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SUMMARY

In the vertebrate embryo, the lateral compartment of the is under the control of a neural-tube-derived factor, whose
somite gives rise to muscles of the limb and body wall and effect can be mimicked experimentally by Wntl. Wntl is
is patterned in response to lateral-plate-derived BMP4. appropriately expressed in the neural tube. Furthermore,
Activation of the myogenic program distinctive to the we show that Sonic Hedgehog is able to activate ectopic
medial somite, i.e. relatively immediate development of the expression of Noggin resulting in the blocking of BMP4
epaxial muscle lineage, requires neutralization of this lateral specification of the lateral somite. Our results are consistent
signal. We have analyzed the properties of molecules likely with a model in which Noggin activation lies downstream of
to play a role in opposing lateral somite specification by the SHH and Wnt signaling pathways.

BMP4. We propose that the BMP4 antagonist Noggin plays

an important role in promoting medial somite patterning in  Key words: paraxial mesoderm, neural tube, lateral plate, muscle
vivo. We demonstrate that Noggin expression in the somite lineages, somite patterning, chick, Noggin, Wnt, Sonic Hedgehog

INTRODUCTION ronment. Structures such as the lateral plate, the overlying
ectoderm and the axial organs, which include the neural tube
Somites are transient mesodermal structures which gives riaad the notochord, have been shown to play an important role
to all body skeletal muscles, the dermis of the back and tha specifying the medial and lateral compartments (Pourquié et
axial skeleton of vertebrates (Christ and Ordahl, 1995). lal., 1995, 1996; Cossu et al., 1996; Pownall et al., 1996).
amniotes, the somites appear as epithelial balls that bud off Some of the molecules involved in somite compartment
from the unsegmented or presomitic paraxial mesoderm apecification have recently been identified. The F@&mily
both sides of the neural tube. As differentiation proceeds, thmember BMP4, known to be involved in several inductive
ventral part of this epithelial ball becomes mesenchymal aneivents during embryonic development (see Hogan, 1996, for a
forms the sclerotome which yields the axial skeleton whereagview) is produced by the lateral plate and has been proposed
the still epithelial, dorsal part of the somite, the dermomyto play an important role in lateral somite specification
otome, then gives rise to dermis and muscle. The dermomyPourquié et al., 1996). Implantation of BMP4-expressing cells
otome can be subdivided into a medial and a lateral compartext to the prospective medial somite was shown to convert
ment from which the two sets of striated muscles of the bodihese cells to a lateral fate as defined by loss of expression of
arise: the epaxial muscles, corresponding to the deep musctée medial marker MyoD and the ectopic expression of lateral
of the back, and the hypaxial muscles, which include the limbmarkers such as Siml. This lateralizing effect is antagonized
girdle and body wall muscles (Selleck and Stern, 1991; Ordally secreted factor(s) produced by the neural tube, which
and Le Douarin, 1992). Switch-graft experiments have showrestrict the medial extension of the Siml-positive domain
that, when the somite forms, its cells are not committed to pa(Pourquié et al., 1996). These axial factors, however, have not
ticular fates in either the mediolateral or the dorsoventrabeen characterized at the molecular level.
dimensions (Ordahl and Le Douarin, 1992; Aoyama and In Xenopus BMP4 is thought to be involved in ventral
Asamoto, 1988; Christ et al., 1992). This suggests that thmesoderm specification (see Graff, 1997, and references
newly formed somites are not yet determined along the medikherein). Specification of the dorsal mesodermal lineages,
olateral axis, and that the determination of medial and lateraicluding muscle and notochord, requires the inhibition of
somitic compartments occurs after somite formation iIrBMP4 activity by proteins such as Noggin, Chordin or Follis-
response to extrinsic cues provided by the surrounding enuiatin. These molecules have been shown to directly antagonize
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BMP4 by binding to this protein and preventing an interactioreffect of lateral-plate-derived BMP4. In addition, we find that

with its receptor (Piccolo et al., 1996; Zimmerman et al., 1996)ctopic SHH expression also antagonizes the somite pattern-

The mediolateral determination of the avian somite presentag activity of BMP4, and that this effect could be accounted

some similarities with mesoderm patterning in frog: (i) itfor by Noggin activation laterally. Our results suggest that

occurs in response to BMP4 signaling and (ii) the effect oNoggin acts downstream of the Wnt and SHH pathways to

BMP4 is antagonized by factor(s) produced by a dorsapecify the medial somitic compartment.

structure, the neural tube. Therefore, the avian homologs of the

molecules produced by the Spemann organizer, such as Noggin

or Chordin, are potential candidates for mediating the inhiMATERIALS AND METHODS

bition of the BMP4 pathway in response to neural tube signals.

Noggin is of particular interest since it is expressed in thélicrosurgical procedures

dorsal neural tube iXenopus(Smith and Harland, 1992), Fertile eggs from chick embryos (JA57 strain from Institut de

whereas Chordin expression has only been reported in tigelection Animale, Lyon, France) were incybated at 37°C until they

developing notochord (Sasai et al., 1994). reached stage 12 (Hamburger and Hamilton, 1992). All surgical
Medial somite patterning results in the early onset of th xperiments were performed in ovo. Each experiment relies on at least

myogenic program dorsally and sclerotome formation to 10 cases and up to 30 interpretable operated embryos for each

trallv. Th d | tal th ht t ene were examined. The somite staging system developed by Ordahl
ventrally. ese developmental processes are thoug 0 gﬁ%%) has been used for numbering somites, i.e., the somite number

controlled by multiple factors that include Sonic Hedgehogy, roman numeral corresponds to the number of the somite starting
(SHH) and Wnt proteins, mostly produced by the axial tissuéfom the last segmented somite (somite I). Grafts of cell aggregates
(Rong et al., 1992; Pourquié et al., 1993; Brand-Saberi et a{see below) between the neural tube and the paraxial mesoderm or
1993; Goulding et al., 1994; Munsterberg and Lassar, 199bgtween the lateral plate and the paraxial mesoderm were performed
Buffinger and Stockdale, 1994; Stern et al., 1995; Cossu et ais described in Pourquié et al. (1996). To perform neural tube
1996). Several members of the Wnt family of secreted proteirgplations, bilateral incisions in the ectoderm were made along the
are produced by the neural tube (Hollyday et al., 1995). ng’?c?rgirg'tz bgofrihgggf)edéﬁz”zzgﬁgmg t(; a |ter:1§;h gnﬁgtvggen s5ntg 12
Wnt3A and Wnt4 have recently been shown to play af'OSPectv 1tes). was ved usli
important role in promoting myogenesis in the somite, wheficropipet. To graft QT6-SHH, CHO-Ng, Ratl-Wnt1 or the corre-

L . 2 . ponding control cells, aggregates of cells were aspired into a
acting in concert with SHH (Mnsterberg et al., 1995; Stern icropipet and gently blown within the groove left after neural tube

al., 1995; Maroto et al., 1997). However, to date, no evidenG@moval. Graft and ablation experiments were performed at the pre-

exists that these factors act to antagonize BMP4. somitic level and embryos were reincubated for a period of time
SHH is produced by the developing notochord and floofanging from 15 to 24 hours, which corresponds approximately to the

plate (Riddle et al., 1993; Echelard et al., 1993; Krauss et afgrmation of between 10 and 15 somites.

1993). It is involved in both patterning the ventral aspect of _ _

the medial somite, where it regulates the expression of tHg@smids and retroviral vectors _

sclerotomal marker Pax-1 (Fan and Tessier-Lavigne, 1994robes for the aviaBingle-mindedjene §im), Pax-3, MyoD and

Fan et al., 1995; Chiang et al., 1996), and in the initial actiPMP4 were described in Pourquié et al. (1996). The chick Noggin

vation of the myogenic program (Mdnsterberg et al., 1995)probe was produced from the plasmid described in Connolly et al.

. . . : 1997) and was linearized usingpa and transcribed with the T7
Therefore, since SHH is able to mediate its effect on th olymerase. SHH probe was produced as described in Riddle et al.

unsegmented paraxial mesoderm over a considerable distangggs). chick wntl probe is described in Bally-Cuif and Wassef
(Fan and Tessier-Lavigne, 1994), floor-plate-derived SHH is g1994). Pax-1 probe is produced from a 1.5kb chicken Pax-1 cDNA
potential candidate for mediating the effect of the neural tubencompassing the full-length coding region, cloned into pBKSII. The
on mediolateral somite specification. In addition, SHH wagprobe was linearized usin¢pba and transcribed using T3 polymerase.
shown to be important for dorsoventral patterning of the L ,

neural tube by opposing the action of BMP4 produced dorsallyy Situ hybridization procedures and histology o
(Liem et al., 1995), though it is unclear whether this is byVhole-mount in situ hybridization procedures are as described in
direct action on target gene expression or by activation of genriaue et al. (1995). Stained embryos were processed for section-
gene whose product antagonizes BMP-receptor interaction.ing using a Leica vibratome after albumin/gelatin inclusionus0

In thi ¢ h ined th le of th tenti ections were collected on microscopic slides and mounted in
n this report, we have examine € role otf the potenti guatex (Merck). Whole-mount stained embryos were photographed

axial BMP4 antagonists, Noggin, SHH and Wnts, in thgsing a wild M10 stereomicroscope (Leica). Sections were pho-
mediolateral patterning of somites. We found Noggintographed with a Leica DM microscope using Nomarski optics.
expression during avian somitogenesis to be compatible with

an antagonizing role to BMP4. Soon after somite formationCell lines

Noggin and BMP4 are expressed in the medial dermocHO cells expressingenopusNoggin are a generous gift of Dr
myotome and the lateral plate, respectively. We show thd&gichard Harland (UC Berk_eley) and were described in Lamb_et al.
Noggin is able to antagonize the lateralizing effect of lateral(1993). A stable QT6 cell line producing SHH/pBK was established
plate-derived BMP4. We further demonstrate that a neurafS described in Duprez et al. (1996). Stable transfectants were selected
tube-derived signal is required for Noggin expression in th G418 and a single clone was isolated according to its high pro-

. . o S uction of SHH and its ability to induce digit duplication in vivo.
medial somite. We show that Wntl can mimick this signa ntl-expressing Ratl cells are a gift of Dr Roel Nusse. Production

and rescue Noggin expression in the medial somite. Thegghe QT6-BMP4 cells has been described in Pourquié et al. (1996).
experiments favour a relay system of signaling in whichn order to graft cell aggregates, confluent cultures were transfered to
neural-tube-derived Wnt protein activates Noggin expressiobacterial grade Petri dishes. After 24 or 48 hours, the cells formed
in the medial dermo-myotome which in turn antagonizes theompact aggregates, which were used for grafting in the embryo.
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RESULTS Harland, 1992; Zimmerman et al., 1996). The avian homologue
of Noggin has been cloned and its expression was examined

Distribution of Noggin during somitogenesis during early stages (up to stage 7 HH) (Connolly et al., 1997).

correlates with a role as a BMP4 antagonist We examined chick Noggin expression by in situ hybridization

Our previous observations prompted us to search for factors thduring later stages when the somites become patterned (stage
might antagonize BMP4 during somite development (Pourqui#0-21 HH). In addition, we compared the Noggin expression
et al., 1996)XenopudNoggin was reported to have this activity pattern with that of BMP4 and of the medial and lateral somite
and to be expressed in the developing neural tube (Smith antarkers MyoD and Sim1, respectively (Fig. 1A-F).

BMP Sim1

Non Wn SHH Mo

Fig. 1.Noggin expression in the developing mesoderm is consistent with a role in antagonizing lateral-plate-derived BMP4. (A-F) Whole-
mount in situ hybridizations of 20-somite chick embryos hybridized with BMP4 (A), Noggin (B), Wntl (C), SHH (D), MyoD (Bjdnd S
(F). Only the transition region between presomitic and segmented paraxial mesoderm is shown piar(Ga) Transverse vibratome
sections of the embryo shown in A. The A/P level of the sections is indicated in A. At the levels of presomitic mesodéspi(ii)ja
somite (H) and of somite X (I), BMP4 is expressed in the lateral plate and the dorsal neural tube. (J-L) Transverse eittiattsmd the
embryo shown in B. The A/P level of the sections is indicated in B. (J) At the level of the presomitic mesoderm, Noggtadséte
intermediate mesoderm and lateral plate, the notochord, the floor plate and the dorsal neural tube. (K) At the levehelidhsazpite,
Noggin is detected in the dorsolateral somite, the notochord and the dorsal neural tube. (L) At the level of somite §, @ésegitiaily
expressed in the dorsomedial dermomyotome at the level of the dorsal lip. Expression in the dorsal neural tube and thesnotochor
downregulated. (M-O) Transverse vibratome sections of the embryo shown in C. The A/P level of the sections is indicated thrEée A
levels, Wntl is expressed in the dorsal neural tube in a domain similar to the BMP4-expressing domain. dm, dermomyotemnee diatén
mesoderm; Ip, lateral plate; n, notochord; nt, neural tube; pm, presomitic mesoderm; s, somite; scl, sclerotomeufBar, 100
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At all stages examined, Noggin is detected in a broad caudainbryos, MyoD was detected medially and Siml laterally
domain extending around the tail bud where it partly overlapstarting at the level of somite II-1ll. This represents the first indi-
with the caudal BMP4 expression domain (Fig. 1A,B,G,J andation of mediolateral polarity (Fig. 1E,F). In older embryos
data not shown). Throughout somitogenesis, Noggirfstage 16 to 21), Noggin remains expressed in the same caudal
expression is strong in the caudal neural tube, up to the levatructures but becomes progressively downregulated in the
of the last formed somites (Fig. 1B,J). In this structure, Noggisomites, so that by stage 22, somitic expression is barely
is found in the dorsal BMP4-expressing region but is also trardetectable (data not shown).
siently detected in the floor plate (Fig. 1G,J). BMP4 expression Therefore during avian somitogenesis, the Noggin and
is maintained all along the rostral neural tube whereas NogglBBMP4 expression patterns do not exhibit the simple mutually
becomes downregulated in the segmented region (Figxclusive profiles observed during mesoderm patterning in
1H,K,I,L). In the notochord, Noggin is expressed up to theXenopusHowever, as the somites become polarized along the
level of somite X (Fig. 1J,K,L) but downregulated oppositemediolateral axis, Noggin expression becomes progressively
older somites. localized to the medial somite, while BMP4 remains confined

In the caudal mesoderm, Noggin is detected at a low levébd the lateral plate. Thus the spatiotemporal expression profile
in the lateral plate and at a higher level between the lateral platé Noggin indicates a potential role as an antagonist of BMP4
and the presomitic paraxial mesoderm (Fig. 1B,J). This corréen somite mediolateral patterning of the somite.
sponds to the region of the prospective intermediate mesoderm,
which also expresses BMP4 (Fig. 1A,G). Noggin can antagonize lateral somite specification

At the level of the newly formed somites, the expressioifo test for a potential role of Noggin in mediolateral pattern-
profiles of Noggin and BMP4 become exclusive (Fig.ing of the somite, we examined whether Noggin-expressing
1H,K,,L). In the transition region between the presomiticcells can antagonize lateral plate signaling in vivo. To this end,
mesoderm and the early somites, Noggin is expressed accordivg grafted aggregates of control CHO cells, and CHO cells
to a highly dynamic pattern (Fig. 1B). Transcripts are found irexpressingXenopusNoggin (CHO-Ng), between the lateral
the lateral part of the rostral presomitic mesoderm and in thglate and the lateral somite at the level of the presomitic plate
lateral part of somite | to Ill (Fig. 1K). This expression domain(Fig. 2A,D). Grafts of CHO-Ng cells resulted in the down-
progressively moves medially starting with somite Il as theegulation of expression of lateral markers such as Sim1 (Fig.
somite becomes patterned along the mediolateral and dors?F) and Pax-3 (data not shown) and in upregulation of the
ventral axes. Noggin expression finally stabilizes in the dorsanedial marker MyoD in the lateral somite (Fig. 2E). In
medial dermomyotome from somite VI onwards (Fig. 1L).contrast, grafts of control CHO cells had no effect on MyoD
BMP4 expression in the mesoderm is restricted to the laterahd Sim1 expression in the somite (Fig. 2A-C). These results
plate at the corresponding stages (Fig. 1G-I). In stage-matchedggest that secreted Noggin can block lateral-plate-derived
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Fig. 2.Noggin-expressing cells can block lateral plate signaling. (A,D) Schematic transverse sections of E2 chick embryos ithestrating
surgical operations. CHO (A) &fenopusNoggin-expressing CHO cells (CHO-Ng) (D) are grafted between the lateral plate and the presomitic
mesoderm. (B,C,E,F) Transverse vibratome sections of E3 chick embryos operated as described in A,D and hybridized asta/halle moun
the MyoD (B,E) and Sim1 (C,F) probes. Grafted cells are indicated with an asterisk. Dotted lines demarcate the putaiweéminedial

(M) and lateral (L) somitic domains. (B, C) Graft of CHO cells has no effect on MyoD (B) expression nor on Sim1 expreg§idf) @aft

of CHO-Ng cells strongly upregulates the expression of the medial marker MyoD (E) normally repressed by lateral-plateviiedivEdeBe

grafts also downregulate expression of the Sim1 lateral marker (F) whose expression is controlled by lateral plate sipraisntyniome;

nt, neural tube; n, notochord; scl, sclerotome; wd, Wolffian duct. (Baputh)0
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BMP4 signaling, resulting in the lateral somite acquiring avas substituted by control CHO cells, MyoD expression was
medial somite identity. downregulated and Sim1 expression extended into the medial
We have previously shown that ablation of the neural tubsomitic domain (Fig. 3C,D). By contrast, when CHO-Ng cells
causes medial somitic cells to lose their medial characteristiegere implanted, expression of MyoD was rescued and that of
and to acquire a lateral identity (Pourquié et al., 1996). W8im1 downregulated in the medial somitic domains adjacent to
asked whether this manipulation affects Noggin expressiothe grafted cells (Fig. 3G,H). Therefore, these experiments

Ablation of the neural tube at the presomitic level leads to auggest thaXenopusNoggin produced by the CHO cells can
downregulation of Noggin expression in the medial somite atubstitute for Noggin produced by the medial somite and
the operation level whereas expression is maintained atherefore restore medial somitic identity.
teriorly and posteriorly to the zone of ablation (data not Thus our data indicate that Noggin produced by the medial
shown). Since Noggin is expressed in the neural tube prior ®omite plays an important role in medial somite patterning
being detected in the somite, one could postulate the existengetentially by blocking the BMP4 signal arising from the
of an autoregulatory loop in which neural-tube-derivedateral plate. In addition, we demonstrate the existence of a
Noggin activates Noggin expression in the somite. To addres$gnal different from Noggin that is produced by the neural
this issue, we tested whether the implantation of Noggintube and required for Noggin expression in the medial somite.
expressing cells after neural tube ablation could rescue ] ) o ]
Noggin expression in the somite. The neural tube was ablaténtl activates Noggin expression in the medial
over a distance of 5 to 10 somites at the presomitic level arf®mite and rescues medial somite patterning
the groove was filled with aggregates of Noggin-expressing deveral members of the Wnt family are expressed by the neural
control cells (Fig. 3A,E). In both cases, Noggin somitictube and in vitro experiments have demonstrated a role for
expression was not detected in the somites adjacent to the gréfhtl in promoting somite myogenesis (Minsterberg et al.,
(Fig. 3B,F). These data indicate that the neural tube produc&895; Stern et al., 1995). Wntl is expressed in the dorsal neural
a signal, other than Noggin itself, which is required for Noggirtube from the level of the first formed somites, which start to
expression in the medial somite. express Noggin at the same time (Fig. 1C,M,N,O). This cor-
We then asked whether grafting CHO-Ng cells in place ofelation in expression profiles suggests that Wntl could play a
the neural tube would rescue medial somite pattern therelgle in the regulation of Noggin in the somite.
functionally replacing the endogenous Noggin somitic To test for a role of Wntl in the activation of Noggin
expression. As expected, in embryos in which the neural tutexpression and in medial somite patterning, aggregates of
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Fig. 3. Noggin-expressing cells can rescue medial somite patterning in embryos deprived of the neural tube. (A,E) Schemaéc transvers
sections of E2 chick embryos illustrating the surgical operations. The neural tube is removed over a length correspdiidangrnite’s-at the
presomitic level and replaced by aggregates of CHO (A) or CHO-Ng cells (E). (B,F) Whole-mount E3 embryos operated asrdagderibed
and hybridized with the Noggin probe. Only the operated region is shown. Whether the neural tube is replaced by CHQO bglISKE)-0

Ng cells (F), the Noggin-expressing domain in the medial somite disappears following the operation. Ablation extends tmtiveadsar

(Bar, 300um). (C,D,G,H) Transverse vibratome sections of E3 chick embryos operated as described in A,E and hybridized as whole mounts
with the MyoD (C,G) and Sim1 probe (D,H). Grafted cells are indicated by an asterisk. Dotted lines demarcate the putagivesiénit

medial (M) and lateral (L) somitic domains. (C,D) Removal of the neural tube and graft of CHO cells is followed by a a3 expigssion

(C) whereas Sim1 expression spreads in the medial dermomyotome (D). (G,H) When the neural tube is replaced by CHO-ND cells, Myo
expression in the medial somite is rescued (G) while Sim1 is normally confined to the lateral somite (H). Therefore Ntgtprrésate

medial somite patterning. dm, dermomyotome; n, notochord; nt, neural tube; scl, sclerotome; wd, Wolffian ductinBar, 90
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Fig. 4.Wntl can rescue Noggin expression in the somite and consequently medial somite patterning. (A,E) E3 chick embryos hybridized as
whole mounts with the Noggin probe after substitution of the neural tube by Ratl (A) or Wntl-expressing Ratl (Ratl-WHjla<ells

described in Fig. 3(A,E). Ablation extends between arrowheads. (Bapr30EB,F) Transverse vibratome sections through the embryos

shown in A,E at the level of the dotted lines. As shown in Fig. 3, Noggin expression disappears after substitution dftiteertaufRatl

cells (A,B). On the contrary, rescue of Noggin expression is observed in a narrow domain adjacent to the graft when Rald akntl c

grafted (E, arrowheads in F). (C,D,G,H) Transverse vibratome sections of E3 chick embryos operated as described in Ad&zaddrhybr
whole-mount with the MyoD (C,G) and Sim1 (D,H) probes. Grafted cells are indicated by an asterisk. (C,D) As shown in BIg.(8)My
expression disappear from the dermomyotome while Sim1 (D) expression extends in the medial somite after substitutiorabfithe bgu

Ratl cells. (G,H) Neural tube replacement by Rat1-Wntl cells rescues normal MyoD expression (G) and restores Sim1 ej}pnetssion (H
lateral somite. dm, dermomyotome; m, myotome; n, notochord; nt, neural tube; scl, sclerotome; wd, Wolffian ductuBar, 100

control Ratl or of Wntl-expressing Ratl (Ratl-Wntl) cellexpression and Sim1l downregulation in the medial domain of
were substituted for the neural tube at the presomitic level admites from operated embryos (Fig. 4G,H).

described in Fig. 3. As shown for the control CHO cells in the Interestingly, the rescue of Noggin expression occurs only
previous section, grafts of control Ratl cells led to the loss df cells in very close proximity to the Wntl-expressing cells
Noggin expression in the medial somite at the level of th¢Fig. 4E,F), whereas Siml is downregulated over a longer
operation (Fig. 4A,B). In contrast, transplantation of Ratldistance corresponding approximately to 20 cell diameters
Whntl cells rescued Noggin expression in the medial somite ifFig. 4H). This suggests two possibilities: either lower con-
a narrow domain adjacent to the implanted Wnt1-producingentrations of Wntl protein are required to downregulate Sim1
cells (Fig. 4E,F). Moreover, while Rat1 control cells, like CHOexpression than to activate Noggin, indicating that Wntl acts
cells, were not able to rescue the medial somitic patteras a morphogen; or Wntl acts at short range to induce Noggin
(compare Figs 4C,D and 3C,D), Wntl-expressing cells rescuetkpression which in turn diffuses over a long range to down-
the medial somite pattern as evidenced by strong MyoPegulate Siml. The latter possibility is more likely since

QT6 QT6-BMP4
g nt
* Pax-1
n \!3-2:

C

Fig. 5.BMP4 can interfere with the SHH signaling pathway. (A) Schematic transverse section of E2 chick embryos illustratingft@Tgraft
or BMP4-expressing QT6 (QT6-BMP4) cells (in black) between the neural tube and the presomitic mesoderm. (B,C) Transweense vibrat
sections of E3 chick embryos operated as described in A and hybridized as whole mounts with a Pax1 probe. Graftedicatiscaby i
asterisk. Graft of QT6 cells in this location only slightly affects Pax1 expression in the operated side (B) while graBBbfRdTells

induces a strong downregulation of Pax1 expression (C). Note that sclerotome formation is not affected. dm, dermomyototomen, my
n, notochord; nt, neural tube; scl, sclerotome; wd, Wolffian duct. Bafd00
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Noggin is known to block BMP4 activity which is required for examined whether BMP4 interferes with the positive regula-
Sim1 expression (Zimmerman et al., 1996; Pourquié et altion of the sclerotomal marker Pax-1 by SHH (Fan and Tessier-
1996). The fact that grafts of both Noggin- and Wntl1-expresd-avigne, 1994; Chiang et al., 1996). Indeed, grafts of BMP4-
ing cells can rescue medial somite patterning is in agreemeexpressing QT6 cells placed between the neural tube and the
with a relay system involving Noggin activation by Wntl.  paraxial mesoderm led to a strong downregulation of Pax-1
) _ ) ) expression in the sclerotome (Fig. 5A-C).

Evidence for opposing actions of SHH and BMP4 in We subsequently examined whether SHH also plays a role
somite patterning involving Noggin activation in mediolateral patterning of the somite. QT6 cells overex-
Dorsoventral patterning of the neural tube is establishedressing chick full-length SHH (QT6-SHH) were grafted
through the opposing actions of BMP4 produced dorsally anldteral to the somite, to test for their ability to interfere with
of SHH produced ventrally (Liem et al., 1995). We have testedomite lateralization (Fig. 6A). As observed for the grafts of
whether such an antagonism exists at the somite level in whidtoggin-expressing cells, QT6-SHH cells induced a strong
BMP4 is produced laterally and SHH medially. To that end, weipregulation of the medial marker MyoD and a downregu-

QT6 QT6-Shh

Noggin

Fig. 6. Sonic Hedgehog can
activate ectopic Noggin
expression and antagonize
BMP4 effects on the lateral
somite. (A) Schematic transvel
sections of E2 chick embryo
illustrating the graft of QT6 or
SHH-expressing QT6 (QT6-
SHH) cells (in black) between
the lateral plate and the
presomitic mesoderm.

(B,D) Whole-mount in situ
hybridization using a Noggin
probe on E3 chick embryos
grafted as described in A with
QT6 (B) or QT6-SHH cells (D).
Limits of the graft are indicatec
by arrowheads. (Bar, 3Qdm).
(C,E) Transverse vibratome
sections corresponding to the
embryos shown in B,D,
respectively. Grafted cells are
indicated by an asterisk. The
grafts of QT6-SHH cells induce
ectopic Noggin expression in
cells of the lateral somite
adjacent to the grafted aggreg:
(D, arrowhead in E). No such
effect is observed when QT6
cells are grafted (B,C).

(F-K) Transverse vibratome
sections of E3 chick embryos
operated as described in A and
hybridized as whole mounts with the MyoD (F,G), the Sim1 (H,l) and the Pax1 (J,K) probes. (F-1) Grafts of QT6-SHH celigakateuptyoD
expression (G) and downregulate Sim1 expression (l) in the lateral somite in a way similar to Noggin-expressing celsoi@ralfr6 cells
has no such effect on MyoD (F) and Sim1 (H) expression. Note that the grafted QT6 cells express MyaD (F, G). (J,K) Géa&blkf c@lls
induce a strong upregulation of Pax1 in the lateral somite and an hypertrophy of the paraxial mesoderm on the operatedctiden(&ffect is
not observed with the graft of QT6 cells (J). dm, dermomyotome; n, notochord; nt, neural tube; scl, sclerotome; wd, \&ol&Ban #0qum.
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lation of Sim1 (Fig. 6G,l). Expression of MyoD and Sim1 was 1
not affected by grafting control QT6 cells (Fig. 6F,H). Grafting R
QT6-SHH cells, but not control QT6 cells, produced a stron( EC }
upregulation of the ventral marker Pax1 without disrupting the ]
dermomyotome structure dorsally (Fig. 6J,K). Such an effec
could potentially be mediated by the activation of Noggin.
Indeed, SHH-expressing cells, but not control QT6 cell grafts BMP4
induced the ectopic expression of Noggin in the lateral del
momyotome compartment (Fig. 6D,E). Thus SHH appears t
be involved in mediolateral somite patterning and this ma
proceed through Noggin activation.

It is noteworthy that the operated side appears wider the LQI/E?E\L
the control one following grafts of SHH-expressing cells (Fig.
6K). This hypertrophy of the paraxial mesoderm was no
detected with Noggin-expressing CHO grafts. It suggests aflg. 7. Schematic representation of the interactions between axial
effect of SHH on cell proliferation, which is in agreement withand lateral signaling molecules during somite mediolateral
its proliferative effect on the sclerotome demonstrated in vitr@atterning. Lateral-plate-derived BMP4 specifies the lateral somitic
(Fan et al., 1995). Therefore, our experiments demonstrate thampartment resulting in Sim1 activation and the inhibition of the
Noggin is downstream of the SHH pathway, although it igonset of myogenesis. The BMP4 effect is antagonized by dorsal and

unlikely to be the sole gene to be activated in response to SHYgntral axial factors, which include SHH and Wntl. These axial
factors repress Sim1 activation and promote the activation of Pax1

ventrally and MyoD dorsally. Noggin appears to be activated by and
to act downstream of SHH and Wntl: Wntl activates Noggin
expression in the medial dermomyotome and SHH is able to

. . antagonize BMP4 ventrally, potentially by activating Noggin

We have analyzed the properties of molecules likely to play @xpression in the notochord and floor plate. Noggin is likely to

role in opposing lateral somite specification by BMP4. Wedirectly mediate the opposing effect of Wntl and SHH to BMP4. The
report that the BMP4 antagonist Noggin is expressed in thection of these axial factors ultimately results in determination of the
developing medial somite in a manner compatible with a rolepaxial muscles dorsally and of the vertebral column ventrally while
in this process. We demonstrate that Noggin-expressing ceffse hypaxial muscle lineage is specified by lateral-plate-derived

are able to block lateral plate signaling and that the implantdactors. Ec, ectoderm.

tion of these cells in place of the neural tube rescues medial

somite patterning as indicated by activation of MyoD

expression and the downregulation of Siml. In addition, wsomite to a medial fate as shown by Sim1 downregulation and
demonstrate that Noggin expression in the somite is under tihéyoD expression. In addition, the medial somitic expression
control of a neural-tube-derived factor. Wntl, which isdomain of Noggin is compatible with a role in neutralizing the
expressed in the dorsal neural tube, can rescue the somitéteral BMP4 signal.

Noggin expression. We show that SHH, produced by the The Noggin and BMP4 expression patterns that we describe
notochord and the floor plate, can block lateral plate signalindo not exhibit the simple complementarity observed during
and that this effect may result from local ectopic activation oKenopugyastrulation. In the neural tube, Noggin is principally
Noggin. Therefore, we propose that Noggin is a key player idetected in the roof plate of the caudal region where its
promoting medial somite patterning in vivo and does so bgxpression overlaps with that of BMP4. Although we have no
antagonizing lateral-plate-derived BMP4. In addition, our dat&vidence that Noggin and BMP4 are expressed in exactly the
support a model in which Noggin activation lies downstreansame cells, they are expressed in broadly the same territories.
of the SHH and Wnt signaling pathways. Somite medial patfhis situation suggests a novel mode for Noggin action in
terning would be the result of a signaling cascade in whickvhich it would directly act in a BMP4-expressing territory.
SHH and Wntl produced by the axial organs promote NoggiNoggin expression in the neural tube is downregulated at the
expression in the medial somite and in the floor plate ankbvel of the first formed somites whereas BMP4 expression
notochord which in turn antagonize lateral-plate-derivecextends more rostrally. This expression pattern could provide

MEDIAL

SHH

Ng D?
N\

NEURAL TUBE/
NOTOCHORD

DISCUSSION

BMP4 (Fig. 7). a means of restricting BMP4 activity, important for dorsoven-
o o ) . tral neural tube patterning, to the segmented level of the

The BMP4 antagonizing activity of Noggin results in embryo (Liem et al., 1995).

mediolateral patterning of the avian somite In the mesoderm of the chick embryo, Noggin tends to be

Evidence for the role of lateral-plate-derived BMP4 in somiteexpressed more axially whereas BMP4 is found laterally. In the
specification comes from the ability of BMP4-producing cellscaudal part of the embryo, at the level of the presomitic
to convert the medial somite to a lateral fate, as evidenced loyesoderm, the domain of Noggin expression coincides with
the expression patterns of the Sim1 and MyoD genes (Pourquiée medial border of the BMP4 expression domain in the lateral
et al., 1996; Tonegawa et al., 1997). Here, we provide aglate. This juxtaposition of expression domains might act as a
ditional evidence for the role of the BMP4 signaling pathwaybarrier to protect the unpatterned paraxial mesoderm from
in lateral somite specification. We show that the BMP4 antagdMP4 action. Recently, BMP4 was shown to be able to recruit
onist Noggin is able to block lateral plate signaling since graftparaxial mesoderm to a lateral plate fate which included the
of Noggin-expressing cells are able to convert the lateractivation of BMP4 expression (Tonegawa et al., 1997). BMP4,



Noggin and medial somite patterning 4613

like its fly homolog DPP, is thought to be able to autoactivate In the chick embryo, several Wnt family members (Wnt1,
its own expression (Bier, 1997; Jones et al., 1996). Thereforgynt3A and Wnt4) have been shown to regulate MyoD
the role of such a barrier might be important to preciselgxpression and promote myogenesis from the paraxial
demarcate the BMP4-expressing domain, since the caudalesoderm (Minsterberg et al., 1995). Here, we provide
paraxial mesoderm is competent to respond to BMP4 by act&dditional evidence that Wnt proteins are involved in MyoD
vating BMP4 itself. regulation and we show that the effect of Wnt molecules on

Starting at the level of the newly formed somite, theMyoD activation and medial somite patterning is likely to be
expression profiles of Noggin and BMP4 in the paraxiamediated by activating Noggin expression which then neu-
mesoderm become progressively exclusive, culminating itralizes BMP4 signaling. Interestingly, this is in good
Noggin expression in the medial somite and BMP4 in thegreement with the hypothesis proposed several years ago in
lateral plate. At this level, Noggin might antagonize lateralwhich muscle was proposed to be a default pathway of the
plate-derived BMP4 from a distance thereby establishing adeveloping paraxial mesoderm (Pourquié et al., 1993). This
activity gradient as was describedXenopusand fly gastru- situation is analogous to that encountered in neural induction
lation (Dosch et al., 1997; Tonegawa et al., 1997; Nellen et ain the frog in which neural inducers have been essentially
1996; Lecuit et al., 1996). This type of Noggin-BMP4 inter-shown to antagonize BMP4 to promote expression of a
action could result in appropriate BMP4 concentrations talefault neural phenotype (Hemmati-Brivanlou and Melton,
allow medial and lateral patterning of the somite. 1997).

Role of Noggin in the activation of myogenesis Role of Noggin in mediating SHH antagonism to

Our experiments demonstrate that Noggin plays an importaRMP4

role in promoting myogenesis. Noggin-expressing cells induc#/e have observed that SHH-producing cells are able to mimick
ectopic MyoD expression when grafted lateral to the somite arttie effect of Noggin-producing cells in blocking lateral plate
rescue endogenous MyoD expression when substituted for tegnaling. In this assay, SHH-expressing cells induced locally
neural tube. Interestingly, Noggin expression becomethe ectopic expression of chick Noggin. It is likely that the inhi-
restricted to the medial dermomyotome, where the committelition of lateral plate signaling mediated by BMP4 resulted
myoblasts first arise. Later on, Noggin expression is closelfrom the ectopic activation of Noggin. This suggests that in vivo
associated with a structure called the dorsal lip of the deSHH may act upstream of Noggin in some tissues. The ectopic
momyotome which was recently shown to contribute thectivation of Noggin is, however, unexpected since ablation of
myoblasts of the early myotome (Denetclaw et al., 1997). A roléthe neural tube which results in the loss of Noggin expression,
in promoting muscle differentiation has also been ascribed teft a potential source of SHH signaling, i.e. the notochord.
Noggin inXenopusIn the frog, Noggin behaves as a bona fideHowever, in embryos grafted with SHH-expressing cells,
dorsalizing factor of the Spemann organizer and is able tNoggin expression is only detected in very close proximity to
induce muscle differentiation from prospective ventralthe grafted cells. This observation suggests that Noggin activa-
mesoderm normally fated to give rise to blood and mesenchyntien occurs in response to high concentrations of SHH.
(Smith et al., 1993). This role is thought to be mediated throughherefore, the SHH concentration provided by the notochord
its antagonizing effect on BMP4. Remarkably, MyoD and myfamight not be sufficient to rescue Noggin expression in embryos
are expressed in the frog gastrula in territories that prefigure tlive which the neural tube is ablated. This argues against a direct
prospective somitic field. Expression of these two genes hasgulation of Noggin expression in the somite by SHH
also been shown to be controlled by Noggin and BMP4 at theignaling. However, in the caudal part of the embryo, SHH and
gastrula stage (Dosch et al., 1997). Our experiments indicaloggin are found to be coexpressed in the notochord and in the
that, in the chick embryo, expression of the MyoD and myfSloor plate. In these structures, the transient Noggin expression
genes is also controlled by the same BMP4/Noggin patterningay be regulated by SHH and might also play a role in medio-
system but at a much later stage of development, i.e. after dateral patterning of the adjacent ventral somite. Our data are in
mitogenesis. Future experiments will address more directly th@greement with models recently proposed in which SHH and

role of Noggin in skeletal muscle cell differentiation. Whnt act synergistically to promote myogenesis (Minsterberg et
al,, 1995). We propose that Noggin acts as a downstream

Wntl acts upstream of Noggin in the developing effector of these two signaling pathways important for the pat-

somite terning of the medial somite (Fig. 7). It is important to note that

We show that Wntl is sufficient to maintain expression okuch a role for Noggin is a much later-acting one than any role
Noggin in the medial somite. Wntl-expressing cells can rescua primary dorsalisation wherein signals from the gastrula
Noggin expression in the somite and restore normal MyoD anahidline would neutralise ventralizing ones in establishing
Sim1 expression domains in embryos in which the neural tublsoundaries for paraxial mesoderm and neural plate. Such an
has been ablated. The only other available evidence for Nogg@arlier role was tested in chick and not found by Connolly et al.
acting downstream of the Wnt pathway derives from studie§l997) whose experiments with Noggin would not have been
performed inXenopus During frog gastrulation, the Spemann expected to perturb the later-acting role proposed here.
organizer is known to be induced in response to signals involving
me_mbers of th_e Wr_]t transdqct_lon pathway _resultlng in t_he aCt&ihen-Ming Fan, Kim Dale and Malek Djabali for critical reading of
vatl_on of the S[am0|s tran;crlptlon factor. Th_|s gene will, in tum his manuscript. We thank Dr Richard Harland for the generous gift
activate Noggin expression in the Organizer (Carnac et aly cHO cells expressingenopusNoggin and Dr Roel Nusse for the

1996), which subsequently acts on the adjacent mesodermagdt1-wnt1 cells. We are indebted to Drs Osamu Saitoh and Muthu
territory to promote MyoD activation and muscle differentiation.periasamy for the generous gift of thyoD probe, to Drs Rudi

We thank Drs Mike Mc Grew, Patrick Lemaire, Christo Goridis,
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