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SUMMARY

The role of BMPs in the development of the major
noradrenergic centre of the brain, the locus coeruleus (LC),
was investigated. LC generation is reflected by initial
expression of the transcription factorsPhox2aand Phox2b

in dorsal rhombomerel (rl), followed by expression of
dopamine{3-hydroxylase and tyrosine hydroxylase Bmp5

is expressed in the dorsal neuroepithelium in proximity to
Phox2-expressing cells. BMP inhibition in stage 10 chick
embryos resulted in the lack of LC neurones or in their

generation at the dorsal midline, and loss of roof plate and
rhombic lip, but it did not affect neural crest development.
These results reveal late essential BMP functions in the
specification of dorsal neuronal phenotypes in r1, including
LC neurones, and in the development of dorsal midline
structures.

Key words: Roof plate, Patterning, Dorsoventral, Hindbrain, BMP5,
Autonomic neurons, Chick

INTRODUCTION intereurones (Liem et al., 1997). In the absence of roof plate
signals, dorsal interneurone specification is disturbed (Lee et
The generation and specification of noradrenergic neurones ah., 2000; Millonig et al., 2000).
the peripheral and central nervous system seems to be mediate@®wing to the early embryonic death or redundant functions
by very similar transcriptional control mechanisms. Inin BMP knockout mice, the role of BMPs in neural tube
particular, the bHLH genglashland the paired homeodomain patterning remains unclear (Dudley et al., 1995; Luo et al.,
proteinPhox2bhave been shown to be essential and sufficient995; Winnier et al., 1995; Zhang and Bradley, 1996).
for the generation of sympathetic ganglia and the locuslowever, BMP2 and BMP7 zebrafish mutants |&tiox2
coeruleus (LC), the major noradrenergic centre of the braipositive LC neurones (Hynes and Rosenthal, 1999; Guo et al.,
(Guillemot et al., 1993; Lo et al., 1998; Hirsch et al., 19981999). However, the impairment of BMP signalling during
Pattyn et al., 1999; Pattyn et al., 2000; Morin et al., 1997). learly zebrafish development produces a repatterning of the
vivo studies have demonstrated that BMPs are essential fectoderm, resulting in the expansion of the neural plate and the
sympathetic neurone development (Reissmann et al., 199ck of dorsal neural plate fates like neural crest (Nguyen et
Schneider et al., 1999) and that the transcription factors Cashl, 1998; Barth et al., 1999). Thus, the lack of LC neurones in
(the chick homologue of Mashl), Phox2a, Phox2b and@mp2andBmp7deficient animals may be due to early, indirect
dHand are downstream regulators of BMPs in the sympathetiffects of BMPs on neural plate patterning. However, in
lineage (Schneider et al., 1999; Howard et al., 2000). Thesaldition to an early dependence on BMP patterning at the
observations have raised the question of whether theeural plate stage, the generation of LC progenitor cells may
development of Mashl- and Phox2-dependent noradrenergitso depend on later instructive signals from the roof plate.
LC neurones also depends on BMPs. Such a sequential dependence on BMPs has been observed
BMPs and other members of the TgBuperfamily of  during the generation of sympathetic neurones involving BMPs
growth factors have been implicated in the specification oih neural crest specification (Liem et al., 1997; LaBonne and
dorsal fates in the developing spinal cord and hindbrain. BMBronner-Fraser, 1998), delamination (Selleck et al., 1998;
signalling in early prepatterning events of the dorsal ectoderi@ela-Donenfeld and Kalcheim, 2000) and in the specification
leads to a subdivision of the ectoderm, including the neuralf the noradrenergic neurone phenotype (Varley et al., 1995;
plate (Mayor et al., 1999). At a later stage, BMP signalling i®Reissmann et al., 1996; Shah et al., 1996; Schneider et al.,
involved in the induction of dorsal midline phenotypes, thel999).
neural crest and the roof plate (Liem et al., 1995; Arkell and To address the mechanism of action of BMPs in LC
Beddington, 1997). The BMP signal is propagated from thgeneration, we have analysed the correlation between BMP
epidermal ectoderm to the roof plate and roof plate-derivedxpression and LC generation and have interfered with BMP
BMPs induce the generation of distinct classes of dorsalignalling at different stages of development. Our results
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suggest that the specification of LC neurones depends directlging in situ hybridisation. The implanted cells were actively
or indirectly on BMPs that are present and produced in groducing Noggin throughout the experimental period, as revealed by
graded fashion in the dorsal neural tube. We define the peridaisitu hybridisation for Xnoggin (not shown).

of development during which dorsal identity is dependent on

BMP signals and establish an essential in vivo role of BMPIET S'tu(:].yb”?'sat.'on (_)tn SEC;'QS.S i ied out described
in the differentiation or maintenance of the roof plate. onradioactive In situ_hybridisation was carried out as gescribe

(Reissmann et al., 1996). Antisense RNA probes specific for chicken
Phox2a, TH, DBH (Ernsberger et al., 1995; Ernsberger et al., 2000),
Lhx2a (Rodriquez-Esteban et al., 1998), Sox10 (Schneider et al.,

MATERIALS AND METHODS 1999), Wntl (kindly provided by Chaja Kalcheim), BMP5 (Oh et al.,
. ) . 1996), BMP7 (kindly provided from Brian Houston), Pax3 (Goulding
Implantation of Noggin-expressing CHO cells or agarose et al., 1993) and Pax6 (kindly provided from T. Ogura) were used.

beads loaded with Noggin into chick embryos . ) o .

Noggin-expressing Chinese Hamster Ovary (CHO B3A4) celleviral stock preparation and injection into chick embryos

were cultured ina-Modified Eagle Medium without nucleotides Virus stock of Phox2a-RCAS were prepared from supernatants of

complemented with 10% dialysed foetal calf serum (FCS), 1% sodiurimfected chick embryo fibroblasts (CEFs) as described (Morgan and

pyruvate, 1% non-essential amino acids andM0methotrexate. For  Fekete, 1996). Fertilised virus-free chicken eggs were incubated until

implantation, a 90% confluent cell culture (10 cm dish) was harvesteitiey reached the desired stages (stages 8 to 14). Using fine tungsten

and centrifuged to form a soft pellet for implantation. For controlneedles, the embryonic membranes were removed and the viral stock

experiments, CHO cells were cultured, harvested and implanted (s&@s transferred into the midbrain/hindbrain region by injection using

below), according to the same protocol. fine glass capillaries attached to an aspirator tube (Sigma A-5177).
Agarose beads (Affi-Gel blue beads, Biorad) were loaded with

Noggin (1 mg/ml), bovine serum albumin (BSA) (1 mg/ml) or

phosphate-buffered saline (PBS) as described previously (SchneidlRESULTS

etal., 1999). Fertilised chicken eggs were incubated at 37°C until they

reached the desired stages of development (stages 10-14) (Hamburggineration and differentiation of LC neurones in the

and Hamilton, 1951). The embryonic membranes were removed a ick embryo

the beads or Noggin-expressing CHO cells were implanted/injecte .

lateral to the midbrain/hindbrain boundary. After further incubation,”N0x2aandPhox2bare early markers for the LC (Morin et al.,

the embryos were fixed in 4% paraformaldehyde at 4°C for 24-48997; Pattyn et al., 1999; Pattyn et al., 2000). We have analysed

hours, cryoprotected overnight in 30% (w/v) sucrose, embedded ariie onset of Phox2 gene expression in rl and studied the timing

sectioned. Consecutive 12-fifa sections were selected and analysedof noradrenergic differentiation by the expressionTBif and

Phox2a DBH TH
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Fig. 1.Expression oPhox2a > q pL /i F
(A,D,G, J, arrow)DBH = % ¢
(B,E,H,K, arrow) and’H .
(C,F,1,L, arrow) in rl at various 4 »
stages of chick development. At : H £
stage 14, transcripts 8hox2a G I

(arrow) are observed in the
dorsal aspect of r1 (A), while no
expression obBH (B) andTH
(C) is detected. (D-F) At stage
20,Phox2a DBH andTH 3 ;

transcripts are found in a more

ventral position (arrow) and K L
become finally localised to a J

region (arrow) ventrolateral to
the fourth ventricle at stage 29
(G-I) and stage 34 (J-K).
Arrowheads in A,D indicate the
ventrally localised trochlear
nuclei.
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N
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DBH (Fig. 1). This analysis demonstrated an initial appearanddatten, 1999). Thus, the onset Pfiox2 gene expression at

of Phox2a-positive cells in the dorsal aspect of rl at stage 18tage 13/14 occurs much later than the BMP-dependent neural
followed by the expression &hox2bat stage 18)BH at stage  crest specification. Therefore, we analysed the expression
17 andTH at stage 18. ThPhox2positive cells are initially pattern of TGB family members, before and during the onset
generated dorsally but are observed later in a more ventraf Phox2 expression in rl. Strond3mp5 expression was

location (Fig. 1). observed at stage 10 and 11 in the rostral hindbrain (Fig.
_ _ _ _ 2A,B), extending in r1 up to the caudal limit of isthnfigf8

Correlation of BMP expression with the generation expression (Fig. 2B). On sections, we observed gr8aepo5

of Phox2-positive cells in rl expression in the dorsal neural tube of rl in a relatively broad

Bmp4andBmp7are expressed in the dorsal hindbrain beforearea at stage 10 and 11 (Fig. 2C,D; see Fig. 4C). At stage 14,
and during neural crest specification (Graham et al., 1998mp5was strongly expressed in dorsal rl1 (Fig. 2E), whereas
Watanabe and Le Douarin, 1996; Schultheiss et al., 1997; Str&mp7was expressed in the epidermal ectoderm that is closely
et al., 1998; Streit and Stern, 1999; Wall and Hogan, 199%pposed to the neural tube during early development (Fig. 2F).
Liem et al., 1995). Neural crest cells, specified in rl at stage 8We were unable to deteBMP4expression in rl between stage
(Nieto et al., 1994), emigrate between stage 9 and 11 at thi® and 14. Thus, the expressionBofip5(andBmp7 in rl is

axial level (Nieto et al., 1994; Tosney, 1982; Wingate andompatible with a late role of these factors in the specification

of the dorsally generated LC neurones.
- ﬁ

BMP signalling is essential for the development of
the LC

To investigate the physiological role of BMPs in r1, we blocked
their action by applying the BMP antagonist Noggin
(Zimmermann et al., 1996). Noggin-producing CHO cells or
Noggin-soaked beads were implanted in the presumptive LC
region close to the neural tube at stages 10 to 11. The effect of
Noggin treatment was analysed Byiox2 and DBH in situ
hybridisation at early stages (HH 15 to 29) and in a few cases
that survived until E8.

In 13% of the embryos treated with Noggin-producing CHO
cells at stage 10 to 1In%£38) a clear-cut loss-of-function
phenotype, devoid of LC neurones, was observed at HH 15 to
c 17 (Fig. 3D), and the hindbrain was noticeably smaller than

normal. The other phenotype, observed in 63% of the embryos,
consisted of embryos where LC neurones were observed in a

T Yn continuous zone of cells across the dorsal region of the neural

o i tube, indicating that the two dorsal domains of the rl1 have

' fused (Fig. 3E,F). The staining fobBH unequivocally

a identifies the ectopic cells as LC neurones. In control embryos

. that received normal CHO cells, PBS-soaked or BSA-soaked

g y \ 2 _ \ \ beads, we did not observe a loss or a dorsal shift of LC

’ ) neurones =25; Fig. 3A-C). The Noggin-bead implantation

stage 10/11

k. 3
it

stage 11

..|
q

stage 14

produced only the weaker phenotype with dorsally located LC
neurones (Fig. 3E,F), which can be explained by a lower

‘3 amount of Noggin released from the beads when compared
with the CHO cells.

Fig. 2. Expression pattern &mp5(A-E) andBmp7(F) in rl during Differential effects of Noggin treatment on LC, roof
early stages of chick development. (A) Whole-mount in situ plate and neural crest development in rl
hybridisation foBmp5at stage 10 demonstrates expression in the . . .
rostral hindbrain, including r1 (white arroBmp5expression; black ~ Next, we investigated at what embryonic stage LC
arrow, midbrain-hindbrain-constriction). (B) Simultaneous detection development is dependent on BMPs. Two phases of BMP-
of Bmp5andFgf8 at stage 11 by whole-mount in situ hybridisation dependent dorsal neural tube patterning have been
demonstrates an overlap (arrowheadBwip5(white arrow) and distinguished: an initial specification of the early dorsal
Fgf8 (black arrow) expression in rl. (C,D) Transcript8afip5 midline fates neural crest and roof plate, followed by roof
(arrows) are found at stage 11 throughout the dorsal aspect of rl, ap|ate-derived BMP signalling that controls dorsal neuronal
both rostral_ (C)_ and cau_dal (D) regions. Note that there also seems {gtes at later stage®vntlis initially expressed in the dorsal

be expression in the epidermal ectoderm (D). At stage 14/15, neuroepithelium of r1 and later on in the rhombic lip, but not

transcripts oBmp5(arrow) are restricted to the roof plate and dorsal . : ; VY
edges of the neural tube (E), whBenp7expression (arrow) is in the roof plate (Rodriquez and Dymecki, 2000; Wingate,

restricted to the overlying epidermal ectoderm (F). Whole-mount in 20(.)1)' wherea8mpsis expressed_ in. the roof plate (below).
situ hybridisation was used for the detection of BMP5 in C,D, Using WntlandBmp5as dorsal midline markers (Parr et al.,

resulting in the collapse of the ventricle when compared with 1993; Robert et al., 1989; Hill et al., 1989; Arkell and
hybridisation of sections (Fig. 4C). Beddington, 1997; Lyons et al., 1995; Lee et al., 1998), and
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Phox2a Phox2a DBH

Fig. 3.Noggin affects development
of LC neurones. Control embryos
(A-C) and Noggin-treated embryos
(D-F) were analysed for the
expression oPhox2a(A,B,D,E, e, 7
arrow) andDBH (C,F, arrow). : T e
Noggin-expressing CHO cells (D) or D 2 E F
Noggin-soaked beads (E,F) were

implanted into stage 10 chick
embryosPhox2aandDBH

expression (arrow) is either lost on
the Noggin-treated side (D, stage 17)
or detected at the dorsal midline of
rl (E,F, stage 22).
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.
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Sox1(@as neural crest marker (Kuhlbrodt et al., 1998; Schneidaryccurred (=9). After Noggin treatment at stage 13-h411),
et al., 1999), we extend previous data that neural crest celisly a few LC neurones were located in the dorsal midline,
have been specified in r1 and are in the migratory phase at stagainly in the rostral part of rl (27% of embryos), while LC
10 (Fig. 4) (Nieto et al., 1994; Tosney, 1982). At stage 11 allevelopment was unaffected in the caudal region. These
Sox1Bexpressing neural crest cells had left rostral rl (noembryos also lacked/ntlandBmp5expression in the rostral
shown). part of r1, but not in the caudal part (data not shown). Thus, it
Noggin-treatment at stage 10 and 11 does not affect theppears that LC neurones are specified by BMPs in rl1 up to
generation and migration of neural crest cells. Control andtage 11, and that from stage 12 onwards LC neurones no
experimental embryos display a similar pattern of trigeminalonger depend on BMPs. By contrast, the development of other
neural crest cells in the rl region (Fig. 4D,G). This findingdorsal phenotypes, including the roof plate and rhombic lip,
demonstrates that the specification of LC neurones and neudd#pends on BMPs from stage 12 up to stage 13/14 in rostral
crest cells are distinct events and can
be distinguished by different peric
of BMP dependency. By contrast, Se) hiddut

observed a lack of the dorsal midl A TR B ’ﬁb; prp
fi (O

Bmps

structures in Noggin-treated embry \
which is evident from changes
morphology and marker ge
expression. Wntl and Bmp5 are r
expressed in dorsal rl1 at the onse
Noggin treatment (Fig. 4B,C) a
become restricted to dorsal midl
structures between stages 10 anc
(Fig. 2E; not shown). The inhibitic
of BMPs results in a hindbrain of ev P 'q
thickness without dorsal roof ple r’ .
specialisation and with a lack @fntl ’
and Bmp5 expression, which a -
expressed in control embryos
rhombic lip and roof plate (compe
Fig. 4E,F with Fig. 4H,1). 7

To define the time period duril
which LC and roof plate developme
are dependent on BMPs, we app o
Noggin at different time points aft ~
stage 10. At stage 11, generatior .

-—

stage 10

Control

Noggin

LC neurones was prevented in one
of five Noggin-treated embryos. Aft
Noggin-application at stage 12,
never observed a complete loss of
neurones, while in 66% of tl
embryos, a dorsal shift of L
neurones and loss of roof pl

Fig. 4.Noggin application does not interfere with neural crest specification, but is required for
the development of the roof plate and rhombic lip. Expression of the neural crest &weker
(A,D,G, arrows) and of dorsal midline mark&t1(B,E,H, arrow) andmp5(arrow, C,F,l) in
control embryos at stage 10 (A-C). The effect of implantation of control CHO cells (D-F) and of
Noggin-expressing CHO cells (G-I) was analysed at stage 22. Note that in Noggin-treated
embryosSox10expression is not affected (G), while expressiowatlandBmpb5is

completely lost at the dorsal midline (arrows, H,I).
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Fig. 5.Expression oPhox2a(A,D,G, Phox2a Pax6 Pax3

arrow),Pax6(B,E,H, arrows) ané®ax3
(C,F,l arrows) was analysed in control
embryos at stage 14/15 (A-C), stage
26/27 (D,E) and stage 22 (F), and in
Noggin-treated embryos at stage 26/27
(G,H) and stage 22 (1). (A-C) Wild-type
embryos; (D-F) control embryos treated
with CHO cells; (G-l) Noggin-
expressing CHO cell treatment. Note By E F
thatPhox2aexpression at stage 14/15 is
observed within th®ax3andPax6
domain (compare A-C). In controls, at
stage 26/27, expression of b&thox2a
andPax6is localised to ventrolateral
regions of rl1 (D,E). Pax-3 expression at
stage 22 is observed in a large region

>

fu - NN II .f! Fq » ‘% \

stage 14/15

Control
X
£

s\
/
kY

that excludes dorsal midline and most G H I

parts of the ventral region (F). After \_.,. ~ o \
application of Noggin-expressing cells g) . 5“, -
Phox2aandPax6expression is observed &) , Py - -

in the dorsal region of the neural tube ZO "

(G,H). Pax3expression is now
expressed in the entire dorsal region (1).

rl. This suggests that dorsal BMPs have several distind998). In r1,Lhx2apositive cells were first detected at stage
functions during this time period: controlling the fate of LC 16 in a dorsal position and appear to be intermingled with
progenitors and the maintenance or differentiation of the dors&@hox2apositive cells up to stage 23 (Fig. 6A,C), but their final
midline structures.

Neural patterning defects in BMP-deficient dorsal rl Control Noggin
The loss of the roof plate in Noggin-treated embryos, toget A B ;
with the dorsal location of LC neurones in the weal s

€

phenotype, indicates a change in neural patterning in the d
rl. To address this issue, we examined the expression of
transcription factors that monitor the early subdivision of 1 S
neural tube into ventral and dorsal halves (St-Onge et b ' .
1995). At stage 14/1Fax6is expressed in both the ventr:
and dorsal aspect of rl (Fig. 5B). During further developme
the expression becomes localised to a more ventral pos - 3 ol

(Fig. 5E) similar to thePhox2aexpressing region (Fig. 5D) . fa‘“” R DN
The expression dPax3defines dorsal neural progenitors in | : :

(Fig. 5C,F) and expression is observed in the dorsal part ¢
at stage 10 (not shown, Fig. 8). SimilarRbhox2aand Pax6
expression, expression &fax3 expands to a more ventrs
position during further development but remains expresse
the dorsal aspect of rl (Fig. 5C,F) and the Ristx2apositive E F -
LC neurones are observed within the dofBak3/Pax6co-
expression domain in rl (compare Fig. 5A-C). After Nogc
application at stage 10 to 1Pax6 and Pax3expression was
shifted to the dorsal midline (Fig. 5H,1). If the dorsal domai
characterised by the exclusive expressioRa¢{3are lost, the
dorsalmost progenitor cell identity would correspol

approximately to the region wheRax3and Pax6 overlap in Fig. 6. Differential B_l\/_IP dependence of dorgthox2apositive L_C
wild-type embryos. neuroneslhx2apositive neurones and vent@ATA2neurones in

We then examined the impact of BMP inhibition and t rl. Lhx2apositive neurones (A, arrows) have a similar expression

change in patterning on the generation of specific classe pattern toPhox2aexpressing LC neurones (C, arrows) during the

. . early stages of chick r1 development (stage 22). Implantation of
neurones. We investigated the development GATA2 Noggin-producing CHO cells results in a complete lodshaRa

expressing ventral neurones (Fig. 6E) and.lut2a-positive  gxpression at stage 22 (B, arrow), while in a parallel section,
dorsal interneuronekhx2aexpressing cells in the spinal cor  phox2apositive cells are present in the dorsal midline (D, arrow). By
are generated dorsally and migrate then to a ventral posii contrast, at stage 22, tlATAZ2expression pattern of ventral

Their development depends on roof plate signals (Lee et neurones (E, arrow) is unchanged after Noggin-treatment (F, arrow).

Lhx2a
/
\
thy

Phox2a
\

Gata2

My e S g o
4 N Gn Y W
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A / B DISCUSSION
S, ’ / These studies have examined the generation of the LC in the
cases.. Y i _ .+ chick embryo. The onset of Phox2 gene expression in dorsal
s A - " ol e o) rl occurs in the vicinity oBmp5expressing cells in dorsal
T . neural folds and roof plate. The inhibition of BMPs at stage 10
o by Noggin prevents the generation of LC neurones or results
— . in a dorsal midline localisation of LC neurones. The effects can
C ’/ & s D ) | be explained by BMP functions in the dorsoventral patterning
- 1 - For gt of rl. Interestingly, this patterning function seems to include
_____________ e > / o oM " the generation and/or maintenance of the Lhx2a-positive
WL R R i " . neuronal cell population and the dorsal BMP signalling
e \ .-Wh,,, P e " centres, the roof plate and rhombic lip.
pigtre < ¥ ° S R D The LC develops between E2 and E6 in the chick embryo
e ~ i __:{ff' (Yurkewicz et al., 1981). We used Phox2 genes as early

. ) o . _ . markers for noradrenergic neurones to re-evaluate the
Fig. 7.Phox2a is sufficient to induce noradrenergic neurones in rl. generation of the LC. The firBhox&-positive cells in r1 were
(A) At E8 DBH expression in wild-type embryos is not detected  gpyqepyed at stage 13/14 in a dorsal position that co-expresses
dorsal to the fourth ventricle (B, arrow). After injectionRifox2a Pax3, a marker for dorsal neuronal progenitors (St-Onge et al.

expressing RCAS vectors at stage 9, the dorsolateral alar plate, ;
dorsal to the ventricle, is infected as visualised by the RT expressior4'995)’ and Pax6. Around ES, the domainBloox2a, Paxand

pattern (arrow). (B,C) In this infected E8 embryo, ect@iH (C) Pax6expression are observed at a more ventrolateral position.
andTH-positive (D) neurones are observed dorsal to the fourth ~ This may be explained by the differential growth of dorsal
ventricle (arrows). The ventricle is indicated by a broken line. versus ventral halves of the neural tube or by changes in the

expression of dorsoventral patterning gePes3andPax6and
the ventral migration oPhox2apositive cells (Hemond and

location in rl and the caudal hindbrain is dorsolateral t@lover, 1993). Ventral translocations of dorsal interneurones
Phox2a/Phox2ipostive cells (data not shown). Whereas thehave been observed in the spinal cord (Lee et al., 2000) and
location and area of ventr&ATA2positive neurones was explained by tangential migration (Leber and Sanes, 1990).
not affected by the inhibition of BMPs (Fig. 6Hhx2a The expression of BMP family members in ectoderm and
expression was either completely absent or greatly reduced meural folds suggested that BMPs are involved in LC
all Noggin-treated embryos, including embryos wherespecification. We identifieBmp5as a likely candidate in LC
Phox2apositive cells are present in the dorsal midlinegeneration, owing to its strong and dorsoventrally graded
(compare Fig. 6B with 6D), or after Noggin-treatment at stagexpression in rl during stages 10 and 14, at the time when LC
13/14. We analysed whether the loss of dorsal neural cell typegurones are specified and are first detectable. This is in
in Noggin-treated embryos might result from increasechgreement with recent fate-mapping studies at stage 10 that
apoptosis. As only a few TUNEL-positive apoptotic cells weredentified the origin of the LC in dorsal r1 (P. Aroca and L.
detected in Noggin-treated embryos, similar to the wild typduelles, personal communication), within the are®8wip5
at stages 17 to 22, this appears not to be the case (data empression.
shown). The specification of dorsal cell types in the spinal cord

Taken together, these results suggest an essential role refjuires a sequence of BMP signals, initiated in the epidermal
BMP family members for the generation of several dorsallyectoderm and propagated to the dorsal roof plate. Similarly, in
generated neuronal subpopulations, including LC neurones. the hindbrain, neural crest and roof plate are specified by early

. o o . BMP signalling (Tosney, 1982; Nieto et al., 1994; Wingate and

Phox2a is sufficient to elicit the generation of Hatten, 1999) (this study). The previously demonstrated
noradrenergic cells in rl absence of LC neurones in zebrafish mutants devoid of BMPs
The BMP-dependent LC specification and dorsoventraGuo et al., 1999) reflects an early requirement of BMPs for
patterning in the dorsal rl raises the question of whether cefleural plate patterning and is paralleled by the expansion of
populations that are specified for another dorsal phenotype Imgural plate, the lack of neural crest and many dorsal neural
their position in the BMP gradient would still be able totube fates. Mayor et al. have proposed, that the role of BMPs
switch their fate to that of a noradrenergic neurone by thmay reflect the maintenance of fates initially specified at the
forced expression of Phox2 genes. Overexpressi®hot2a  neural plate stage rather than a late specification event (Mayor
(Stanke et al., 1999)in rl resulted in the inductioRlbdx2h et al., 1999). In this study we identified a later, BMP-dependent
TH andDBH at E8 dorsal to the ventricle (Fig. 7C,D). Thus, LC neurone specification period in rl. Interfering with BMP
only a few cells were able to respond to forced expression aignalling at stage 10, after neural crest is specified, resulted in
Phox2 genes in rl. Most progenitor cells, and in particular altwo phenotypes, i.e. embryos devoid of LC neurones or with
ventrally located cells, did not respond by the acquisition oEC neurones at the dorsal midline. These two different
a noradrenergic phenotype and ectopic noradrenergic markeysenotypes most probably reflect the variations in the local
were only observed when we virally infected rl beforeconcentrations of Noggin in different embryos. Our results
stage 10. The results suggest that the patterning amtEmonstrate that LC progenitors are specified by BMPs up to
prespecification in rl restricts the potential of the vasstage 10 and suggest an essential role of late BMP signals for
majority of the cells. the development of dorsal phenotypes. In particular, we also
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demonstrate an essential role of BMPs for the roof plate and The results we observed after BMP inhibition could be
rhombic lip. While the dorsal midline markafntlandBmp5  explained by a primary effect on roof plate development and
disappeared in Noggin-treated embryos, expressioBag8 the subsequent lack of several roof plate-derived signals that
and Pax6 was shifted to the dorsalmost position, normallyare responsible for the generation of different dorsal
devoid ofPax3andPax6expression. This suggests that while phenotypes (Lee et al., 1998). Alternatively, a BMP gradient
dorsal regions are lost, generic dorsoventral patterning is dorsal r1 might be responsible for dorsoventral patterning
maintained. and the subsequent generation of different phenotypes at
We then asked, whether in addition to LC neurones othatistinct BMP concentration thresholds. The latter model is
neuronal subtypes would also be affected in Noggin-treateslipported by the demonstration dBimp5expression gradient
embryos. The expression of the transcription fattox2a in rl, and by the lack of correlation between the absence of
identifies a dorsal neuronal population in spinal cord (Lee abof plate and the lack or dorsal shift of LC neurones in
al., 1998) and hindbrain (present study), wher€#sTA2 Noggin-treated embryos (i.e. embryos without roof plate either
is expressed by ventral rl neurones (Bell et al., 1999Jack LC neurones or have LC neurones in the dorsal position).
InterestinglyLhx2aexpression, which initially shows a similar Further supporting evidence is provided by the weak BMP-
expression pattern to Phox2a, was completely eliminated in tigggnalling zebrafish mutansomitabun where ectopic LC
absence of BMP signalling, where@ATA2 expression was neurones are generated in dorsal positions (Guo et al., 1999).
not affected. To address the question of whether the fate of non-LC
The proposed change in cellular identity would explain therogenitors is irreversibly determined, Phox2a was expressed
smaller size of the r1 in Noggin-treated embryos. As Wnt genés rl. The observed Phox2a-induced generation of a low
are essential for the proliferation of dorsal neuronal progenitorsumber of ectopic noradrenergic neurones suggests that
(Dickinson et al., 1994; lkeya et al., 1997), the lack\sft ~ uncommitted precursor cells represent a small minority of
expression may also account for the decreased size of morsal populations. The absencd.bk2apositive neurones in
Proliferative effects have been also describedfop7in the  Noggin-treated embryos that contain LC neurones may be due
hindbrain (Arkell and Beddington, 1997). An alternativeto their generation at a more dorsal location in the BMP
explanation would be the death of cells in the absence of BMRyradient or, more likely, due to their specification at a later time
dependent specification and maintenance. The observed lgo&int. As Noggin might antagonise the action of several BMPs,
of significantly increased numbers of TUNEL-positive cellsour results do not exclude the possibility that, besides BMP5,
favours a change in cellular identity according to BMP levelsother BMP family members are involved in LC development.
However, Bmp5/Bmp7 double knockout mice lackRVntl
expression in the hindbrain neuroepithelium, similar to what is

e 2 observed after Noggin treatment (Solloway and Robertson,
g . 1999).

£ o o g £ o ¢ §g In conclusion, the present study defines the timing and

2 & & 9 z & & £9 location of early LC neurogenesis in the chick embryo (Fig.

8). It provides evidence for the importance of BMP signals in

RP the generation of LC neurones and other dorsal cell populations
T in rl. The results strongly support the notion of a late action
/ | \ b I of a dorsal BMP gradient in the generation of dorsal neuronal
| | phenotypes. We also demonstrate the BMP dependence of the

dorsal midline structures roof plate and rhombic lip, as well as
the differential timing of BMP-dependence for different dorsal
hindbrain phenotypes.
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