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Background: The differentiation of floor plate cells and
motor neurons in the vertebrate neural tube appears to be
induced by signals from the notochord. The secreted pro-
tein encoded by the Sonic hedgehog (Shh) gene is expressed
by axial midline cells and can induce floor plate cells in
vivo and in vitro. Motor neurons can also be induced in
vitro by cells that synthesize Sonic hedgehog protein
(Shh). It remains unclear, however, if the motor-neuron-
inducing activity of Shh depends on the synthesis of a dis-
tinct signaling molecule by floor plate cells. To resolve
this issue, we have developed an in vitro assay which
uncouples the notochord-mediated induction of motor
neurons from floor plate differentiation, and have used
this assay to examine whether Shh induces motor neurons
in the absence of floor plate differentiation.
Results: Floor plate cells and motor neurons were
induced in neural plate explants grown in contact with the
notochord, but only motor neurons were induced when
explants were separated from the notochord. COS cells

transfected with Shh induced both floor plate cells and
motor neurons when grown in contact with neural plate
explants, whereas only motor neurons were induced when
the explants were grown at a distance from Shh-trans-
fected COS cells. Direct transfection of neural plate cells
with an Shh-expression construct induced both floor plate
cells and motor neurons, with motor neuron differentia-
tion occurring prior to, or coincidentally with, floor plate
differentiation. The induction of motor neurons appears,
therefore, not to depend on floor plate differentiation.
Conclusions: The induction of motor neurons by
Shh does not depend on distinct floor-plate-derived
signaling molecules. Shh can, therefore, initiate the differ-
entiation of two cell types that are generated in the
ventral region of the neural tube. These results show that
the early development of motor neurons involves the
inductive action of Shh, whereas the survival of motor
neurons at later stages of embryonic development requires
neurotrophic factors.
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Background

A central problem in vertebrate neural development is to
define the cellular and molecular mechanisms that con-
trol the differentiation of distinct classes of cells at specific
positions within the neural tube. The generation of cell
types in the ventral half of the neural tube depends on
signals provided by axial mesodermal cells of the noto-
chord [1-6]. Floor plate differentiation at the ventral
midline of the neural tube depends on a contact-medi-
ated signal from the notochord, whereas the differentia-
tion of motor neurons more laterally can be induced by a
diffusible factor that does not elicit floor plate differentia-
tion [2,7-9]. Floor plate cells subsequently acquire both
these inducing activities [5,7,9].

Sonic hedgehog (Shh), also known as Vhh-1 or Hhg-1,
is a vertebrate homologue of the secreted protein encod-
ed by the Drosophila gene hedgehog [10,11], and is expres-
sed by the notochord and floor plate at the time that
these midline cell groups exhibit their inductive activities
[12-16]. Misexpression of Shh in vertebrate embryos can
induce the differentiation of floor plate cells at ectopic
locations in the neural tube [13-15]. In addition, COS
cells expressing Shh can induce floor plate differentiation
in vitro when grown in contact with neural plate explants

[15]. These findings suggest that Shh normally participates
in floor plate induction.

Whether Shh is also the diffusible factor derived from the
notochord and floor plate that induces motor neurons
remains unclear. Motor neurons are induced in neural
plate explants grown in contact with cells that express
Shh [15], but this could reflect the activity of a distinct
factor secreted by the floor plate cells that are also
induced in these explants. To resolve this issue, we have
established in vitro assay conditions (Fig. 1) in which the
induction of motor neurons in neural plate explants in
response to notochord-derived signals can be uncoupled
from floor plate differentiation. We have then examined
whether Shh expressed in COS cells or neural plate cells
can mimic the ability of the notochord to induce motor
neurons in the absence of floor plate cells.

Our results show that COS cells transfected with Shh
acquire a diffusible activity that is sufficient to induce
motor neurons in neural plate explants in the absence of
floor plate differentiation. In addition, direct transfection
of cells in neural plate explants with Sh induces, inde-
pendently, motor neurons and floor plate cells. These
findings suggest that Shh derived from the notochord
normally initiates the differentiation of motor neurons in
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neural tube is sufficient to trigger ectopic floor plate cells
[19,20] which, in turn, can induce ventral neurons in
adjacent dorsal regions of the neural tube [19]. HNF33
expression provides, therefore, an early and reliable indi-
cator of floor plate differentiation. As an independent
marker of floor plate differentiation, we monitored the
expression of the mRNA encoding the chemoattractant
Netrin-1 (Table 1). Motor neuron differentiation was
assessed by expression of the LIM homeodomain proteins
Isl-1 and Isl-2 [21], by coexpression of SC1 with Isl-1
and Isl-2, and by expression of of Isl- 1, Isl-2 and choline
acetyltransferase (ChAT) mRNAs (Table 1).

Fig. 1. Schematic outline of neural plate induction assays. Neural
plate explants were embedded in a collagen gel (grey shading)
and grown in contact with, or separated from, the notochord or
cellular sources of Shh.

Uncoupling motor neuron from floor plate differentiation in
response to notochord signals
When neural plate explants were grown alone in vitro for
36 hours, floor plate and motor neuron markers were not
expressed (Fig. 2a,e,f; Table 2a). In contrast, neural plate
explants grown in contact with notochord (Fig. la) for
36 hours expressed HNF3 mRNA and protein (Fig. 2b,
d,e) and Netrin-1 mRNA (Fig. 2e), indicating the differ-
entiation of floor plate cells. The same explants contained
cells that expressed Isl-1 and/or Isl-2 (termed Isl+ cells)
in combination with SC1 (Fig. 2b-d,f), and in parallel
assays explants expressed Isl-1, Isl-2 and ChAT mRNAs
(Fig. 2f), indicating the differentiation of motor neurons.

the ventral half of the neural tube by a mechanism that is
independent of floor plate differentiation.

Results and discussion

Identification of floor plate cells and motor neurons in chick
neural plate explants.
Floor plate and motor neuron differentiation was moni-
tored in explants derived from the intermediate region
of the neural plate of stage-10 chick embryos [8], using
immunocytochemical and reverse transcription-polymer-

ase chain reaction (RT-PCR) assays. Floor plate differ-
entiation was assessed, primarily, by expression of the
winged-helix transcription factor HNF3[3 (Table 1).
HNF33 is an early marker of floor plate differentiation
in vivo [17,18], and its transcription in neural plate cells
in vitro appears to be a direct response to notochord-
derived signals, as it can occur in the absence of protein
synthesis [18]. Moreover, misexpression of HNF33 in the
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To separate experimentally the motor neuron- and floor 2a). These results extend previous observations [7,81 in
plate-inducing activities of the notochord, we prevented that they show that a notochord-derived diffusible factor
contact between the notochord and neural plate explants can induce motor neurons in the absence of floor plate
by interposing a membrane filter (Fig. lb). In the absence differentiation within the same neural plate explant.
of contact, the notochord induced motor neuron differ-
entiation (Fig. 2g,h), albeit less effectively as assessed by Uncoupling motor neuron from floor plate differentiation in
the number of Isl+ neurons (Table 2a). In contrast, the response to Shh-dependent signals
notochord did not induce floor plate differentiation across To examine whether Shh can mimic the contact-depen-
a filter, as assessed by the absence of HNF33 expression dent and diffusible activities of the notochord, we grew
at 24 hours (data not shown) or 36 hours (Fig. 2g; Table neural plate explants for 36 hours, either in contact with

Fig. 2. Induction of floor plate and motor neuron differentiation by the notochord is distinguished by dependence on cell contact. (a)
Neural plate explant grown for 36 h in the absence of the notochord and labelled with antibodies that detect HNF3P and Isl-1 and/or
Isl-2 (Isl+ cells). No HNF3p + or Isl+ cells are detected. (b) Neural plate explant grown for 36 h in contact with notochord (n). HNF313+

(red) and Isl+ (green) cells are induced. HNF3[3+ cells are located closer to the notochord/neural plate junction (white dotted line) than
are Isl+ cells. (c) Isl+ cells (green) induced in neural plate explants by contact with the notochord coexpress the surface immunoglobu-
lin-like protein SC1 (red). Patches of SC1 + cells that do not express Isl proteins (arrowhead) correspond to floor plate cells [5]. (d) Con-
tact with the notochord induces lsl-2+ cells (green) in neural plate explants. HNF3P3 cells (red) are also induced. (e) RT-PCR analysis
of HNF313 and Netrin-1 mRNA induction by contact with the notochord. Lower bands, marked by the arrow, indicate competitive tem-
plates introduced to control for the efficiency of the RT-PCR reactions. Intermediate neural plate explants ([i]) and notochord (n) do not
express either gene when cultured alone for 36 h. Contact with the notochord (n + [i]) induces HNF33 and Netrin-1 expression (upper
bands). (f) RT-PCR analysis of Isl-1, Isl-2 and ChAT mRNA induction by contact with the notochord. Intermediate neural plate explants
([i]) and notochord (n) do not express Isl-1, Isl-2 or ChAT [81 when cultured alone for 36 h. Contact with the notochord (n + [i]) induces
the expression of all three genes (upper bands). Lower bands, marked by the arrow, indicate internal standards introduced to control for
the efficiency of the RT-PCR reactions. Results in (e) and (f) were obtained from RNA from the same set of explants. Similar results were
obtained in 6 experiments. (g) Neural plate explants separated from the notochord by a Nucleopore filter and grown in vitro for 36 h
contain Isl+ (green) but not HNF3, + (red) cells. (h) Isl+ cells (green) present in neural plate explants grown transfilter to the notochord
express SC1 (red), indicating that they are motor neurons. Patches of SC1 + /Isl- cells were not detected, indicating the absence of floor
plate differentiation. Similar results were obtained in 4 separate experiments using either Nucleopore or dialysis membrane filters.
Scale bar: (a,c,h) = 20 Im; (b) = 100 I.m; (d,g) = 33 prm.
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(Fig. c), or separated from (Fig. ld), COS cells trans-
fected with sense or antisense rat Shh cDNA expression
constructs [15]. Neural plate explants grown in contact
with COS cells transfected with the sense Shh cDNA con-
tained floor plate cells, assessed by expression of HNF3P
(Fig. 3a and Fig. 3g, HNF3P3, lane 1; Table 2b) and Net-
rin- (Fig. 3g, Net-1, lane 1), and motor neurons, assessed
by the presence of Isl+/SC1+ and Isl-2+ neurons (Fig. 3a,
b,c), and Isl- and ChAT mRNA expression (Fig. 3h, lanes
1). Isl-2 was expressed in 74 2 % (mean + s.e.m., n = 6
explants) of neurons that expressed Isl-1 (Fig. 3c, and data
not shown), which probably reflects the earlier expression
of Isl-1 by embryonic motor neurons in vivo [21].

Neural plate explants grown in the absence of contact
with COS cells transfected with the sense Shh cDNA did

not express HNF3I3 mRNA or protein (Fig. 3d,g lane 3)
or Netrin- 1 mRNA (Fig. 3g, lane 3), indicating that floor
plate differentiation did not occur under these condi-
tions. In contrast, motor neuron differentiation was indu-
ced in the absence of contact, as assessed by the presence
of Isl+/SC1+ and Isl-2 + neurons (Fig. 3d-f; Table 2b),
and Isl- I and ChAT mRNA expression (Fig. 3h, lanes 3).
Isl-2 was expressed in 74 + 5 % (mean + s.e.m., n = 8
explants) of neurons that expressed Isl-1 (Fig. 3f, and data
not shown). Taken together, these results indicate that the
diffusible activity derived from Shh-transfected COS cells
induces the entire complement of motor neuron markers
detected in response to induction by the notochord.

In previous studies, we have found that medium condi-
tioned by Shh-transfected COS cells does not induce

Fig. 3. COS cells that express Shh
exhibit contact-dependent floor plate-
and diffusible motor-neuron-inducing
activities. (a) A neural plate explant
grown in contact with Shh-transfected
COS cells for 36 h contains HNF3[3+

(red) and Isl+ (green) cells. The two cell
groups are intermingled. Apparently yel-
low cells probably represent the super-
imposition of two distinct nuclei in the
confocal section. (b) Isl+ neurons
(green) in neural plate explants grown in
contact with Shh-transfected COS cells
express SC1 (red). Isl+ neurons that do
not coexpress SC1 probably represent
newly-differentiated motor neurons
[21]. (c) sl-2+ neurons in intermediate
neural plate explants grown in contact
with Shh-transfected COS cells. (d) A
neural plate explant separated from
Shh-transfected COS cells in a collagen
gel and grown for 36 h contains Isl+

(green) but not HNF33 + (red) cells.
(e) Isl+ neurons (green) induced at a dis-
tance from Shh-transfected COS cells
coexpress SC1 (red) and are motor neu-
rons. (f) sl-2+ neurons induced at a dis-
tance from Shh-transfected COS cells.
Intermediate neural plate explants
grown in contact with or at a distance
from COS cells transfected with anti-
sense Shh cDNA did not contain
HNF3I3+, Isl+ or sl-2+ cells (Table 2,
and data not shown). (g) RT-PCR analy-
sis of floor plate induction by Shh-trans-
fected COS cells (s, sense; as,
antisense). HNF33 and Netrin-1 expres-
sion is induced in neural plate explants
grown in contact with Shh-transfected
COS cells (lanes 1). but not with anti-
sense Shh-transfected COS cells (lanes
2). HNF33 and Netrin-1 expression is
not induced in neural plate explants
grown at a distance from Shh-
transfected (lanes 3) or antisense Shh-

transfected (lanes 4) COS cells. In the same experiment, notochord (n) grown in contact with neural plate explants induces both
HNF3[3 and Netrin-1 expression (lanes 5). (h) RT-PCR analysis of motor neuron induction by Shh-transfected COS cells (s, sense; as;
antisense). Isl-1 and ChATexpression is induced in neural plate explants grown in contact with Shh-transfected COS cells (lanes 2). Isl-
1 and ChATexpression are also induced in neural plate explants grown at a distance from Shh-transfected COS cells (lanes 3). Isl-1 and
ChAT expression is not induced in neural plate explants exposed to COS cells transfected with antisense Shh (lanes 2 and 4). Noto-
chord (n) grown in contact with neural plate explants induces both Isl-I and ChAT(lanes 5). Results shown in Panels (a-h) have been
replicated in 6 different experiments. Scale bar: (a,d) = 16 p.m; (b,e) = 20 pim; (c,f) = 33 pm.
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Fig. 4. Induction of floor plate and motor neuron differentiation by transfection of neural plate explants with Shh. (a) RT-PCR analysis of
floor plate and motor neuron marker expression in neural plate explants analyzed 48 h after transfection with a CMV Shh cDNA expres-
sion construct. HNF3P, Netrin-1, Isl-1 and Isl-2 are induced in Shh-transfected explants but not in mock-transfected (-) explants. Isl-1
was also detected albeit at lower levels in Shh-transfected neural plate explants grown in the absence of neurotrophin-3 (data not
shown). Cells that expressed HNF3i and Isl immunoreactivity could also be detected (data not shown), although there was an extremely
high background, possibly because of cell damage as a consequence of the transfection protocol. (b) Time-course of HNF3 and Is/l-
expression in neural plate explants transfected with a CMV Shh cDNA expression construct. (i) In this experiment, neither Isl-1 nor
HNF33 are expressed 10 h or 20 h after transfection (lanes 1 and 2), but are detected at 30 h and 40 h (lanes 3 and 4). Netrin-1 and Isl-2
are also expressed after 30 h (data not shown). (ii) In this experiment, Isl-i expression is not apparent at 10 h (lane 1) and can first be
detected at 22 h (lane 2). In contrast, HNF3 expression is not detected at either 22 h or 24 h (lanes 2 and 3, although the gene is
expressed at 40 h (lane 4). Results showing that Isl-1 expression occurs before or coincident with HNF3P expression were obtained in 4
separate experiments. In a further 3 experiments, Isl-i expression was detected, although HNF3P3 expression could not be detected.

floor plate or motor neuron differentiation in neural
plate explants [15]. In the present experiments, the induc-
tion of motor neuron differentiation in neural plate
explants grown at a distance from Shh-transfected COS
cells might result from the provision of a higher concen-
tration, or of a constant source, of Shh. COS cells trans-
fected with antisense Shh did not induce loor plate
or motor neuron differentiation under any condition
(Fig. 3g,h, lanes 2 and 4, and data not shown).

Expression of Shh, therefore, confers COS cells with a
contact-dependent floor-plate-inducing activity and a dif-
fusible motor-neuron-inducing activity that does not eli-
cit floor plate differentiation. The most likely explanation
of these results is that Shh itself mediates both these acti-
vities. COS cells transfected with Shh also exhibit a dif-
fusible activity that can induce ventral forebrain neurons
[22] and ventralize segmental plate mesoderm [23].

Independent induction of motor neuron and floor plate
differentiation after transfection of neural plate explants
with Shh
To eliminate the possibility that COS cells transfected
with Shh are induced to secrete a distinct factor that
mediates the floor-plate- or motor-neuron-inducing acti-
vities described above, we tested whether Shh can itself
induce motor neuron and floor plate differentiation. Cells
within neural plate explants were transfected directly
with an Shh expression construct (Fig. le). When assayed
48 hours after transfection with Shh, neural plate explants

expressed HNF3I3, Netrin-1, Isl-l and Isi-2 mRNAs
(Fig. 4a). Shh is, therefore, sufficient to induce floor plate
and motor neuron differentiation in neural plate explants.

To determine whether the induction of motor neurons
in neural plate explants transfected with Shh occurs
independently of floor plate differentiation, we analyzed
the time-course of expression of HNF33 and Isl-l.
Expression of Isl-l in neural plate explants transfected
with Shh was first detected after about 22 hours, and
either preceded (Fig. 4b(ii)) or occurred coincidentally
(Fig. 4d(i)) with that of HNF3, depending on the par-
ticular experiment. Thus, motor neuron differentiation
in neural plate explants transfected with Shh occurs prior
to, or synchronously with, floor plate differentiation.

These results indicate that Shh acts on neural plate cells
to induce the differentiation of motor neurons in a man-
ner that does not require the prior differentiation of floor
plate cells. Previous studies in chick embryos have shown
that cells in lateral regions of the neural plate are exposed
to a motor-neuron-inducing signal from the notochord
prior to the differentiation of floor plate cells [8]. Our
results support the idea that Shh mediates this notochord-
derived signal.

Shh as an inducer of motor neurons
The present findings provide evidence that the ability of
the notochord to induce motor neuron differentiation
via a diffusible factor can be attributed to the activity of
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Shh. Importantly, the induction of motor neuron differ-
entiation in response to Shh does not appear to require
the prior differentiation of floor plate cells. This finding
provides direct evidence on the identity of an inductive
factor responsible for the differentiation of motor neu-
rons in the embryonic central nervous system. Our
results are consistent with the idea that, in vivo, Shh dif-
fuses from the notochord and acts on lateral neural plate
cells to induce the expression of transcription factors,
including Isl-1 and Isl-2, that commit neural progenitor
cells to a motor neuron fate. We cannot, however,
exclude the possibility that the initiation of motor neu-
ron differentiation by Shh is mediated solely by the con-
tact-dependent induction of a distinct secreted factor in
neural plate cells. If this factor exists, our results would
indicate that its induction in neural plate cells by Shh is
independent of floor plate differentiation.

The mechanism by which Shh induces the differentiation
of two distinct ventral cell types, floor plate cells and
motor neurons, is not resolved by the present studies.
Drosophila and vertebrate hedgehog proteins undergo
autoproteolysis to generate an amino-terminal cleavage
product, which is associated with the cell surface, and a
carboxy-terminal cleavage product, which is diffusible
[24-26]. The induction of motor neuron and floor plate
differentiation, however, does not appear to result from
distinct biological activities that reside in the two cleav-
age products of Shh. The amino-terminal autoproteolytic
cleavage product of Drosophila hedgehog has been shown
to mediate the biological activities of the hedgehog pre-
cursor [25,27], and in recent studies we have found that
the amino-terminal cleavage product of Shh has both
floor-plate- and motor-neuron-inducing activity [28].
Taken together with the present finding, these results
raise the possibility that, in vivo, motor neuron and floor
plate fates are specified by different concentrations of the
amino terminal cleavage product of Shh, in a manner
similar to that proposed for transforming growth factor 3
(TGF[)-related proteins in the patterning of mesodermal
tissues [29-31].

The ability to induce motor neuron differentiation dis-
tinguishes Shh from other factors that are known to reg-
ulate the embryonic development of motor neurons (Fig.
5). Members of the neurotrophin, TGF3 and fibroblast
growth factor (FGF) families, and neurally active cyto-
kines such as ciliary neurotrophic factor (CNTF) and
leukemia inhibitory factor (LIF), support the survival of
embryonic motor neurons [32,33], but do not elicit the
differentiation of motor neurons from progenitor cells in
the neural plate (Fig. 4a, and data not shown). Neu-
rotrophin-3 (NT3) has been shown to increase the num-
ber of motor neurons in dissociated neural tube cultures,
possibly by enhancing the survival and/or proliferation of
progenitor cells [34-36]. The initial induction of motor
neuron differentiation, therefore, appears to be mediated
by Shh, whereas the later progression of motor neuron
development may involve the actions of distinct families
of secreted signaling proteins.

Fig. 5. Sequential actions of secreted signaling factors during
embryonic motor neuron development. The diagram illustrates
the distinction between the activities of Shh and those of other
factors that regulate motor neuron development. Shh appears to
initiate the differentiation of motor neurons in neural plate cells,
whereas neurotrophins and other neurotrophic factors regulate
later steps in the embryonic development of motor neurons.
(GDNF is glial-derived neurotrophic factor.)

Conclusions

The data in this paper show that Shh can induce motor
neurons in a manner that is independent of floor plate
differentiation. The independent induction by Shh of
two distinct cell types generated in the ventral region of
the neural tube suggests that the differentiation of other
classes of ventral neurons may also be dependent on Shh-
mediated signaling. Previous studies have shown that
dorsalin-1, a member of the bone morphogenic protein
(BMP) family, can suppress motor neuron differentiation
and promote neural crest cell differentiation. The oppos-
ing actions of Shh and BMPs may, therefore, control the
induction and patterning of distinct cell types along the
dorsoventral axis of the neural tube.

Materials and methods

Neural plate induction assays
Intermediate neural plate explants were dissected from the cau-
dal region of the neural plate of Hamburger-Hamilton [37]
(HH) stage-10 chick embryos as described [8]. Notochord
explants were dissected after dispase treatment from the caudal
region of HH stage-10 chick embryos. Conjugates between
notochord and neural plate explants were prepared in collagen
gels. When required, notochord and neural plate explants were
separated by Nucleopore polycarbonate (pore size 0.1 ,am,
COSTAR) or dialysis membrane (Spectrum, Spectra/Por
membrane, molecular weight cut off: 50 kD) filters. Explants
were grown in defined medium as described [8].
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For the induction of floor plate cells and motor neurons by
Shh-transfected COS cells, intermediate neural plate explants
were placed on a monolayer of transfected COS cells, embed-
ded in the collagen gel and cultured for 36 h in F12/N3
medium. To prepare transfilter assays, intermediate neural plate
explants were separated from COS cells by a polymerized col-
lagen gel, by Nucleopore Polycarbonate filter or by dialysis
membrane (see Fig. 2 legend).

Detection of neural markers
HNF3P was detected with rabbit antibodies [17,18], Isl-pro-
teins were detected by antibodies that recognize both Islet-1
and Islet-2 (Isl+ cells), and by Isl-2-specific monoclonal anti-
bodies [21,38] (S. Morton, unpublished). The SC1 glycopro-
tein was detected with SC1-specific monoclonal antibody [39].
Neural plate explants were fixed with 4 % paraformaldehyde at
4 C for -2 h and washed with phosphate-buffered saline
(pH 7.4) at 4 C for 1-2 h. Explants were incubated with pri-
mary antibodies overnight at 4 C, then with FITC-conju-
gated goat anti-mouse gG (Boehringer Mannheim) or Texas
red-conjugated goat anti-rabbit gG (Molecular Probes) for
1-2 h at 22 C. The explants were then washed and mounted
on slides in 50% glycerol:50 % 0.2 M carbonate buffer, pH
9.0 containing paraphenylene diamine (0.4 mg ml-'). Explants
were examined on a Zeiss Axiophot microscope equipped
with epifluorescence optics. Optical sectioning of explants was
performed on a Bio-Rad MRC-500 confocal microscope.

Competitive PCR analysis
RT-PCR analysis was performed essentially as described [8].
Total RNA was extracted from 10-20 explants cultured in col-
lagen gel with 5 g of glycogen as carrier [40]. An internal
standard for competitive PCR analysis was prepared by delet-
ing (in HNF33, Isl-1) or inserting (in Isl-2, Netrin-1, CAT) a
200-300 base-pair fragment within the sequence to be ampli-
fied. Plasmid DNAs were linearized and transcribed in vitro to
prepare sense-oriented RNA. 100 fg of competitive template
RNA was added to the total RNA of each sample and was
reverse transcribed using MoMLV-RT (Gibco BRL). One
tenth of each reaction product was subjected to PCR using.
specific primers flanking the deleted or inserted site of each
clone. The primers used were:

HNF33: 5'-TCACCATGGCCATCCAGCAGTCG and
5'-CAGCAGGTGCTGCGCTGGAGAGG;

Netrin- 1: 5'-TGGGCAGCACCGAGGAC and
5'-CCTTCCATCCCTCAATA;

Isl- 1: 5'-TCAAACCTACTTTGGGGTCTTA and
5'-ATCGCCGGGGATGAGCTGGCGGCT;

Isl-2: 5'-TGCTGAACGAGAAGCAG and
5'-TGGTAGGTCTGCACCTCCA;

CHiA T: 5'-TCCATACGCCGATTTGATGAGGGC and
5'-CTATTGCTTGTCAAATAGGTCTCA.

Each PCR cycle was at 94 C for 1 min, 54 C for 1 min and
72 C for 1 min. Twenty two cycles were used for amplifying
Isl-2, Isl- 1, HNF33 and Netrin- 1, and twenty cycles for CAT.
The PCR products were detected by Southern-blot hybridiza-
tion with 32P-labeled DNA probes. Blots are aligned such that
the tissue-derived band is above the internal standard. Sizes of
tissue-derived PCR bands are: HNF33 510bp, Netrin-I
232 bp, Isl- 1 427 bp, Isl-2 304 bp and CHA T 283 bp.

COS cell transfections
Transfections with sense or antisense Shh expression plasmids
were performed as described [15]. Briefly, 1 g of DNA and
12 pIg ml-' of Lipofectamine (Gibco BRL) in Dulbecco's

modified Eagles medium (DMEM) supplemented with 1 %
glutamine was added to the 80-90 % confluent COS cells in
35 mm dishes. After 5 h of incubation, the transfection reac-
tion was stopped by replacing the medium with DMEM sup-
plemented with 10 % calf serum. Induction assays were carried
out after 36 h of incubation.

Neural plate transfections
CMV- or RSV-LTR-based Shh expression plasmids were
transfected directly into intermediate neural plate explants
using Lipofectamine (Gibco BRL). 400 ng of DNA and 2 xg
of Lipofectamine were mixed in 100 Ixl of F12/N3 and added
to neural plate explants. The explants were incubated for 5 h,
rinsed and cultured in collagen gels as described [8]. In experi-
ments on Shh-transfected explants, 28 cycles of amplification
were used on 1/100th of the tissue-derived cDNA product.
The viability of neural plate explants subjected to the transfec-
tion protocol was impaired (data not shown). We therefore
supplemented the culture medium with neurotrophin-3
(10 ng ml- l, Genentech, Inc.), which has no floor-plate- or
motor-neuron-inducing activity (Fig. 4a and data not shown),
but which enhances the number of motor neurons that
differentiate in dissociated neural tube cultures [34].
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