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The secreted ligand Sonic Hedgehog (Shh) organizes the pattern of cellular differentiation in the ventral neural
tube. For the five neuronal subtypes, increasing levels and durations of Shh signaling direct progenitors to
progressively more ventral identities. Here we demonstrate that this mode of action is not applicable to the
generation of the most ventral cell type, the nonneuronal floor plate (FP). In chick and mouse embryos, FP
specification involves a biphasic response to Shh signaling that controls the dynamic expression of key
transcription factors. During gastrulation and early somitogenesis, FP induction depends on high levels of Shh
signaling. Subsequently, however, prospective FP cells become refractory to Shh signaling, and this is a pre-
requisite for the elaboration of their identity. This prompts a revision to the model of graded Shh signaling in the
neural tube, and provides insight into how the dynamics of morphogen signaling are deployed to extend the
patterning capacity of a single ligand. In addition, we provide evidence supporting a common scheme for FP
specification by Shh signaling that reconciles mechanisms of FP development in teleosts and amniotes.
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During development, an extraordinary array of differen-
tiated cell types with diverse properties and functions are
produced in a spatially and temporally coordinated man-
ner. Considerable progress has been made in elucidat-
ing the molecular mechanisms that underlie this process.
In broad terms, cell-autonomous determinants specify
cell fate by regulating the transcriptional programs of ini-
tially uncommitted progenitor populations (Jessell 2000;
Davidson et al. 2002). Extrinsic signaling molecules,
emanating from specialized organizer regions within de-
veloping tissues, control the expression of these cell
fate determinants (Jessell 2000). This signaling function,
however, is performed by a remarkably small number of
secreted molecules that are iteratively deployed during
embryonic development. Thus, understanding how cells
perceive and interpret these signals to produce the cellular

diversity characteristic of a tissue is a central question in
developmental biology.

The vertebrate CNS represents a good model to address
this issue. In this tissue, the organized generation of many
different cell types initiates the assembly of functional
neural circuits (Jessell 2000). In ventral regions of the
caudal neural tube, six progenitor domains arrayed along
the dorsal ventral (DV) axis give rise to a set of neuronal
cell types: V0, V1, V2, and V3 interneurons; motor neu-
rons (MNs); and nonneuronal floor plate (FP) cells (Jessell
2000). The FP, p3, and pMN domains—which generate
FP, V3 neurons, and MNs, respectively—are arranged in
the most ventral part of the neural tube (Fig. 1A); FP
cells are distinguished from the two neural cell types by
their wedge-shaped morphology and organizer function
(Schoenwolf et al. 1989; Ericson et al. 1996; Tessier-
Lavigne and Goodman 1996). Furthermore, the identity
and function of each of these three progenitor domains
are determined by the expression of a set of transcription
factors (Dessaud et al. 2008). The basic helix–loop–helix
(bHLH) factor Olig2 is expressed by pMN cells and is
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required for the generation of MNs, while the homeodo-
main protein Nkx2.2 is expressed in p3 progenitors and
induces V3 neurons (Dessaud et al. 2008). FP cells express

the forkhead transcription factor FoxA2, which is suffi-
cient to induce FP identity (Sasaki and Hogan 1994).
Notably, however, the requirement for FoxA2 for FP gen-
eration has been difficult to assess because mouse em-
bryos lacking FoxA2 fail to gastrulate and die prior to the
emergence of FP (Ang and Rossant 1994; Weinstein et al.
1994).

The spatial expression of these transcription factors
in the neural tube—and, consequently the location of the
pMN, p3, and FP domains—is regulated by the secreted
signaling molecule Sonic Hedgehog (Shh) (Dessaud
et al. 2008). Initially produced by the node and notochord,
lying ventral to neural tissue, and later by cells of the FP,
Shh forms a ventral-to-dorsal gradient, the amplitude of
which increases with time as more Shh is produced from
the notochord and FP (for example, see Chamberlain et al.
2008). The prevailing model for how Shh signaling reg-
ulates progenitor patterning suggests that higher concen-
trations of ligand and longer durations of intracellular sig-
naling induce the expression of increasingly more ventral
genes (Dessaud et al. 2008). In support of this, Nkx2.2 is
induced by a higher concentration and a longer duration of
Shh signaling than Olig2 (Dessaud et al. 2007; Chamberlain
et al. 2008). In this view, FP, as the most ventral cell type in
the neural tube, should require higher levels and longer
durations of Shh signaling than p3 cells. Consistent with
this, mice lacking the transmembrane protein Smo or Gli
transcription factors, which are involved in the transduc-
tion of Shh signal, demonstrated that FP specification
requires Shh signaling (Chiang et al. 1996; Matise et al.
1998; Zhang et al. 2001; Bai et al. 2002). In addition, high
concentrations of Shh appear to induce FP markers at the
expense of MN markers in neural explants (Placzek et al.
1991; Roelink et al. 1995; Ericson et al. 1996). However,
the ability of Shh to induce FP markers in neural pro-
genitors seems to be context-dependent. For instance, gain-
of-function experiments in chicks indicate that Shh is
sufficient to induce MNs and V3 neurons, but not FP
cells, in the dorsal part of the neural tube (Placzek et al.
1993; Charrier et al. 2002; Patten and Placzek 2002). In this
context, instead of acting as an inductive signal for FP
specification, permissive or survival functions have been
ascribed to Shh (Charrier et al. 2001). In addition, the
requirement for Shh signaling for FP formation does not
appear to be conserved in all vertebrates. In particular,
blockade of hedgehog signaling in zebrafish has little, if
any, effect on the emergence of the FP (Odenthal et al. 2000;
Varga et al. 2001). Instead, Nodal signaling has been
implicated in FP induction in zebrafish (Hatta et al. 1991;
Sampath et al. 1998; Tian et al. 2003). This has led to the
idea that different vertebrate species have adopted distinct
mechanisms of FP induction, and has raised questions about
the function of Shh as a morphogen during FP development.

Here we test whether the Shh morphogen model of neu-
ral tube patterning applies to FP development in chicks
and mice. We confirm that high levels of Shh signaling are
initially necessary for FP specification. However, blockade
of Shh signaling after the initiation of somitogenesis in-
hibits the patterning of neural progenitors in the ventral
neural tube, but not FP specification. Moreover, following

Figure 1. Gene expression profiles within midline cells of mouse
neural tube. (A) Schematic depicting the dynamics of gene expres-
sion and Shh gradient within the ventral neural tube. (nc) Noto-
chord. (B–K) Expression ofFoxA2,Arx, Shh, Nkx2.2, andOlig2 (B–J),
and Shh (K) mRNA showing the progressive appearance of FP
markers at the midline of the neural tube from 7ss embryos. (B–K)
Transverse sections at brachial levels of the neural tube. (D–D0)
Lateral view of a whole embryo. (C–D0) FoxA2 protein is first
observed from 7ss in ventral midline cells that express Nkx2.2.
(D–D0) FoxA2 expression appears more robust than the scattered
Nkx2.2 expression at posterior levels of the neural tube. (B) At these
stages, FoxA2 expression domain abuts Olig2-expressing cells.
(E,E0) From E9.5 onward, the dorsal limit of FoxA2 is no longer
adjacent to Olig2-expressing cells. Its expression is stronger at the
midline, and weaker in cells that express Nkx2.2. (E–F9) This
pattern persists until E10.5. From this stage, additional FP markers,
Arx (G–I) and Shh (J,K), appear in cells expressing high levels of
FoxA2. (G–H9) Concomitant to the induction of these markers,
Nkx2.2 is no longer seen in the midline; hence, Arx and Shh are
barely coexpressed with Nkx2.2-expressing cells.
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initial induction of FP specification, Shh signaling is
attenuated in presumptive FP cells. Maintaining Shh sig-
naling at this time converts FP cells to ventral neural pro-
genitors, demonstrating that the down-regulation of sig-
naling is a prerequisite for the elaboration of FP identity.
Thus, the specification of the FP and other ventral neuro-
nal progenitors depends on distinct timing and duration of
Shh signaling. Consistent with this, we demonstrate that
presumptive FP cells display a dynamic transcriptional
code that distinguishes FP precursors from ventral neural
progenitors. We provide evidence that FoxA2 is required
for FP specification and the inhibition of p3 fate. Together,
these data prompt a revision to the model of Shh-dependent
patterning of the neural tube, and offer new insight into
how the dynamics of morphogen signaling extend the pat-
terning capacity of a single signal. Furthermore, we pro-
vide evidence that the timing of Shh signaling during FP
specification is conserved between teleosts and amniotes,
suggesting it represents a general feature of vertebrate FP
development.

Results

A dynamic transcriptional code identifies
FP progenitors

We first assessed the dynamics of gene expression within
the midline of the forming neural tube. The transcription
factor FoxA2 is commonly used as a marker of FP cells
(Ericson et al. 1996; Patten and Placzek 2002; Norton
et al. 2005). FoxA2 is expressed in the ventral layer of the
node and in the notochord from embryonic day 7.5 (E7.5)
in mice, where it orchestrates gastrulation (Ang and
Rossant 1994; Weinstein et al. 1994). It is then induced
in the ventral midline of the anterior neural plate from
the 6-somite stage (ss), slightly later than the induction of
Olig2 and prior to Nkx2.2, markers of the pMN and p3
progenitor domains, respectively (Fig. 1B–D0; data not
shown). At these stages, the dorsal extent of FoxA2
approximates the ventral boundary of Olig2 (Fig. 1B). By
12–14ss, Nkx2.2 is induced in the midline of the neural
tube in FoxA2-expressing cells (Supplemental Fig. S1A,B;
Jeong and McMahon 2005; data not shown). Subse-
quently, as development proceeds, Nkx2.2 expression is
extinguished from midline cells and becomes restricted
to the progenitors of the V3 neurons (Fig. 1E–E0; Supple-
mental Fig. S1C–F). Low levels of FoxA2 expression
persist in Nkx2.2-expressing cells (Fig. 1E–F9; Supplemen-
tal Fig. S1C–E, arrowheads). In contrast, midline cells
devoid of Nkx2.2 expression display high levels of FoxA2
(Fig. 1E–F9; Supplemental Fig. S1A–F); at this stage, we
termed these FP cells.

The presence of FoxA2 in the p3 domain prompted us
to examine whether we could identify other markers that
exclusively mark FP cells. The transcription factor Arx
was a good candidate, as it has been detected in the FP of
mouse embryos (Miura et al. 1997) and is restricted to the
medial FP in zebrafish (Norton et al. 2005). Its expression
was not detected before E9.5 (data not shown). From E9.5,
Arx was limited to midline cells of the neural tube that

express FoxA2 and are negative for Nkx2.2 (Fig. 1G–I;
Supplemental Fig. S1C–F). The induction of Arx corre-
sponded to the time at which strong expression of Shh
could be detected in the FP (Fig. 1J,K). Together, these
data suggest that FP specification is progressive: First,
midline cells, which constitute the presumptive FP, ex-
press a set of markers that are common to p3 progenitors,
including FoxA2 and Nkx2.2. Then, Nkx2.2 is down-
regulated, and late FP markers, including Shh and Arx, are
induced (Supplemental Fig. S1K).

The expression pattern of Olig2 suggests that the cells
that become FP rarely, if ever, express Olig2. Consistent
with this, lineage analysis of cells that had expressed Olig2
revealed that, although p3 progenitors descended from
Olig2-expressing cells, FP cells only very rarely had an
Olig2 pedigree (Supplemental Fig. S1G–J9; Dessaud et al.
2007). This indicates that the history of Olig2 expression
can be used to discriminate cells destined to be FP cells
from p3 progenitors, both of which express Nkx2.2 during
their development. Together, therefore, these data provide
evidence that a dynamic transcriptional code distinguishes
ventral progenitor populations, and that the FP lineage
segregates from neural progenitors prior to Olig2 induction
(Supplemental Fig. S1K).

Transient high levels of Shh signaling are sufficient
to induce FP cells

The progression from a p3 to FP gene expression profile in
midline cells would be consistent with higher levels and/
or longer durations of Shh signaling regulating this switch
(Dessaud et al. 2008). To better understand the dynamics
of Shh signaling associated with the emergence of FP
identity, we took advantage of chick ex vivo experiments
(Fig. 2A). Naı̈ve explants taken from the intermediate
region ([i] explants) of the neural plate induce FoxA2 in
response to high concentrations of Shh, while lower con-
centrations of Shh result in MN generation (Ericson et al.
1996). In order to distinguish p3 and FP fates, we assayed
the expression of Nkx2.2 and Arx, specific markers of
p3 and FP, respectively. Exposure to 1 nM Shh for 48 h
predominantly induced Nkx2.2, and few, if any, Arx-
expressing cells were detected (Fig. 2B,F). In contrast, ex-
plants cultured in the presence of $4 nM Shh for 48 h
contained large numbers of Arx-expressing cells (Fig. 2C,F;
data not shown), and the expression of Nkx2.2 was mark-
edly reduced compared with cells exposed to 1 nM Shh (Fig.
2C,F). These data indicate that the induction of FP identity
requires high concentrations of Shh, while lower concen-
trations are sufficient to induce p3 identity.

To investigate the timing of FP induction, we next
assayed the expression of Arx and Nkx2.2 in [i] explants
exposed to 4–8 nM Shh for 24 h. In these conditions, few
cells expressed Arx, and most cells expressed Nkx2.2 (Fig.
2F; data not shown). The expression profiles of Nkx2.2
and Arx mRNA were consistent with this analysis (Fig.
2G): In the presence of 4 nM Shh, Nkx2.2 was induced
within 12 h, while 1 nM Shh resulted in a delayed
induction of Nkx2.2. The levels of Nkx2.2 expression in
[i] explants exposed to 4 nM decreased markedly from 24 h,
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concomitant with the induction of Arx. The induction of
FoxA2 mirrored that of Nkx2.2, but its expression was
sustained after 24 h in explants exposed to 4 nM Shh (Fig.
2G). These data suggest that the induction of FP identity
in [i] explants requires high concentrations of Shh and
takes between 24 and 48 h.

We next asked what duration of Shh signaling was
required for the induction of FP. To address this, we ex-
posed [i] explants to 4 nM Shh for 24 h, then replaced
the media with fresh media that either lacked Shh or
contained cyclopamine, an antagonist of the intracellular
transducer of the signaling pathway, Smo (Cooper et al.
1998; Incardona et al. 1998). Explants were then cultured
for an additional 24 h (Fig. 2D–F). Blockade of Shh sig-
naling at 24 h did not appear to affect the elaboration of FP
identity; the expression profile of Arx and Nkx2.2 was
indistinguishable from explants that were continuously
cultured in the presence of 4 nM Shh for 48 h (Fig. 2D–F).
Thus the requirement for Shh signaling for the specifica-

tion of FP appears to be transient, and does not depend on
signaling being sustained beyond 24 h.

We next assayed for the expression profile of Ptch1 as
a readout of Shh signaling (Marigo and Tabin 1996; Vokes
et al. 2008). In the presence of 1 or 4 nM Shh, Ptch1 was
rapidly induced, and levels of expression peaked at 12 h
(Fig. 2G). The peak levels of expression were higher in [i]
explants exposed to 4 nM than 1 nM Shh, consistent with
the requirement for high levels of signaling for FP in-
duction (Fig. 2F). Following the peak, however, the ex-
pression levels of the Shh target gene began to decline.
Compared with [i] explants exposed to 1 nM, in explants
treated with 4 nM Shh, the decrease of Ptch1 expression
was more rapid and resulted in an ;70% drop in the lev-
els of expression by 24 h (n = 4). Similarly, the expression
of another Shh target gene, Gli1 (Marigo et al. 1996; Lee
et al. 1997; Vokes et al. 2008), displayed a higher peak
that decreased more rapidly in response to 4 nM com-
pared with 1 nM Shh (Supplemental Fig. S4B). These data

Figure 2. Induction of FP markers by transient high levels of Shh signaling. (A) Schematic of HH10 chick embryos indicating the
position of [i] neural plate explants. (B–E) Expression of Arx and Nkx2.2 in [i] neural plate explants after 48 h of culture. Cells in
explants treated with 1 nM Shh exclusively express Nkx2.2 (B), while 4 nM Shh promotes FP fate, identified by Arx expression (C). In
explants first exposed for 24 h to 4 nM Shh and then placed in a media either devoid of Shh (D) or containing 500 nM cyclopamine
(cyclo) (E), FP induction is retained. (F) Quantification of cells expressing Arx and Nkx2.2 in [i] neural plate explants after 24 or 48 h of
culture (n $ 4 explants, number of cells per unit 6 SD). (G) Temporal dynamics of Nkx2.2, Arx, FoxA2, and Ptch1 expression relative
to Actin transcripts and normalized between sets of experiments assayed by quantitative PCR in [i] neural plate explants treated with
1 nM (pale green) or 4 nM (pink) Shh (n $ 2 experiments, mean 6 SD). As definitive FP markers are induced, p3 markers and Ptch1 are
down-regulated. (H–P) Expression of Ptch1 (H–J,N–O) and Gli1 (K–M,P) in mouse embryos (H–M) and chick embryos (N–P). Insets in
H and I indicate Arx, Nkx2.2, and Olig2 expression on sections adjacent to the main panel. Midline cells transiently express high levels
of Ptch1 and Gli1. The asterisks indicate the notochord.
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suggest that cells become progressively refractory to Shh,
and support the idea that high but transient signaling is
sufficient to induce FP identity.

In vivo, a similar dynamic profile of Shh signaling is
associated with the specification of FP cells. In lumbar
regions of E9.5 mouse embryos, ventral midline cells ex-
pressed FoxA2 and Nkx2.2 (Fig. 2H, inset; data not shown)
and high levels of Ptch1 (Fig. 2H). Similarly, high levels of
Ptch1 were found within the most ventral regions of
Hamburger-Hamilton 10 (HH10) chick neural tubes (Fig.
2N). This is indicative of presumptive FP cells receiving
high levels of Shh signaling. However, at brachial levels of
E9.5 mouse embryos, which are developmentally more ma-
ture, Arx was expressed, while Nkx2.2 was down-regulated
(Fig. 2I, inset), and the levels of Ptch1 expression were
noticeably reduced in midline cells (Fig. 2I). In contrast,
high levels of Ptch1 were observed in neural progenitors
comprising the p3 domain. A similar expression profile was
observed for Gli1 (Fig. 2K,L). By E10.5, Ptch1 and Gli1
expression was markedly decreased in FP cells compared
with the levels in the p3 or pMN along the entire anterior–
posterior axis of the neural tube (Fig. 2J,M). Likewise,
decreased levels of Ptch1 and Gli1 were apparent in the
FP of HH18 chick embryos compared with the p3 domain
(Fig. 2O,P). Moreover, in Ptch1 mutant embryos, which
display early, ectopic Hh signaling (Supplemental Fig. S4,
cf. H,L and F,J; Goodrich et al. 1997), the expression of FP
markers was concurrent with a down-regulation of Shh
signaling (Supplemental Fig. S4, cf. I,M and G,K; Motoyama
et al. 2003).

Together, these data suggest that a transient burst of
Shh signaling, generated by high concentrations of Shh, is
sufficient to trigger FP specification. Importantly, the ap-
pearance of definitive FP markers is correlated with a drop
in the levels of Shh signaling. This raises several questions.
First, for how long is Shh signaling required for FP spec-
ification in vivo? Second, can neural progenitors anywhere
within the spinal cord give rise to FP cells when exposed to
high concentrations of Shh? Third, is the down-regulation
of Shh signaling in FP precursors a prerequisite for the
elaboration of FP identity? Finally, what are the molecular
cues that relay Shh signaling during FP specification?

Shh signaling is required prior to somitogenesis
for FP specification

To assay the timing of Shh signaling required to specify
FP identity in vivo, we cultured whole mouse embryos in
the presence of cyclopamine at different time points and
analyzed the expression of progenitor domain markers.
Embryos exposed to cyclopamine from the headfold stage
(E7.75) displayed a very marked decrease in the expres-
sion of ventral markers, including Olig2, Nkx2.2, and Arx
(Fig. 3, cf. B,D and A,C; Supplemental Fig. S2D–F). Con-
comitantly, the expression of Pax6, expressed in the dorsal
neural tube, expanded toward the midline of the neural
tube (Fig. 3B). This phenotype recapitulates the neural
tube patterning defects observed in mice lacking Shh
or Smo (Chiang et al. 1996; Zhang et al. 2001). Similarly,
incubation of embryos with cyclopamine from 3ss, which

is prior to the induction of ventral neural progenitor
markers, also reduced the expression of pMN and p3
markers (Fig. 3, cf. F,H,L and E,G,K; Supplemental Fig.
S2G–I), and resulted in a ventral expansion of Pax6 ex-
pression (Fig. 3, cf. F and E). In these embryos, however,
expression of Arx, FoxA2, and Shh was detected (Fig. 3, cf.
H,J,L and G,I,K; Supplemental Fig. S2G–I), albeit the total
number of FP cells was reduced compared with controls.
Moreover, treatments performed after 14ss did not affect
the extent of the FP (Fig. 3, cf. J,L and I,K; Supplemental
Fig. S2J–L) despite reducing ventral neural progenitors.
These data demonstrate that, in mice, Shh signaling is
required transiently before 10–12ss for FP specification
within the hindbrain and the entire spinal cord.

In chicks, as in mice, Shh signaling is also required for
FP development (Incardona et al. 1998). To test whether
specification of chick FP cells was also only transiently
dependent on Shh signaling, we blocked Shh signaling in
vivo in neural cells using a dominant active form of the
receptor Ptch1 (Ptc1Dloop2) (Briscoe et al. 2001). Expres-
sion of Ptc1Dloop2 at HH12—a stage at which FoxA2 is
strongly expressed in the midline and Nkx2.2 expression
is initiated in the p3 domain (data not shown)—down-
regulated Nkx2.2 expression in a cell-autonomous man-
ner (Fig. 3N), but did not affect the expression of Arx and
FoxA2 (Fig. 3M-M0). These data indicate that the speci-
fication of FP cells in amniotes requires Shh signaling
transiently early in development. In contrast, the pattern-
ing of the progenitors of ventral neuronal subtypes has a
prolonged requirement for Shh signaling.

In contrast to amniotes, previous studies suggested that,
in zebrafish, Shh signaling plays a less significant role
in inducing FP cells (Supplemental Fig. S3A–F; Odenthal
et al. 2000; Albert et al. 2003). In this species, Nodal is
the primary signal responsible for FP specification (Hatta
et al. 1991; Sampath et al. 1998; Tian et al. 2003).
Nevertheless, in zebrafish lacking Nodal signaling, FP
cells are induced, but only after somitogenesis, and this
induction is dependent on Shh signaling (Odenthal et al.
2000; Albert et al. 2003). This has led to the suggestion
that Shh signaling functions to maintain FP identity in
zebrafish at post-somitogenesis stages. We challenged
this model by using cyclopamine to block Shh signaling
at different time points in embryos in which Nodal
signaling had been compromised using the Nodal re-
ceptor inhibitor SB431542 (Supplemental Fig. S3J–L;
Hagos and Dougan 2007). In zebrafish embryos incubated
with SB431542 from 30% epiboly (4.67 h post-fertilization
[hpf]), shh expression was detected in a few scattered cells
of the medial FP at 24 hpf (Supplemental Fig. S3Q), but
along the entire length of the spinal cord at 48 hpf (Fig. 3U).
Moreover, the expression of foxa2, which marks both the
medial FP and Nkx2.2-expressing cells (termed the lateral
FP in zebrafish) (Schafer et al. 2007), was unaltered at 48 hpf
(Fig. 3, cf. P and O). This is reminiscent of the phenotype of
zebrafish mutant for the Nodal receptor (Hatta et al. 1991;
Sampath et al. 1998). In contrast, in zebrafish embryos
incubated with SB432542 and cylopamine from 30%
epiboly, both lateral and medial FP markers were absent
at 24 and 48 hpf (Fig. 3Q,U; Supplemental Fig. S3O,R).
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Strikingly, addition of cyclopamine to 16ss embryos (17
hpf) that had been incubated with SB431542 from 30%
epiboly did not affect the medial FP expression of shh or
foxa2 at 48 hpf (Fig. 3R,V). However, addition of cyclop-
amine at this stage continued to block expression of foxa2
and nkx2.2 in the lateral FP, consistent with the idea that
Shh signaling at 16ss is required for the development of
lateral FP/p3 progenitors but not the Shh-expressing me-
dial FP (Supplemental Fig. S3G–I; Odenthal et al. 2000).
Similarly, cyclops mutant embryos expressed medial FP
markers when treated with cyclopamine from 16ss (Fig. 3Y;
Supplemental Fig. S3U), but not when incubated with the
drug from 30% epiboly (Fig. 3X; Supplemental Fig. S3T).
Together, these data indicate that Shh signaling in zebra-
fish, as in amniotes, regulates FP specification during gas-
trulation and early somitogenesis.

The timing of the competence to respond to Shh
restricts the spatial extent of FP identity

Previous studies demonstrated that Shh was not suffi-
cient to drive neural progenitors within the spinal cord
toward a FP identity (Charrier et al. 2002; Patten and
Placzek 2002). Accordingly, the ectopic expression of an
active form of Shh (ShhN) in cervical and thoracic levels
of HH11–12 chick embryo neural tubes induced the p3
marker Nkx2.2 and low levels of FoxA2 on both sides of
the neural tube. However, Arx expression was unaffected
(Fig. 4A–D). In contrast, at more caudal levels of the same
embryos, which contain developmentally younger neural
cells, widespread induction of Arx was observed (Fig. 4D,
inset). This suggested that the distinction between p3 and
FP is a consequence of the time at which cells are exposed

Figure 3. Requirement for Shh signaling prior to
somitogenesis for FP specification. (A–L) Arx, FoxA2,
Nkx2.2, Olig2, and Pax6 expression at forelimb levels of
the neural tube in embryos cultured with vehicle, EtOH
(A,C,E,I,G,K), 5 mM cyclopamine (B,D,F,H), or 10 mM
cyclopamine (J,L) from the headfold stage (A–D), 3–5ss
(E–H), and E9.5 (I–L) for 48, 36, and 24 h, respectively.
Cyclopamine treatment affected the expression of p3
and pMN markers in all conditions, but only inhibited
the emergence of FP markers if added prior to 3ss. (M–N)
Transfection of Ptc1Dloop2 in the ventral neural tube of
HH12 chick embryos assayed for Arx, FoxA2, and
Nkx2.2. Ptc1Dloop2 does not affect the expression of FP
markers (M,M0), but down-regulates Nkx2.2 expression
(N). (O–V) Zebrafish embryos assayed for foxa2 and shh

expression 48 hpf treated with vehicle, EtOH + DMSO
(O,S), 800 mM SB431542 alone from 30% epiboly (P,T),
or a combination of 5 mM cyclopamine and 800 mM
SB431542 added at either 30% epiboly (Q,U) or 16ss
(R,V). (O,S) In control embryos, shh and foxa2 were
expressed within the medial FP (mFP) and the lateral
and medial FP (l+mFP), respectively. While in embryos
treated with SB431542 alone, both genes are expressed
in the spinal cord (P,T; foxa2: n = 24 of 26; shh: n = 27 of
29), embryos treated with SB431542 and cyclopamine
from 30% epiboly lack cells expressing these genes
(Q,U; foxa2: 25 of 33; in eight of 33 a few cells were
observed; shh: 23 of 31). The addition of cyclopmaine at
16ss in SB431542-treated embryos does not impair shh
or foxa2 expression in the medial FP, but down-regu-
lates foxa2 expression in the lateral FP (foxa2: 34 of
37; in three embryos the expression was weak; shh: 21
of 28; see also Supplemental Fig. S3). (W–Y) Zebrafish
cyclops mutant embryos assayed for foxa2 expression at
48 hpf treated with vehicle, EtOH (W), or 5 mM cyclop-
amine added at either 30% epiboly (X) or 16ss (T).
Embryos treated with cyclopamine from 30% epiboly
lack cells expressing foxa2 (n = 9 of 9), while those
treated from 16ss or with vehicle do express foxa2 (n =

8 of 9 and 7 of 7, respectively). The asterisks indicate
absence of expression.
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to Shh signaling. To test this hypothesis, we expressed
ShhN earlier in the ontogeny of neural cells. In ovo elec-
troporation of ShhN in the neural plate of HH8 chick
embryos resulted in the exclusive expression of FP
markers Arx and FoxA2 along the entire spinal cord.
Moreover, the electroporated cells adopted a wedge-
shaped morphology reminiscent of the FP (Fig. 4F–G0).
Markers of neural progenitors that are normally gener-
ated dorsal to the FP, including Nkx2.2, were absent (Fig.
4F0; data not shown). These results indicate that neural
progenitors progressively lose their ability to induce a FP
identity in response to Shh.

To investigate whether signals from adjacent tissues
were responsible for this loss of competence, we isolated
explants from the intermediate neural tube ([i-nt]) of HH12
chick embryos (Fig. 4H). These explants, which comprised
the pMN and p2 progenitor domains (data not shown),
were cultured with 4 nM Shh. In contrast to [i] explants
from the open neural plate, none of the [i-nt] explants
expressed Arx after exposure to Shh. Nonetheless, in-
duction of Nkx2.2 was observed (Fig. 4I). These results
raise the possibility that the change of competence to
generate FP cells is intrinsic to neural cells. To test this
idea, we cultured [i] explants for 12 h in media devoid of
Shh, followed by 36 h in the presence of 4 nM Shh, and
compared this with control conditions in which [i] ex-
plants were cultured continuously for 36 h in the presence
of 4 nM Shh. In controls, >50% of the cells assayed at 36 h
had acquired a FP identity (Fig. 4I). In contrast, when

addition of Shh was delayed by 12 h, cells adopted a p3
identity (Fig. 4I). Similarly, cells within [i] explants exposed
first to 1 nM Shh for 12 h and then to 4 nM Shh for 36 h
were not able to adopt a FP character (Supplemental Fig.
S4C–E). This supports the idea that, over time, neural
progenitors intrinsically lose their ability to acquire a FP
identity in response to high levels of Shh.

To address whether the loss of ability to generate FP
correlated with a change in the response of cells to
Shh signaling, we analyzed the expression of Ptch1 in [i]
explants in which the addition of 4 nM Shh was delayed
12 h (Fig. 4J). Strikingly, in these conditions, Ptch1 ex-
hibited a profile of expression similar to the one gener-
ated when [i] explants were cultured in the presence of 1
nM of Shh (cf. Figs. 4J and 2F). Notably, the peak level of
Ptch1 expression was half that generated in explants
exposed to 4 nM Shh from the start of the culture period
(Fig. 4J).

Together, these data provide evidence that the response
of cells to high concentrations of Shh varies during the
course of development. Initially, high concentrations of
Shh direct cells toward a FP identity. However, cells
progressively lose their ability to translate these concen-
trations into the highest levels of intracellular signaling;
as a consequence, cells are directed toward p3 identity. As
Shh distribution extends gradually throughout the neural
tube (Chamberlain et al. 2008), this mechanism is likely
to contribute to the restriction of FP to the midline of the
neural tube (see the Discussion).

Figure 4. Temporal restriction to FP induction
in vivo. (A,E) Schematic of electroporation per-
formed in chick embryos at HH12 and HH8,
respectively. (B–D,E–F 0) Expression of Arx,
FoxA2, Nkx2.2, and Gfp in chick embryos
electroporated with ShhN. ShhN induces a p3
identity at brachial levels of HH12 embryos (B–
D), but only induces FP markers more caudally
(inset in D). (E–G0) In contrast, in HH8 embryos,
it activates FP markers along the rostral–caudal
axis. (H) Schematic of HH10 chick embryos
indicating the position of [i-nt] and neural plate
[i] explants. (I) Quantification of cells expressing
Arx and Nkx2.2 in [i] or [i-nt] explants after 36 or
48 h of culture (n $ 4, number of cells per unit 6

SD). [i-nt] explants do not express FP markers
when exposed to high concentrations of Shh.
Likewise, [i] explants do not express Arx when
cultured in media devoid of Shh for 12 h before
being transferred to high concentrations of Shh.
(J ) Temporal dynamics of Ptch1 expression rel-
ative to Actin levels assayed by RT–PCR in [i]
explants exposed to 4 nM Shh from the start of
the culture (pink) or after 12 h (pale green) (n = 2,
mean 6 SD). [i] neural plate explants do not
produce the high peak of Ptch1 expression when
initially exposed to a media devoid of Shh.
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Specification of FP cells requires down-regulation
of Shh signaling

Although high levels of Shh signaling are required for FP
induction, the subsequent down-regulation of signaling
in presumptive FP cells raised the question of whether
inhibition of Gli activity is required for the elaboration
of FP identity. To test this, we sustained Shh signaling
in FP cells by expressing, in ovo, a dominant active form
of Gli3 (Gli3HIGH) in the midline of HH12 chick embryos
(Stamataki et al. 2005). This construct results in the ectopic
expression of the Shh target Ptch1 at 48 h post-electro-
poration (hpe) (Fig. 5C). Strikingly, Arx expression was cell-
autonomously extinguished within the midline of electro-
porated embryos at both time points (Fig. 5A,A09; data not
shown), while FoxA2 levels of expression were reduced
(Fig. 5B,B9). Concomitant with this, expression of Nkx2.2
was ectopically induced at low levels at 24 hpe (data not
shown), and, by 48 hpe, Nkx2.2 was strongly expressed in
transfected cells within the midline of the neural tube (Fig.
5A,A0). These data indicate that the down-regulation of Shh
signaling is required for the elaboration of FP identity; sus-
tained Shh signaling results in cells acquiring a p3 identity.

We then assessed at which level the Shh pathway is
blocked by looking at the effect of transfecting a dominant
active form of Smo (Smo-M2) (Hynes et al. 2000) into the
midline of HH12 chick embryos. In ovo electroporation of
this construct did not inhibit the expression of Arx or
FoxA2, and no ectopic Nkx2.2 expression was induced in

FP cells (Fig. 5D–E9). Accordingly, the expression of Ptch1
was not ectopically induced in midline cells transfected
with Smo-M2 (Fig. 5F). Nevertheless, Smo-M2 induced
ectopic Ptch1 and Nkx2.2 expression in more dorsal
regions of the neural tube, as expected (data not shown).
These data provide evidence that the loss of the response
of FP cells to Shh signaling occurs downstream from Smo.

We therefore tested whether Gli transcription factors,
which relay Shh signaling, are present in the FP cells.
Midline cells appear to be devoid of Gli3 expression (data
not shown) at all time points analyzed, consistent with
previous reports (Marigo et al. 1996). In contrast, Gli2 ex-
pression is dynamic. At E8.0, Gli2 was expressed in cells
of the ventral midline, but its expression was down-
regulated in these cells from 18ss, while being main-
tained more dorsally (Fig. 5G–J; Bai et al. 2002; data not
shown). Similarly, FP cells in HH18 chick embryos lacked
Gli2 expression (Fig. 5J). In order to assess whether the
down-regulation of Gli2 was required for the appearance
of definitive FP markers, we electroporated this transcrip-
tion factor into the midline of HH12 chick embryos. This
resulted in the down-regulation of FoxA2 expression and
extinction of Arx (Fig. 5K–L). Moreover, ectopic expres-
sion of Nkx2.2 was observed in some cells expressing
Gli2, albeit less frequently than in Gli3HIGH transfected
cells (Fig. 5K–K09; data not shown). Together, these data
demonstrate that the down-regulation of Shh signaling is
essential for the emergence and maintenance of the FP.

Figure 5. Down-regulation of Shh signaling is required
for the expression of definitive FP markers. (A–F) Trans-
fection of Gli3HIGH and SmoM2 in the ventral midline of
HH11–12 chick embryos assayed for Arx, Nkx2.2, FoxA2,
GFP, and Ptch1 expression 48 hpe. Gli3HIGH switches FP
cells into a p3 identity (A–C), while SmoM2 does not
affect the fate of these cells (D–F). (G–J) Expression of
Gli2 in E9.5 and E10.5 mouse (G–I) and HH18 chick (J)
embryos. Gli2 expression is progressively down-regulated
from ventral midline cells in amniotes. (K–L0) Gli2 elec-
troporated into ventral midline cells of HH12 chick em-
bryos, assayed for Arx,Nkx2.2,FoxA2, andGFP expression
48 hpe. Similar to Gli3HIGH, Gli2 down-regulates the
expression of FP markers and induces Nkx2.2 expression.
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The transcription factor FoxA2 relays Shh signaling
during the later steps of FP specification

The down-regulation of Shh signaling in presumptive FP
cells occurs prior to the induction of definitive markers of
FP identity, raising the question of how Shh signaling is
relayed to instruct the later steps in FP specification.
FoxA2 was a good candidate for this, as it is a direct target
of Shh signaling (Sasaki et al. 1997) and loss-of-function
mutants in zebrafish exhibit transient specification de-
fects in FP identity (Norton et al. 2005). Whether FoxA2
has a similar function in the amniotes has been obscured
by the early gastrulation defects present in FoxA2 mutant
mice (Ang and Rossant 1994; Weinstein et al. 1994).

To test the function of FoxA2 during FP specification, we
first expressed a dominant-negative form of FoxA2, FoxA2-
EnR (see the Material and Methods), in the ventral neural
tube of HH11–12 chick embryos, a stage when FoxA2 is
strongly expressed within the ventral neural tube (data not
shown). In ovo electroporation of this construct cell-auton-
omously abolished Arx expression and resulted in the
ectopic expression of Nkx2.2 in these cells (Fig. 6A,A9).
Thus, FoxA2 is required in amniotes, as in anamniotes, for
FP identity. Conversely, forced expression of FoxA2 in
HH11–12 chick embryos is sufficient to induce Arx expres-
sion by 48 hpe (Fig. 6C–D9). Notably, FoxA2 electroporation
resulted in the induction of Nkx2.2 expression in a non-
cell-autonomous manner 24 and 48 hpe (Fig. 6C,D). The
ectopic expression of Nkx2.2 is likely due to the induction
of Shh expression by FoxA2 (Fig. 6E; Jacob et al. 2007).

The induction of Shh expression by FoxA2 raised the
possibility that Shh signaling might be required for FoxA2
to induce Arx expression and a FP identity. To address
this question, we coexpressed FoxA2 with Ptc1Dloop2 in
HH11–12 chick embryos. The inhibition of Shh signaling
in cells expressing FoxA2 did not affect the ability of
FoxA2 to induce Arx expression (Fig. 6G). Thus, FoxA2
promotes FP fate independently of Shh signaling. More-
over, by 48 hpe, Ptch1 expression was down-regulated in
cells transfected with FoxA2 (Fig. 6F). Conversely, Ptch1
expression was ectopically induced in FP cells by FoxA2-
EnR (Fig. 6B). This suggests that FoxA2 is involved,
directly or indirectly, in the down-regulation of Shh
signaling within midline cells that is necessary for FP
development. Consistent with this, although the expres-
sion of Smo-M2 alone was sufficient to induce ectopic
Nkx2.2 expression and a Shh response in progenitors (Fig.
6H,I; Hynes et al. 2000), cotransfection of Smo-M2 and
FoxA2 blocked Shh response and Nkx2.2 induction (Fig.
6I,J). Together, these data provide evidence that FoxA2 is
a key factor that relays Shh signaling during FP develop-
ment. It is necessary and sufficient to induce definitive FP
markers, and may control the dynamics of Shh signaling
in midline cells by regulating the expression of target
genes that modulate the expression of components of the
Shh signal transduction pathway.

Discussion

Shh was initially identified as the key extrinsic cue for FP
development (Chiang et al. 1996; Ericson et al. 1996).

However, there has been a considerable debate as to the
exact function of Shh in FP specification. First, its re-
quirement does not appear to be evolutionarily conserved
among all vertebrates (Strahle et al. 2004). Second, some
studies have questioned the ability of Shh to induce FP
robustly in neural tissue (e.g., Charrier et al. 2002; Patten
and Placzek 2002). Our study addresses these issues and
provides evidence that FP specification relies on a bi-
phasic response of cells to Shh signaling in a range of
vertebrate species, including zebrafish (Fig. 7A). In agree-
ment with the prevailing view of Shh-mediated pattern
formation (Ericson et al. 1996), we show that high levels
of Shh signaling are essential for FP specification. How-
ever, the timing of Shh exposure is critical, as the compe-
tence of neural progenitors to become FP cells is limited

Figure 6. Shh signaling relayed by FoxA2 during FP specifica-
tion. (A–F). Transfection of FoxA2 and FoxA2EnR in HH11–12
chick embryos assayed for Arx, Nkx2.2, Shh, Ptch1, and GFP
expression 24 and 48 hpe. FoxA2EnR blocks FP specification and
induces Ptch1 expression. Conversely, FoxA2 is sufficient to in-
duce Arx and Shh expression and to down-regulate Ptch1 ex-
pression. (G) Coelectroporation of FoxA2 and Ptc1Dloop2 in
HH11–12 chick embryos assayed for Arx after 48 hpe indicates
that FoxA2 is able to induce FP identity independently of Shh
signaling. (H,I) Electroporation of SmoM2 alone or together with
FoxA2 assayed for Arx and Nkx2.2 48 hpe. FoxA2 inhibits the
ability of SmoM2 to induce ectopic p3 cells. (J) Gli activity
(relative activity 6 SEM) measured with GBS-Luc reporter in
HH11–12 chick neural tube electroporated with GFP or SmoM2,
either alone or together with FoxA2. FoxA2 inhibits the ability
of SmoM2 to induce Gli activity.
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to gastrulation and early somitogenesis stages. Progenitors
receiving high levels of signaling outside this time window
adopt a p3 neural progenitor identity. Subsequently, how-
ever, the elaboration of FP identity requires the duration of
Shh signaling to be time-restricted, and sustained signaling
within prospective FP progenitors leads them to adopt a p3

identity. Thus, three parameters—the level, timing, and
duration of Shh signaling—distinguish FP cells from other
ventral neural progenitors and control distinct transcrip-
tional programs in these cell types.

A unified scheme for FP specification by Shh
signaling in vertebrates

Two contrasting models of FP development have been
formulated (for reviews, see Le Douarin and Halpern
2000; Placzek et al. 2000; Strahle et al. 2004; Placzek
and Briscoe 2005). In the first, FP cells are specified by an
inductive signal, Shh, secreted from the notochord. This
model stipulates that Shh induces FP development in a
manner analogous to its role in the induction and pat-
terning of ventral neural progenitors (Placzek et al. 2000;
Placzek and Briscoe 2005). Accordingly, FP induction is
proposed to be the consequence of exposure to the highest
levels of Shh. In the second model, the induction of FP
cells occurs within the organizer/node during gastrula-
tion, and is independent of more anterior interactions
between the notochord and the ventral neural plate (Le
Douarin and Halpern 2000; Strahle et al. 2004; Placzek
and Briscoe 2005). In this model, Shh has little, if any, role
in inducing FP identity (Varga et al. 2001), or it acts as a
permissive, or survival, signal that prevents apoptosis of
FP precursors (Charrier et al. 2001).

Our data strongly support the first model, and indicate
that Shh signaling is both necessary and sufficient for the
induction of FP identity in amniotes, consistent with
previous loss- and gain-of-function studies (Placzek et al.
1991; Roelink et al. 1995; Chiang et al. 1996; Ericson et al.
1996). Importantly, however, our data identify a restricted
developmental time window, spanning gastrulation and
early somitogenesis stages, when Shh signaling is able to
trigger the emergence of FP identity within the open
neural plate. This suggests an explanation for studies that
failed to find a requirement of the notochord or Shh in FP
induction (Le Douarin and Halpern 2000; Strahle et al.
2004). Indeed, exposure of chick neural cells to Shh after
the initiation of somitogenesis does not induce FP for-
mation (Teillet et al. 1998; Charrier et al. 2002; Patten and
Placzek 2002), and removal of notochord in chick em-
bryos does not disrupt FP formation along most of the
embryonic axis (van Straaten et al. 1989; Yamada et al.
1991; Teillet et al. 1998).

How the time window during which Shh signaling is
able to induce FP development is defined remains to be
determined. However, the mechanism appears to be auto-
nomous to neural tissue. Both anterior neural tube ex-
plants deprived of surrounding tissues and neural plate
explants cultured for 12 h in medium lacking sufficient
Shh are unable to give rise to FP cells in response to Shh
signaling. One possibility is that an intrinsic clock is
established within newly induced neural cells, and this
sets a time limit for how long Shh is able to promote FP
identity. However, this does not exclude the possibility
that the competence of cells to generate FP might depend
on interactions with signaling pathways active within
neural tissue. For example, signals emanating dorsally,

Figure 7. Dynamics of FP specification. (A) A schematic of the
dynamics of signaling and gene expression profiles within the
ventral neural tube. At early times (t0), the Shh target gene Ptch1

is restricted to the most ventral cells, and the pMN marker Olig2
is initiated in cells at a distance from the ventral midline. At later
times (t1), Ptch1 and Olig2 expression expand dorsally; the p3
progenitor markers Nkx2.2 and low levels (L) of FoxA2 are
induced in the ventral midline. Subsequently (t2), p3 and pMN
domains shift dorsally, and Ptch1 is down-regulated in midline
cells; at the same time, midline cells adopt a definitive FP identity
expressing high (H) levels of FoxA2, Arx, and Shh. (B) State space
map of neural progenitors’ response to Shh signaling. FP (red)
requires high but transient Shh signaling early in development,
while p3 identity (green) can be induced by Shh signaling at later
times. The dashed line represents the path of a p3 precursor cell,
and the solid line represents the path of a FP precursor cell. Cells
exposed to high levels of Shh signaling early in development
initially express Nkx2.2 before inducing definitive FP markers
such as Arx. Importantly, the acquisition of a FP state results in
cells becoming refractory to Shh signaling (represented by the
solid circle); however, if signaling is maintained artificially, these
cells acquire a p3 identity. In contrast, a neural progenitor initially
exposed to a lower level of signaling first adopts a pMN identity
(blue). If the level of signaling is appropriate, the cell then
transitions into a p3 identity, and this identity is kept if sufficient
signaling levels are maintained.
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such as Wnts and bone morphogenetic proteins (BMPs),
might affect the ability of cells to respond to Shh (Dale
et al. 1999; Patten and Placzek 2002; Joksimovic et al.
2009); in this context, it is notable that exposure to the
BMP antagonist Chordin enhances the ability of Shh to
induce FP (Dale et al. 1999; Patten and Placzek 2002).
Moreover, regardless of how the change in competence of
neural tissue is achieved, this process is likely to be re-
sponsible for the restriction of FP markers to the midline
of the neural tube. The amplitude of the Shh gradient
increases in the spinal cord as development proceeds
(Chamberlain et al. 2008). Thus, prospective p3 cells are
exposed to at least similar levels of ligand as prospective FP
cells; however, the time at which p3 cells receive these
high concentrations of Shh is later than the presumptive FP
cells (Chamberlain et al. 2008). This temporal–spatial con-
straint on when cells are exposed to Shh would thereby pro-
vide a mechanism to define the size of the FP, and is rem-
iniscent of the way in which the timing of Wnt signaling
determines the size of the heart field (Ueno et al. 2007).

The apparent species differences in FP induction have
also led to uncertainty over the molecular mechanism of
FP development. Although, in zebrafish, Nodal signaling
is credited with the principal role in FP induction, in
amniotes, it is likely to play only a minor role. On the one
hand, Nodal potentiates the ability of Shh to induce FP
identity in the midline of the chick forebrain and mid-
brain (Patten et al. 2003). On the other hand, FP markers
are induced prematurely in the anterior epiblast of E7.5
Nodal�/� mouse embryos (Camus et al. 2006). Moreover,
FP induction is observed in mouse embryos formed from
cells deficient for nodal (Varlet et al. 1997) or its down-
stream effector, Smad2 (Heyer et al. 1999), or treated with
a nodal inhibitor (data not shown). In contrast to Nodal,
our data suggest that the role of Shh signaling during
FP specification in teleosts and amniotes shares sev-
eral features. The transience of Shh signaling within FP
progenitors indicated by the temporal profile of the ex-
pression of the Shh target genes Gli1 and Ptch1 is sim-
ilar in the FP of amniotes and zebrafish species (Fig. 2;
Concordet et al. 1996; Lewis et al. 1999; Karlstrom et al.
2003). Moreover, in each species tested, FP development
requires Shh signaling during a time window that spans
gastrulation and early somitogenesis (Fig. 3). Importantly,
this time window coincides with when Nodal signaling is
required for zebrafish FP induction (Tian et al. 2003).
Furthermore, FP-inducing signals appear to converge on
the regulation of FoxA2 in teleosts and amniotes (Strahle
et al. 1993; Sasaki et al. 1997; Muller et al. 2000). Taken
together, the data indicate that, in all vertebrates, FP
induction takes place in a brief time window during the
course of gastrulation, and the extrinsic signals involved
in this process regulate FoxA2 expression. The difference
between species resides mainly in the relative contribu-
tion of each signal. It is therefore tempting to hypothesize
that both Shh and Nodal signals were involved in FP
specification in the common ancestor of vertebrates. Sub-
sequently, the relative importance of each signal changed
during the evolution of individual species (see also
Rastegar et al. 2002). Detailed analysis of the regulatory

elements directing expression of FoxA2 in different spe-
cies should shed further light on this hypothesis (Sasaki
et al. 1997).

Distinct dynamics of Shh signaling specify FP cells

FP development is triggered by high levels of Shh that
result in the rapid induction of Nkx2.2 and Foxa2. In con-
trast, cells fated to generate the adjacent p3 progenitor do-
main are initially exposed to lower levels of signaling, and
induce Olig2 prior to Nkx2.2. However, the full elabora-
tion of FP identity relies on a subsequent decrease in in-
tracellular Shh signaling because FP cells switch to a p3
identity if signaling is artificially sustained. Thus a dy-
namic transcriptional program, produced by the different
levels and timing of signaling, distinguishes FP cells from
p3 progenitors. How is the appropriate profile of Shh sig-
naling achieved in the FP? During gastrulation and early
somitogenesis, the concentration of Shh in neural tissues
is low (Chamberlain et al. 2008). Nevertheless, the low
levels of the negative regulator of Shh signaling, Ptch1, in
neural tissue at these early times may allow the induc-
tion of high levels of signaling in response to low amounts
of Shh. In addition, the Shh-interacting transmembrane
proteins Gas1 and Cdo may sensitize progenitors to Shh
(Allen et al. 2007; Martinelli and Fan 2007). Embryos
mutant for both Cdo and Gas1 lack FP induction, and the
forced expression of these factors in chick neural tube is
sufficient to direct cell-autonomous p3 cells toward a FP
identity (Tenzen et al. 2006; Allen et al. 2007; data not
shown). Importantly, the expression of these proteins is
tightly regulated. In the ventral neural tube, Cdo tran-
scripts are restricted to FP cells between E9.0 and E11.5.
Gas1 is first induced throughout the neural tube at E8.5,
and becomes progressively down-regulated within the
ventral neural tube. Prior to E9.5, therefore, prospective
FP cells express the signal enhancers Cdo and Gas1
(Tenzen et al. 2006; Allen et al. 2007).

The later decrease in signaling as FP identity is elabo-
rated might be partly explained by the rapid down-
regulation of Gas1. In addition, the repression of Gli2
expression is likely to be essential. Gli2 plays the predo-
minant role in relaying the Shh signal during FP induc-
tion (Matise et al. 1998; Bai and Joyner 2001; Bai et al.
2002), and its expression profile follows the dynamics of
Shh signaling in the midline of both chicks and mice
(Fig. 5; Bai and Joyner 2001; Lei et al. 2004). Thus repres-
sion of Gli2, and possibly other components of the Shh
signaling pathway, in FP cells provides a mechanism that
would result in the extinction of signaling in these cells.
The down-regulation of these factors appears to be trig-
gered by the transcription factor FoxA2 (Fig. 6; data not
shown). This suggests a model in which Shh signaling
directly induces expression of FoxA2 (Sasaki and Hogan
1994), which then induces the expression of Shh itself
(Ruiz i Altaba et al. 1995; Chang et al. 1997; Jeong and
Epstein 2003) and participates in the extinction of Shh
signaling within these cells, perhaps by inducing target
genes that directly regulate components of the Shh sig-
nal transduction pathway. It is noteworthy that other
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forkhead transcription factors—including Foxp2, Foxp4,
and Foxj1—are expressed in FP cells (Takahashi et al.
2008; Yu et al. 2008; Morikawa et al. 2009; data not
shown), raising the possibility that several members of
this family participate in shaping the sensitivity of FP
cells to Shh signaling.

A common strategy of morphogen interpretation
for the generation of cellular diversity

The distinct dynamics of Shh signaling that are required
for FP development add a new dimension to the interpre-
tation of the Shh morphogen. Previous studies in the neu-
ral tube suggested that concurrent increases in the level
and duration of Shh signaling lead to the progressive spec-
ification of cell identities (Ericson et al. 1996; Jeong and
McMahon 2005; Dessaud et al. 2007). In contrast, the data
presented here indicate that cells exposed to the highest
Shh concentrations at early developmental times gener-
ate a transient peak of signaling activity and produce FP.
Then, at later times, cells transform increasing concen-
trations of Shh into longer periods of signaling to generate
progressively more ventral neural progenitor domains
(Dessaud et al. 2007). This identifies two modes of Shh
morphogen interpretation (Fig. 7A,B). These two modes
also appear to be deployed in other tissues. In the ver-
tebrate limb bud, Gli activity exhibits a spatial and tem-
poral gradient within the precursors of digits 2–4 (Ahn
and Joyner 2004). Accordingly, the specification of these
structures requires a prolonged exposure to Shh, such
that digit 4 requires the longest exposure (Towers et al.
2008; Zhu et al. 2008). In contrast, the specification of
digit 5 appears similar to the specification of FP by Shh
signaling. The precursors of this digit, although exposed
to high levels of Shh early in development, become inde-
pendent of Shh signaling much sooner than other digit
precursors (Zhu et al. 2008). Moreover, a down-regulation
of the Shh target genes Gli1 and Ptch1 in the precursors
of this digit (Ahn and Joyner 2004) is accompanied by
an inhibition of Gli2 expression (Marigo et al. 1996).
Furthermore, similar to FP cells, digit 5 precursors act
as a source of Shh (Harfe et al. 2004). In the Drosophila
wing disc, Hh protein secreted from the posterior com-
partment induces the transcription factor engrailed
(En) in a small territory in the anterior compartment
(Strigini and Cohen 1997; Basler 2000). Expression of En
has been associated with the down-regulation of Ptch and
Ci (Basler 2000). Thus, by analogy to vertebrates, it is
possible that cells responding to the highest levels of Hh
signaling in the anterior compartment become refractory
to the signal. Together, the data suggest a general means
to augment the role of a morphogen. This strategy can
be used in a wide range of development settings and can
be elaborated further, as exemplified by the triphasic
(Off–On–Off) response of ventral pancreatic precursors
to BMP–Smad4 signaling (Wandzioch and Zaret 2009).
Exploiting the dynamics of signal responses in this way
extends the potential of a single signal to control differ-
ential transcriptional programs and cell identity during
embryogenesis.

Materials and methods

Immunohistochemistry and in situ hybridization

Antibody reagents and protocols have been described elsewhere
(Ericson et al. 1997; Briscoe et al. 2000, 2001). The antibody for
Arx was kindly provided by J. Chelly (Poirier et al. 2004). Analysis
was carried out using a Leica TCS SP2 confocal microscope and
processed with Adobe Photoshop 7.0 software (Adobe Systems). In
situ hybridization was performed as described (chicks and mice:
Chotteau-Lelièvre et al. 2006; zebrafish: Thisse et al. 1993) using
the following probes: chick Ptch1 and Gli1-3 (C. Tabin); mouse
Ptch1 and Gli1-3 (C.C. Hui); zebrafish foxa2 (axial) and shh

(P. Ingham).

Chick in ovo electroporation

All electroporation constructs were based on pCAGGS expres-
sion vector engineered to bicistronically express nuclear targeted
GFP (pCAGGS-IRES NLS-GFP). Gli3AHigh (Stamataki et al.
2005), Gli2 (Schweitzer et al. 2000), Ptc1Dloop2 (Briscoe et al.
2001), SmoM2 (Hynes et al. 2000), FoxA2 (Ferri et al. 2007),
FoxA2EnR (Jacob et al. 2007), and ShhN (Roelink et al. 1995) have
been described previously. HH8–12 embryos were electroporated
and incubated in ovo before dissecting and processing for either
immunohistochemistry or in situ hybridization.

Luciferase reporter assays

Luciferase measurements were performed using the Dual-Lucif-
erase Reporter Assay System (Promega). Expression plasmids or
empty vector were electroporated into HH10–12 chick embryos
together with the GBS-Luc firefly luciferase reporter (Sasaki et al.
1997) and a Renilla luciferase reporter driven by a CMV promoter
(Promega) for normalization. Assays were performed as described
previously (Stamataki et al. 2005).

Neural explants and RT–PCR

Explants isolated from HH10 chick embryos were cultured as
described (Yamada et al. 1993; Ericson et al. 1997). Cyclopamine
(Toronto Research Chemicals) was dissolved in 96% ethanol.
RNA was extracted using PicoPure RNA Isolation kit (Arcturus).
cDNA was synthesized by SuperScriptII (Invitrogen) and quanti-
tative PCR was performed using an ABI7500. The expression
of each gene was normalized to that of Actin. The following oli-
gonucleotides were used: Actin, (fw) GAGAAATTGTGCGTGA
CATCA and (rev) CCTGAACCTCTCATTGCCA; Ptch1, (fw)
TTTTTCTTTTCCTGGGCTTACTT and (rev) CATCTCTACC
CGGGTAGTTC; Nkx2.2, (fw) ACCTTCCAAACGGGCATC
and (rev) TGTAATGGGCGTTGTATTGC; Arx, (fw) TGGCCT
CAGTAGCCTTACCT and (rev) AGCATTGAGAAACCTTCC
AAA; FoxA2, (fw) AGCAGTCGCCCAACAAGATG and (rev)
TCTGGCGGTAGAAGGGGAAG.

Embryo culture experiments

Mouse embryos with intact yolk sacs, dissected from timed preg-
nant females, were cultured for 24 h in medium (rat serum, Tyrode
solution; 1:1 between E7.5 and E8.5; 2:1 at E9.5) in 8-mL tubes
(2.5 mL of medium per tube; three embryos per tube). Cyclopamine
was used at a concentration of 5–10 mM as indicated. Cultures
were performed in a water-saturated roller-tube incubator at 37°C,
5% CO2 and 5% O2 at E7.5, 20% O2 at E8.5, and 65% O2 at E9.5.
After culture, embryos were fixed and processed. Gene expression
patterns were always compared between embryos processed in
the same culture experiment in appropriate control conditions.
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Zebrafish embryos and drug treatments

Wild-type zebrafish embryos or cyclops mutant fish (Hatta et al.
1991) were treated with vehicle (EtOH+ and/or DMSO) and 5 mM
cyclopamine (Toronto Research Chemicals; stock solution at 10
mM was prepared in 96% EtOH) at either 30% epiboly stage or
at 16ss, and with 800 mM SB431542 at 30% epiboly stage (Sigma;
stock solution at 60 mM in DMSO; Hagos and Dougan 2007)
dissolved in Danieau solution. There were no differences in the
neural expression of axial and shh between untreated and vehicle-
treated embryos.
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