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In the avian embryo, previous work has demonstrated
that the notochord provides inductive signals to activate
myoD and pax1 regulatory genes, which are expressed in
the dorsal and ventral somite cells that give rise to
myotomal and sclerotomal lineages. Here, we present
bead implantation and antisense inhibition experiments
that show that Sonic hedgehog is both a sufficient and
essential notochord signal molecule for myoD and pax1
activation in somites. Furthermore, we show that genes of
the Sonic hedgehog signal response pathway, specifically
patched, the Sonic hedgehog receptor, and gli and gli2/4,
zinc-finger transcription factors, are activated in
coordination with somite formation, establishing that
Sonic hedgehog response genes play a regulatory role in
coordinating the response of somites to the constitutive
notochord Sonic hedgehog signal. Furthermore, the
expression of patched, gli and gli2/4 is differentially

patterned in the somite, providing mechanisms for
differentially transducing the Sonic hedgehog signal to
the myotomal and sclerotomal lineages. Finally, we show
that the activation of gli2/4 is controlled by the process of
somite formation and signals from the surface ectoderm,
whereas upregulation of patchedand activation of gli is
controlled by the process of somite formation and a Sonic
hedgehog signal. The Sonic hedgehog signal respons
genes, therefore, have important functions in regulating
the initiation of the Sonic hedgehog response in newly
forming somites and in regulating the patterned
expression of myoD and pax1 in the myotomal and
sclerotomal lineages following somite formation.

Key words: Sonic hedgehog, Somite patterning, Quail, patched, gli,
myoD, Notochord
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Early in embryonic development, multipotential cells of th
germ layers become determined to their cell fates and fo
lineages of progenitor cells that differentiate into cell typ
later in development. The regulatory mechanisms that con
cell lineage determination in the vertebrate embryo are not w
understood, but recent genetic and molecular studies 
beginning to uncover the regulatory mechanisms th
determine multipotential somitic mesoderm cells to lineag
that form the epaxial and hypaxial skeletal muscles. Ge
targeting studies in the mouse have established that myoDand
myf5, which encode bHLH transcription factors (Davis et a
1987; Braun et al., 1989b), are essential for the establishm
of two lineages of skeletal muscle that arise from somites
the early embryo (Braun et al., 1992; Rudnicki et al., 199
1993). In the absence of myf5 function, lineage marking
experiments show that somite cells, which would norma
expressmyf5, adopt one of the alternative somitic fates a
cartilage and dermal lineages (Tajbakhsh et al., 199
establishing that myf5function is essential for determination o
somite cells to the myogenic lineage. Presumably, myoDalso
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functions as an essential gene for the proper determinatio
somitic cells to the myoD-dependent muscle lineage. In avia
and mouse embryos, the activation of myoDand myf5is highly
patterned within the somite (Buckingham, 1992; Pownall a
Emerson, 1992), reflecting the very early determination 
myogenic lineages in the medial and lateral domains (Coss
al., 1996). The spatially patterned expression of regulat
genes such as pax1and scleraxisin the sclerotome (Deutsch
et al., 1988; Cserjesi et al., 1995) and dermo-1 in the
dermatome (Li et al., 1995) also is established early on an
coordinated with myogenic determination. Microsurgical a
cell culture experiments with avian embryos have shown t
the patterned activation of regulatory genes in these line
domains of the somite is controlled by a complexity 
activating and inhibiting signals produced by adjace
notochord, neural tube, ectoderm and lateral mesoderm (Ch
and Ordahl, 1995; Lassar and Munsterberg, 1996).

In avian embryos, the notochord synthesizes a diffusi
signal that is essential for activation of myoDand myf5 in the
medial myotomal domain, and for activation of pax1 in the
ventral sclerotomal domain (Ebensperger et al., 1995; Pow
et al., 1996). In addition, we showed that signals from t
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dorsal neural tube are necessary to maintain myoDand myf5
expression in somites (Pownall et al., 1996), a function like
fulfilled by a member of the Wntgene family (Munsterberg et
al., 1995). During early development, notochord signals 
sufficient for pax1 activation, but are insufficient for myoD
activation and myogenic determination (Borycki et al., 199
The activation of myoDand pax1genes in the somite also is
tightly coordinated with somite formation, as the cells of t
unsegmented paraxial mesoderm are not competent to res
to the notochord signals (Borycki et al., 1997). 

Sonic hedgehog (Shh) is a secreted protein, produced in
vertebrate embryo by the notochord and the zone of polariz
activity (ZPA) of the limb bud, that specifies ventral fate in th
neural tube and the limb bud (Echelard et al., 1993; Riddle
al., 1993). It also has been suggested to play a role
organogenesis of eye (Ekker et al., 1995; Burke and Bas
1997; Jensen and Wallace, 1997), tooth (Koyama et al., 19
and gut (Roberts et al., 1995). Finally, Shh has been implica
as a notochord signal molecule that controls determination
sclerotome and myotome lineages in somites (Bumcrot 
McMahon, 1995; Lassar and Munsterberg, 1996). In presom
mesoderm explant cultures from mouse and chicken embr
Shh activates the sclerotome gene, pax1 (Fan and Tessier-
Lavigne, 1994; Munsterberg et al., 1995), and in combinat
with Wnts, Shh also induces myoDexpression (Munsterberg e
al., 1995). Retrovirus-mediated ectopic expression of shh in
chicken somites leads to ectopic expression of both pax1 and
myoD (Johnson et al., 1994). Together, these data suggest
Shh has a dual function in somites, controlling both dorsal a
ventral patterning and cell lineage determination. However, 
biological role of Shh in sclerotome and myotome determinat
has been questioned by recent shhgene targeting studies in the
mouse embryo (Chiang et al., 1996). These studies show 
pax1, myf5andmyoDare activated in somites of shhnull mice,
suggesting that, in vivo, Shh is not essential for somite pattern
or determination. Furthermore, in mouse and avian embry
Shh is expressed constitutively in the notochord along the en
anteroposterior axis of the embryo, even in regions of para
mesoderm and at developmental stages when sclerotomal
myotomal genes are not yet expressed (Marti et al., 199
indicating that Shh does not have an active role in initiating 
precisely regulated and patterned activation of myotomal a
sclerotomal genes during somite formation.

In this study, we have tested the in vivo functions of Shh
myoD and pax1 activation during the determination o
myotome and sclerotome lineages in the somites of 
developing quail embryo. The avian embryo has significa
advantages for undertaking these studies. First, the temp
and spatial developmental regulation of myoD and pax1 has
been described in detail (Charles de la Brousse and Emer
1990; Ebensperger et al., 1995; Borycki et al., 1997); seco
the notochord has been shown to be the necessary 
sufficient source of inductive signals for both myoD(Pownall
et al., 1996) and pax1 (Ebensperger et al., 1995) activatio
during somite formation; third, the notochord and other tissu
of the avian embryo are readily amenable to surgi
manipulation, allowing grafting, retrovirus and bea
experiments for ectopic expression studies to test 
developmental and gene regulatory functions of purifi
signaling molecules in vivo in the intact embryo (Bronne
Fraser, 1996), and fourth, antisense methods are availab
ly
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knockout expression of specific genes when they are activa
in the embryo to test their essential and specific developmen
functions (Angela Nieto et al., 1994; Srivastava et al., 1995

Here, we report that recombinant Shh protein is sufficient 
replace the inductive activity of the notochord in the pattern
ventral activation of pax1and the dorsal activation of myoDand
myf5in somites. We also show that Shh expression is essen
for the activation of both of these genes, thus establishing t
Shh is the necessary and sufficient notochord signal 
myotome and sclerotome determination in the avian embry
To examine how the constitutively expressed Shh signal c
regulate the activation of myoDand pax1 in coordination with
somite formation, we investigated the developmental regulati
and functions of genes in the downstream pathway for S
signaling. These genes include patched(ptc), the Shh receptor
(Marigo et al., 1996a; Stone et al., 1996), and gli and gli2/4,
which are zinc-finger transcription factors that mediate th
nuclear transcriptional activity of Shh signaling (Marigo et al
1996b). Our studies establish that ptc, gli and gli2/4 are
activated in coordination with somite formation, immediatel
preceding myoDand pax1activation. Furthermore, expression
of gli and gli2/4 is patterned in the early somite such that gli is
expressed predominantly in the ventral somite, encompass
both pax1 and myoD domains of activation, whereas gli2/4,
following expression throughout newly formed somites
becomes restricted to the dorsal domain of myotome format
and myoDexpression. In addition, analysis of the mechanism
controlling ptc, gliand gli2/4 activation in somites revealed that
ptcand gli expression are induced by Shh, but gli2/4 expression
is induced independently by signals from the surface ectode
providing a mechanism to initiate the response of somite ce
to the Shh signal. The developmental regulation of the ptc and
gli and gli2/4 genes during somite formation, therefore, ca
coordinate the transduction of the Shh signal with som
formation, and mediate the differential activation of myoDand
pax1during myotomal and sclerotomal lineage determinatio

MATERIALS AND METHODS

Cloning and sequencing of the quail Shh cDNA
A cDNA library of stage 12 quail embryos was constructed into th
ZAPexpress vector (Stratagene). The chicken shh cDNA probe
(Riddle et al., 1993) was used to screen the library and a full-len
quail cDNA was partially sequenced (Accession numbers AF02288
AF022882). Two antisense oligonucleotides were used 
experimental studies (5 were tested), and those are OT5 (16 me
5′-GAATTCTTGTCAACAG-3′ and OT7 (15 mer) = 5′-
GGTCAGCTTTTTGGG-3′. The two control random
oligonucleotides are OR5 (16 mer) = 5′-(C/G) (A/T) N (A/T) (A/T)
(C/G) (A/T) (A/T) (C/G) (A/T) (C/G) (A/T) (A/T) (C/G) (A/T) (C/G)-
3′ and OR7 (15 mer) = 5′-(C/G) (C/G) (A/T) (C/G) (A/T) (C/G) (C/G)
(A/T) (A/T) N (A/T) (A/T) (C/G) (C/G) N-3′. All oligonucleotides
were modified by addition of deoxyphosphorothioate groups at 
linkages, and oligonucleotides were purified through HPLC colum
before use. Oligonucleotides are resuspended and stored in wate
the final concentration 400 µM.

Reassignment of chick Gli3 to the Gli2/Gli4 zinc-finger
family
An additional 609 bp of 5′ region of the chicken gli3 cDNA were
sequenced to define the N terminus (Marigo et al., 1996b) (access
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number AF022818). Analysis of the chicken Gli3 N-terminal ami
acid sequence and comparison with other members of the Gli3 z
finger family proteins show that chicken Gli3 shares only about 6
identity with human (Ruppert et al., 1990), mouse (Thien et al., 19
and XenopusGli3 (Marine et al., 1997) (Fig. 4A). In contrast, whe
compared with mouse Gli2 (Hughes et al., 1997) or XenopusGli4
(Marine et al., 1997), the overall percent of identity increases to 
79%, indicating that chicken Gli3 is more closely related to Gli2/G
than to other Gli3 proteins (see Fig. 4A). Examination of the regio
of homologies of Gli proteins that have been described previou
(Marine et al., 1997) shows high conservation among all member
the family in the zinc-finger region (see Fig. 4B). However, analy
of the sequence in the N-terminal domain, including domain 1 (
Fig. 4B) demonstrates that Gli3 sequences are distinct from mo
Gli2, XenopusGli4 and chicken Gli3 (Fig. 4C). In contrast, chicke
Gli3 shares specific sequence homologies with mouse Gli2 
XenopusGli4 that are different from other Gli3 proteins (Fig. 4C
These findings lead us to propose the reassignment of chicken 
to the Gli2 /Gli4 family of proteins. Interestingly, only three gli genes
have been identified in mouse (Hui et al., 1994). A human gli4-related
gene (Tanimura et al., 1993) was recently shown to be more clo
related to the mouse gli2, and therefore may be a human gli2 gene
(Hughes et al., 1997). In Xenopus, four genes, supposedly different
have been identified by two different groups (Lee et al., 1997; Mar
et al., 1997). In the absence of nucleotide sequence data for
Xenopus gli2(Lee et al., 1997), it is not possible to resolve wheth
Xenopus gli2and gli4 are identical, and, therefore, whether th
chicken cDNA belongs to the Gli2 family or the Gli4 family
Therefore, in this study, we will refer to chicken gli3 as gli2/4. Finally,
supporting this proposition, we report that chicken gli2/4 is expressed
in the somite myotomal region (see below), as described for Xenopus
gli4 (Marine et al., 1997), whereas no member of the Gli3 family h
been reported to be expressed in the myotome. 

Surgeries and bead implantation experiments
Stage 12 quail embryos were isolated by transfer to paper rings
oblique ventral-dorsal incision through the neural tube was introdu
with an electrolytically sharpened tungsten knife at the level of 
segmental plate, leaving dorsal-lateral neural tube in contact w
presegmental mesoderm on the operated side and the in
notochord/neural tube complex in contact with the presegme
mesoderm on contralateral side. A bead (Affigel) soaked in P
(n>100) or in a 100 µg/ml solution of N-Shh (bacterially produced
Shh 198) (Marti et al., 1995a) (n>100) was then implanted into the
lumen of the neural tube. For axial tissue separation experim
(n=20), a ventral-dorsal incision was performed through the th
layers between the segmental plate and the neural tube/notoc
complex. When indicated, a control PBS bead was inserted
maintain the tissues separated. For surface ectoderm rem
experiments (n=20), embryos were incubated at room temperature 
30 seconds in a Dispase I solution (Boehringer Mannheim) and rin
in PBS before surface ectoderm was surgically removed over 
segmental plate, the neural tube and the lateral plate. For separ
of lateral plate from segmental mesoderm (n=15), a dorsal-ventral
incision was performed through the three layers between 
segmental plate and the lateral plate. Following all surgeries, emb
were cultured for 16 hours, as previously described (Pownall et 
1996), and then fixed in 4% formaldehyde, 2 mM EGTA in PBS 
in situ hybridization analysis. 

Explant culture
Segmental plate explants (300 µm) were dissected from stage 12 qua
embryos. When indicated, the surface ectoderm was removed ove
segmental plate region as described above. Explants were 
cultured on a 24-well plate coated with 1% agarose in DMEM- 15
FCS (1:1) for 16 hours at 37°C in a CO2 incubator. The culture
medium was composed of DMEM with 15% FCS and 1
no
inc-
0%
96)
n

72-
li4
ns
sly
s of
sis
see
use
n
and
).
Gli3

sely

,
ine
 the
er
e
.

as

. An
ced
the
ith
tact

ntal
BS

ents
ree
hord
 to
oval
for
sed
the
ation

the
ryos
al.,

for

il
r the
then
%

%

penicillin/streptomycin/fungizone. Explants (n=30) were then
transferred to an Eppendorf tube, rinsed with PBS, fixed at 4°C in 
formaldehyde, 2 mM EGTA in PBS and analyzed by in si
hybridization.

Culture of antisense-treated quail embryos
Quail embryos (stage 11-13, 12-18 somites) were rinsed in the cul
medium (Leibovitz’s L15 medium, 1% penicillin/streptomycin
Gibco-BRL) and transferred into Eppendorf tubes containing 300µl
of culture medium containing deoxyphosphorothiate oligonucleotid
(final concentration 80 µM). Five different antisense oligonucleotide
were tested in combinations or alone, and the combination OT5/O
was selected because of effective inhibition of Shh protein expres
in the posterior embryo. Different oligonucleotide concentratio
were tested, and 80 µM gave optimal inhibition with no evident
toxicity. After incubation at 37°C for 20 minutes, embryos we
transferred into a cell culture insert (pore size 8.0 µ, Falcon) which
was suspended inside a 300 µl medium-containing well of a 24-well
plate (Falcon). Embryos were cultured at 37°C for 8 hours w
continuous presence of oligonucleotides. The medium was repla
after 4 hours with fresh medium and oligonucleotides. After cultu
embryos (n>200) were rinsed in PBS and fixed at 4°C for 16 hou
in PBS containing 4% formaldehyde, 2 mM EGTA, pH 7.0. Embry
were then processed for in situ hybridization using DIG-labeled RN
probes.

Whole-mount in situ hybridization
Embryos and explants were fixed in 4% formaldehyde, 2 mM EG
in PBS at 4°C for 16 hours and analyzed by in situ hybridization w
DIG-labeled (Boehringer Mannheim) RNA probes as previous
described (Pownall et al., 1996) with some modifications. RNA prob
were synthesized from quail myoDand quail myf5cDNAs (Charles
de la Brousse and Emerson, 1990; Pownall and Emerson, 1992), 
pax1 cDNA (a gift of R. Balling), quail pax3 cDNA (a gift of C.
Marcelle), chicken pax6 cDNA (Li et al., 1994), chicken HNF3β
cDNA (Ruiz i Altaba et al., 1995), chick patchedcDNA (Marigo et
al., 1996c), chick gli and gli3 (now gli2/4) cDNA (Marigo et al.,
1996b), chick Hoxb8cDNA (a gift of C. Tabin), and chick Wnt7a(a
gift of R. Riddle). Embryos were photographed using a videocam
(LEICA), embedded in 4% low melting point agarose (Sigma) a
100 µ transverse sections were performed using a Vibrotome 30
Sections were photographed on a DIC microscope (Leica) at 4×
magnification.

Immunoblotting
Single embryos were cut at the level of somite VIII and the anter
and posterior halves were analyzed by immunoblot on a 5% S
PAGE (Standiford et al., 1997). Blots were probed with a polyclon
antibody against Shh (Ab80) (Marti et al., 1995a) at 1:1000 diluti
using HRP-conjugated anti-rabbit antibodies (Vector) diluted 1:15
or with a monoclonal antibody against α-tubulin (Sigma) at 1:2000
dilution with HRP-conjugated anti-mouse antibodies (Vector) dilut
1:1500. Immunoblots were quantitated using a Phosphoima
(Molecular Dynamics) and the program IPGel.

RESULTS

Shh is the notochord signal for myoD and pax1
activation in somites
Notochord ablation and grafting studies have established 
notochord signals control myoDand pax1activation in somites
of avian embryos (Ebensperger et al., 1995; Pownall et 
1996). To identify notochord signal molecules responsible 
myoDactivation, we have designed a bead implant assay to
in vivo the ability of candidate proteins to activate myoD in
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eplace the notochord for myoDandpax1activation during somite
presentation of bead implantation surgery. The notochord and ventral
 surgically separated from the segmental plate on one side of stage 12-13
he segmental plate on the contralateral side remains in contact with the
entral neural tube and serves as an internal control. An Affigel bead
B,E) or in 100 µg/ml Shh (C,D,F,G) was inserted into the incision created
e, and embryos were cultured for 16 hours. Following fixation, gene
assayed by whole-mount in situ hybridization, followed by vibrotome
. (B-D) myoDexpression in embryos cultured with a control (B) or a
 (E-G) pax1expression in embryos cultured with a control (E) or a Shh
sionally, the bead implant fell out of the embryo during the in situ

cedure (F,G). The arrowhead indicates the operated side lacking
l neural tube. nc, notochord; sp, segmental plate; nt, neural tube.
somites formed in the absence of the notochord. In this as
the notochord and the ventral neural tube are separated 
the segmental plate by a ventral-lateral incision in the reg
of the embryo posterior to newly formed somites (Fig. 1A
This procedure leaves the segmental plate in contact with o
the lateral and dorsal neural tube on the operated side, w
provides maintenance but not activation signals, and with 
notochord and the neural tube on the control, contralateral s
Beads soaked in PBS, with or without test proteins, are t
inserted in a ventral position. After culture for 16 hours,
somite pairs form around the bead, on both the control a
operated sides. In control experiments, with beads soake
PBS, we observed that myoDand pax1were activated normally
in somites formed in contact with the neural tube/notocho
complex. However, in absence of the notochord, myoD and
pax1 were not activated (Fig. 1B,E), consistent with o
previous results (Pownall et al., 1996) and work by othe
(Koseki et al., 1993; Fan and Tessier-Lavigne, 199
Ebensperger et al., 1995), which showed that the notochor
required for both pax1expression in the sclerotome lineage an
myoDexpression in the myotome lineage. 

This bead implantation assay was then used to test 
activity of Shh for myoD and pax1 activation. These studies
used recombinant N-terminal Shh, which has been shown
account for all biological activities of Shh (Marti et al., 1995a
16 hours after implantation of Shh beads, we observed 
myoD (Fig. 1C) and pax1 (Fig. 1F) were both induced in
somites formed on the operated side of the embryo, in 
absence of notochord. Transverse sections
through Shh-induced embryos revealed the
dorsal myotomal localization of myoD
expression (Fig. 1D) and ventral sclerotomal
localization of pax1 expression (Fig. 1G).
Decreasing the bead concentration of N-Shh
by 10-fold resulted in the activation of pax1
but not myoD, indicating that Shh may act
on somites in a concentration-dependent
manner, as previously demonstrated for Shh
signaling of the neural tube (Ericson et al.,
1996). However, in the absence of any
information on the concentration of Shh
protein that diffuses out of the bead,
estimation of the activating dose of Shh
remains speculative. These data, therefore,
show that Shh alone is sufficient to replace
the notochord for the activation of both pax1
and myoD in the ventral and dorsal medial
compartments of somites.

To determine whether Shh is essential for
pax1 and myoD activation during somite
formation, we employed an antisense
oligonucleotide technique to knockout gene
expression in developing avian embryos
(Angela Nieto et al., 1994; Srivastava
et al., 1995; Isaac et al., 1997).
This oligonucleotide-mediated antisense
knockout method causes the targeted
inhibition of specific gene expression in
embryos for short treatment periods (8
hours) at a specific developmental stage,
thereby minimizing complications arising

Fig. 1. Shh can r
formation. (A) Re
neural tube were
quail embryos. T
notochord and v
soaked in PBS (
in the neural tub
expression was 
sectioning (D,G)
Shh (C,D) bead.
(F,G) bead. Occa
hybridization pro
notochord/ventra
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nly
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from embryonic lethality, activation of compensatory
mechanisms and disruption of general processes such as
proliferation. For these experiments, we cloned and sequen
the quail homologue of shhand utilized its sequence to design
several sets of antisense oligonucleotides (see Materials 
Methods). As controls, random oligonucleotides wer
generated with a nucleotide composition similar to those of t
antisense oligonucleotides. Selected oligonucleotides did 
share any sequence homology with other members of 
Hedgehog family, Indian hedgehog (Ihh) (Vortkamp et a
1996) and Desert hedgehog (Dhh) (Echelard et al., 1993) a
were modified by incorporation of phosphorothioate groups 
prevent their degradation by nucleases (Zon and Stec, 199

Shh expression was knocked out in stage 11 to 13 qu
embryos cultured for 8 hours in the presence of 80 µM of
individual or combinations of two antisense oligonucleotide
In situ hybridization was used to assay for the activation a
expression of myoDand pax1 in somites (Fig. 2). During this
short treatment, three somite pairs form, demonstrating 
non-toxicity of the oligonucleotide treatment on norma
development of quail embryos. Antisense oligonucleotid
were tested for their inhibitory effects on pax1 expression,
which is normally activated in somite II-III throughout early
quail embryo development (Ebensperger et al., 1995; Bory
et al., 1997). Two antisense oligonucleotides with sequence
the region of the translation start codon were found to inhib
pax1 expression when oligonucleotides were teste
individually, and more effectively when applied together. Th
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Fig. 2.Antisense-mediated downregulation of Shh inhibits myoDand pax1activation during somite formation. Intact stage 11-12 quail
embryos were cultured for 8 hours with random (A,B,E left panel) or shhantisense (C,D,E right panel,F) oligonucleotides, and gene expression
was assessed by whole-mount in situ hybridization, followed by vibrotome sectioning. (A,C) myoDexpression in embryos treated with control
(n=40) (A) or shhantisense oligonucleotides (n=60) (C). (B,D) pax1expression in embryos treated with control (n=40) (B) or shhantisense
oligonucleotides (n=60)(D). (E) Hoxb8expression is unaffected by treatment of embryos with either the random (n=6) (left panel) or the shh
antisense (n=9) (right panel) oligonucleotides.(F) pax1expression is rescued in shhantisense-treated embryos by addition of purified N-Shh (10
µg/ml) to the culture medium (n=21). The arrow indicates the site of the transverse section. The arrowhead indicates the loss of myoDand pax1
activation in antisense-treated embryos and the recovery of pax1activation in the rescue experiment. The asterisk shows the position along the
anteroposterior axis at which embryos were cut in two halves for immunoblot analysis (see Figure 3). nc, notochord; nt, neural tube; s, somite;
ant, anterior; post, posterior.
level of Shh protein, as assessed by western blot analysis,
inhibited by 85% in the posterior of the embryo where pax1
expression was most severely reduced (Fig. 3). Decrease in
level of Shh protein in the anterior of the embryo was not
evident, probably due to the higher accumulation of S
proteins at this axial level. Control oligonucleotides did n
affect myoD or pax1 expression along the entire anterior
posterior axis (Fig. 2A,B). In contrast, shh antisense
oligonucleotides led to a severe inhibition of pax1activation in
the most posterior, newly formed somites, up to somite IV, a
decreased expression in the more anterior somites that 
initiated pax1 expression prior to addition of shh antisense
(Fig. 2D). shhantisense treatment had an even more drama
inhibitory effect on myoD activation, causing the complete
inhibition of myoD expression in all but the most anterio
somites (Fig. 2C). The expression of the other early myoge
regulatory gene, myf5, was also inhibited by shh antisense
oligonucleotides (data not shown). Therefore, the
experiments show that Shh is essential for both pax1, myoD
and myf5 activation. Our observations also suggest that S
may be involved in the maintenance of myoD, and to a lesser
extent pax1, expression. 

To further demonstrate the specificity of the shh antisense
oligonucleotide treatment, we assayed the expression ofHoxb8
(Krumlauf, 1994), an homeobox gene specifically expressed
the posterior region of the embryo where pax1and myoDgene
 was
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expression is most effectively blocked by antisense treatme
We found that Hoxb8expression was unaffected by treatmen
with control or shh antisense oligonucleotides (Fig. 2E). We
also examined the expression of other genes known to 
modulated by Shh signals, including HNF3β (Sasaki et al.,
1997), which is involved in the establishment of the dorsa
ventral patterning in the neural tube and ventral cell fate (flo
plate, motor neurons), and pax3and pax6, which are involved
in the dorsal specification of the neural tube (Roelink et a
1995; Chiang et al., 1996). We observed that shh antisense
treatment led to a ventral expansion of pax3 and pax6
expression in the neural tube (data not shown), as observe
shhnull mice (Chiang et al., 1996) and in neural tube explan
after treatment with Shh-blocking antibodies (Ericson et a
1996). However, in antisense-treated quail embryos, ventr
specific gene expression was not completely lost, as shown
HNF3β, where expression was greatly reduced, but not entir
eliminated in the floor plate region (data not shown). Final
we showed that pax1expression can be rescued by addition o
10 µg/ml N-Shh protein to the culture medium of shh
antisense-treated embryos (Fig. 2F). These data, theref
establish that the inhibitory effects of shhantisense treatment
on pax1 and myoD expression in quail embryos are highly
specific for shhexpression and, together with the results of th
Shh bead implantation experiments, theseshh antisense
experiments establish that Shh is an essential and a suffic
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Fig. 3. Treatment with shhantisense oligonucleotides downregulate
Shh protein in quail embryos. Embryos were cultured for 8 hours 
absence of oligonucleotides (1,2) and in presence of random (3,4
and shhantisense (5, 6) oligonucleotides. Embryos were cut at the
level of somite VII, leaving anterior (1,3,5) and posterior (2,4,6)
halves, that were subject to immunoblotting using a monoclonal
antibody against the N terminus of Shh (Ab80) or a monoclonal
antibody against α-tubulin, as an internal control. Shh expression
was quantitated by scanning the Shh band, using a Phosphoimag
(Molecular Dynamics) and the program IPGel, and normalizing
values to the tubulin band. The graph shows the average levels o
Shh protein in embryos for each culture condition (n=6). Shh protein
level is decreased (7-fold) in the posterior part of shhantisense-
treated embryos (6) compared to control (2,4) embryos. The erro
bars are the standard deviation of the values for each culture
condition.
notochord signal for the activation of myoDand pax1, during
the early regulatory steps involved in myotomal a
sclerotomal lineage determination.

Downstream Shh signal response genes, patched ,
gli and gli2/4, are regulated during somite formation
Although Shh is an essential signal for pax1 and myoD
activation in newly forming somites, it is clear that th
temporal regulation of pax1 and myoD activation cannot be
attributed directly to Shh because Shh proteins are synthes
constitutively by the notochord along the entire axis of t
early embryo (Marti et al., 1995b), even in posterior regions
segmental mesoderm where myoD and pax1 are not yet
activated (Borycki et al., 1997). Furthermore, pax1and myoD
transcription is activated in spatially distinct ventral and dor
medial domains of the newly formed somite. Therefore, 
spatial and temporal control of myoDand pax1activation must
be regulated by mechanisms that operate downstream in
Shh response pathway. These considerations led us to exa
the developmental expression of patched (ptc), the Shh
receptor, and gli and gli3 (now designated gli2/4) zinc-finger
transcription factors. These are downstream genes that me
the Shh response (Marigo et al., 1996b). In our seque
analysis of the chick gli3 cDNA (Marigo et al., 1996b), we
discovered that its N-terminal sequences are homologou
mouse gli2 and Xenopus gli4and distinct fromgli3, leading to
the designation of this gene as gli2/4 (see Materials and
Methods; Fig. 4).

Using whole-mount in situ hybridization, we examined t
expression of these Shh response genes in stage 12 emb
We observed high level expression of ptc transcripts in newly
forming somites, but no ptc transcript was detected in th
unsegmented paraxial mesoderm, showing that ptc activation
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is coordinated with somite formation and precedes t
activation of myoD and pax1 (Fig. 5A). In contrast, ptc is
expressed in the neural tube along the entire anteroposte
axis (Fig. 5A) and, therefore, is regulated differently in somite
and the neural tube. In transverse sections, we observed 
ptc is expressed in a ventral medial domain of newly forme
posterior somites (somite I) but, in more anterior somites, ptc
transcripts are progressively downregulated in the vent
domain and upregulated in the dorsal medial domain, and th
expressed exclusively in the myotome-forming region (som
VIII) (Fig. 5A). Since it is generally thought that ptcexpression
marks cells receiving Shh signals (Chen and Struhl, 199
Goodrich et al., 1996; Marigo et al., 1996c), these observatio
indicate that Shh is directly signaling both the ventral and t
dorsal compartments of the somite. Consistent with th
interpretation, treatment of stage 12 quail embryos with shh
antisense oligonucleotides inhibits ptc activation in somites
(Fig. 5B), establishing that ptc expression in somites is
upregulated in response to Shh signals. ptc expression in the
neural tube is decreased but not eliminated by shh antisense
treatment (Fig. 5B), suggesting either that the low amount 
Shh protein remaining after antisense treatment (see Fig. 2
sufficient to maintain neural tube expression of ptc, or that
neural tube ptc mRNA is stable and therefore persists durin
the short time of antisense treatment.

gli and gli2/4 gene expression also has been examined by
situ hybridization in stage 12 quail embryos (Fig. 6). Ou
results show that gli, like ptc, is not expressed in the
unsegmented paraxial mesoderm, whereas neural tu
expression occurs just posterior to the first somite, coincidi
with floor plate formation (Lee et al., 1997) (Fig. 6A)
Significantly, gli is activated in coordination with somite
formation, in the newest formed somite I, and is expressed
a medial domain encompassing the domains of early myoDand
pax1 expression. In more anterior somites, gli expression
remains restricted to the ventral medial domain (Fig. 6A
gli2/4 also is activated in somite I, in coordination with somit
formation (Fig. 6B), and its expression in the neural tub
extends along the entire anteroposterior axis. In contrast to 
ventral somite expression of gli, gli2/4 is first expressed in the
entire newly formed somite, and then its expression becom
restricted to the dorsal medial myotome-forming doma
where myoD, as well as ptc, are co-expressed (Fig. 6B).
Examination of sections from 16- and 20-somite-old embry
labeled with gli2/4-DIG riboprobe shows that dorsalization o
gli2/4 transcripts occurs immediately prior to dermomyotom
formation, at the level of somite VIII and VII, respectively
This observation indicates that dorsalization of gli2/4
expression does not play a direct role in pax1activation, which
occurs at the level of somite III (Borycki et al., 1997)
However, the activation of ptc, gli and gli2/4 in the sclerotome
and myotome domains during somite formation and the
differential expression in the dorsal and ventral somi
compartments indicates these components of the Shh respo
pathway have important functions in pax1 and myoD
expression in the ventral and dorsal somite in response to 
constitutively expressed Shh signals.

We also have performed an in situ hybridization analysis 
ptc, gli and gli2/4 expression in quail in earlier stage embryo
when myoD is not activated in any somite. We found that ptc,
gli and gli2/4 are activated in all 4 somites formed in embryo
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Fig. 4. Chick Gli3 is more homologous to Gli2 and Gli4 than to Gli3. (A) Percent identity of protein sequence of chick Gli3 (Marine et al.,
1997) with human Gli3 (Ruppert et al., 1990), mouse Gli3 (Thien et al., 1996), XenopusGli3 (Marine et al., 1997), mouse Gli2 (Hughes et al.,
1997), XenopusGli4 (Marine et al., 1997). (B) Schematic representation of the different homology domains in the Gli3 protein, as described by
Marine et al. (1997). These comprise five zinc-finger domains (ZF1,2,3,4,5), 6 sequence homology domains (1-7, excluding the zinc-finger
domain), and 3 protein kinase A phosphorylation sites domains. The black bar above the homology domain 1 indicates the position of the
sequences shown in C. (C) The 605 bp of the 5′ region of the chickgli3 cDNA was sequenced (Genbank accession number AF022818). Its
open reading frame translation product was compared to the human, the mouse, and the Xenopus Gli3 protein sequences, as well as to the
mouse Gli2 and the Xenopus Gli4 protein sequences. Comparison of sequences, including homology domain 1, is shown. Dots show gaps in the
sequence. Yellow boxes encircle sequences identical only between human, mouse and XenopusGli3. Fuschia boxes encircle sequences
identical only between mouse Gli2, chick Gli3 andXenopusGli4. Pink boxes encircle sequences identical only between mouse Gli2 and chick
Gli3. Purple boxes encircle sequences identical only between chick Gli3 and XenopusGli4. Stars above the alignment indicates sequences
identical only between all Gli3 proteins. The bar above the alignment indicates the position of the homology domain 1 shown in B. Uncircled
sequences are either completely identical or highly variable between all Glis. Note that chick Gli3 displays higher homology with mouse Gli2
and XenopusGli4 than with Gli3. On this basis, we are re-naming chickgli3 as chick gli2/4.
as early as stage 8 (data not shown). However, we obse
that, in stage 8 and 9 embryos, ptc expression remains
restricted to the most ventral domain of somites (Fig. 7
whereas, in anterior somites of stage 11 embryos, ptc
transcripts extend more dorsally into the dorsal medial reg
where myoDbegins to be expressed (Fig. 7B). These findin
indicate that the dorsal medial somite cells of early embr
do not receive Shh signals, which may explain why myoD is
not activated in any somite until stage 11, whereas pax1 is
activated in ventral somites, even at early stages (Boryck
al., 1997). 

gli is regulated by the notochord and Shh, and gli2/4
by the dorsal surface ectoderm
To investigate the mechanisms responsible for the spat
patterned activation of gli and gli2/4 in newly forming somites,
we performed series of surgical experiments. Segmental p
mesoderm was surgically separated from the notochord 
neural tube, and gli and gli2/4 expression was examined by i
situ hybridization in somites formed after 16 hours of cultu
rved
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Fig. 8A shows that gli is not activated in the newly formed
somites in the absence of the axial tissues. On the contralat
control side, gli activation occurs normally. We also examine
gli activation in somites formed in absence of the notocho
and the floor plate, and found that gli activation in somites, like
in the ventral neural tube (Lee et al., 1997), requires vent
midline tissues (Fig. 8B). Finally, we implanted beads soak
in N-Shh in place of the ventral midline tissues and found th
N-Shh is sufficient to induce high level of gli expression in
somites and neural tube on both the operated and 
contralateral side (Fig. 8C). These experiments establish t
Shh produced by the notochord controls gli expression, both in
newly forming somites and in the neural tube.

In contrast to gli, gli2/4 activation during somite formation
is not controlled by Shh. gli2/4 expression is not disrupted by
separation of newly forming somites from the axial tissu
(Fig. 9A). Results in Fig. 9B show that the lateral plate alo
is not essential for gli2/4 activation in somites. When surface
ectoderm is removed over the segmental plate only, gli2/4
activation is not affected (Fig. 9C). However, removal of th
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Fig. 5. Shh is required for patched(ptc) expression in the ventral and dorsal somite. (A) Stage 11-12 quail embryos were cultured for 8 hours with
random oligonucleotides (n=24). ptcexpression was assessed by whole-mount in situ hybridization (upper panel) followed by vibrotome sectioning
(lower panel) in unsegmented mesoderm, at the level of somite I (epithelial) where ptcexpression is first activated and at the level of somite VIII
(myotome). Note the absence of ptc expression in the unsegmented mesoderm, the ventral and dorsal expression of ptc in somite I, the subsequent
dorsal localization of ptcexpression to the myotome in somite VIII, and the neural tube expression of ptc, extending into the posterior region of the
embryo, including expression in the posterior-most notochord. (B) Stage 11-12 quail embryos were cultured for 8 hours with shhantisense
oligonucleotides (n=32). ptcexpression was assessed by whole-mount in situ hybridization (upper panel) followed by vibrotome sectioning (lower
panel) at the level of somite I (epithelial somite) and at the level of somite VII (myotome). Note that ptcexpression is almost completely absent in
somites following Shh down-regulation by shhantisense oligonucleotides, but ptccontinues to be expressed in the neural tube. The arrows indicate
the levels of the sections. s, somite; nt, neural tube; nc, notochord; sc, sclerotome; dm,: dermomyotome; ant, anterior; post, posterior.
surface ectoderm over the segmental plate, the neural tube
part of the lateral plate results in a significant reduction
gli2/4 expression (data not shown). To test whether the a
tissues compensate for the lack of surface ectoderm in gli2/4
activation, we concomitantly separated the axial tissues 
removed the surface ectoderm over the segmental plate, n
tube and lateral plate. Under these conditions, we found 
Fig. 6. gli and gli2/4 are differentially activated and patterned in the
hybridization using gli probe (upper panel). Embryos were sectione
panel). gli expression is activated in somite I and restricted to the v
(B) Whole-mount in situ hybridization using gli2/4 RNA probe (upper
panel) and somite XII (bottom left panel). gli2/4 expression is first act
becomes restricted to expression in the dorsal medial lip, where myoDis
and gli2/4 transcripts are not detected in the paraxial mesoderm p
regions posterior to somite formation. nc, notochord; nt, neural tub
 and
 in
xial

and
eural
that

gli2/4 is not activated on the side lacking surface ectoderm 
axial tissues (Fig. 9D, right side), and is reduced significan
on the side lacking the surface ectoderm only (Fig. 9D, 
side). To monitor surface ectoderm removal, we assayed Wnt7a
expression, which has been previously showed to be expre
by the surface ectoderm (Parr and McMahon, 1995). We sh
that Wnt7a transcripts are absent in the region of surfa
ir expression in somites of stage 12 quail embryos. (A) Whole-mount in situ
d at the level of somite I (bottom right panel) and somite VIII (bottom left
entral and medial somite, including regions of myoDand pax1activation.

 panel). Embryos were sectioned at the level of somite I (bottom right
ivated and expressed throughout somite I (bottom right panel), and
 activated, and the forming myotome (bottom left panel). Note that gli

osterior to somite I (arrow), while transcripts are detected in the neural tube in
e; sc, sclerotome; dm, dermomyotome; ant, anterior; post, posterior.
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Fig. 7. Dorsal medial ptcexpression in somites of stage 11, but not
stage 9 embryos. Stage 9 (A) and 11 (B) quail embryos were
analyzed by in situ hybridization using a ptcprobe. Vibrotome
sections of the most anterior somite also are shown. Arrowheads
indicate the ventral expression of ptc in stage 9 embryos and the
ventral and dorsal expression of ptc in stage 11 embryo. Note that ptc
transcripts never get completely dorsalized in stage 11 embryos l
in stage 12 embryos (see Fig.5A). nc, notochord; nt, neural tube; 
somite.
ectoderm removal (Fig. 9E). Thus, the low level of gli2/4
expression in absence of surface ectoderm is not the resu
incomplete removal or rehealing of the surface ectoderm (F
9E), supporting our conclusion that additional signals from 
axial tissues compensate for the lack of surface ectod
signals in vivo. To completely eliminate influences fro
adjacent tissues in gli2/4 activation, we explanted segmenta
plate mesodermal tissue into culture in the presence or abs
of surface ectoderm (Fig. 10A). After 16 hours in culture, w
observed that gli2/4 expression is activated in somites th
formed from segmental plate mesoderm in contact with 
overlying ectoderm, but not in unsegmented mesoderm (F
Fig. 8. gli activation in somites is controlled by
notochord and Shh. (A) Axial tissues are
essential for gli activation in somites. Notochord
and neural tube were surgically separated from
the segmental plate of stage 12 quail embryos
(left panel). Embryos were incubated for 16
hours and gli expression was assessed by whole-
mount in situ hybridization (middle panel),
followed by vibrotome sectioning (right panel).
(B) Notochord and ventral neural tube are
essential for gli activation in somites and neural
tube. Notochord and ventral neural tube were
surgically separated from the segmental plate
and a control bead soaked in PBS was inserted
into the incision (left panel). Embryos were
cultured for 16 hours, and gli expression was
assessed by whole-mount in situ hybridrization
(middle panel), followed by vibrotome
sectioning (right panel). Note that, in addition to
a lack of gli activation in somites, gli is not
expressed in the ventral neural tube on the
operated side. (C) Shh induces gli expression in
somites and neural tube in the absence of
notochord and neural tube. Notochord and
ventral neural tube were surgically separated
from the segmental plate and a bead soaked in
Shh was inserted into the incision (left panel).
Embryos were cultured for 16 hours and gli
expression was assessed by whole-mount in situ hybridrization (m
the bead fell out of the embryo during the in situ hybridization pro
mounting (B,C). The arrow indicates the surgical incision perform
nt, neural tube; s, somite; sp, segmental plate; ant, anterior; post,
lt of
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10B). In contrast, when segmental plate explants were cultu
without surface ectoderm, somite formation did not occur (F
10C), and gli2/4 was not activated in the paraxial mesoderm 
these explants (Fig. 10C), although Hoxb8transcripts could be
detected demonstrating their viability (Fig. 10C insert). Thu
these data demonstrate that gli2/4 is activated in coordination
with somite formation, and the surface ectoderm is requir
both for somite formation and for gli2/4 activation.

DISCUSSION

In this study, we present antisense inhibition and be
implantation experiments, which establish that Shh is 
essential and sufficient notochord signal for the activation 
myoD and pax1 during myotomal and sclerotomal lineag
determination in somites of quail embryos. In previous studi
we and others have shown that the notochord alone is suffic
to induce both myoDand pax1in somites (Koseki et al., 1993;
Ebensperger et al., 1995; Pownall et al., 1996). Since 
notochord is the primary source of Shh signals from the ax
we can now conclude that Shh alone is the source of 
notochord inductive signal for both sclerotome and myotom
determination in early stage avian embryos. We also prov
evidence that genes in the Shh signal response pathway,ptc,
gli and gli 2/4, are temporally and spatially regulated i
response to Shh and surface ectoderm inductive signals du
somite formation. The regulated expression of these S
response genes provides a framework for understanding 
mechanisms by which Shh regulates the differential tempo

 in

ike
s,
iddle panel), followed by vibrotome sectioning (right panel). Occasionally,
cedure (B,C), and tissues were slightly displaced following sectioning and
ed in the embryo. The arrowheads indicate the operated side. nc, notochord;
 posterior.
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Fig. 9. Axial tissues and lateral plate mesoderm are not required for gli2/4 activation in somites. (A) Notochord and neural tube are not essential
for gli2/4 activation in somites. Notochord and neural tube were surgically separated from the segmental plate of stage 12 quail embryos.
Embryos were cultured for 16 hours and gli2/4 expression was assessed by whole-mount in situ hybridization, followed by vibrotome sectioning.
(B) Lateral plate is not essential for gli2/4 activation in somites. Lateral plate mesoderm was surgically separated from the segmental plate of
stage 12 quail embryos. Embryos were cultured for 16 hours and gli2/4 expression was assessed by whole-mount in situ hybridization, followed
by vibrotome sectioning. (C) Surface ectoderm removal does not affect gli2/4 activation in somites. Surface ectoderm was surgically removed
from the segmental plate of stage 12 quail embryos. Embryos were cultured for 16 hours and gli2/4 expression was assessed by whole-mount in
situ hybridization, followed by vibrotome sectioning. (D) Surface ectoderm and axial tissues provide signals for gli2/4 activation. Surface
ectoderm was surgically removed from the segmental plate, the neural tube and the lateral plate of stage 12 quail embryos, and segmental plate
was separated from axial tissues on one side. Embryos were cultured for 16 hours and gli2/4 expression was assessed by whole-mount in situ
hybridization, followed by vibrotome sectioning. Note partial down-regulation of gli2/4 expression on the side lacking only surface ectoderm, but
more dramatic effect following surface ectoderm removal and axial separation. (E) Ectodermal expression of Wnt7ais lost following surface
ectoderm removal. Surface ectoderm was removed from the segmental plate, the neural tube and the lateral plate of stage 12 quail embryos.
Embryos were cultured for 16 hours and Wnt7aexpression was assessed by whole-mount in situ hybridization, followed by vibrotome
sectioning. Note ectodermal Wnt7aexpression in areas where the surface ectoderm was preserved (white arrowhead) but absence of Wnt7a
expression over somites and neural tube where the surface ectoderm was removed (black arrowhead). The arrows indicate the surgical incision.
Arrowheads in middle and lower panels indicate the operated side. nc, notochord; nt, neural tube; s, somite; ant, anterior; post, posterior.
and spatial activation of genes in the myotomal a
sclerotomal lineages during somite formation. 

Shh is an essential and sufficient notochord signal
for myoD and pax1 activation in avian somites
Our findings extend previous work on the role of Shh in som
induction. Earlier studies showed that retroviral expression
Shh can induce ectopic myoD and pax1 expression in
developing avian embryos (Johnson et al., 1994). Cultures
segmental plate explants also induce pax1 in response to Shh
(Fan and Tessier-Lavigne, 1994; Munsterberg et al., 1995) 
induce myoD in response to Shh and either Wnt1, Wnt3 
Wnt4 (Munsterberg et al., 1995). Our Shh bead implantat
experiments now demonstrate the in vivo inductive role of S
and provide new information that Shh alone is sufficient 
replace the notochord as an inductive signal for the patter
activation of both myoD and pax1 during the early
determination of myotomal and sclerotomal lineages. Fina
our shhantisense knockout experiments establish that Shh
an essential signal for the activation of these genes in the a
embryo. These findings do not exclude a role for additio
signal molecules, such as Wnts, which are produced by 
neural tube and surface ectoderm and have been implicate
working together with Shh in myoD regulation (Munsterberg
et al., 1995).

Shh also has an essential role for early myogenesis
zebrafish embryos. Misexpression of shhin zebrafish embryos
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induces ectopic expression of myoD (Weinberg et al., 1996)
and ectopic slow muscles (Blagden et al., 1997). In additio
two hh-related genes, echidna hhand tiggy winkle hh, are
expressed in the notochord and the floor plate of zebrafi
embryos; misexpression of ehh induces myoD and, in
combination with shh, the formation of supernumerary pionee
cells (Currie and Ingham, 1996). Furthermore, a zebrafi
mutant of shhhas been identified and shown to be essential f
the formation of muscle pioneer cells and for myoDactivation
(P. Haffter, personal communication). 

In the mouse, shhis the only shh-related gene yet identified
to be expressed in the notochord and floor plate (Bitgood a
McMahon, 1995) and, therefore, is the only known shh that
could initiate somite gene expression. Knockout of shh in
mouse does not affect myoDexpression and reduces, but doe
not eliminate myf5and pax1expression (Chiang et al., 1996)
a result that contrasts with the ability of Shh protein to indu
pax1 in explant cultures of mouse presomitic mesoderm (F
and Tessier-Lavigne, 1994). A possible explanation for t
discrepancy in the findings in mouse with those in avian a
fish embryos is that the role of Shh has redundant function
mammalian embryos. There is already evidence for 
redundant pathway for myogenic determination in the mous
and this redundant pathway may compensate for myogene
in Shh null mice. Specifically, two separate pathways ha
been identified for myoD activation in mouse (Cossu et al.
1996). One pathway uses a signal from the neu
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Fig. 10. gli2/4 activation in paraxial mesoderm explants is regulate
by surface ectoderm (SE) and by somite formation. (A) Segmenta
plate (sp) from stage 12 quail embryos was explanted and culture
for 16 hours with or without associated SE, in agarose-coated 24
plates. (B) Segmental plate explant with SE following in situ
hybridization with gli2/4 probe. Note that gli2/4 is activated only in
condensed somites (arrowhead), and not in unsegmented mesod
(arrow). ant: anterior; post: posterior. (C) Segmental plate explant
without SE, following in situ hybridization with gli2/4 RNA probe.
Note that, in absence of SE, somites do not form and gli2/4 is not
activated. (insert) Segmental plate explant without SE, following i
situ hybridization with Hoxb8RNA probe. Note expression of
Hoxb8, demonstrating the viability of the explants.
tube/notochord complex, likely Shh, to induce myf5
expression, which in turn transactivates myoD expression
(Braun et al., 1989a). A second pathway utilizes differe
unknown signal from the surface ectoderm for myoDactivation
(Cossu et al., 1996). Embryos with individual knocko
mutations of myf5or myoD form muscles normally, wherea
embryos with double knockouts of myf5and myoD(Rudnicki
et al., 1993), and myf5 and pax3, (essential for myoD)
(Tajbakhsh et al., 1997), show a complete absence of mu
progenitor cells. Therefore, shhmutant embryos likely produce
muscle through the surface ectoderm pathway, which indu
myoD independently of the Shh-induced myf5 pathway
(Tajbakhsh et al., 1997). The specific role of the surfa
ectoderm signal may be to induce upstream regulators of myoD
such as pax3, which is an essential gene for myoDactivation
(Tajbakhsh et al., 1997) and is controlled by surface ectod
signals (Fan and Tessier-Lavigne, 1994). In avian embry
recent studies indicate that surface ectoderm also can pro
myoDactivation, independent of axial tissues that produce S
(Maroto et al., 1997), suggesting that redundant, S
independent pathways may exist in avian embryos for myoD
activation, as exist in the mouse (Cossu et al., 1996).
nt,
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Patterned somite expression of genes in the Shh
response pathway
To investigate the specific mechanisms by which Shh sign
induce the patterned activation of myotomal and sclerotom
genes during somite formation, we have examined t
developmental expression of genes known to be in the S
signaling pathway. These studies establish a number of spe
roles for downstream signal response genes in the regula
of Shh signaling in somites. 

First, our finding that somites express high levels of S
response genes, ptc, gli and gli2/4, establishes that somite cells
can directly receive Shh signals from the notochord and 
floor plate. High level expression of ptc is an indicator that cells
are receiving Shh signals (Chen and Struhl, 1996; Goodrich
al., 1996; Marigo et al., 1996a), as confirmed by our findi
that antisense Shh oligonucleotide treatment knocks out ptc
expression in newly formed somites. Once newly form
somites can receive Shh signals, the Shh response path
becomes active, leading to the activation of ptc, as well as gli
and other downstream genes (see below).

Second, our findings show that downstream Shh respo
genes are activated when somites condense from presom
mesoderm, thereby providing a mechanism to coordinate 
activation of myoD and pax1 with somite formation
independent of Shh production, which is synthesiz
constitutively by the notochord along the anteroposterior a
of embryos throughout development. It is noteworthy that flo
plate formation, which is also controlled by Shh, occurs in t
neural tube in regions posterior to somite formation (Marti 
al., 1995b), showing that somite and neural tube patterning
regulated differently. The patterning of gene expression 
somites is regulated by somite formation, which regulat
gli2/4 activation in response to surface ectoderm signa
followed by activation of gli and ptc under the control of Shh.
How somite formation controls somite responsiveness 
ectodermal signals and Shh remains to be investigated. 

Third, we have observed that, once activated, ptc andgli and
gli2/4 are patterned in their expression in the somite. Th
patterns of expression suggest mechanisms by which Shh c
induce lineage-specific responses in somite cells, which 
multipotential at the time when somites form and when t
downstream Shh response genes are activated (Marti et
1995b). In very early embryos (stage 8-9) when myoD is not
yet activated, ptc expression is restricted to a ventral domai
where pax1is activated; ptcexpression does not extend into th
dorsal somite region where myoD becomes activated at later
stages (Borycki et al., 1997). Later in development (stage 1
ptc expression extends into the dorsal somite and myoD
activation becomes coordinated with somite formation. Sin
high level ptcexpression is an index that cells are receiving S
signals, the absence of ptc in the dorsal medial region of somites
in early embryos likely reflects a failure of Shh to diffuse to th
dorsal region from its ventral notochord source. In support
this finding, it has been observed that the level of Shh prot
produced by the notochord is lower early in development a
increases during the developmental period when Shh beco
expressed in the floor plate of the neural tube (Marti et 
1995b), providing a higher level of Shh for the more dorsal ce
that activate myoDin later stage somites (Borycki et al., 1997
We also show in the Shh bead implantation experiments t
Shh induction of myoD is concentration dependent. 
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Fig. 11. Models for Shh regulation of pax1and
myoDactivation and the initiation of Shh
signaling in somites. (A) Model for myoDand
pax1activation by Shh. Shh produced by the
notochord controls the induction of pax1and
myoDexpression in somites by binding to and
inhibiting Ptc, thereby relieving Ptc repression of
Smoothened (Smo) and leading to the localized
activation of Gli (Gli*) and Gli2/4 (Gli2/4*) in the
ventral/dorsal somite. Gli* and Gli2/4* then work
in combination to activate myoDin the dorsal
somite, whereas Gli* works to activate pax1in the
ventral somite. (B) Model for the initiation of Shh
signaling in somites. The surface ectoderm (SE)
provides an initial dorsal signal forgli2/4, which
initially is activated throughout the newly formed somite following somite formation, which makes somite cells responsive to the SE signal.
Shh signals from the ventral notochord allow Gli2/4 protein to be activated and translocated into the nucleus in transcriptionally active form
(Gli2/4*). Gli2/4* then induces the upregulation ofptcand activation of gli in the ventral somite. In response to Shh, Gli is converted to an
activated form (Gli*), which we propose represses gli2/4 transcription in the ventral somite, leading to the dorsalization of gli2/4 and ptc
expression.
The expression of gli and gli2/4 is precisely patterned in
somites. gli2/4 is initially expressed throughout the somite, an
then, concomitant to dermomyotome formation, becom
localized precisely to the dorsal myoD-expressing region of the
somite, indicating that Gli2/4 initially may have a more gene
somitic function in the activation of downstream target gen
of the Shh signaling pathway, but once its expression beco
localized to the myotomal lineage, it may have a more spec
function in the regulation of myoDand other myotome-specific
genes. Similarly, gli is differentially expressed in the ventra
medial somite, indicating that Gli may contribute to th
regulation of pax1 and sclerotome-specific genes, as well 
myoD and myotome-specific genes. These patterns 
expression of gli and gli2/4 in the somite suggests a simpl
combinatorial transcriptional model for myoD and pax1
regulation by Gli2/4 and Gli, in response to Shh (Fig. 11A)

Antisense experiments are in progress to directly test 
essential roles of gli and gli2/4 in myoDand pax1activation
and myotomal and sclerotomal lineage determination 
somites of the quail embryo. Mutations in the human a
mouse gli genes result in deficiencies and malformations in 
and vertebral bone formation (gli2 mutants), limb bones (gli3
mutants), and in neural development, consistent with th
overlapping patterns of expression in the sclerotomal linea
of somites and in limb mesenchyme and the neural tube (
et al., 1997). Muscle phenotypes have not been reporte
mammalian embryos, but in Xenopusembryos, where gli4 and
myoDare coexpressed in somitic mesoderm, misexpressio
a fusion protein of the Gli zinc-finger DNA-binding domai
with an E1a transcriptional activation domain causes ecto
myoDexpression, consistent with a direct role for Gli protei
in myotome formation (Marine et al., 1997). We hav
examined the quail and human myoD gene transcriptional
enhancers (Goldhamer et al., 1992; Pinney et al., 1995) for
presence of Gli-binding sites (GACCACCCA) (Vortkamp e
al., 1995; Sasaki et al., 1997) and have not discovered 
closely related sites, suggesting that Gli proteins may funct
indirectly via the activation of intermediate transcriptio
factors. pax1 regulatory sequences have not yet been defin
for analysis of Gli-binding sites and function. Finally, it wil
be of interest to examine the pattern of somite expression
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additional genes in the Shh signal response pathw
specifically, smoothened(smo), a transmembrane protein tha
is thought to interact with and to be regulated by Ptc prote
(Alcedo et al., 1996; van den Heuvel and Ingham, 1996) a
the homologous gli3, a member of the Gli transcription factor
family (Hui et al., 1994). The expression of these Shh respon
pathway genes may provide additional insight into th
mechanisms by which Shh controls somite patterning.

Fourth, we noted that pax1and myoDexpression is correctly
patterned in the dorsal and ventral aspects of the somite in 
bead implantation experiments, consistent with our workin
model that the patterned expression of pax1 and myoD is
controlled by the dorsal/ventral patterning of the downstrea
Shh response genes and not by Shh itself (Fig. 11A). Howev
additional signals, produced by surrounding tissues, also m
function to restrict the dorsal and ventral patterns of express
of genes in the dorsal and ventral somite. For instance
balance between the BMP inhibitory activity of Noggin
produced in the dorsal medial compartment of somites, a
BMP4, produced by the lateral plate, may restrict myoD
expression to the medial somite (Pourquie et al., 199
Hirsinger et al., 1997; Marcelle et al., 1997). Ventral neur
tube signals also produces an inhibitory signal that limits t
ventral expression of myoD in somites (Pownall et al., 1996).

A network of inductive signals controls the initiation
of Shh signaling in somites
The discovery that the somite response pathway genes, the
receptor, ptc, and the gli and gli2/4 transcription factor
effectors, are activated in response to different inductive sign
provides a mechanism to regulate the initiation of Sh
signaling in newly formed somites. This mechanism, depict
in Fig. 11B, is based on the discovery that gli2/4 is activated
in newly formed somites by surface ectoderm signa
independent of Shh signaling, thereby providing the fir
transcription factor effector required to initiate a Shh sign
response in somites. Gli 2/4 initially is expressed throughout
the newly formed somite but Gli2/4 proteins will becom
activated (*) preferentially in the ventral medial somite, whe
Shh is present at highest concentrations. As a result of S
binding to the low constitutive level of Ptc receptor and Gli2/
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activation, the Shh pathway is stimulated (Marigo et a
1996a), and we hypothesize that the activated Gli2/4* prot
induces the transcription of gli and upregulates ptc expression.
Shh-activated Gli* protein in turn autoregulates its ow
expression and represses gli2/4 expression in the ventral
somite, as demonstrated in limb mesenchyme (Marine et 
1997), thereby localizing gli2/4 and ptcexpression to the dorsal
myoD-expressing cells and newly forming myotome. Th
surface ectoderm signals that activate gli2/4, independent of
Shh, therefore, provide Gli2/4 to initiate the cascade 
activation of downstream genes that lead to the expressio
other Shh response genes and the activation of downstr
target genes. We are currently testing this model 
experimental manipulation of the temporal and spat
expression of gli2/4 and gli in somites.
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