A direct requirement tor Hedgehog
signaling for normal specification of all
ventral progenitor domains in the
presumptive mammalian spinal cord
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The hedgehog signaling pathway organizes the developing ventral neural tube by establishing distinct neural
progenitor fates along the dorsoventral axis. Smoothened (Smo) is essential for all Hedgehog (Hh) signaling,
and genetic inactivation of Smo cells autonomously blocks the ability of cells to transduce the Hh signal.
Using a chimeric approach, we examined the behavior of Smo null mutant neural progenitor cells in the
developing vertebrate spinal cord, and we show that direct Hh signaling is essential for the specification of all
ventral progenitor populations. Further, Hh signaling extends into the dorsal half of the spinal cord including
the intermediate Dbx expression domain. Surprisingly, in the absence of Sonic hedgehog (Shh), we observe the

presence of a Smo-dependent Hh signaling activity operating in the ventral half of the spinal cord that most
likely reflects Indian hedgehog (Ihh) signaling originating from the underlying gut endoderm. Comparative
studies of Shh, Smo, and GIi3 single and compound mutants reveal that Hh signaling acts in part to specify
neural cell identity by counteracting the repressive action of Gli3 on p0, p1, p2, and pMN formation.
However, whereas these cell identities are restored in GIli3/Smo compound mutants, correct stratification of
the rescued ventral cell types is lost. Thus, Hh signaling is essential for organizing ventral cell pattern,

possibly through the control of differential cell affinities.
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The Hedgehog (Hh) signaling pathway, initially de-
scribed for its organizing activity in patterning the Dro-
sophila embryonic epidermis, plays many distinct roles
in the development of Drosophila and vertebrate em-
bryos (Hatini and Dinardio 2001; Ingham and McMahon
2001; McMahon et al. 2002). Further, misregulation of
Hh signaling in humans is associated with congenital
malformations of the central nervous system (CNS;
spina bifida, holoprosencephaly), head (cleft palate), and
limb (syn- and polydactyly) and with a predisposition for
developing a variety of tumors of the skin (basal cell
carcinoma) and CNS (medulloblastoma, glioblastoma;
Ming et al. 1998; Hahn et al. 1999; McMahon et al. 2002).
Given the importance of this pathway, there is consid-
erable interest in understanding the basic properties and
actions of Hh ligands; how an active hedgehog signal is
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produced, moved, received, and transduced to give an
appropriate response in a specific target tissue.

A single Drosophila hedgehog gene has three mamma-
lian counterparts: Sonic hedgehog (Shh), Indian hedge-
hog (Ihh), and Desert hedgehog (Dhh; Echelard et al.
1993). Shh, the most extensively studied of the three, is
involved in developmental patterning of many organs
including the spinal cord, the focus of the present study
(for review, see Jessell 2000; Briscoe and Ericson 2001;
McMahon et al. 2002). The active, secreted form of Hh
proteins is produced through an autocatalytic cleavage of
a precursor protein (Shh, 46 kD) releasing an active N-
terminal fragment (N-Shh,, 19 kD), which is modified by
the covalent addition of a cholesterol moiety at its C
terminus (Lee et al. 1994; Bumcrot et al. 1995; Porter et
al. 1995, 1996a,b). In addition, Hh proteins are palmi-
toylated on a conserved N-terminal Cys-residue that im-
mediately follows the signal peptide recognition se-
quence (Pepinsky et al. 1998; Chamoun et al. 2001). As a
result of lipid modification, N-Shh,, is largely cell-asso-
ciated, presumably by attachment to the lipid bilayer
(Rietveld et al. 1999). Hh ligands are bound by a 12-trans-
membrane protein receptor, Patchedl (Ptcl; Marigo et al.
1996; Stone et al. 1996). In the absence of Hh-ligand, Ptcl
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inhibits the activity of the seven-pass membrane protein
Smoothened (Smo), blocking active signal transduction.
The exact mechanism of Ptc-mediated silencing of Smo
activity is unclear. However, derepression of Ptc on bind-
ing of Hh in Drosophila is accompanied by the stabili-
zation and accumulation of phosphorylated forms of
Smo at the cell membrane (Denef et al. 2000; Ingham et
al. 2000; Strutt et al. 2001). Further, the identification of
a mutant in Rab23, a member of a family of proteins
associated with membrane trafficking that leads to Shh-
independent activation of Shh targets, implicates traf-
ficking processes in Smo activation (Eggenschwiler et al.
2001). Activation or repression of Hh targets is mediated
in Drosophila by a single regulator, Cubitis interruptus
(Ci), and in vertebrates three Ci-homologs, Glil, GIi2,
and GIi3, each of which has distinct transcriptional prop-
erties and functions (for review, see Ingham and McMa-
hon 2001).

Pattern regulation in the vertebrate neural tube has
provided an excellent model for the study of Shh actions.
In the vertebrate central nervous system (CNS), the as-
sembly of functional neuronal circuits begins with the
generation of distinct classes of neural progenitor popu-
lations at specific positions along the anterior-posterior
and dorsoventral axes of the developing neural tube (Jes-
sell 2000). This organization is best understood at the
spinal cord level, where the unique and partially over-
lapping patterns of expression of several families of ho-
meodomain-containing transcriptional regulators define
five neural progenitor populations in the ventral half of
the neural tube. From ventral to dorsal, these are the p3,
pPMN, p2, pl, and pO progenitors. pMN progenitors later
give rise to motorneurons, and p3, p2, pl, and pO pro-
genitors give rise to v3, v2, vl, and vO interneurons, re-
spectively (for review, see Jessell 2000; Briscoe and Eric-
son 2001; McMahon et al. 2002).

In the presumptive spinal cord region, Shh is initially
secreted by the midline axial mesoderm, the notochord,
which underlies the ventral midline of the neural plate,
and later from the ventral midline of the neural tube
itself, the floor plate, which lies immediately adjacent to
the p3 progenitor domain. Shh is sufficient in vitro for
the induction of all five progenitor populations. More-
over, the concentration threshold required for each in-
duction mirrors the position of progenitor pools within
the neural tube; progressively higher concentrations are
required for the induction of progenitor domains moving
towards the source of Hh ligand at the ventral midline.
Expression of the homeodomain factors that identify a
distinct ventral progenitor domain is modulated by Shh
signaling: Class I genes, which include Pax7, Dbxl1,
Dbx2, Irx3, and Pax6, are repressed, whereas Class II
genes, such as Nkx2.2 and Nkx6.1, are activated in re-
sponse to Shh signaling. Further, cross-repressive inter-
actions by homeodomain factors in adjacent domains
most likely refine and maintain progenitor domains and,
as cells differentiate, the homeodomain proteins direct
neuronal subtype identity (Briscoe et al. 2000; Briscoe
and Ericson 2001).

In short, these data are consistent with a model in

2850 GENES & DEVELOPMENT

which Shh acts as a long-range morphogen, acting di-
rectly over the entire ventral neural tube to establish
distinct spatial domains of homeodomain factors at dis-
tinct concentration thresholds. The homeodomain code
thereby established within a progenitor cell subse-
quently dictates that cell’s neuronal fate within the ven-
tral spinal cord. However, the data are also consistent
with a second hypothesis, that Shh-dependent, second-
ary signaling mechanisms might also play some part in
the patterning process. Indeed, retinoic acid has been
shown to induce p0 and pl progenitors (Pierani et al.
1999). Further, p0, pl, and to a lesser extent p2 progeni-
tors form in Shh mutants, suggesting that induction of
these most dorsally located ventral progenitor cell iden-
tities are specified by a Hh-independent mechanism
(Pierani et al. 1999; Litingtung and Chiang 2000; this
study). Hh-induced signaling relays are known to control
growth and pattern in Drosophila imaginal discs (for re-
views, see Ingham and McMahon 2001; McMahon et al.
2002). To address the direct role of Hh signaling in pat-
terning the vertebrate neural tube, we compared the cell
fates adopted by Smo-/-(Smo mutant) and Smo+/- (phe-
notypically wild-type) cells, at specific positions in the
developing mouse spinal cord. By performing this analy-
sis, and examining spinal cord pattering in Shh, Smo, and
GIi3 single and compound mutants, we found support
for a model in which direct Hh signaling is essential for
the specification of all ventral progenitor identities, act-
ing in part to overcome Gli3-mediated repression of
these cell states which occurs in the absence of a Hh-
signaling input.

Results

Behavior of Smo-/- cells in the developing spinal cord
of chimeric embryos

In order to study the behavior of Smo null mutant cells
(Smo-/-) in the developing spinal cord, we generated
chimeric mouse embryos composed of wild-type and
Smo-/- mutant cells. The Smo null allele was reported
elsewhere (Zhang et al. 2001). In one approach (Fig. 1A),
we derived two Smo-/- and three Smo+/- embryo stem
(ES) cell lines from blastocyst outgrowths. Each of these
lines also carried a Rosa26lacZ reporter allele, which
allows the identification of all descendants of a given ES
cell line following their injection into a host blastocyst,
and subsequent implantation and development into chi-
meric embryos. Chimeric embryos in which the experi-
mental cells were either wild-type or heterozygous for
the Smo null allele (Smo+/-) served as a chimeric control
population, and no detectable differences were observed
between these two distinct genotypes. In a second ap-
proach (Fig. 1A), we used morula-morula aggregates be-
tween wild-type embryos and embryos derived from a
Smo+/-;Rosa26lacZ compound heterozygous intercross
to generate chimeras. At collection, tailbud regions from
embryos were removed, and fibroblast cultures were es-
tablished under G418 selection to facilitate PCR-medi-
ated identification of the genotype of the cells derived
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from the Smo mutant intercross (data not shown). The
only G418-resistant cell types are derived from the ES
cells where the B-geo (Neomycin phosphotoransferase/
B-galactosidase fusion) insertion at the Rosa26 locus
confers G418 resistance on all ES cell descendants. Simi-
lar results were obtained when ES-embryo and embryo-
embryo chimeras were compared, demonstrating that
the ES lines behaved normally. For brevity we only show
data obtained with ES-embryo chimeras.

To distinguish the genetically modified ES-cells from
wild-type host cells in the chimera, expression of the
ubiquitously expressed lacZ reporter gene in relevant
cells was assessed by immunofluorescent detection of
cytoplasmic B-Galactosidase (3-Gal) in the neural tube at
forelimb levels, the principal focus of this study (Fig.
1B,C). Although Smo-/Smo- embryos do not survive be-
yond 8.75-9.0 dpc (Zhang et al. 2001), Smo-/Smo- cells
show a broad distribution throughout the neural tube of
chimeras at 10.5 dpc. However, whereas wild-type and
Smo-+/- cells show a highly mosaic distribution (Fig. 1B)
along the dorsoventral (DV) axis, Smo-/- cells appear to
form tight clusters, thereby minimizing their contact
with neighboring wild-type cells (Fig. 1C). The apparent

Figure 1. Generation of ROSA26 genetically
marked Smo mutant chimeric mouse embryos.
(A) ES cell injection into blastocyst and aggrega-
tion of morula stage embryos were performed to
generate chimeric mouse embryos. Experimental
cells are colored green, which indicates Esche-
richia coli cytoplasmic B-Galactosidase (B-Gal)
provided by the ROSA26 insertion of a B-geo al-
lele (Zambrowicz et al. 1997). Chimeric embryos
were harvested at 10.5 dpc from foster mothers
and were examined at forelimb, trunk, and hind-
limb levels. (B,C) Distribution of Smo+/- and
Smo-/- cells (green) in a section of a 10.5-dpc
spinal cord using fluorescently labeled antibodies
to visualize B-Gal proteins (green). Bar, 20 pm.

aggregation of Smo-/- cells was more pronounced in the
ventral half of Smo-/- chimeric neural tubes (Fig. 1C).

Specification of dorsal cell fates in the presumptive
spinal cord is thought to be independent of Shh signal-
ing, mediated in large part by members of the TGF-8
superfamily of signaling proteins (for review, see Lee and
Jessell 1999). Consistent with this view, Smo+/- and
Smo-/- cells showed an equivalent contribution to the
dorsal midline roofplate and Mathl-, Dla/b (LH2a/b)-,
and D2 (Isl1/2)-producing dorsal neural progenitors (Fig.
2A-D; data not shown).

In contrast to Smo+/- cells, Smo-/- cells only rarely
contributed to the ventral-medial cells of the floor plate,
a region of specialized support cells that is induced in
response to primary Shh signal production by the noto-
chord (Figs. 1C, 2E-L). The occasional Smo-/- cell
within the floor plate failed to activate either Shh or
HNF38 (arrowheads in Fig. 2J,K; data not shown),
whereas adjacent wild-type cells showed normal expres-
sion of these floor plate markers (Fig. 2J-L). Thus, as
expected, there is an absolute requirement for Hh-signal
responsiveness to specify floor plate cell identities. As a
consequence, the production of Shh by floor plate cells, a
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Figure 2. Smo-/- cells (green) can generate dorsal neurons but are unable to give rise to floor plate cell identities. Sections through
the neural tube of control (Smo+/+ or Smo+/-; A,E,I) and experimental (Smo-/-; B-D,F-H,J-L) chimeras. Normal Mathl immunoflu-
orescence in the dorsal spinal cord of a 10.5-dpc wild-type and Smo+/- chimeric mouse embryo (A), and a Smo-/- chimeric mouse
embryo (B-D). Shh immunofluorescence in the floor plate of a wild-type and Smo+/- chimeric spinal cord (E), and in a Smo-/- chimeric
spinal cord (F-H). HNF3B immunofluorescence in the ventral-most region of a wild-type and Smo+/- chimeric spinal cord (I), and a
Smo-/- chimeric spinal cord (J-L). Arrowhead indicates a Smo-/- cell that is located within the floor plate domain but does not express

HNEF38. Bar, 20 pm.

secondary source of Shh to the developing neural tube,
was largely unaffected in Smo-/- chimeras. Therefore,
there was no significant alteration in the function of the
floor plate as a signaling center in Smo-/- chimeras (Fig.
2E-L).

Smo-/- cells in the ventral spinal cord obtain
dorsal characteristics

To determine whether Smo-/- mutant cells alter the
response of ventral neural precursor cells to Shh signal-
ing as expected, we tested the expression of the Shh tar-
get genes, Ptchl and GIi3. Ptchl encodes the Shh recep-
tor, and its expression is upregulated in response to Shh
signaling (Goodrich et al. 1996; Marigo and Tabin 1996).
In a wild-type neural tube, Shh signaling results in
graded expression of Ptchl mRNA throughout the ven-
tral half of the spinal cord, with the highest levels ven-
trally decreasing to low levels dorsally (Goodrich et al.
1996). To examine the response of Smo-/- cells in the
neural tube of chimeric embryos, we compared the dis-
tribution of B-Gal-producing cells to the levels of Ptchl
expression in adjacent sections. In the neural tube of
Smo+/- chimeras, Ptchl expression was unaltered (Fig.
3A,B). However in the spinal cord of Smo-/- chimeras,
Ptchl expression was reduced in ventral regions com-
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prised of Smo-/- cells, whereas the response in adjacent
wild-type cells was either similar to that in Smo+/- chi-
meras, or slightly elevated (brackets in Fig. 3C,D). GIi3
encodes a member of the Gli family of transcriptional
effectors of the Hh signaling response, which plays a role
in the suppression of the pMN fate in Shh mutants (Li-
tingtung and Chiang 2000; Wang et al. 2000). In the wild-
type neural tube, GIi3 expression mirrors that of Ptchl,
as GIi3 is repressed by Shh signaling (Fig. 3E,F). In con-
trast, we observe ectopic expression of GIi3 in ventrally
located Smo-/- cells in Smo-/- chimeras (Fig. 3G,H).
The failure of Smo-/- cells to activate Ptchl and repress
GIli3 indicates that Smo-/- cells were unable to respond
to Hh signals.

Smo is required for the specification of all ventral
neural progenitor populations

In the ventral spinal cord, a combinatorial code of tran-
scriptional regulators, predominantly homeodomain
proteins, define and specify five molecularly distinct
classes of mitotically active neural progenitor cell types,
and the postmitotic neural precursor, which they subse-
quently generate (summarized in Fig. 4A; modified from
Briscoe et al. 2000; Briscoe and Ericson 2001). The three
ventralmost neural progenitor pools, p3, pMN, and p2,
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Figure 3. Smo-/- cells in the ventral
half of the spinal cord fail to respond to
Hh signaling. Adjacent sections were ex-
amined to compare the distribution of

Smo-/- cells in the chimera neural tube

can be identified by antibodies that recognize Nkx6.1
and Nkx2.2, Nkx6.1 and Olig2, and Nkx6.1 and Irx3,
respectively (Briscoe et al. 1999; Sander et al. 2000; Fu et
al. 2002). Nkx6.1, Nkx2.2, and Olig2 are Class II re-
sponse genes, activated by Shh signaling. Although
Smo-/- cells contribute to each of these regions, no
Smo-/- cells are Nkx2.2-, Nkx6.1-, or Olig2-positive
(Fig. 4B-M). Thus, the specification of each of these three
ventral neuroprogenitor populations shows an absolute
requirement for Hh signaling.

We next examined markers of the pl and p0O progenitor
populations, which can be recognized by the presence of
Dbx2, or both Dbxl and Dbx2, respectively. When
Smo-/- cells are present within the normal Dbx do-
mains in the intermediate region of the spinal cord, they
fail to express both Dbx1 (arrowheads in Fig. 5B,C) and
Dbx2 (arrowheads in Fig. 5F,GJ. This is true even in po-
sitions where the cellular distribution overlaps that of
the general dorsal factor Pax7, in cells that are thought to
represent the dorsal p5 (Dp5) progenitor population (see
Figs. 4A, 5F-H). Surprisingly, both Dbx1 and Dbx2 were
ectopically active in Smo-/- cells in more ventral re-
gions of the neural tube. Thus, there is a requirement for
Hh signaling in the normal induction of ventral pl and
pO progenitors, and dorsal p5 progenitors, at intermedi-
ate positions within the neural tube. In addition, there is
a requirement for Hh signaling to prevent ectopic speci-
fication of some of these fates in more ventral positions.
Irx3 and Pax6 both overlap with Dbx1 and Dbx2, though
their expression extends to more ventral positions (Fig.
4A). Like Dbx1 and Dbx2, Irx3 and Pax6 are Class 1
genes whose expression appears to be repressed in re-

(green in A,C,E,G) to Ptchl (B,D) and
Gli3 (F,H) mRNA expression. In wild-
type or Smo+/- chimeric spinal cords,
Ptch1 expression shows a normal graded
distribution (B) and GIli3 expression is
dorsally restricted (F). Smo-/- cells in
the ventral spinal cord express low levels
of Ptch1 (D) and ectopically express GIi3
(arrowheads in G,H), whereas adjacent
ventral wild-type cells express normal
levels of Ptchl (marked by bracketing in
C) and low levels of GIi3 (H). Bar, 20 um.

sponse to Shh signaling, and both were also ectopically
expressed by Smo-/- cells below their normal ventral
expression limits (Fig. 5I-P). However, whereas Smo was
required for the normal production of Pax6é near the
DV boundary (arrowheads in Fig. 5N,0), Irx3 produc-
tion in the same region was unaffected in Smo-/- cells
(Fig. 5J-L).

To more precisely map the extent of the intermediate
domain in which Smo-/- cells fail to express Pax6, we
used triple immunofluorescence to detect Pax6, 3-Gal,
and either Dbx1 or Dbx2. These triple staining experi-
ments demonstrated that the failure of Smo-/- cells to
produce normal levels of Pax6 was limited to and ex-
tends just dorsal and ventral of the Dbxl domain, an
intermediate region characterized by the presence of
Dbx2-positive cells (arrowheads in Fig. 5R-T; data not
shown).

Smo-/- cells have an altered ventral neuronal identity

To determine whether the altered expression of markers
of ventral progenitor populations represents a neural
switch in neural progenitor identity, we determined
whether there is a corresponding change in the genera-
tion of specific neuronal subtypes by the expression of
markers of ventral neural precursors. Smo-/- cells were
unable to generate motor neuron precursors (MNR?2; Fig.
6A-D; Isletl/2; data not shown), or v2 (Chox10; data not
shown), vl (Enl; Fig. 5E-H), or vO (Evx1/2; Fig. 6I-L)
interneuron precursors in their normal positions. How-
ever, the presence of an occasional Evx1/2-positive cell
in the most ventrally located Smo-/- cells, adjacent to
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Figure 4. Smo-/- cells fail to express Class Il homeodomain proteins. (A) Summary of the expression domains of the different marker
genes and the relationship between progenitor domains and their neural progeny (adapted from Briscoe et al. 2000, 2001). Sections
through the neural tube of control (Smo+/+ and Smo+/-; B,F,]) or experimental (Smo-/-; C-E,G-I,K-M) chimeras. (B,F,]) Normal
expression patterns of Nkx2.2 (B), Olig2 (F), and Nkx6.1 (). Smo-/- cells (green) fail to express the Class Il marker genes Nkx2.2 (C-E),

Olig2 (G-I), and Nkx6.1 (K-M). Bar, 20 pm.

the floor plate, indicates that ectopic vO interneuron pre-
cursors can arise in more ventral regions of the neural
tube in the absence of direct Hh signaling (arrowheads in
Fig. 6K,L). Further, we also observed ventral cells ecto-
pically producing Lim1/2 (Fig. 6M-P) and Pax2 (Fig. 6Q-
T), regulatory factors that are normally restricted to vO
and v1 precursors, as well as some more dorsal precur-
sors including those derived from dorsal p5 progenitors
(Fig. 4A; Burrill et al. 1997).
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Taken together these data indicate that Hh signaling is
required for the normal specification of all ventral pre-
cursor populations, and for the suppression of v0, and
possibly other more dorsal neural precursor subtypes in
ventral regions of the neural tube. In agreement with this
conclusion, we observed that Pax7, whose expression
partially overlaps that of Dbx1 but extends into more
dorsal regions, was expressed at high levels in all ven-
trally located Smo-/- cells (Fig. 6U-X). Thus, there was
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Class I genes in the ventral spinal cord. Sec-
tions through the neural tube of control
(Smo+/+ or Smo+/-; A,E,I,M,Q) and experi-
mental (Smo-/-; B—D,F—H,/'—L,N—P,R—T) chi-
meras. Normal domains of Dbx1 (A,Q), Dbx2
(E), Irx3 (I), and Pax6 (M,Q) progenitor cells.
Smo-/- cells (green in B,F,J,N; blue in R) ec-
topically activate expression of Dbx1 (C,D),
Dbx2 (G,H), Irx3 (K,L), and Pax6 (O,P) in the

a cell-autonomous acquisition or retention (see Discus-
sion) of more dorsal fates by ventrally located Smo-/-
cells. Analysis of sections at several anterior-posterior
levels within the presumptive spinal cord (forelimb,
trunk, and hindlimb levels) demonstrated that all
Smo-/- cells in ventral positions adopted more dorsal
identities as described above (data not shown).

Shh-independent Hh signaling in the spinal cord
of Shh-/- embryos

The demonstration that there is a direct requirement for
Hh signaling that extends to the p0 progenitor domain,
at the dorsal limit of the ventral progenitor population
and most likely more dorsally into Dbx2/Pax7-positive
progenitors, contrasts with the observation that Shh mu-
tant embryos generate v0, v1, and occasionally v2 ven-

ventral spinal cord. However, Smo-/- cells
fail to express Dbx1 (B-D), Dbx2 (F-H), and
Pax6 (N-P,R-T) in their normal domains in
the intermediate region of the spinal cord (see
text). Panels R, S, and T represent two inde-
pendent confocal pictures of the intermediate
region of the spinal cord of chimeric embryos.
Bar, 20 pm.

tral interneuron precursors at forelimb levels (Pierani et
al. 1999; Litingtung and Chiang 2000). One possible ex-
planation is that the removal of Shh signaling does not
abolish all Hh signaling within the neural tube. Thh is
coexpressed with Shh in the underlying gut endoderm,
and it is clear that together these two signals play a
semiredundant role in patterning other ventral struc-
tures, notably somites (Zhang et al. 2001).

Repression of Pax7 from the medial neural plate is one
of the first actions of Shh signaling which occurs at very
low (pM) threshold concentration (Ericson et al. 1996).
Further, Pax7 was present in all ventrally located
Smo-/- cells (see above). However, in the Shh mutant
spinal cord, Pax7 was not present in ventral midline cells
at forelimb levels, suggesting that these cells may have
received a low-level Hh signal (Fig. 7A). These same cells
were Dbx1-positive and therefore likely to include pO
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Figure 6. Smo-/- cells show an altered
pattern of neurogenesis in the ventral
spinal cord. Sections through the neural
tube of control (Smo+/+ or Smo+/-;
A,E,I,M,Q,U) and experimental (Smo-/-;
B-D,F-H,]-L,N-P,R-T,V-X) chimeras. Nor-

mal domains of MNR2 (A), Enl (E), Evx1/2
(1), Lim1/2 (M), Pax2 (QJ, and Pax7 (U).
Smo-/- cells (green) fail to express MINR2
(B-D), Enl (F-H), and Evx1/2 (J-L) in their
normal domains, whereas Smo-/- cells ec-
topically express Lim1/2 (N-P), Pax2 (R-
T), Pax7 (V-X), and occasionally Evx1/2 (J-
L), but not Enl (F-H) in the ventral spinal
cord of chimeric embryos. Bar, 20 pm.

progenitors (Fig. 7A). Indeed, subsequent analysis re-
vealed the Evx1/2 v0 and Enl v1 interneuron precursors
were restricted to this same ventral midline domain (Fig.
7B). That a low level of Hh signaling activity remains in
the neural tube of Shh mutant embryos was further sup-
ported by the observation of a low, graded upregulation
of Ptch1 expression in the ventralmost region of the neu-
ral tube, where vO and v1 precursors arise (Fig. 7C).
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To extend these findings, we next examined 13-15-
somite-stage Shh and Smo null mutant embryos for the
presence of ventral marker genes. At this stage, Smo mu-
tant embryos have not degenerated; however, their pro-
nounced vascular defects preclude analysis at later stages
(Zhang et al. 2001). In contrast to wild-type littermates,
no expression of Nkx2.2 or Nkx6.1 was observed in the
neural tubes of either Shh or Smo mutant embryos, con-
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Smo-/-(F,I) embryos.
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sistent with the absence of ventral p3 pMN and p2 pro-
genitors (Fig. 7D-F; data not shown). Further, Pax6 and
Irx3 were present throughout the ventral midline of the
spinal cord of Shh and Smo mutant embryos, whereas
their expression was absent from that same region in
wild-type embryos (data not shown), consistent with al-
tered ventral signaling. Interestingly, Dbx1, which was
present in a narrow band of midline cells at the DV
boundary in the neural tube of 13-15-somite-stage wild-
type embryos, was in a ventrally expanded population of

CNS patterning requires direct hedgehog signaling

cells in Shh mutants (Fig. 7D,E). In contrast, no Dbx1-
producing cells were detected in the spinal cords of
Smo-/- embryos at a similar axial level (Fig. 7F). Whole
mount in situ hybridization of 13-15-somite-stage wild-
type and mutant embryos demonstrated some low, dis-
continuous domains of Dbx1 expression in the neural
tube of Smo-/- embryos, whereas expression of Dbx1 in
the neural tube of Shh-/- embryos was continuous and
abundant (Fig. 7G-I). Collectively these data suggest the
presence of an Shh-independent, Smo-dependent signal
in the developing ventral spinal cord and that the com-
plete loss of Hh signaling is accompanied by an initial
failure to specify even the most dorsal-ventral progenitor
populations.

GIi3 represses v0, v1, v2, and MNs in Smo-/- embryos

Studies of Shh mutants have demonstrated that in the
absence of Shh signaling, Gli3-mediated repression is re-
sponsible for the reduction of v0, vl, and v2 precursors
and the absence of MN inductions (Litingtung and
Chiang 2000). However, as our data indicate, there is
residual Smo-dependent Shh-independent signaling in
the ventral spinal cord of Shh mutants, and the question
of whether removal of Gli3 repression is sufficient for
the induction of ventral cell identities in the absence of
any Hh signaling input cannot be resolved. To address
the mechanism of Hh action, we examined forelimb sec-
tions of the neural tube of Smo-/-;Gli3-/- embryos at
10.5 dpc. Removal of Gli3 activity substantially rescued
the Smo mutant embryo (data not shown). The neural
tube of Smo-/-;Gli3-/- mutant embryos was compa-
rable in size to that of its wild-type littermates. Pax7
showed a normal dorsal restriction in its expression
domain (Fig. 8A,B). Dbxl-producing cells were appro-
priately localized to an intermediate domain that con-
sisted of both a dorsal Dbx1°"Pax7°™ and a ventral
Dbx1°"Pax7°® progenitor domain, as in wild-type sib-
lings (Fig. 8A,B). Dbx2 appeared to localize to its normal
intermediate domain (data not shown). In contrast, Irx3,
Pax6, Nkx6.1, and Olig2 were present in cells through-
out the ventral half of the neural tube, including the
ventral midline (Fig. 8C-F; data not shown). Neither
Nkx2.2 nor HNF38 were detected in the spinal cords of
Smo-/-;Gli3-/- mutant embryos (Fig. 8C,D,G,H). To-
gether these results suggest that removal of Gli3 inhibi-
tion in the complete absence of any Hh signaling is suf-
ficient for the establishment of ventral p0O, pl, p2, and
PMN progenitors but not for the induction of p3 or floor
plate identities. Further, the spatial restriction of Dbx1-
and Dbx2-producing cells suggests that a polarized Hh
signal is not essential for the positioning of p0 and pl
progenitors. Analysis of later markers of neural precur-
sors underscores these points. We observed that vO
(Evx1/2) precursors remain tightly clustered near the DV
interface of the neural tube as in wild-type embryos,
whereas v2 (Chox10) and MN (MNR2) precursors were
scattered in a random fashion throughout the ventral
half of the neural tube (Fig. 8I-T). vl (Enl) precursors
showed an intermediate organization, with most cells
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clustered in close proximity to the vO precursors as in
wild-type embryos but some dispersed throughout the
ventral half of the neural tube (Fig. 80-T). Interestingly,
when we compared forelimb, trunk, and hindlimb levels,
we observed an increase in the numbers of more ven-
trally located v1 precursors at more posterior axial levels
that correlated with decreased numbers of both v2 and
MN precursors, indicating an anterior-posterior differ-
ence in the requirement for Hh/Gli3 interactions in the
specification of similar cell identities (Fig. 8I-T).

Discussion
The range of Hh signaling

In this study we examined the behavior of Smo null mu-
tant neural progenitor cells in the developing mamma-
lian spinal cord to better understand the mechanisms by
which Hh signaling patterns the neural tube (we refer to
Hh signaling to acknowledge the possibility that Thh
might contribute together with Shh in patterning; see
below). One question of considerable importance is the
actual range of Hh action. Although all ventral progeni-
tors (p0, pl, p2, pMN, and p3) can be induced by distinct
concentrations of Shh in vitro, it is not clear that there is
a direct requirement for Hh signaling in the specification
of all ventral cell fates. By genetically preventing all Hh
responsiveness in a subpopulation of cells within the
putative Hh target field, we show that specification of all
ventral progenitors requires Hh signaling in the embryo.
Indeed, this requirement actually extends into a domain
of Pax7-, Dbx1/2-expressing cells directly above the pos-
tulated ventral p0 domain (Briscoe et al. 2001). Although
these cells (dorsal p5) had not been thought to produce
Evx1/2 neurons (Pierani et al. 1999; Briscoe et al. 2000),
which is the most dorsally located ventral interneuron
precursor, there is no direct evidence that this is the
case. Thus, all Dbx1* cells, regardless of Pax7 expression,
may generate Evx1/2 interneuron precursors, an issue
that remains to be resolved.

These general conclusions are in broad agreement
with those of Briscoe et al. (2001), who used a quite dis-
tinct approach, that is, electroporation into the stage 10
chick spinal cord of an expression construct that pro-
duces a mutant form of Ptch (Ptch®'°°P2) that can repress
Smo but is unable to bind Shh (thereby acting as a domi-
nant inhibitor of Hh signaling in the presence of ligand).
Together these two studies establish a direct long-range
requirement for Hh signaling in neural tube patterning.
What they do not establish is the actual range of action
of the signaling process, nor do they address the concen-
tration dependence of Hh signaling.

With respect to the issue of the range of the signaling
process in ventral patterning, this depends on knowing
when each of the specific progenitor populations is first
established in response to a Hh input and when the
maintenance of a given cell fate becomes Hh-indepen-
dent. Already at the 15-somite stage, at neural tube lev-
els that later give rise to rostral spinal cord regions, there
is a well organized ventral pattern with specification of

CNS patterning requires direct hedgehog signaling

even the most ventral p3, Nkx2.2-producing, progenitor
cells (Fig. 8; data not shown; Patten and Placzek 2002).
At this axial level, floor plate induction has not occurred;
hence the principle source of Shh is the notochord un-
derlying the neural tube. As we demonstrate, Dbx1 in-
duction is Hedgehog-dependent, and Dbx1 is induced in
cells that extend 15-20 cell diameters from the ventral
midline at the 15-somite stage. That Shh might act over
this distance is certainly consistent with the actual dis-
tribution of Shh ligand (Incardone et al. 2000; Gritli-
Linde et al. 2001), the transcriptional upregulation of pri-
mary targets such as Ptchl and Glil (Marigo and Tabin
1996; Goodrich et al. 1997, 1999; Pearse et al. 2001), and
studies of Shh signaling in other systems such as the
vertebrate limb (Lewis et al. 2001; Zeng et al. 2001).

Further, although the data indicate that there is a di-
rect Hh input for the establishment of all ventral cell
identities, they do not address whether Hedgehog action
is concentration-dependent. For example, Hedgehog sig-
naling might define a domain of ventral competence,
whereas other factors might play a more direct role in
the induction of each individual cell fate. Repression of
Pax7 in ventral cells is thought to be a critical first step
in the induction of ventral cell identities (Ericson et al.
1996, 1997; Pierani et al. 1999), and the ventral limit of
Pax7-expressing cells has long been seen as the limit for
Shh signaling. Thus, repression of Pax7 might define a
ventral competence domain. We show here that all
Smo-/- cells that lie ventral to the normal ventral limit
of Pax7 expression at 10.5 dpc maintain Pax7 expression,
consistent with there being an absolute requirement for
a Hh input to repress Pax7.

Our results also demonstrate that the presence of v0
and v1 progenitors observed in Shh mutants (Litingtung
and Chiang 2000 and data herein) reflects the presence of
low-level Hh signaling as indicated by the absence of
Pax7 expression and the upregulation of Ptchl at the
ventral midline of the Shh mutant neural tube, where
these ventral interneuron precursors arise. As Ihh is ex-
pressed in both the node and the gut endoderm that un-
derlies the notochord, we speculate that Thh signaling is
responsible for the limited ventralization in Shh mu-
tants. Interestingly, Shh and Thh play semiredundant
roles in patterning somite domains that lie adjacent to
the neural tube (Zhang et al. 2001). Whether Thh plays
any normal role in patterning the ventral neural tube in
the context of an active Shh signal is doubtful.

Cell fate specification: Position and identity

Examining the subsequent fate of Pax7-producing cells
provides an insight into the assignment of ventral cell
fates in the neural tube. Based on the expression profile
of ventral Smo-/- neural progenitor cells (Pax7°",
Dbx1°", Dbx2°", Irx3°", and Pax6°") and the neuron
types generated by Smo-/- progenitors (Liml1/2°",
Pax2°"), it appears that many ventral Smo-/- cells adopt
a dorsal identity, possibly dorsal p5. However, a few cells
also express Evx1/2, indicating that at least some
Smo-/- progenitors give rise to vO precursors. In con-
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trast, as discussed above, Smo-/- cells are unable to gen-
erate Dbx-producing neural progenitor cells or vO precur-
sors where these cells normally arise, in the intermedi-
ate domains of the spinal cord. How can these
paradoxical results be explained?

One possibility is that Hh signaling, though required
for the specification of a v0 fate, does not directly specify
that fate. For example, a Hh signaling input may coun-
teract the inhibitory activity of another signaling path-
way that is active at the dorsal-ventral (DV) interface, an
inhibitory activity that does not normally extend into
the ventral half of the neural tube. The most likely can-
didates for these presumably dorsal signals would be
members of the TGF-B superfamily that are responsible
for the induction of dorsal neural cell identities. Indeed,
the TGF-B family members Bmp2, -4 and -7 are potent
inhibitors of Dbx1/2 expression and can block the gen-
eration of Evx1/2 and Enl interneurons (Pierani et al.
1999). Further, addition of low concentrations of Shh in-
hibits the expression of BMPs in neural explants in vitro
(Pierani et al. 1999). Recent ablation studies using the
chick spinal cord indicate that dorsally derived BMP sig-
naling extends into the ventral half of the neural tube at
neural groove stages (Patten and Placzek 2002), and it is
clear from work here and elsewhere (Briscoe et al. 2001;
present paper) that Shh signaling extends into dorsal re-
gions (as defined by Pax7 expression). Thus, it is likely
that BMP and Hh signaling overlap in the intermediate
region of the spinal cord and that Shh signaling either
counteracts or collaborates with the activity of BMPs.
Recent studies on the modification of the response of
intermediate explants to Shh signaling by BMPs suggest
that the former is more likely (Liem et al. 2001). Addi-
tional signaling by retinoids may then be required for the
specification of vO fates (Pierani et al. 1999). If so, the
production of a retinoid signal would not appear to de-
pend upon the induction of other ventral progenitor
populations.

Interestingly, expression of Ptch®'°°?2 which should
in principle constitutively repress Smo-activity resem-
bling the phenotype of a Smo-/- mutation, gives a some-
what different result (Briscoe et al. 2001). In that study,
Briscoe et al. (2001) noted that Ptch*!°°P2.expressing
cells not only generate ectopic vO fates as we observe
here, but also v1 and v2 intermediate neuron precursors.
The most likely explanation for this different behavior in
the two studies is that neural progenitor cells in the ven-
tral spinal cord of chick embryo around the time of elec-
troporation, or shortly after, have been exposed to small
amounts of Shh protein, changing their response to a
more ventral Pax7° fate, initiating the specification of
ventral progenitors. Alternatively, Ptch®'°°P? may not be
able to suppress all Hh signaling. That Hh signaling has
occurred in the chick model is evident by the fact that
some ventral transfected cells are Pax7°%, whereas all
ventral Smo-/- cells are Pax7°". As would be expected,
those most ventrally located Ptch®!°°P2-expressing cells,
closest to the initial source of Shh signal, were less likely
than more dorsally positioned cells to exhibit Pax7 ac-
tivity (Briscoe et al. 2001). Thus, the timing of transgene
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expression in relation to the initiation of Hh signal trans-
duction in the chick neural tube is probably the key fac-
tor in the different outcomes of the chick and mouse
studies.

The analysis of Smo/GIli3 double mutants gives some
further insight into the patterning process. Gli3 has no
essential role in patterning ventral progenitor regions
(Ding et al. 1998; Theil et al. 1999; Litingtung and
Chiang 2000; present paper; data not shown), although
recent evidence indicates that Gli3 repression regulates
the position of dorsal progenitor populations that lie
close to the DV boundary (Persson et al. 2002). Whereas
Smo mutants are most likely unable to generate any ven-
tral progenitors (as embryos die around 9.0 dpc, this can-
not be established but the statement is a reasonable re-
flection of the Smo mutant and Smo chimera analysis
herein), the removal of Gli3 activity restores four ventral
progenitor populations (p0, pl p2, and pMN) but not p3
or floor plate fates. Thus, in the absence of any Hh sig-
naling, four Hh-dependent populations are formed on re-
moval of Gli3. Gli3, like its Drosophila counterpart Ci,
is known to act as a repressor in the absence of Hh sig-
naling (Aza-Blanc et al. 1997; Ohlmeyer and Kalderon
1998; Litingtung and Chiang 2000; Wang et al. 2000; Li-
tingtung et al. 2002; Persson et al. 2002). Thus, Hh acts,
at least in part, to counteract this repressive activity in
the patterning of the ventral neural tube. These data are
similar to results obtained in Shh/Gli3 mutants, where
residual Hh signaling complicates the interpretation (Li-
tingtung and Chiang 2000). Thus, the restoration of vO0,
vl, v2, and MN precursors in Smo/GIli3 compound mu-
tants occurs in the absence of an obvious mechanism
that replicates the threshold-dependent Hh signaling
that is postulated to govern the positional specification
of individual ventral precursor populations. These re-
sults indicate that stochastic mechanisms may specify
ventral cell fates under certain conditions. Further, this
process may vary along the length of the neuraxis, as we
observed a progressively more pronounced reduction in
v2 interneuron and motorneuron precursors, and a cor-
responding expansion of vl precursors, in more caudal
regions of the neural tube. Ventral interneurons differ-
entiate soon after the first motorneurons arise (Jessell
and Lumsden 1997), and thus the absence of MNs and
abundance of vO and v1 interneurons at hindlimb levels
argues against a timing effect but rather suggests that the
observed differences at distinct axial levels are due to
positional differences in the patterning process. What ac-
counts for the regional differences is unclear. Further
studies will also be required to address whether induc-
tion of all ventral fates that are present in the Smo/GIi3
double mutant require the activity of other Gli factors
for their specification.

GIlil mutants have no obvious CNS phenotype (Park et
al. 2000). Gli2 is required for induction of the floor plate
and normal numbers of ventral p3 progenitors, and for
the transcriptional activation of Glil (Ding et al. 1998).
Consequently, the Glil/Gli2 double mutant has an neu-
ral tube phenotype identical to that of the Gli2 mutant
(Park et al. 2000). The complete absence of both floor



plate and p3 progenitors in Smo/GIli3 double mutants is
therefore consistent with Hh-mediated activation of
Gli2 in the specification of floor plate, but also indicates
that an activator form of Gli3 is likely to play a role in
the normal induction of p3 progenitors, an activity that
is presumably replaced by Gli2, in GIi3 mutants. Deter-
mining whether all ventral progenitors are Gli-depen-
dent will require a detailed analysis of neural tube pat-
tern in Gli2/Gli3 double mutants, where all repressor
and activator forms of Gli factors are absent.

Hedgehog signaling is required for segregation
of ventral neural precursor domains

Interestingly, whereas vO precursors are appropriately
positioned in the neural tube of Smo/GIi3 compound
mutants, vl, v2, and MN precursors that normally do
not overlap now extend over much of the ventral half of
the neural tube. Thus, a direct Hh signaling input is re-
quired for the normal stratification of ventral progenitor
populations within separate domains of the ventral neu-
ral tube. This indicates that a central role of the hedge-
hog-Gli3 signaling axis is to refine the size and position
of ventral progenitor pools rather than specifying the in-
dividual identity of MN, v2, v1, and vO precursors. Dur-
ing normal DV patterning, each precursor population
forms a sharp boundary with its neighbor, suggesting
that there may be some Hh-dependent mechanism that
prevents their mixing. In Drosophila, Hh signaling main-
tains a sharp anterior-posterior (AP) compartment
boundary, preventing the mixing of cells at the AP in-
terface (Morata and Lawrence 1975; Blair and Ralston
1997; Rodriquez and Basler 1997). Further, analysis of
Smo-/- cells in the abdomen of the fly suggests that a
gradient of Hedgehog signaling specifies graded levels of
cell affinity (Lawrence et al. 1999a,b). Thus, it is tempt-
ing to speculate that Hh signaling in the mammalian
neural tube might regulate the precise separation of pre-
cursor domain boundaries along the DV axis through the
control of cell affinities.

If a DV gradient of affinities normally contributes to
the segregation of progenitors, then dorsalized Smo-/-
cells in ventral positions might be expected to cluster
with each other, minimizing contacts with their ventral
neighbors, similar to the behavior of clones of Smo-/-
clones in the anterior compartment of the fly wing or
abdomen (Blair and Ralston 1997; Rodriquez and Basler
1997; Lawrence et al. 1999a,b). In this regard we note
that whereas Smo+/- cells show a fine-grained mosa-
icism in the neural tube of chimeras, Smo-/- cells tend
to cluster in patches, a finding we observe in other Hh
target fields (data not shown). Functionally, modifying
differences in cell affinities could prevent cells from
mixing freely within a morphogenetic field as cell iden-
tities are being specified, a mechanism that may contrib-
ute to precision and stability in the induction of different
progenitor domains. Presumably, once neurons are gen-
erated from progenitor cells their identity is fixed. At
this time they may mix “freely” to participate in the
formation of appropriate neural circuits.

CNS patterning requires direct hedgehog signaling

Materials and methods

Generation of Smo mutant ES cell lines and chimeras

Mice carrying a Rosa26lacZ allele (Friedrich and Soriano 1991;
Zambrowicz et al. 1997) were crossed to mice carrying a Smo
null allele (Zhang et al. 2001), and compound heterozygotes
were mated to Smo+/- mice. Blastocysts were collected from
these matings and ES cell lines generated according to pub-
lished procedures (Robertson 1987, 1997). All lines were subse-
quently genotyped by PCR analysis. We obtained three Smo+/-;
Rosal6lacz and two Smo-/-;Rosa26 lacZ ES cell lines. ES cells
of a given genotype were injected into host (Swiss Webster,
Taconic; or C57BL6J, Jackson Laboratories) blastocysts. The
blastocysts were transferred into the uterus of a pseudopregnant
host at 2.5 dpc, and embryos were collected at 10.5 dpc or 11.5
dpc. Chimerism was assessed by histochemical staining of
heads from embryos to assess the contribution of B-galactosi-
dase-producing ES cells prior to analysis of neural tube pattern.
All manipulations followed published procedures (Hogan et al.
1994). All clones of a given genotype behaved similarly. In ad-
dition, we generated chimeras by direct aggregation of morulae
collected from Rosa26lacz;Smo+/- intercrosses with morulae
from Swiss Webster (Taconic) or C57BL6J (Jackson Laborato-
ries). Chimerism was assessed as above. The genotype of em-
bryos was determined from fibroblasts arising from outgrowth
of tail bud explants grown in the presence of G418. G418 selects
for cells carrying the Rosa26lacZ allele (3Geo), and hence for
cells derived from the Smo intercross component of the chi-
mera.

Immunohistochemistry and in situ hybridization

Embryos were fixed at 4°C for 30-90 min in 4% paraformalde-
hyde/0.1 M phosphate buffer at pH 7.4, rinsed three times for 10
min in cold PBS, incubated in 30% sucrose/0.1 M phosphate
buffer overnight with an additional change of solution, embed-
ded in tissue-Tek OCT medium (VWR no. 25608-930), and
stored at -80°C. Immunofluorescent staining of fixed frozen
12-pm sections of embryos was performed as described (Yamada
et al. 1991), and in situ hybridization was performed essentially
as described (Schaeren-Wiemers and Gerfin-Moser 1993). Anti-
bodies were as follows: rabbit a-Bgalactosidase 1:100 (Cappel/
ICN, no. 55976), mouse a-Bgalactosidase 1:1000 (Promega, no.
z3781), goat a-Bgalactosidase 1:500 (Biogenesis, no. 4600-1409),
rabbit a-Mathl 1:100 (Helms and Johnson 1998), rabbit a-ax2
1:200 (BabCo, no. PRB-276P), rabbit a-Olig2 1:5000 (H. Take-
bayashi), rabbit a-Nkx6.1 1:3000 (J. Jensen), rabbit a-Enl 1:100
(A. Joyner), rabbit o-HNE3b 1:8000 (Ruiz i Altaba), rabbit
a-LH2A/B 1:2000 (Liem et al. 1997), rabbit «-Isl1/2 1:10,000
(Tsuchida et al. 1994, DSHB), rabbit «-Dbx1 1:200, rabbit
a-Dbx2 1:500 (Pierani et al. 1999), guinea pig «-LH2B 1:2000,
mouse «-Evx1/2 1:100, rabbit «-Chox10 1:5000, guinea pig
a-Irx3 1:2500, rabbit a-Nkx2.2 1:4000 (T. Jessell, Briscoe et al.
1999, 2000, 2001), mouse a-Nkx2.2 1:50, mouse a-MNR2/HB9
1:20, mouse a-Pax7 1:20, mouse a-Pax6 1:20, mouse «-Shh
1:100 (5E1), mouse o-HNF3b 1:100, and mouse a-Lim1/2 1:50
(DSHB). Alexa (A) dey-conjugated secondary antibodies (Mo-
lecular Probes, A488, A568, A594, and A633) were used to vi-
sualize primary antibodies, and images were collected by con-
focal analysis.

For whole mount in situ hybridization, wild-type and mutant
embryos were dissected in PBS, fixed overnight in 4% paraform-
aldehyde/PBS at 4°C, washed several times in ice-cold PBS,
transferred through graded steps of increasing concentrations of
methanol in PBS, then stored at -20°C prior to use. RNA in situ
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hybridization was performed according to Wilkinson and Nieto
(1993).
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