2365

Development 130, 2365-2373
© 2003 The Company of Biologists Ltd
doi:10.1242/dev.00438

An urbilaterian origin of the tripartite brain: developmental genetic insights

from Drosophila

Frank Hirth 1*T Lars Kammermeier 1*, Erich Frei 2, Uwe Walldorf 3, Markus Noll 2 and Heinrich Reichert !

Linstitute of Zoology, Biozentrum/Pharmazentrum, University of Basel, Klingelbergstrasse 50, CH-4056 Basel, Switzerland
2Institute for Molecular Biology, University of Zirich, Winterthurerstrasse 190, CH-8057 Zirich, Switzerland
3Department of Anatomy and Cell Biology, University of Saarland, Building 61, D-66421 Homburg/Saar, Germany

*These authors contributed equally to this work
fAuthor for correspondence (e-mail: frank.hirth@unibas.ch)

Accepted 10 February 2003

SUMMARY

Studies on expression and function of key developmental misplacement of the brain-specific expression domains of
control genes suggest that the embryonic vertebrate brain Pax2/5/8 and Hox genes. In addition, otd/Otx2 and
has a tripartite ground plan that consists of a forebrain/ unpg/Gbx2appear to negatively regulate each other at the
midbrain, a hindbrain and an intervening midbrain/ interface of their brain-specific expression domains. Our
hindbrain boundary region, which are characterized by the  studies demonstrate that the deutocerebral/tritocerebral
specific expression of the Otx, Hox andPax2/5/8 genes, boundary region in the embryonic Drosophila brain

respectively. We show that the embryonic brain of the
fruitfly Drosophila melanogasteexpresses all three sets of
homologous genes in a similar tripartite pattern. Thus, a
Pax2/5/8 expression domain is located at the interface of
brain-specific otd/Otx2and unpg/Ghx2expression domains
anterior to Hox expression regions. We identify this

displays developmental genetic features similar to those
observed for the midbrain/hindbrain boundary region in
vertebrate brain development. This suggests that a
tripartite organization of the embryonic brain was already
established in the last common urbilaterian ancestor of
protostomes and deuterostomes.

territory as the deutocerebrall/tritocerebral boundary
region in the embryonic Drosophila brain. Mutational
inactivation of otd/Otx2and unpg/Ghx2result in the loss or

Key words: Brain development, Brain evolution, Midbrain/hindbrain
boundary, Otx, Hox, PaXprosophila melanogaster

INTRODUCTION 1999; Reichert and Simeone, 1999; Wada and Satoh, 2001;
Reichert, 2002).

Classical phylogenetic, neuroanatomical and embryological In ascidian and vertebrate chordateBag2/5/8expression
studies have led to the view of an independent evolutionagomain is located between the anterior Otx and the posterior
origin of protostome and deuterostome brains. AccordinglyiHHox expression regions of the embryonic brain (reviewed by
bilaterians have been divided into two major groups wittHolland and Holland, 1999; Wada and Satoh, 2001). In
different CNS morphologies: the gastroneuralia, which are@ertebrate brain development, thBax2/5/8 expression
characterized by a ventral nerve cord, include protostomes sudbmain is positioned at the interface of the brain-specific
as arthropods, annelids and molluscs; and the notoneurali@ix2 and Gbx2 expression domains; it is an early marker
which are characterized by a dorsal nerve cord, include albr the isthmic organizer at the midbrain-hindbrain
chordates (Siewing, 1985; Brusca and Brusca, 1990; Nielsebpundary (MHB), which controls the development of the
2001). By contrast, more recent studies examining theiidbrain and the anterior hindbrain (reviewed by Liu and
expression patterns and functions of orthologous genes {toyner, 2001; Rhinn and Brand, 2001; Wurst and Bally-Cuif,
embryonic nervous systems have revealed similarities in th2001). The central role of this MHB region in brain
embryonic brains of protostomes, such as annelids ardevelopment together with the conserved expression patterns
arthropods, and deuterostomes like tunicates and mammats.Pax2/5/8genes in this region have led to the proposal that
These results suggest that lophotrochozoan and ecdysozaariundamental characteristic of the ancestral chordate brain
invertebrate brains and chordate brains of vertebratesas its tripartite organization characterized by ®&x2/5/8
acraniates and urochordates are all characterized by a rostaald Hox gene expressing regions (Wada et al., 1998). To
region specified by genes of totl (oc— FlyBase)/Otx family  investigate whether protostomes also possess a tripartite
and a caudal region specified by genes of the Hox familgrganization of the brain, and to gain insight into the
(reviewed by Bruce and Shankland, 1998; Arendt and Nubleevolution of the bilaterian brain, we carried out a comparative
Jung, 1999; Hirth and Reichert, 1999; Holland and Hollandanalysis of expression and function in the ecdysozoan
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Drosophila melanogastesf the orthologues that pattern the Laser confocal microscopy
vertebrate MHB region. For laser confocal microscopy, a Leica TCS SP microscope was used.
Our study reveals striking similarities in the expression an@®ptical sections ranged from 0.4 tquéh, recorded in line average
function of genes that pattern the embryonic brains ofnode with picture size of 5812 pixels. Captured images from
Drosophilaand vertebrates. We find thaPax2/5/8expressing  optical sections were arranged and processed by the use of IMARIS
domain is located between an anteriotd-expressing (Bitplane). Figures were arranged and labelled by the use of Adobe
region and a posterior Hox-expressing region in the embryonfghotoshop.
brain of Drosophila Moreover, in Drosophilg as in
vertebrates, we find that thRRax2/5/8expressing domain is
positioned at the interface between te/Otx2 expression
domain and a posteriorly abuttingpluggedGbx2expression L . .
domain. Finally, we demonstrate that inactivatiorowf/Otx2 ~ F@x2 and Poxn expression in the embryonic brain
or of unplugged/Gbx2results in comparable effects on Inthe embryonic CNS of vertebrates, fex2 Pax5andPax8
mispositioning or loss of brain-specific expression domains ddenes are expressed in specific domains that overlap in the
orthologous genes in both embryonic brain types. Theseresumptive MHB region (reviewed by Liu and Joyner, 2001;
developmental genetic similarities indicate that the tripartitdRhinn and Brand, 2001; Wurst and Bally-Cuif, 2001).
ground plan, which characterizes the developing chordaterosophilahas twoPax2/5/8orthologues,Pox neuro(Poxn
brain, is also at the basis of the developing insect brai@ndPax2(Noll, 1993; Fu and Noll, 1997).
conferring on all bilaterians a deep similarity in brain The embryonic brain obrosophilacan be subdivided into
development. This suggests that a corresponding tripartitée protocerebrum (PC or bl), deutocerebrum (DC or b2) and
organization already existed in the brain of the last commofiitocerebrum (TC or b3) of the supra-oesophageal ganglion

urbilaterian ancestor of insects and chordates. and the mandibular (S1), maxillary (S2) and labial (S3)
neuromeres of the sub-oesophageal ganglion. Expression of

engrailed (en) delimits these subdivisions by marking their

RESULTS

MATERIALS AND METHODS most posterior neurones (reviewed by Hartmann and Reichert,
1998) (Fig. 1). Because of morphogenetic processes, such as
Fly culture the beginning of head involution, the neuraxis of the embryonic

Wild-type flies are of the strairegon-R All mutant stocks are from Prain curves dorsoposteriorly within the embryo. Accordingly,
the Bloomington Stock Center unless indicated otherwise. Th@enceforth anteroposterior coordinates refer to the neuraxis
following reporter lacZ lines and mutant alleles were used: rather than the embryonic body axis.

P{lacZ}unpd®> (an unpg-lacZ reporter gene that expresses We first determined whethé&ax2is expressed in specific
cytoplasmicB-galactosidase in the same pattern as endogemmgs  domains of theDrosophilabrain, by analysing its expression
(Chiang et al., 1995p{lacZ}Pax2!22(aPax2-lacZreporter gene that  pattern using in situ hybridization, immunolabelling aaciZ
expresseg-galactosidase in the same pattern as endogeP®®  reporter gene expressiofax2 transcripts initially appear
E.F., M. Daube, J. Kronhamn, A. Rasmuson-Lestander and M-Ngring gastrulation and at stage 9/10 are observed in a
unpublished) otd'A1" (Hirth et al., 1995)P{31acZ}unpd™" (unpg segmentally reiterated pattern of the developing procephalic

null allele with aunpg-lacZreporter gene that expresses nuclear d tral tod ith it teri i .
galactosidase in the same pattern as endogempugs (Chiang et al., and ventral neuroectoderm, with 1S anteriormost expression

1995). domain located at the future deutocerebral-tritocerebral
boundary (Fig. 2A, arrow). Expression B&x2 transcripts in
In situ hybridization and immunocytochemistry the developing brain begins at stage 10/11 and is most

For in situ hybridization experiments, digoxigenin-labelled sensgorominent in a longitudinal stripe at the medial part of the

and antisense RNA probes of thpa/Pax2cDNA clone cpx1 (Fu  protocerebrum and in a transversal stripe at the posterior
and Noll, 1997) were generated in vitro with a DIG-labelling kit horder of the deutocerebrum (Fig. 2B-D, arrowheads).

(Roche diagnostics) and hybridized Brosophila whole-mount  \mmunolabelling with a Pax2-specific polyclonal antibody (Fu

embryos by foI.Iowmg standard procedures (Tautz and Pfelfle,‘1989gmd Noll, 1997) revealed that Pax2 protein distribution

Whole-mount immunocytochemistry was performed as prewousl(ygesemble’S that ¢fax2transcripts, as doesPax2-lacZreporter

described (Hirth et al., 1998). Rabbit anti-PAX2 antiserum (Fu an . : : - .
Noll, 1997) and monoclonal anti-POXN antibodies (Hassanzadeh &ene expressing-galactosidase (Fig. 3A-C). In addition to its

al., 1998) were used as primary antibodies at 1:50 and 1:20 dilution@XPression in the developing anterior brétax2expression is
respectively. To generate an anti-Otd antiserum, a 835 bp fragme@tSO Seen in six to eight cells located at the lateral margin of
from anotd cDNA (position 1708-2542) (Finkelstein et al., 1990) each hemisegment throughout the more posterior CNS regions
was amplified by PCR and cloned into the pCR2.1-TOPO vectoof the sub-oesophageal ganglion and ventral nerve cord (Fig.
(Invitrogen), from which it was removed by digestion at flanking3C).
EcoRl sites and cloned in frame into the pGEX-2T expression vector To determine the expression of the secddsophila
(Smith and Johnson, 1988). The glutathione-S-transferase/Oday2/5/8orthologue, we characterizébxn expression using
?ésr‘]'ﬁ;] gﬁ’ée'?ohﬁiznp“{ggg aecfcoergltngt]hz;? i fdﬂgzor?ngccjuﬁrgjori‘mmunolabelIing andacZ reporter genes. POXN protein is
18°C overnight. Immunization of rabbits was carried out byfﬂrSt de_tected in the develqpmg braln at the end of germbafﬁd
Pab  Productions  (Hebertshausen).  For  whole-mounEXt€nsion (stage 10/11) in two stripes of the procephalic
immunocytochemistry, anti-Otd antiserum was used as primarjf€uroectoderm, which subsequently become restricted to the
antiserum at a 1:100 dilution. posterior protocerebrum and the posterior deutocerebrum (Fig.
Embryos were staged according to Campos-Ortega and Hartenst&P,E). Poxnexpression in more posterior regions of the CNS
(Campos-Ortega and Hartenstein, 1997). also occurs in segmentally reiterated patterns (Fig. 3F) (Bopp
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et al., 1989). A comparison betweax2andPoxnexpression
domains reveals, th®ax2andPoxnare never co-expressed in
the same cells of the CNS. Moreover, expressidpaal and
Poxndoes not occur at a comparable anteroposterior position
along the neuraxis (Fig. 3I), with one exception. This exception
is in the posterior deutocerebrum where adja¢&2 and
Poxn expression domains define a transversal domain
immediately anterior to the tritocerebral brain neuromere
(arrows in Fig. 3G,H). This transversal domain of adjacent
Pax2andPoxnexpression is distinguishable from segmentally
reiterated expression in more posterior regions by the fact that
it is the only position along the neuraxis where expression of
both genes coincides with a neuromere boundary (compare
Fig. 3H with Fig. 1D). We refer to this transversal domain of
adjacentPax2/5/8orthologue expression as the deutocerebral-
tritocerebral boundary (DTB) region.

It is important to note that the DTB is located anterior to the
expression domain of therosophila Hoxlorthologuelabial
(lab), which is expressed in the posterior tritocerebrum (Hirth
et al., 1998). Moreover, the DTB is located posterior to the
expression domain of tHerosophila Otxorthologueotd in the
protocerebrum and anterior deutocerebrum (Hirth et al., 1995).
Thus, inDrosophilaas in vertebrates, Rax2/Poxn(Pax2/5/§
expression domain is located between the anteti3©tx2and
the posterior Hox-expressing regions. This raises the question

| «HRP | aHRP GEN

Fig. 1. Expression oéngrailed(er) delimits the neuromeric of whether the DTB in the embryonzrosophilabrain might
subdivisions of the embryonic brain and ventral nerve cord. Laser have developmental genetic features similar to those observed
confocal microscopy of stage 13/14 wild-type embryos, for the MHB in vertebrate brain development.

reconstructions of optical sections. (A,C) Frontal views; (B,D) lateral

views. The bracket in B indicates the extend of optical sections usedqGene expression patterns at the deutocerebral-
to reconstruct the frontal views of A,C. (A,B) Immunolabelling with  tritocerebral boundary region

a neurone-specific anti-HRP antibody (red). (C,D) Double- . . . .
immunolabelling with anti-HRP (red) and anti-EN (green, yellow). In the embryqnlc vertebrate brai@fx2 is expressed anterior
The embryonic brain can be subdivided into the protocerebrum (Pct0 and abuttingGbx2 The future MHB as well as the

or b1), deutocerebrum (DC or b2) and tritocerebrum (TC or b3) of OVerlapping domains dPax2 Pax5and Pax8expression are

the supraesophageal ganglion and the mandibular (S1), maxillary positioned at thi©tx2Gbx2interface (Liu and Joyner, 2001;
(S2) and labial (S3) neuromeres of the sub-oesophageal gaeglion. Rhinn and Brand, 2001; Wurst and Bally-Cuif, 2001). To
expressing cells delimit the posterior boundaries of the PC (en-b1), investigate if comparable expression patterns are found in the
DC (en-b2) and TC (en-b3), and of the mandibular (en-S1), embryonic fly brain, we determined the brain-specific
maxillary (en-S2) and labial (en-S3) neuromeres. expression of theDrosophila Gbx2 orthologue unplugged

Fig. 2. Whole-mount in situ
hybridization ofPax2transcripts in wild-
RO Rr A type embryos. (A,B,B Lateral views,
A (C,D,D) dorsal views; anterior is
towards the left. (A) By stage 9/1Bax2
expression is detectable in a segmentally
reiterated pattern of the developing
procephalic and ventral neuroectoderm,
with its anteriormost expression domain
i located at the future deutocerebral-
\ tritocerebral boundary (arrow). (B-D) At
stage 14Pax2transcripts are most
prominent in a longitudinal stripe at the
medial part of the protocerebrum
(arrows) and in a transversal stripe
(arrowheads) at the posterior border of
the deutocerebrum. Asterisks in C,D
indicatePax2expression in cells associated with the developing hypopharyngeal organ outside the CNS (see also FigSiaylified
summary scheme of B with brain-specPax2expression domains (grey) shown in relation to protocerebral and deutocerebral neuromere
boundaries (unbroken lines). {Csimplified summary scheme of D with brain-spediax2expression domains (grey) shown in relation to
protocerebral and deutocerebral neuromere boundaries (unbroken lines).
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Fig. 3. Pox neurg(Poxn) andPax2
are expressed in distinct domains
the embryonic brain and ventral
nerve cord. Laser confocal
microscopy of stage 13/14 embry
reconstructions of optical section:
(A-l) P{lacz}Pax2412%+, (A,D,G)
Frontal views, (B,E,H) lateral
views, (C,F,l) ventral views. The
bracket in B indicates the extend
optical sections used to reconstrt
the frontal views of A,D,G, the
dotted line demarcates the
deutocerebral/tritocerebral
neuromere boundary. (A-C)
Double-immunolabelling with anti
HRP (red) and anf-gal (green,
yellow). (D-F) Double-
immunolabelling with anti-HRP
(red) and anti-POXN (blue).

(G-1) Triple-immunolabelling with
anti-HRP (red), antB-gal (green,
yellow) and anti-POXN (blue,
white); arrows in G,H indicatBax2
andPoxnexpression at the same
anteroposterior position along the
neuraxis in the posterior
deutocerebrum where they define
transversal domain. This transver
domain of adjacer®ax2/5/8
orthologue expression is located
anterior to the deutocerebral/
tritocerebral neuromere boundary
Note that expression &ax2and
Poxnare never observed in the se
cells. The apparent co-expressiot
Pax2andPoxnshown in G (white)
is an artefact caused by superimposed optical sections. Asterisks in A ifdik2éxpression in cells associated with the developing
hypopharyngeal organ outside the CNS.

aHRP aPoxn

(unpg in relation to that obtd, using immunolabelling and an unpg-lacZ otd, Poxnand en expression in the protocerebral/
unpg-lacZreporter gene that express@gjalactosidase like deutocerebral region of the embryonic brain. Thus, double
endogenousunpg (Chiang et al., 1995). Thetd gene is immunolabelling of OTD and EN confirms that the posterior
expressed in the protocerebrum and anterior deutocerebrumtmsrder ofotd expression extends beyond the protocerebral en-
the embryonic brain (Fig. 4A,B) (Hirth et al., 1995), as well adl stripe into the anterior deutocerebral domain (Fig. 5A).
in midline cells in more posterior regions of the CNS (Fig. 4C) abelling OTD and POXN confirms that tiRexn expression
(Finkelstein et al., 1990; Wieschaus et al., 1992). Expressiatomain of the DTB is posterior to this deutocerelotl
of unpglaczin the embryonic CNS is first detected at stage &xpression boundary (Fig. 5B). Labelling EN arfd
in neuroectodermal and mesectodermal cells at the ventrghlactosidase, which is indicativewfpgexpression, confirms
midline, with an anterior limit of expression at the cephalicthat the anteriormosinpgexpression domain overlaps with the
furrow (Chiang et al., 1995). Subsequently, thepg en-b2 stripe (Fig. 5C). Finally, labelling+galactosidase and
expression domains in the CNS widen and have their moS8tOXN confirms that this anteriormasgtpgexpression domain
anterior border in the posterior deutocerebrum (Fig. 4D-F)overlaps with thePoxn expression domain of the DTB (Fig.
Double immunolabelling of OTD arfétgalactosidase revealed 5D). Therefore, in terms of overall gene expression patterns,
that the posterior border of the brain-specifid expression we find that a transversal domain of adjac®ax2/Poxn
domain coincides with the anteriormost border of tipg  expression defines the DTB region of the embryonic
expression domains along the anteroposterior neuraxis (FiBrosophilabrain. Furthermore, this region is located between
4G,H, arrows). There is no overlapaifi andunpgexpression an anterior otd expression domain and a posteribiox
in the brain or in more posterior regions of the CNS (Fig. 4Gexpression domain. Moreover, it is located abutting and
). posterior to the interface otd andunpgexpression along the
These findings indicate that thetd-unpg interface is anteroposterior neuraxis. A schematic summary of these
positioned at the anterior border of the DTB. This wasexpression patterns in the embryonic fly brain is illustrated in
confirmed by additional immunolabelling studies examiningFig. 8A.
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GHRP  OTD H «HRP  ofGAL{unpg ‘ aOTD

Fig. 4.otd andunpgexpression
domains in the embryonic brain
and ventral nerve cord. Laser
confocal microscopy of stage 13/14
embryos, reconstructions of optical
sections. (A-C) Wild type,

(D-1) P{lacZ}unpd®/+. (A,D,G)
Frontal views, (B,E,H) lateral
views, (C,F,I) dorsal views. The
brackets in B,E,H indicate the
extend of optical sections used to
reconstruct the frontal views of
A,D,G, respectively. (A-C) Double-
immunolabelling with anti-HRP 3
(red) and anti-OTD (green, yellow). j
(D-F) Double-immunolabelling
with anti-HRP (red) and anfi-gal
(green, yellow). (G-1) Double-
immunolabelling with anti-OTD
(red) and antB-gal (green,

yellow); arrows indicate interface
of otd andunpgexpression at the
anterior border of the
deutocerebral-tritocerebral
boundary (DTB) region. Note that
a direct interface of thetd and
unpgexpression domains only
occurs on the ventral (according to
neuraxis) side of the brain; on the
opposing side, a small gap betwee
the two expression domains is see
(H, arrow).

Mutation of otd and of unpg result in loss or specificPax2/5/8expression domain (Acampora et al., 1995;
misplacement of brain-specific gene expression Matsuo et al., 1995; Ang et al., 1996), wher&i2 null
domains mutants misexpresStx2 andHoxb1lin the brain (Wassarman
In mammalian brain development, homozygdd&2null et al., 1997). MoreoveiQtx2 and Gbx2 negatively regulate

mutant embryos lack the rostral brain, including the MHB-each other at the interface of their expression domains (Li and
Joyner, 2001; Liu and Joyner, 2001; Martinez-Barbera et
al., 2001; Rhinn and Brand, 2001; Wurst and Bally-Cuif,
2001; Ye et al.,, 2001). To test if similar regulatory
interactions occur in the embryonic brainDybsophilg

we analysed the expression of the corresponding
orthologues irmtd andunpgmutant embryos.

Fig. 5. Brain-specific expression otd, unpg enandPoxn

Laser confocal microscopy of stage 13/14 embryos,
reconstructions of optical sections, frontal views. The extend
of optical sections used to reconstruct the frontal views is more
dorsal (according to neuraxis) than for Fig. 4A,D,G.

(A,B) Wild type, (C,D)P{lacZ}unpd8+. (A) Double-
immunolabelling with anti-OTD (red) and anti-EN (green,
yellow). (B) Double-immunolabelling with anti-OTD (red) and
anti-POXN (green, yellow). (C) Double-immunolabelling with
anti{3-gal (red) and anti-EN (green, yellow). (D) Double-
immunolabelling with antB-gal (red) and anti-POXN (green,
yellow). Arrowheads indicate en-b1 stripes, arrows indicate
en-b2 stripes. Asterisks in A-C indicate non-neuronal
expression domains of OTD and EN in the foregut.

aOTD

\ apfGAL(unpg) ‘
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|| oHRP oPOXN |

PC pPC

DC : DC

2 TC : TC
) Sub i Sub
VNC VNC

Fig. 6. Altered expression patternswfipg, erandPoxnin brains ofotd~-embryos. Laser confocal microscopy of stage 13/14 embryos,
reconstructions of optical sections. (A) Frontal view, (B,C) lateral views. @@)10% P{3'lacZ}unpd3’/+, (C) otd’A101 The extend of optical
sections used to reconstruct the frontal view in A is the same as in Fig. 3B. Broken rectangles in the summary schentles iedicatef

the embryonic brain shown at higher magnification in B,C. (A,B) Triple-immunolabelling witt&Ri{red), antB-gal (green, yellow) and
anti-EN (blue, white). Arrows indicate the anterior shift of brain-speaiffzpgexpression into the anterior deutocerebrum (compare with Fig.
4D,E). Note that the protocerebrum is missingtshmutants (Hirth et al., 1995), resulting in the absence of en-b1-expressing cells, whereas
en-b2-expressing cells delimiting the deuto-tritocerebral boundary are present (A,B, arrowheads). (C) Double-immunolébaltitig RP

(red) and anti-POXN (green, yellow). Arrow indicates the normal position of the posterior POXN stripe in the posterioreteutocehich

is absent in thetd-null mutant embryo. PC, protocerebrum; DC, deutocerebrum; TC, tritocerebrum; Sub, sub-oesophageal ganglion; VNC,
ventral nerve cord.

| In otd-null mutant embryos, the protocerebrum is
absent because protocerebral neuroblasts are not specified

(Hirth et al., 1995; Younossi-Hartenstein et al., 1997).

pPC Analysis of unpg en and Poxn expression inotd-null

mutant embryos revealed that the anteriormost border

DC of unpg expression shifts anteriorly into the anterior

TC deutocerebrum (Fig. 6A,B), whild?oxn fails to be

Sub expressed in the deutocerebrum (Fig. 6C). In contrast to

VNC

Fig. 7. Altered expression patternsafd andlab in brains of
unpg’-embryos. Laser confocal microscopy of stage 13/14
embryos, reconstructions of optical sections. (A,C,D) Frontal
aOTD «EN ” oOTD «POXN views, (B,E,F) lateral views. (A-D,B{31acZ}unpd?’,

(E) P{31acZ}unpd®’/+. The extend of optical sections used to
reconstruct the frontal views in A,C,D is the same as in Fig.
3B; this results in increased visualization of gut-speoific
andenexpression. Broken rectangles in the summary schemes
indicate the region of the embryonic brain shown as magnified
view in B,F. (A,B) Double-immunolabelling with anti-OTD
(red) and antpB-gal (green, yellow). Arrows indicate the
posterior shift of brain-specifintd expression into the anterior-
mostunpgexpression domain. (C) Double-immunolabelling
with anti-OTD (red) and antEN (green, yellow). Arrows
indicate the posterior shift of brain-specifitl expression up to
the deutocerebral en-b2 stripe into the posterior deutocerebrum
(compare with Fig. 5A). Broken line indicates non-neuronal
expression domains of OTD and EN in the foregut. (D) Double-

unpg -/~

immunolabelling with ant®TD (red) and anti-POXN (green,
< PC yellow). Arrows indicate that the posterior border of brain-
< specificotd expression extends posteriorly up to Boxn
E DC expression domain of the DTB (compare with Fig. 5B). Broken
TC line indicates non-neuronal expression domains of OTD and
POXN in the foregut. (E,F) Double-immunolabelling with anti-
Sub LAB (red) and ant-gal (green, yellow) imnpg- versus
unpg’-embryos; the broken line demarcates the tritocerebral/
VNC mandibular neuromere boundary. Arrowheads indicate the
anterior shift oflab expression from the posterior tritocerebrum

(E) (Hirth et al., 1998) into the anterior tritocerebrum (F). PC,
protocerebrum; DC, deutocerebrum; TC, tritocerebrum; Sub,
sub-oesophageal ganglion; VNC, ventral nerve cord.
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Fig. 8. Tripartite organization o A B C
the Drosophila mouse and
ascidian brain, based on Drosophila Mouse Ascidian

expression patterns of
orthologous genes. The
expression obtd/Otx2
unpg/Gbhx2Pax2/5/8andHox1
gene orthologues in the
developing CNS of (A) stage Midbrain
13/14Drosophilaembryo, (B) Pax 2/5/8 4 R Deatocerdbrini

S Neck
stage E10 mouse embryo (Wu g
Tritocerebrum B 17indbrain
REREE

otd/Otx 2 ||| || Protocerebrum Forebrain \S(ZI;;;?

and Bally-Cuif, 2001) and (C)
neurula ascidian embryo (Wad Hox

etal., 1998). In a_" cases, a Subesophageal Spinal cord Visceral ganglion
Pax2/5/8expressing domain is i ganglion .
located between an anterior VNG Tail nerve cord

otd/Otx2expressing region anc
posteriorHox-expressing regior
in the embryonic brain. (Note

that inDrosophilg thePax2/5/8

orthologuesPax2andPoxnalso [ ] otarons2 unpg/Gbx2 B ro25is B Hox! orthologs

show a segmentally reiterated

expression pattern as outlined with striped red boxes in A.) Moreo@msophilg as in mouse, Bax2/5/8expressing domain is positioned

at the interface between thed/Otx2expression domain and a posteriorly abuttingluggedGbx2expression domain. Thatd/Otx2
unpg/GbxZnterface displays similar developmental genetic features inmogophilaand mouse (see text for details).

inactivation ofotd, inactivation ofunpgdoes not resultin aloss Rhinn and Brand, 2001; Wurst and Bally-Cuif, 2001). In
of cells in the mutant domain of the embryonic brain, as i®rosophila no obvious brain phenotypes were seen after
evident from the expression of anpg-lacZreporter construct mutational inactivation of Pax2 Poxn enf/inv or the
in unpgnull mutant embryos (Chiang et al., 1995). AnalysisDrosophilaFgf homologuéranchlesgbnl) (data not shown).
of otd expression inpgnull mutants shows that the posterior The absence of brain phenotypes in these mutants contrasts
limit of brain-specificotd expression shifts posteriorly into the with those observed in the vertebrate brain following
posterior deutocerebrum, thus extending into the DTB (Figmutational inactivation of the orthologo®#ax2 Pax5 Enl
7A,B). This was confirmed by additional immunolabelling and Fgf8 genes (Liu and Joyner, 2001; Rhinn and Brand,
studies examiningotd, Poxn and en expression in the 2001; Wurst and Bally-Cuif, 2001).
protocerebral/deutocerebral region of the embryonic brain in
unpgnull mutants. Double immunolabelling of OTD and EN
in unpgnull mutants confirms that the posterior border ofDISCUSSION
brain-specific otd expression extends posteriorly to the
deutocerebral en-b2 stripe into the posterior deutocerebru@omparative developmental studies in urochordates and
(Fig. 7C, compare with Fig. 5A). In addition, double vertebrates have led to the notion that the basic ground plan for
immunolabelling of OTD and POXN imnpgnull mutants the chordate brain consists of a forebrain/midbrain region
confirms that the posterior border of brain-specifitt  characterized by Otx gene expression, a hindbrain region
expression extends posteriorly into thHoxn expression characterized by Hox gene expression, and an intervening
domain of the DTB (Fig. 7D, compare with Fig. 5B). boundary region characterized by expressidPeo®/5/8genes
Moreover, analysis ofab expression inunpgnull mutants (Wada et al.,, 1998; Holland and Holland, 1999; Wada and
shows that brain-specifitab expression shifts anteriorly Satoh, 2001). Our data show that this tripartite ground plan
into the anterior tritocerebrum (Fig. 7E,F). Thus, in bothis also found in the insect brain (Fig. 8). This suggests
Drosophilaand mammals, mutational inactivationaif/Otx2  that a corresponding, evolutionarily conserved, tripartite
andunpg/Gbx2result in the loss or misplacement of the brain-organization also characterized the brain of the last common
specific expression domains of orthologous Pax and Hoancestor of insects and chordates.
genes. Moreoveptd and unpg appear to negatively regulate A comparison of the brain-specific topology of gene
each other at the interface of their expression domains. expression patterns that define this tripartite organization
In vertebrate brain development, tHax2 gene, and in Drosophila and in mouse suggests that the vertebrate
subsequently th®ax5 and Pax8 genes, are among the first midbrain/hindbrain boundary (MHB) region corresponds to the
genes expressed at t#x2/Gbx2interface, followed by the insect deutocerebral-tritocerebral boundary (DTB) region. If
overlapping expression dEnl and Fgf8 genes (Ye et al., this is the case, one might expect that other patterning genes
2001). Inactivation oPax2 Paxj Enlor Fgf8results in the that characterize the MHB region are also expressed at the
loss of the midbrain and cerebellum because of a failure tmsect DTB. Although this expectation is fulfilled for the
maintain development of this brain region (reviewed bysegment-polarity genesn and wingless(wg) in Drosophilg
Joyner, 1996; Wassef and Joyner, 1997; Acampora artdese two genes are expressed at the borders of all CNS
Simeone, 1999; Martinez et al., 1999; Liu and Joyner, 200hheuromeres, as well as at parasegmental boundaries in the
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epidermis; hence, their expression may not be indicative of deleted inOtx2/- mutants due to a defective anterior neuroectoderm
brain-specific requirements. specification during gastrulatioBevelopmeni 21, 3279-3290.

In addition to remarkable similarities in orthologous gene*"g. S--L.. Jin, O., Rhinn, M., Daigle, N., Stevenson, L. and Rossant, J.

ion b . d chord dv al h 1996). A targeted mous®tx2 mutation leads to severe defects in
expression between insects and chordates, our study also sho strulation and formation of axial mesoderm and to deletion of rostral

that several functional interactions among key developmental prain. Development.22, 243-252.
control genes involved in establishing ®P&x2/5/8expressing  Arendt, D. and Niibler-Jung, K. (1999). Comparison of early nerve cord
MHB region of the vertebrate brain are also conserved in development in insects and vertebrai@svelopmeni 26, 2309-2325.

. . . . rendt, D., Technau, U. and Wittbrodt, J.(2001). Evolution of the bilaterian
insects. Thus, in the embryonic brains of both fly and mous@, larval foregutNature 409, 81-85.

the ) i_mermEdiate bqundary regions, DTB and MHB, ar@opp, D., Jamet, E., Baumgartner, S., Burri, M. and Noll, M.(1989).
positioned at the interface o0btd/Otx2 and unpg/Gbhx2 Isolation of two tissue-specifidrosophilapaired box gene£ox mesand
expression domains (Fig. 8A,B). These boundary regions arePox neuroEMBO J.8, 3447-3457.

; ; " ;- Bruce, A. E. and Shankland, M.(1998). Expression of the head gémmx22-
deleted in otd/Otx2null mutants and mlsposmoned n Otxin the leeciHelobdellaand the origin of the bilaterian body pldvev.

unpg/Gbx2null mutants. Moreovemtd/Otx2and unpg/Gbx2 Biol. 201, 101-112.
genes engage in crossregulatory interactions, and appear to Beisca, R. C. and Brusca, G. J(1990) Invertebrates Sunderland, MA:
as mutual repressors at the interface of their brain-specific Sinauer Associates.

expression domains. However, not all of the functionaff@mpos-Ortega, J. and Hartenstein, 1997).The Embryonic Development
int ti . |, d in MHB f ti in th of Drosophila melanogaster. Heidelberg: Springer-Verlag.
Interactions among genes Involved In ormation in E’Chiang, C., Young, K. E. and Beachy, P. A(1995). Control oDrosophila

mouse appear to be Con_Serve(_j atDIr@SOph“i_iDTB- Thus, tracheal branching by the novel homeodomain gem@lugged a
in the embryonidrosophilabrain, no patterning defects are regulatory target for genes of the bithorax compBrvelopmentl 21,
observed in null mutants &ax2 Poxn enor bnl. It remains 3901-3912.

: : inkelstein, R., Smouse, D., Capaci, T. M., Spradling, A. C. and Perrimon,
to be seen if these genes play a role in the postembryorﬁ&\‘_ (1990). Theorthodenticlegene encodes a novel homeo domain protein

development of th®rosophilabrain. involved in the development of thizrosophilanervous system and ocellar
It is conceivable that the similarities of orthologous gene visual structuresGenes Dev4, 1516-1527.

expression patterns and functional interactions in braifiu, W. and Noll, M. (1997). ThePax2 homologsparklingis required for

development evolved independently in insects and vertebratesdévelopment of cone and pigment cells in Bresophilaeye.Genes Dev.

H bl | tion is that uti 11, 2066-2078.
owever, a more reasonable explanation Is that an evolu 'Onaltbértmann, B. and Reichert, H. (1998). The genetics of embryonic brain

conserved genetic program underlies brain development in alldevelopment irbrosophila Mol. Cell. Neuroscil2, 194-205.
bilaterians. This would imply that the generation of structuraHassanzadeh, G. G., de Silva, K. S. K., Dambly-Chaudiére, C., Brys, L.,
diversity in the embryonic brain is based on positional Ghysen. A., Hamers, R., Muyldermans, S. and de Baetselier, (2998).

. . . . . Isolation and characterization of single-chain Fv genes encoding antibodies
information that has been invented only once during evolution specific forDrosophila Poxrprotein. FEBS Lett437, 75-80.

and is provided by genes such aBj{OtxZ_ unpg/Gbx2  Hirth, F.,, Therianos, S., Loop, T., Gehring, W. J., Reichert, H. and
Pax2/5/8and Hox, conferring on all bilaterians a common  Furukubo-Tokunaga, K. (1995). Developmental defects in brain
basic principle of brain development. If this is the case, segmentation caused by mutations of the homeobox getheslenticleand
comparable orthologous gene expression and function shoylgfMPY spiraclesn Drosophila Neuron15, 769-778.

| h . b ic brain d | . h irth, F., Hartmann, B. and Reichert, H. (1998). Homeotic gene action in
also characterize embryonic brain development in other embryonic brain development Bfosophila Developmen125 1579-1589.

invertebrate lineages such as the lophotrochozoans. Thisith, F and Reichert, H. (1999). Conserved genetic programs in insect and
prediction can now be tested in lophotrochozoan model mammalian brain developmeiiiioEssay<21, 677-684.
systems such aBIatynereis(Arendt et al., 2001)Helobdella Holland, L. Z. and Holland, N. D. (1999). Chordate origins of the vertebrate

. . . central nervous syster@urr. Opin. Neurobiol9, 596-602.
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Taken together, our results indicate that the tripartite ground hindbrain developmentrends Genetl2, 15-20.
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