (Table 1).
reason why both neural plate explants and HGF/SF-
explants develop cells with neuronal morphology only
t half the cases is unknown. Although we controlled our
 conditions carefully, it is possible that variations in its
ition, perhaps due to the less well defined components
 the rat tail collagen and the fetal calf serum, are respon-
r differences in the incidence or extent of neurite
th. However, it is worth emphasizing that when

s were present, they were present in both prospective
plate explants and in HGF/SF-treated explants; when
s were absent, they were absent in both. Furthermore,
lament immunoreactivity is seen even in treated

further that HGF/SF acts directly, and predicts that the chick
epiblast should contain a specific receptor, presumably MET.
This possibility will be investigated elsewhere (Thery et al.,
unpublished data).

A third possibility is that HGF/SF elicits neuronal differ-
entiation because of a prior, mesoderm-inducing effect, and
this mesoderm is then responsible for the subsequent
neuronal differentiation. Our results argue against this pos-
sibility for two main reasons. First, no cells with mesoderm-
like (e.g. notochord, skeletal, cardiac or smooth muscle,
blood, etc.) morphology are seen in explants of area opaca
epiblast, whether treated with HGF/SF or not, and even after
9 days’ culture. This is in marked contrast with explants
from the area pellucida, which, even in the absence of any
added factors, often contain mesodermal cell types such as
blood cells, vessel endothelium and mesenchymal cells
(Voon, 1980;  Mitrani and Shimoni, 1990; Stern, 1990).
Second, mesoderm-specific markers (antibodies detecting
s
e
t
s
g
3

h
e
x
s

.
n

e

h

u
, 
O

i
s

a

y
a

h
 
y
 
c
p
e
m
h

 and positive controls in which no neurites are dis-
 morphologically.
her experiments (not shown), we treated epiblast
 from the same region with the putative neural
 protein, Noggin (Smith and Harland, 1992; Smith et
; Lamb et al., 1993; kindly provided by Dr. Richard

) either alone or in combination with HGF/SF. We
at Noggin, both alone and in combination, did elicit
rentiation of large numbers of neuronal cells in our
plants. However, large regions of these explants were
itive for mesodermal markers that included islands of
acting with the anti-notochord antibody, Not-1 (not
 We were therefore unable to test for synergism
 HGF/SF and Noggin directly.

 effects of HGF/SF due to cell dissociation,
lytic activation of another factor, prior
erm induction or differential cell survival?
ibians, dissociation of cells of the animal cap of the

 stage embryo can lead to spontaneous differentiation
rones even in the absence of factors (Gualandris and
1981; Grunz and Tacke, 1989; Godsave and Slack,
ne possibility, therefore, is that the ‘scattering’ effects

/SF, which might loosen intercellular contacts in the

smooth and skeletal muscle, brachyury and notochord and a
DIG-labelled RNA probe for goosecoid) did not reveal any
differences between HGF/SF-treated and untreated cultures.
Therefore, prior mesodermal induction does not appear to be
responsible for the effects of HGF/SF seen in the present
experiments.

A final possibility to be considered is that HGF/SF may
function as a trophic factor, allowing survival of prefated cells
that would otherwise die in culture. However, the fate of the
extraembryonic epiblast used here is to give rise to extraem-
bryonic membranes only. Furthermore, treatment with factors
other than HGF/SF, including some that have trophic effects,
does not lead to the development of neuronal cells. Finally,
even in short-term cultures, treatment with HGF/SF strongly
induces L5 expression in a large proportion of the cells of the
explants, and there is no obvious difference between control
and treated explants in terms of their size or the number or
density of cells; this can be seen in Fig. 3. A trophic effect can
therefore be discounted.

Some proteases may enhance the effects of HGF/SF
It is worth pointing out that, in a few experiments, the blood
serine protease plasmin at relatively high concentrations (100
ng ml−1) elicited the appearance of cells with neuron-like mor-
aca epiblast cultures, are directly responsible for its
nducing effects. To test this possibility we set up
 of dissociated area opaca cells (data not shown) under
e culture conditions as explants that did display
l morphology in HGF/SF-treated explants. We never
d cells with neuronal morphology or staining with
 3A10 after 7-9 days’ culture. Previous studies using

ted cells from chick embryos similarly failed to
 any neuronal differentiation or neuron-like morphol-
e absence of factors, even after very prolonged culture

1980; Stern and Ireland, 1981). Therefore, it seems
 that the effects of HGF/SF on neuronal differentiation
to prior cell dissociation in the explants.
ond possibility is that HGF/SF acts through proteoly-
erhaps cleaving and activating some other molecule.
r, HGF/SF has no proteolytic activity due to two
ent mutations (His to Gln and Ser to Tyr) in the active
e serine protease domain present in other members of

ily (Nakamura et al., 1989). This consideration argues

phology in 5-day cultures, although no fasciculated neurite
bundles were seen in 7-day cultures and no neurofilament
immunoreactivity was detected. This finding could be related
to recent evidence that plasmin (as well as plasminogen acti-
vators such as urokinase) convert the single-chain inactive
precursor of HGF/SF into the active two-chain molecule
(Naldini et al., 1992; Mars et al., 1993). In the case of plasmin,
proteolytic cleavage then continues to generate small, inactive
fragments of HGF/SF. In support of this, we have found in pre-
liminary studies that urokinase at very low concentrations
(down to 1 ng ml−1) does not have detectable effects on differ-
entiation when administered alone, but it enhances the effect
of HGF/SF (data not shown), perhaps by converting pro-
HGF/SF to the active form.

Expression of HGF/SF in the chick embryo
If HGF/SF is important for neural induction in vivo, we
would expect it to be expressed at the correct time and place
in the embryo to fulfill this role. Although the level of
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expression of HGF/SF mRNA during gastrulation is
generally low, transcripts are strongly localized in the
anterior tip of the primitive streak until stage 4+. Transcripts
are no longer detectable in the node after stage 5, when the
node loses its ability to induce an ectopic nervous system
when grafted into the area opaca of a host embryo (Storey et

al., 1992). Just prior to primitive streak formation, the region
at the posterior margin of the embryo, which contains cells
that contribute to Hensen’s node (Stern, 1990; Izpisúa-
Belmonte et al., 1993), also expresses HGF/SF transcripts.
These results show that HGF/SF is expressed in the node and
in a region that contributes cells to it. These same regions

A. Streit and others

Fig. 7. Expression of HGF/SF at
early stages of chick
development, analyzed by in
situ hybridization. A-C are
whole-mounts, using
digoxigenin-labelled probes. D-
G are sections, hybridized with
35S-labelled probes. (A) Embryo
at stage 3+. HGF/SF mRNA is
weakly expressed in a triangle at
the anterior tip of the primitive
streak. (B) Stage 4. Transcript is
detectable in a subpopulation of
cells at the anterior edge of
Hensen’s node. (C) At stage 4+,
a faint signal, showing signs of
left-right asymmetry, is visible
in the node. (D) Transverse
section through the node of a
stage 3+ embryo (at the level
indicated in the adjacent
diagram), hybridized with
antisense probe; message is seen
in the epiblast portion of the
node. (E) Adjacent section to
that in D, hybridized with sense
probe. No signal is seen. 
(F) Transverse section through
the centre of the primitive streak
at stage 3+ (at the level indicated
in the diagram), hybridized with
antisense probe. No signal is
seen. (G) Mid-sagittal section
through the posterior margin of
the area pellucida at stage XIII,
at the level indicated in the
adjacent diagram, hybridized
with antisense probe.
Expression is detected in the
epiblast of the posterior
marginal zone. Posterior is to
the left.
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n cells that express the homeobox gene goosecoid
a-Belmonte et al., 1993), which is considered to be a

r for the organizer region of the embryo (Blum et al.,
Blumberg et al., 1991). Thus, the expression of
F in the embryo is consistent with a role in neural

ion or in neural competence.

onships between neural induction and neural
alization

Hensen’s node is grafted into the area opaca of a host
o, the reaction of the host includes not only neuronal
ntiation but also the organization of the responding
t into a coherent axis, containing distinguishable

al features and the expression of region-specific
rs (Storey et al., 1992). By contrast, grafts of sources of
F into the embryo (Ireland et al., 1987; Stern et al.,

sometimes generate a neural-plate-like thickening in the

and De Robertis, E. M. (1991). Gastrulation in the mouse: the role of the
homeobox gene goosecoid. Cell 69, 1097-1106.

Blumberg, B., Wright, C. V. E., De Robertis, E. M. and Cho, K. W. (1991).
Organizer-specific homeobox genes in Xenopus laevis embryos. Science
253, 194-196. 

Browne, M. J., Chapman, C. G., Dodd, I., Carey, J. E., Lawrence, G. M.
P., Mitchell, D. L. and Robinson, J. H. (1991). Expression of recombinant
human plasminogen and aglycoplasminogen in HeLa cells. Fibrinolysis 5,
257-260.

Chomczynski, P. and Sacchi, N. (1987). Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal.
Biochem. 162, 156-159. 

Degen, S. J. F., Bell, S. M., Schaefer, L. A. and Elliott, R. W. (1990).
Characterization of the cDNA coding for mouse plasminogen and
localization of the gene to mouse chromosome 17. Genomics 8, 49-61.

Degen, S. J. F., Stuart, L. A., Han, S. and Jamison, C. S. (1991).
Characterization of the mouse cDNA and gene coding for a hepatocyte
growth factor-like protein: expression during development. Biochemistry 30,
9781-9791. 

Eyal-Giladi, H. and Kochav, S. (1976). From cleavage to primitive streak
formation: A complementary normal table and a new look at the first stages
of the development of the chick. Dev. Biol. 49, 321-337. 
piblast but never cause it to elongate or to display
-specific traits. Similarly, treatment of area opaca
t explants with HGF/SF in culture leads to neuronal
ntiation but not to the expression of region-specific
rs such as engrailed-2 (unpublished observations). In
ith the suggestions recently made by Storey et al. (1992,
 these observations suggest that HGF/SF plays a role in
ization but is not a regionalizing factor, and provides
 support for the notion that these two events are
ble experimentally.

lusions
ve shown that HGF/SF treatment strongly and rapidly
tes the expression of the L5 antigen in chick area opaca
t explants. This antigen is involved in the early steps of

 induction and may be a marker of cells that are
tent to respond to neural inducing signals. After more
ged culture, these explants express neurofilament
s and can differentiate into cells with neuronal mor-
y. We also show that HGF/SF is expressed specifically

nsen’s node at the stages when neural induction is
ing. We therefore propose that HGF/SF may be involved
early steps of neural induction, either by promoting the
tence of the epiblast to respond to neural inducing

Furley, A. J., Morton, S. B., Manalo, D., Karagogeos, D., Dodd, J. and
Jessell, T. M. (1990). The axonal glycoprotein TAG-1 is an immunoglobulin
superfamily member with neurite outgrowth promoting activity. Cell 61,
157-170. 
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Purification of scatter factor, a fibroblast-derived basic protein which
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Grunz, H. and Tacke, L. (1989). Neural differentiation of Xenopus laevis
ectoderm takes place after disaggregation and delayed aggregation without
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development of the chick embryo. J. Morph. 88, 49-92. 
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DNF15S2 locus on human chromosome 3: Identification of a gene coding for
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, or perhaps as a neural inducer acting in conjunction

ther factors. 
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