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SUMMARY

Transforming growth factor [ signaling mediated by
Decapentaplegic and Screw is known to be involved in
defining the border of the ventral neurogenic region in the
fruitfly. A second phase of Decapentaplegic signaling
occurs in a broad dorsal ectodermal region. Here, we show
that the dorsolateral peripheral nervous system forms
within the region where this second phase of signaling
occurs. Decapentaplegic activity is required for
development of many of the dorsal and lateral peripheral
nervous system neurons. Double mutant analysis of the
Decapentaplegic signaling mediator Schnurri and the

Brinker. Interestingly, the ventral peripheral neurons that
form outside the Decapentaplegic signaling domain depend
on Brinker to develop. The role of Decapentaplegic
signaling on dorsal and lateral peripheral neurons is
strikingly similar to the known role of Transforming
growth factor (3 signaling in specifying dorsal cell fates of
the lateral (later dorsal) nervous system in chordates
(Halocythia, zebrafish, Xenopus chicken and mouse). It
points to an evolutionarily conserved mechanism specifying
dorsal cell fates in the nervous system of both protostomes
and deuterostomes.

inhibitor Brinker indicates that formation of these neurons
requires Decapentaplegic signaling, and their absence in
the mutant is mediated by a counteracting repression by
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INTRODUCTION important for specification of dorsal cell fates in the nervous
system. It is involved in the formation of the roof plate, neural
The transforming growth facto (TGH3) super-family of crest and dorsal sensory interneurons of the neural tube (Lee
proteins is involved in many developmental processes in highand Jessell, 1999). In chicken explant assays, the epidermal
eukaryotes (reviewed by Affolter et al., 2001; Massagué andctoderm that harbors BMPs, or the BMPs themselves (BMP4
Chen, 2000; Newfeld et al., 1999). The dynamics among3TGFand BMP7), induce neural plate tissue to express dorsal neural
family members, their receptors and their inhibitors contromarkers for the roof plate, neural crest and dorsal interneurons
cellular processes through the transcriptional regulation D1 and D2), while secreted antagonists (Noggin + Follistatin)
target genes. In vertebrates, T&Romologs act during the can inhibit expression of these markers (Dickinson et al., 1995;
development of the nervous system in two different stepd,iem et al., 1997; Liem et al., 1995). Genetic experiments in
initially defining the border of the embryonic neurogenic anlageebrafish support the role of BMP signaling in pattern
(neural plate) and later engaging in detailed pattern formaticiormation within the neural tube. Analysis sWirl/bmp2h
by specifying within the anlage the dorsal neural structuresnailhouse/bmp#&nd somatibun/smad%nutants, as well as
(reviewed by Lee and Jessell, 1999; Streit and Stern, 1999). injection of the BMP antagonist CHD, reveal that BMP
Early in Xenopusdevelopment, the T@Fmolecule bone signaling is essential for establishing neural crest, dorsal
morphogenetic protein 4 [BMP4, which belongs to thesensory neurons (Rohon Beard neurons) and interneurons of
BMP2/4/Decapentaplegic (Dpp) subfamily] defines the nonthe neural tube (Barth et al., 1999; Nguyen et al., 2000). In
neurogenic region of the embryo, while its inhibitor Chordinmouse, a number of candidate Tgfolecules are expressed
(Chd) defines the neurogenic anlage. Similarly, in zebrafish tha the dorsal neural tube and the overlying ectoderm (Lee and
specification of non-neurogenic and neurogenic regiondessell, 1999; Liem et al., 1997). These include BMP4 of the
appears to be governed by BMP2 and CHD, respectivelBMP2/4/Dpp subfamily; BMP5 and BMP7 of the BMP5-
(Hammerschmidt et al., 1996; Holley and Ferguson, 19978/60A subfamily; Activin B, which is closely related to
Kishimoto et al., 1997; Mullins et al., 1996; Schulte-Merker etDrosophila DmActivin; and growth/differentiation factor 7
al., 1997). (GDF7), which is equally related forosophilaDpp, 60A and
Later in vertebrate development, BMP/TE&Bignaling is  Screw (Scw) (Newfeld et al., 1999). After neurulation, the
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dorsal epidermal ectoderm, which later separates from theement-induced allelshrk00401and the strong hypomorphic EMS-
neural tube, and the roof plate are sources of theseg3 TGHnduced alleleshrt created by a premature stop codon (Arora et al.,
molecules. Ablation of the roof plate produces defects in dorsdP95) were obtained from the Bloomington Stock Center. The P-
neural fate specification very similar to defects generated ﬁemkfrrll}n gg?ggse% fa#]er:igr:g“‘:lfe\feaiv ;;nilig]dri;oglrgsgdgg Ey Eeﬂjergén
bIocking_ TGR/BMP signaling (Liem.et al,, 1997), strongly Jazwinska et al., 1999a). The UAgk was described previous|
sugg_estlng that TG¥signals emanating from the.roc'Jf plgte (Jazwinska et al.‘, 1999a)). TheHISssog transformed fll)ies Werg
specify dorsal neural cell types (Lee et al., 2000; Millonig e

. - . . .9 “kindly provided by E. Bier (Yu et al., 2000). To activate miss-
al., 2000). Consistent with this, mice that lack GDF7, which igyyression of genes in the neuroectoderm, as well as in early SOPs,

expressed in the roof plate, lack specific dorsal interneuronge used the previously reportéd-Gal4 line (Castelli-Gair et al.,
(D1A), directly showing a role for this T@Fn the generation  1994). For analysis of double mutant embryarkM68shrk04412and

of dorsal neural cell types (Lee et al., 1998). However, thisrkm®8shri, we generated the stodik™6§FM7, grh-lacZ;shrk04417
mutation does not reflect all the aspects of FGHgnaling  CyO, wg-lacZ brkm§FM?7, grh-lacZ;shi/CyOandwg-lacZ.Double
shown in other experiments in which TE#hhibitors have mutants were identifieq by the lack .bfgalactosidase expression.
been added or roofplate has been deleted. It is very likely thformation about strains not described in the text and balancer
GDF7 and other BMP family members expressed by th&hromosomes can be found elsewhere (Lindsley and Zimm,.1992)
roofplate hold non-redundant functions (Lee et al., 1998)immunohistochemistry

Finally, in the ascidiarHalocynthia roretziBMP signaling  immunohistochemistry was performed in whole-mount embryos
affects neural plate patterning. At the time of sensory orgaiising the following primary antibodies: rabbit afitgalactosidase
fate decision (tailboud stage) BMPb (belonging to theantiserum (1:1000 dilution; Cappel); anti-Ato rabbit antiserum
BMP2/4/Dpp subfamily of BMPs) is expressed in the dorsa(1:1000 dilution) (Jarman et al., 1994); anti-p-Mad rabbit antisera
neural plate (Miya et al., 1997). Overexpression of BMPb an(fL:50 dilution) (Tanimoto et al., 2000); and anti-Ac monoclonal
Chd affect the choice of cell fates between sensory structur@gtibodies (1:10 dilution) (Skeath et al,, 1992); and 22C10

forming at the edge of the neural plate, consistent with a rof@°noclonal antibody (1:20 dilution) (Fujita et al., 1982) was obtained
for BMP signaling in specification of cell fates in the dorsal rom the Developmental Studies Hybridoma Bank at the University

L of lowa. Fluorescent Cy2- and Cy3-conjugated secondary antibodies
nervous system (Darras and Nishida, 2001). Jackson Immunoresearch), and Alexa488-conjugated secondary

During the development of the nervous system in thepthodies (Molecular Probes) were used at 1:1000 dilution. HRP-
Drosophilaembryo, TGRB signaling is biphasic (Dorfman and conjugated goat anti-rabbit and goat anti-mouse antibodies (Promega)
Shilo, 2001). In the first phase, the two BMP class moleculegere used at 1:250 dilution. AP-conjugated goat-anti rabbit antibodies
Dpp and Scw and the secreted inhibitor Short gastrulation (Sogkre used at 1:2000 dilution.
have an initial role strikingly similar to the role of homologous Embryos were staged according to Campos Ortega and Hartenstein
proteins in zebrafish aienopugde Robertis and Sasai, 1996; (Campos-Ortega and Hartenstein, 1997), and were fixed and
Holley and Ferguson, 1997)Through broad dorsoventral Processed for whole-mount antibody staining using standard
patterning of the blastoderm, they define the borders of tH%;Qergluerzoﬁ?é%Lar%gg:Qé rﬁ;"’(‘e‘gegn irgberi)écs)sA;/(\ilg{)?\o?le;;i?n;:ivgg%
;?ngggg?,ljgﬂgﬁ:g Ir:(iﬂlOlTsé\éNfgg(érﬁraue;r?lét 2?9iégéégso§guprescent embry_os were analyzed by confocal microscopy using a

N ’ 9 : S, Nguy N ! 98iss LSM 510 microscope.
and Ferguson, 1999). The VNE gives rise to the ventral nerve
cord (VNC) and some ventral peripheral nervous system (PN$)eatshock experiments
neurons (Campos-Ortega, 1993; Schmid et al., 1999; Schmidinbryos were collected on apple-juice agar plates for 1 hour at 25°C.
et al.,, 1997). Later in development, localized Dpp signalinghey were allowed to age for 3 hours at 25°C before administering 1
appears in the dorsal ectoderm where the dorsolateral PNShigur heat shock at 37°C by immersion of the agar plates in a water
forming (Dorfman and Shilo, 2001; Jackson and Hoffmannbath. Embryos were allowed to recover at room temperature for 30
1994), raising the possibility of a role for Dpp in specificationminutes and thereafter kept at 25°C until the correct stage was
of dorsal cell fates in PNS development. achieved before fixation and phenotypic analysis.

We have explored the possibility of an evolutionarily cei geath staining
conserved role of T@Hamily members in specification of the Embryos were stained with Acridine Orange to reveal apoptotic cells

dorsal nervous system by investigating the function of thigccording to the previously described protocol (Abrams et al., 1993).
second phase of Dpp signaling for PNS development in

Drosophila We report that this signaling indeed promotes

formation of the dorsal and lateral PNS neurons, apparentlRESULTS

mediated by activation of proneural gene expression. The

inhibitor Brinker (Brk) comes into play when Dpp signaling is Part of the PNS develops within the region of active

compromised and is in addition involved in the formation ofDpp signaling in the dorsal ectoderm

the ventral PNS neurons. These results indicate tha3TGFThe second phase of Dpp signaling, covering most if not all

signaling is important for detailed patterning of the dorsathe dorsal ectoderm, starts at stage 9 and lasts until stage 10/11

nervous system in protostomes as well as in deuterostomes[3.40 to 5.20 hours after egg laying (AEL)] (Dorfman and
Shilo, 2001). Initially proneural clusters (PNCs) and later
sensory organ precursors (SOPs), singled out within each

MATERIALS AND METHODS PNCs, can be visualized by the expression of the proneural
genesachaete(ac, 4.20-7.20 hours AEL)tonal (ato, 5-6.30
Drosophila melanogaster  strains hours AEL) andamos(amq 5.20-6 hours AEL) (Campos-

Flies were raised on standabiosophilamedium at 25°C. The P- Ortega and Hartenstein, 1997; Huang et al., 2000; Lage et al.,
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1997; Ruiz-Gomez and Ghysen, 1993; Younossi-Hartenste (|
and Hartenstein, 1997). Thus, the second wave of Dp
signaling precedes and overlaps with the development of th
PNCs and SOPs. We examined the domain of Dpp signalir
using an enhancer trégcZ line inserted in the gerdaughters

against dpp(dad), a target of Dpp (Tsuneizumi et al., 1997).
Double immunofluorescence staining shows that dorsall
located Ac and Ato positive PNCs and SOPs originate insid
thedadlacZ positive region (Fig. 1), suggesting that they have
received, or still receive, Dpp signaling. A subset of PNCs an
SOPs are, however, ventral to thed-lacZdomain (Fig. 1). As
the PNS neuronal precursors differentiate close to the positicks
where they originate, we can conclude that a part of the dors nm
PNS forms within an active Dpp signaling region.

The second wave of embryonic Dpp signaling is
necessary for the correct formation of the dorsal
and lateral PNS

The embryonic abdominal (A) PNS DBfosophilaconsists of
three bilateral clusters of neurons (ventral, lateral and dorse
per segment, which can be most especially appreciated in t
serially homologous segments A1-A7 (Fig. 2) (Ghysen et al
1986). In order to investigate whether the second phase of D|#i¥
signaling is necessary for patterning the PNS, we analyz¢"es
mutant alleles for a gene involved in the Dpp signalingig. 1. Dorsal sensory neurons develop within the Dpp signaling
pathway, schnurri (shr). This gene encodes a zinc-finger region in the dorsal ectoderm. (A,B) Merged confocal images of
transcription factor that is necessary for the transcription 0®NCs (cell clusters) and SOPs (single cells) visualized by

some Dpp target genes and binds directly to the main Dpmmunostaining using anti-Ato (green in A) or anti-Ac (green in B)
mediator Mothers against Dpp (Mad) (Arora et al., 1995; Dag@ntibodies in two cpnsecutive abdominal segments of staged 11

et al., 2000; Grieder et al., 1995; Staehling-Hampton et a|gmbryos. A_n_terlor is t_owards the left and dorsal is upwar_ds. T_he Dpp
1995; Udagawa et al., 2000). Unlike the zygotic mutants oflgnal receiving cells in dad-lacZ enhancer trap line are visualized
dpp, scw; tolloid (tid) or mad shnmutants have no effect on by antif3-galactosidase antibodies (red). Orthogonal sections are

the initial don/ d d tral patterni f th indicated by the blue lines (1 and Il in A, and Il and IV in B) and
€ Inlial dpp/scwgoverned dorsoventral patterning ol N€ g,qyn in A A and B, B", respectively. Merged images are shown

blastoderm. They express normally the early Dpp target gengg,color; black and white images represent the separate red (middle)
such apannier(pnr, stage 7)dppitself in the dorsal ectoderm and green (right) channels. In A, the C1 SOP, which contributes to
(stage 9) andKrippel (Kr) (which is a marker for the one of the chordotonal organs, is marked by a stippled lijea(a
amnioserosa), showing that the dorsal ectoderm is correcttyiginates within theladlacZ domain (red). The SOP giving rise to
specified (Arora et al., 1995; Grieder et al., 1995; Torresthe dorso-bipolar neuron (dbp) is in the process of delaminatitn (A
Vazquez et al., 2001) By contrast, several Dpp target genégd also originates within thiadlacz domain. The more ventrally )
that are expressed following the second phase of Dpp signalir'fgaFed PNC cluster, from which the C2-CS chordotonal SOPs will
are affected ishnzygotic mutants: at stage 11, the expressior}° i)lggilt?\?eoglt\i C':Ss%“g’ngaét'c‘;ﬂi%’i;’]"e'ltt';'r\:vfmd;%zoﬁg?gg&gl:&the

of genes responsive to Dpp S|gnqllng, suchlzh pnr,. spalt domain, respectively (B The delaminating SOPs 2 and 4 form

or dppitself is reduced or lost (Grieder et al., 1995; Marty e, i1 thedadlacz domain (BB").

al., 2000; Torres-Vazquez et al., 2001; Tsuneizumi et al., 1997).

Thus, any failures in PNS formation, which are observetiin

mutant embryos, must originate from the second rather thasimilar to the other mutants analyzed. These results are
the first phase of Dpp signaling and are likely to be mediateconsistent with a role for Shn-mediated Dpp signaling in the
by Shn. We searched for PNS malformations in streimg formation of the dorsal and lateral PNS.

zygotic mutant embryos using the ubiquitous PNS neuronal A different way to interfere with the second phase of Dpp
marker 22C10 (Fujita et al., 1982). Homozygaist and signaling is to express specific inhibitors once the initial
shrk00401fajl to undergo dorsal closure and show severe defectiorsoventral patterning is accomplished. Brk is a nuclear
of PNS development (Fig. 2B and data not shown). A strongrotein that negatively regulates Dpp-induced genes and is
reduction in number of neurons is observed, especially in thexpressed ventrally in a complementary pattern to Dpp in the
dorsal and lateral PNS clusters, although it is difficult toembryo (Campbell and Tomlinson, 1999; Jazwinska et al.,
determine exactly which neurons are affected because of ti899a; Jazwinska et al., 1999b; Minami et al., 1999). Sog is a
dorsal closure failure. Therefore, we also analyzed anotheecreted protein that can bind to Dpp and inhibit it from
allele, shrk04412 which does undergo dorsal closure (Kania esignaling, and Supersog (Ssog) is a hyperactive inhibitory
al.,, 1995). In these embryos, position and identity of PN$ragment of Sog (Yu et al., 2000). In order to avoid interference
neurons could be more clearly assigned. In homozygosity (Figvith the first wave of Dpp signaling (stage 5 to 7, 2.10-3.10
2C,E), as well as in transheterozygosity astart, this mutant  hours AEL), we misexpresséak andssogfrom stage 8 (3.10
shows a reduction in the number of dorsal and lateral neurorspurs AEL) to interfere with the second phase (stage 9 to
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Average number of neurons/segment

2 4 6 8 10 11 12 1416
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UAS-brk  3-12
shnk04412 3-10

Fig. 2. The second phase of Dpp signaling is required for normal PNS formation. For clarity, in A-G the dorsal (d), lateral (tyarfd)ven
regions encompassing PNS clusters are colored blue, yellow and pink, respectively. (A-C) Whole-mount stage 16 embryoh gteened wi
22C10 antibody that reveals PNS neurons. (A) Wild type (WT) embryo. (B,C) HomozysigdB) andshrk94412(C) mutants have fewer
neurons and present serious disorganization in the dorsal and lateral PNS slustarstants fail to undergo dorsal closure. As a result of
this failure, the gut is extruded through the top, the embryo is twisted and the ventral nerve cord is pulled inwardseélengomgsto the
other side of the embryo are visible most ventrally. (D-G) Flat preparations showing one thoracic (T3) and four abdom#)addgmeénts
(upper panels). Cuticle preparations of late stage embryos (lower panels) show no clear expansion of the ventral dentielestipa.
Fewer neurons can be observedlin®4412(E), Kr-Gal4;UASbHrk (F) and HSssog(G) embryos, especially in the dorsal and lateral clusters. In
alleles ofshnand overexpression bfk, the pentascolopodial organ (brackets and yellow in D-G) frequently has fewer neurons and is
positioned close to the dorsal cluster. (H) Mean values, standard error (bars) and range (numbers to the right of thefgeeatypeder of
neurons per dorsal, lateral and ventral clusters in abdominal segments (A1-A7) in different genetic backgrounds. AbdoeritaAdegm

on both sides of 10 embryos were quantified for each genotype. The inhibition of Dpp signaling results in the reduction @i nennbes,
principally in the dorsal and lateral PNS clusters. WeR3; shri04412 n=116;shrk00401 n=90; Kr-Gal4;UASbrk, n=53; HSssog n=182.

10/11, 3.40-5.20 hours AEL). No expansion of ventralof neurons (Fig. 2H). No major differences are found

denticles was observed confirming the absence of interferendepending on the neuronal type: the percentage of external

with the early TGB-driven dorsoventral patterning. UASk  sensory organ neurons lost is similar to the loss of neurons in

expression in segments T2-A3, which is driven bykh&al4  the chordotonal organs (Rusten et al., 2001). The penetrance

driver, and ubiquitous expressionssogin the entire embryo, of this effect, as measured in the differentiated PNS clusters,

produced using a HSsogconstruct, lead to reduced number varies among abdominal segments (Fig. 2). The average

of neurons in the dorsal and lateral PNS (Fig. 2F-H). Theeduction in neuronal number ranges from 25% @489 to

effects are less severe for Ssog misexpression than for UA81% hrk0040) in the dorsal cluster and 8% (HSeq to 52%

brk misexpression and notable fshn mutations (Fig. 2). (shrk9040} in the lateral cluster. By contrast, the ventral cluster

Approximately 20% of the embryos expressing ubiquitseg) is less affected because it shows 2% @48¢ to 18%

do not undergo dorsal closure, similar to the phenotypeeduction $hrk00403  The lateral pentascolopodial organ

observed when strong allelessbinare analyzed. The HS&og  shows migration defects in these embryos (Rusten et al., 2001),

produces a manifest decrease in phosphorylated-Mad (p-Mald)it the other sensory organs are located in their expected

in the dorsal region (Fig. 3J,K) (Tanimoto et al., 2000). Thigelative positions.

indicates a reduction in Dpp signaling responsible for the ) o

phenotype. The residual p-Mad staining observed in somghe second wave of Dpp signaling is necessary for

embryos (Fig. 3K) might be the reason why Ssogorrect expression of proneural genes

misexpression leads to less severe effects than WRS- The reduced number of neurons observed in the dorsal and

misexpression ashnmutations. lateral PNS when Dpp signaling is impeded could result from
In all the mutant backgrounds mentioned above, the dorskdck of proneural gene expression, which is known to be

and lateral PNS clusters show a severe reduction in the numbercessary for PNC and SOP formation (Jan and Jan, 1993). We
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analyzed the expression aito and ac to examine the
specification of progenitor cell subclasses in mutan
backgrounds defective for Dpp signaling. The development ¢
the serially homologous abdominal segments Al to A7 is simile
and very synchronous. Thus, in the wild type, whenever
specific number of PNCs and SOPs appear in one abdomir
segment, a similar pattern is observed in the other abdomin
segments as well (Fig. 3A,B). This is not true k04412
mutants and for embryos expressing ubiquitseg where the
numbers of Ac and Ato positive SOPs and PNCs vary amor
the abdominal segments (Fig. 3D,F and Fig. 3C,E, respectively
This is consistent with the variably penetrant phenotype
observed in differentiated PNS among abdominal segments (Fi
2). In embryos expressing-Gal4;UASbrk, we observed loss
of Ato- and Ac-positive PNCs and SOPs specifically in the
abdominal segments A1-A3 whdyek was misexpressed, when
compared with abdominal segments A4-A7 that served as ¢
internal reference. The reduced numbers of Ato- and Ac-positiv
neuronal progenitors appear to result from failure of PNC
formation rather than an increase in cell death ratio: apoptos
does not appear to increase in segments exprésgiogmpared
with the other abdominal segments (Fig. 3l). Taken togethe
these results suggest that reduction in the number of neurons Kr-Gald:UAS-brk
produced by failure in proneural gene expression. s

shnko4412

The absence of Brk counteracts the neuronal loss
produced by compromised Dpp signaling

The transcriptional activation of target genes mediated by Dp
signaling is known to be regulated in different ways. While
some target genes appear to be activated directly by Mad, S
and the mediator Medea (Med), probably working as ¢
complex, other target genes are regulated indirectly b
relieving the repressive activity of Brk (Affolter et al., 2001).
Dpp signaling andrk expression are mutually inhibitory. In
particular, Dpp signaling repressag expression through the
action of Shn. Irshnmutant embryoshrk expression expands
dorsally during the germ band elongation stage, when the PN
forms (Marty et al.,, 2000; Torres-Vazquez et al., 2001).
Conversely, inbrk mutant embryosdpp expression expands Fig. 3. Proneural gene expression is reduced when Dpp signaling is
ventrally, as does expression of Dpp target genephik@nd  impeded. Expression of the proneural gene products, Ato (green) and
dad(Jazwinska et al., 1999b; Torres-Vazquez et al., 2001). Thic (red), in PNCs and SOPs at stage 11 (A-H). (A,B) The number
question arises as to whether the reduced number of neurogg¢ position of serially homologous PNCs and SOPs are similar in

in the experiments documented in Fig. 2, is a direct effect df1-A7 wild-type abdominal segments. (C-H) Proneural gene

the loss of Dpp signaling via Shn or, alternatively, is the resufXPression is lost in some segmentsfirf42homozygous

of the dorsally expanded Brk expression shn mutant embryos (C,D), embryos expressing B&bg(E,F) and embryos

embrvos. This estion was addressed by comparin toverexpressingrkin segments A1-A3 (G,H). Arrows point to SOPs
yos. 1his question w. y panng U4 pNCs that are not present in certain other segments.

numbers of neurons in wild type, single mutant and doubl@) \jsyalization of apoptotic cell death with Acridine Orange reveals

mutant embryos (Fig. 4). The numbers of dorsal and lateral preferential cell death in segments A1-A3 versus other abdominal

neurons are comparable in wild type dmk mutant embryos, segments in embryos overexpressing UkBunderkr-Gal4.

suggesting that Brk is normally not involved in the formation(J,K) Active TGP signaling is visualized by anti-p-Mad antibody at

of these neurons. By contrast, these numbers are substantiaiigge 9 embryos (Tanimoto et al., 2000). While WT embryos show a

reduced inshn mutants, confirming that Dpp signaling is broad expression domain of p-Mad (J), embryos whsogis

indeed involved in this process. Importantly, the number oexpressed under heatshock show a severe reduction in p-Mad levels

neurons observed tork:shndouble mutant embryos is higher and expression doma{K). The effect varies among embryos: some

than inshnsingle mutants, approaching the number seen in th&"P"Y0s have no p-Mad after the heat shock treatment.

wild type. However, the recovery iork™6&shn! embryos is

incomplete, suggesting an additional role of Shn independent

of Brk, as shown previously (Torres-Vazquez et al., 2001)PNS neurons is analyzed in single or double mutants, the

These conclusions are consistent with a putative regulatorgsults are dramatically different (Fig. 4), revealing a different

diagram presented on the left in Fig. 5A (see Discussion). underlying genetic regulatory mechanism (Fig. 5A). In this
When the number of ventral (rather than dorsal or laterajase brk mutants show a 30% reduction in neuronal numbers,

Kr-Gala;UAS-brk I J
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E Average number of neurons/segment
1.0 1|5 20

Fig. 4. Opposing genetic roles shnandbrk in formation of PNS neurons. (A-D) Flat preparations of stage 16 embryos showing one thoracic
(T3) and four abdominal (A1-A4) segments with PNS neurons visualized with the 22C10 antibody. Regions that harbor ndelong tioat
the dorsal, lateral or ventral clusters are color-coded blue, yellow and red, respectivalig™fAhomozygous embryo with normal numbers
of abdominal PNS neurons in dorsal and lateral clusters, but fewer in ventral clusters (compare with Fig. 2D). (B) Hosto?yohs/os
display a dramatic reduction in neuronal numbers and disorganization in the dorsal and lateral clusters, but less sdusteesfedmpare
with Fig. 2B). The compact appearance of the PNS is due to a lack of dorsal closure (dorsal extension of the epiderras)iinaises
Double homozygous embryos flork™68shrk04412(C) andbrk™88shri (D) display a clear rescue in neuronal numbers relative to the simgle
mutant (A); this rescue can be observed in dorsal and lateral but not in ventral clusters. The correct positioning sicthieetitd organ
and dorsal closure are also restored in these double mutants (brackets; compare with Fig. 2E,H). (E) Mean values ancbstainitierd er
number of neurons in the dorsal, lateral and ventral clusters in abdominal segments with different genetic backgranddsc have
opposite roles in the dorsal and lateral clustetslgshndouble mutants have more neurons thlammutants alone. In the ventral clusteng
appears to act independentlysbinasbrk;shndouble mutants have comparable numbers of neurdim& fingle mutants. WTh=63;

shrf04412 n=116; brkm68 n=121:; brkM68shrf04412 n=74; shn', n=37; brkmé8shrt, n=27.

most often affecting the ventralmost vmd5 sensory orgasome dorsal and lateral neurons (henceforth the dorsal/lateral
(Ghysen et al., 1986), whilghn mutants show a less severe PNS population) appear within a domain of Dpp signaling, and
reduction (2-18%; Fig. 2H). Importantly, the reduction inrequire this signaling to develop. For this population Dpp
the number of neurons in double mutantsk;shn is  signaling acts in a positive manner, and Brk is normally of no
indistinguishable from that in thérk mutant alone. This significance. However, if Dpp signaling through Shn is
indicates that in the ventral region the formation of some PN®npaired, Brk evidently represses this developmental process.
neurons requirelrk activity, and that this requirement is only By contrast, for a second population of ventral PNS neurons
marginally modulated byhn (Fig. 5A; see Discussion). In (henceforth the ventral PNS population), the developmental
addition, the double mutariirk;shn do not show additive regulation is quite different. In this case, Brk acts in an
effects in the loss of neurons respective to the single mutantsffectively positive manner, whereas Shn is less important.
Therefore, we conclude that both factors are important for thieterestingly, this second population develops in a domain
formation of the same subpopulation of ventral neurons.  where no Dpp signaling is detectable by its usual readadt,
In summary, apparently two populations of neurons exit. Thexpression. Whether in this case Shn reflects a minor, non-Dpp
dorsal and lateral clusters form one population that is mainlgependent, mechanism remains to be determined.
dependent on Dpp signaling, while the ventral cluster forms It is known from previous studies that Dpp signaling and
another population largely independent of Dpp signaling.  Brk are mutually antagonistic. For example, in the second
phase of Dpp signalindyrk is negatively regulated by Dpp
signaling itself via Shn (Marty et al., 2000; Torres-Vazquez et
DISCUSSION al., 2001). Conversely, in the first phase of Dpp signaling Brk
directly or indirectly counteracts Dpp signalinghirk mutant
We have investigated the role of the second phase o3 TGFembryos, the domain alpp expression expands while the
signaling inDrosophila embryos, which entails the BMP2/4 VNE (from which the ventral nerve cord develops) is reduced
ortholog Dpp (Dorfman and Shilo, 2001). We show that at leagtlazwinska et al., 1999b; Skeath et al., 1992). Cell lineage
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Fig. 5.(A) Summary of genetic data for the roles ¢ A

TG signaling inDrosophilaPNS development. Brk .ﬂ Dpp Brk Dpp (2)
Dpp signaling in the dorsal ectoderm promotes th
formation of the PNS and requires the co-factor S 3 (Shn) (Shn)

to keep Brk expression low in this domain. Thus, ¢
and Brk have opposing effects on the formation of 2
dorsal and lateral PNS clusters. In the ventral clus ‘nrget genes furget gsnes
Brk expression is high, while Dpp signaling is low
absent. Brk promotes neuronal formation, probab

a double-negative mechanism that is independen: SEVEEL B \taen) ventral
Shn. (B) Schematic representation of the similariti i PNE
between th®rosophilanervous system (summariz

stages 8-11 of development) and the developing B

neural tube in mouse, in terms of the key molecul Drosophila Mouse
involved in their patterning (Arendt and Nubler-Jui

1999; D’Alessio and Frasch, 1996; Gowan et al., roofplate

2001; Tanabe and Jessell, 1996). Regions of pror TGF-

p ;
gene expression are shown on the left half of the K{
schemes while lateral column genes are shown o Dpp
right half. The proneural and lateral column genes ..

iPns

largely expressed in the neural progenitors. For
simplicity, regions containing differentiating neuroi
are also colored according to their progenitors,
although frequently they have lost the expression
the corresponding genes by this stage. Further
references can be found in the main text. Similar

CNS
ot

-

CNS
4

proneural genes and lateral column genes specify midline floorplate
dorsoventral pattern of the nervous system. The ¢

nervous system fates are induced by BGignaling Msh 5 M=x1, 2, 3

in bothDrosophilaand chordates. TG# expressed R IS s s

in the roof plate in mouse include BMP4, BMP7 a PO it

BMP5, Dorsalin, Activin B and GDF7 (reviewed by proneural 9eNeS |, Amos MEMan1
Lee and Jessell, 1999; Liem et al., 1997). Neural
originates from a cell population in the roof plate (Echelard et al., 1994; Lee et al., 2000; Selleck and Bronner-Fras¢éoni®egpus gene
pairs are shown in the same color. Achaete-scute complex (AS-C)/Mash1; Absent solo-MD neurons and olfactory sensilla (mo)/Math
Atonal (Ato)/Math1; Ventral nervous system defective (Vnd)/Nkx-2.2; Intermediate neuroblasts defective (Ind)/Gsh-1; anselgimsrie
homeobox Msh/Msx1/2/3.

tracing studies have shown that some ventral PNS neurodsiven predominantly by Dpp or Brk, are regulating PNS
originate from the VNE (Brewster and Bodmer, 1996; Schmidheuronal formation in the two populations.
et al., 1999; Schmidt et al.,, 1997). The similar genetic Whatever the detailed mechanism of PNS formation, it
requirements fobrk in the ventral PNS population and in the is now clear that TGF signaling is important for two
ventral nerve cord arising from the VNE strongly suggest thahdependent phases Brosophilaembryonic nervous system
this population represents the part of the PNS that originateevelopment. First, it is necessary for defining the border of
within the VNE. the VNE. In the second phase, TgBignaling by Dpp is
Both Dpp signaling and Brk are thought to act bynecessary for development of the dorsalmost nervous system,
transcriptional regulation. For simplicity, in the diagram of Fig.the dorsal and lateral PNS, while the ventral PNS population
5A, we show them as acting antagonistically on the same targstregulated primarily by the inhibitor Brk. This biphasic role
genes in the dorsolateral population of neurons. However, inas parallels in vertebrates, as summarized in the Introduction,
the ventral population, no antagonistic effect is observed iand has important implications about the evolutionary history
brk;shn double mutants: Brk promotes the formation ofof the development of the nervous system.
neurons and Shn also has a positive albeit secondary effect. . o
This suggests that the major ‘double negative’ Brk-dependedt conserved role for late TGF 3 signaling in nervous
mechanism and the minor positive Shn-dependent mechanigistem formation
work in parallel on this population. Two distinct, dorsolateralln a current hypothesis, the insect ventral side corresponds to
and ventral mechanisms are feasible, because specifite dorsal side of vertebrates, because of an inversion of the
proneural clusters can be regulated by different proneuraorsoventral axis during evolution (Arendt and Nubler-Jung,
genes (Jarman et al., 1993; Ruiz-Gomez and Ghysen, 1993)1994; de Robertis and Sasai, 1996; Holley and Ferguson,
by different enhancers of the same gene. The diagrams in FitR97). Furthermore, the central nervous system (CNS), which
5A are not unique explanations, alternative circuitries may beonsists of the brain and nerve cord, although located ventrally
identified in further work. The diagrams serve to illustrate ouin insects and dorsally in chordates, presents striking
main conclusion, that different genetic mechanisms, which argmilarities and has been suggested to be evolutionarily
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conserved among Bilateria (Arendt and Nubler-Jung, 1999). I18001; Miya et al., 1997; Streit and Stern, 1999Dtosophila
both insects and vertebrates the anteroposterior regionalizatitime active Dpp signaling covers the dorsal part of the epidermis,
of the neuroectoderm is regulated by orthologous homeotincluding the forming dorsal PNS (Dorfman and Shilo, 2001;
genes, the cephalic gap genesgrailed and eyeless/Pax6 Jackson and Hoffmann, 1994). Thus, in all these organisms,
genes (Arendt and Nubler-Jung, 1996; Reichert and Simeon@MP2/4/Dpp orthologs are expressed at the lateral (later
1999). Both the ventral midline cells Bfrosophilaand the dorsal) parts of the forming nervous system. Taken together,
floor plate of vertebrates function as centers for mediolaterdhese data suggest that the dorsalmost neural tube of
regionalization. One difference is that in vertebrates, the maivertebrates, including the neural crest, is evolutionarily
morphogen emanating from the midline is Sonic hedgehogomologous to the most dorsal nervous tissuBrosophilg
(Shh), while inDrosophilait is a TGRx-related ligand (Spitz) the embryonic PNS (Fig. 5).
signaling through the dEGF-receptor (Arendt and Nubler-Jung, In chordates, after the neural anlage is specified, BTGF
1999). Despite the fact that non-homologous molecules sengignaling is necessary for induction of dorsal neuronal cell
to pattern the mediolateral axis, striking similarities exists irpopulations and migration of neural crest cells (Darras and
the pattern of genes that specify a series of longitudindllishida, 2001; Lee and Jessell, 1999). An important
columns in the neuroectoderm (Arendt and Nubler-Jung, 199@pntribution of the present work is the demonstration that
Jurata et al.,, 2000). In botBrosophila and vertebrates, TGHj signaling is necessary for induction of the most dorsal
homologous genes specify the proneural columns from theervous system iBrosophila(the dorsolateral PNS) as it is in
midline outwardsvnd/Nkx-2.2ind/Gsh-1and msh/Msx1/2/3 vertebrates. We suggest that the induction of dorsal neuronal
(Fig. 5B), indicating that the mediolateral regionalization of thesubtypes by TGEsignaling is an evolutionarily conserved step
neural axis is evolutionary conserved (Weiss et al., 1998). in nervous system patterning in all Bilateria.
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