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SUMMARY

The insect brain is traditionally subdivided into the trito-, neuroectodem and evolving brain. The expression patterns
deuto- and protocerebrum. However, both the neuromeric allow the drawing of clear demarcations between trito-,
status and the course of the borders between these regions deuto- and protocerebrum at the level of identified
are unclear. TheDrosophilaembryonic brain develops from  neuroblasts. Furthermore, we provide evidence indicating
the procephalic neurogenic region of the ectoderm, which that the protocerebrum (most anterior part of the brain) is

gives rise to a bilaterally symmetrical array of about 100
neuronal precursor cells, called neuroblasts. Based on a
detailed description of the spatiotemporal development of
the entire population of embryonic brain neuroblasts, we
carried out a comprehensive analysis of the expression of

composed of two neuromeres that belong to the ocular
and labral segment, respectively. These protocerebral
neuromeres are much more derived compared with the
trito- and deutocerebrum. The labral neuromere is

confined to the posterior segmental compartment. Finally,

similarities in the expression of DV patterning genes
between the Drosophila and vertebrate brains are
discussed.

segment polarity genes dngrailed wingless hedgehog
gooseberry distalmirror) and DV patterning genes fiuscle
segment homeobox intermediate neuroblast defective
ventral nervous system defectjvein the procephalic
neuroectoderm and the neuroblast layer (until stage 11,
when all neuroblasts are formed). The data provide new
insight into the segmental organization of the procephalic

Key words: CNS, Brain development, Neuroblasts, Segment polarity
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INTRODUCTION advances in understanding the processes that lead to the
specification of individual NB identities have recently been
In order to integrate multiple sensory input and generatmade. Specific identities appear to be conferred to presumptive
appropriate behavioural responses, the central nervous syst&Bs in the neuroectoderm by positional cues. For example, the
(CNS) has to be composed of region-specific structures thaegment polarity genes subdivide the neuroectoderm into
fulfil particular functions. The formation of these structures canransverse rows along the anteroposterior axis and the
be correlated back to the activity of patterning genes durindorsoventral patterning genes in longitudinal columns along
early embryonic development. Molecular and genetic tools ahe DV axis. The superimposition of the expression patterns of
well as manipulation techniques maReosophilaa suitable both gene groups establishes a Cartesian coordinate system of
model system for the investigation of developmental process@®sitional cues in which the fate of a particular NB depends
that underlie patterning and cellular diversity in the CNS. S@n the respective ‘quadrant’ in which it is formed (for reviews,
far, investigations on CNS development in theosophila  see Bhat, 1999; Skeath, 1999).

embryo have mainly focused on its less complex truncal region The situation is much more complex in the procephalic
— the ventral nerve cord. The ventral nerve cord arises fromeuroectoderm and the brain. The insect brain develops highly
multipotent stem cells, called neuroblasts (NBs), whictorganized neuropil structures, such as the mushroom bodies
delaminate from the ventral neurogenic region in a segmentalpnd the central complex (e.g. Bullock and Horridge, 1965;
repeated pattern (Doe, 1992; Hartenstein and Campos-Ortediganesch et al., 1989; Hanstrom, 1928; Strausfeld, 1976), that
1984). Segmental patterning defines functional units, whichre required for behavioural functions such as olfactory
can then be refined during further development. For exampl&arning and memory or the control of locomotor activity (e.g.
within a segment (neuromere) each NB acquires a uniqudeisenberg, 1998; Strauss and Heisenberg, 1993); these
identity and produces a specific cell lineage (for a review, sedructures have no equivalents in other ganglia. The key
Doe and Technau, 1993). Genetic mechanisms of neuromamvards elucidating the origin of these structures lies in an
and NB formation in the ventral nerve cord are quite welunderstanding of the segmental organization of the brain.
understood (for a review, see Campos-Ortega, 1993), and sotdewever, the segmental pattern in the head is highly derived
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and its metameric organization has been intensely debated (49,1:4) (Patel et al., 1989) (Developmental Studies Hybridoma
Boyan and Williams, 2000; Haas et al., 2001; Hirth et al., 19953ank), mouse-anti-Ladybird early (1:2) (Jagla et al., 1997) (kindly
Jirgens et al., 1986; Rempel, 1975; Rogers and Kaufmagr'ovided by K. Jagla), rabbit-anti—Mus_cIe segment homeobox (1:500;
1996; Schmidt-Ott et al., 1994). Drosophilathe expression kindly provided by M. P. Scotf), rabbit-anti-Ventral nervous system
of engrailed and winglessargues for the existence of four defective (1:2000) (McDonald et al., 1998) (kindly provided by F.

pregnathal segments: the intercalary, antennal, ocular ad@]enez) and mouse-anti-Wingless (1:10, Developmental Studies

. . . bridoma Bank), anti-DIG-AP (1:1000, Roche). The secondary
labral segments (Schmidt-Ott et al., 1994; Schmidt-Ott et alantibodies (Dianova) were either biotinylated (goat anti-mouse, goat

1995; Schmidt-Ott and Technau, 1992). AlthOUgh it has bee&hti-rabbit) or alkaline phosphatase-conjugated (goat anti-mouse, goat
suggested that each head segment contributes to the brafii-rabbit, goat anti-rat) and diluted 1:500.

(Schmidt-Ott and Technau, 1992), the arrangement and

boundaries of the corresponding neuromeres, and the origfdhole-mount in situ hybridization

and identities of their progenitor cells are largely unknown. DIG-labelled intermediate neuroblast defectiand) RNA probe
Based on a detailed description of the entire population dkindly provided by M. P. Scott) was synthesized with T7 polymerase

brain NBs and their spatiotemporal pattern of segregation fro@d Hindlll linearized pNB40-ind as a template according to the

the neuroectoderm (Urbach et al., 2003), we have investigatéTEPnUfaCt“rers protocol (Roche). The hybridization on embryos was

the expression of segment polarity genes and dorsoventr%?rformed as described previously (Plickert et al., 1997; Tautz and
: . . eifle, 1989).
patterning genes in the procephalic neuroectoderm, as well as

in the individually identified brain NBs through to stage 11,Documentation

when the full complement of NBs has formed. The workempryos were viewed under a Zeiss Axioplan equipped with

provides new insight into the positional cues expressed in theomarski optics using 4Q 63< and 10& oil immersion objectives.

procephalic neuroectoderm and the segmental organization Bictures were digitized with a CCD camera (Contron progress 3012)

the evolving brain. The data strongly support the view that thand different focal planes were combined using Adobe Photoshop 6.0.

pregnathaDrosophilahead is composed of four segments, andSemi-schematic presentations are based on camera lucida drawings.

we now attribute to each of the four pregnathal segments a

corresponding neuromere. Furthermore, we provide evidence

that the protocerebrum consists of two neuromeres, whicRESULTS

derive from the ocular and labral segment. The segmental ) ) )

character of these neuromeres is less conserved compared withe metameric expression of segment polarity

the trito- and deutocerebrum, deriving from the intercalary an@€nes is conserved in the early brain

antennal segment. Finally, we discuss similarities in thén the trunk neuroectoderm, segment-polarity genes are

expression of dorsoventral patterning genes between tlexpressed in stereotypical segmental stripes, and in NBs that

Drosophilaand vertebrate brain. delaminate from these domains, subdividing each neuromere
along the AP axis (Bhat, 1996; Broadus et al., 1995; Chu-
LaGraff and Doe, 1993; Skeath et al., 1995; Zhang et al.,

MATERIALS AND METHODS 1994). In the pregnathal head region the expression domains
of segment polarity genes are less obvious, but previous
Drosophila strains analysis ofengrailed and winglessexpression in the head

The following fly strains were used: Oregon R (wild tygeigrailed-  Peripheral ectoderm, and of PNS mutant phenotypes, support
lacZ (ryXho25) (Hama et al., 1990 edgehog-lacZ16E) (Mohler et~ the existence of four pregnathal segment®iosophila the

al., 1995) (kindly provided by J. Mohlerpirror-lacZ (Broadus et al.,  intercalary, antennal, ocular and labral segments (Schmidt-Ott
1995; McNeill et al., 1997) (kindly provided by H. McNeill and M. et al., 1994; Schmidt-Ott et al., 1995; Schmidt-Ott and
Simon),muscle segment homeobox-gcA96) (Isshiki et al., 1997) Technau, 1992). However, the identity and organization of
(kindly provided by A. Nose)ventral nervous system defective-lacZ prain structures deriving from these segments is still obscure.
(kindly provided by F. Jimenez) andngless-lacZ(Broadus et al., |n order to obtain evidence concerning the number and extent
1995). of the brain neuromeres, and to map the position of their
Staging, flat preparation and mounting of embryos boundaries, we analysed the expression of segment polarity
Staging of the embryos was carried out according to Campos-Orte nes, |r)clud|ng Wlnglgss hedgehog. gooseberry-distal

and Hartenstein (Campos-Ortega and Hartenstein, 1997); additionalgndrailed invectedandmirror. The spatiotemporal pattern of
we used the trunk NB pattern (Doe, 1992) as a further morphologicil€ir expression was traced in the neuroectoderm and in the
marker for staging. Flat preparations of the head ectoderm of staind®B-layer until stage 11, when all brain NBs are formed. The
embryos and mounting were carried out as described previoustyata (detailed in Figs 1, 2 and 4) show that segmental
(Urbach et al., 2003). expression is retained for most of the investigated segment
polarity genes in both the developing head ectoderm
rocephalon) and brain NBs, providing landmarks for the
finition of segmental domains within the developing brain

Antibodies and immunohistochemistry

Embryos were dechorionated, fixed and immunostained according
previously published protocols (Patel, 1994). The following primary, B pattern
antibodies were used: rabbit-anti-Asense (1:5000) (Brand et al., 199%5 P )

(kindly provided by Y.-N. Yan), rabbit-anti-Deadpan (1:300) (Bier et engfa”ed (en) expression domains _in the trunk define the
al, 1992) (kindly provided by H. Vaessin), mouse-@ati- PoOSterior segmental compartments (DiNardo et al., 1985; Poole

Galactosidase (1:500, Promega), rabbit-BrBalactosidase (1:2500, €t al., 1985), from which NBs of row 6 and 7 and NB1-2 derive

Cappel), rat-anti-Gooseberry-distal (16F12 and 10E10, 1:2) (Zhang éBroadus et al., 1995). In the pregnathal head (neuroectoderm:
al., 1994) (kindly provided by B. Holmgren), mouse-anti-InvectedFig. 1B,C,E,F; Fig. 2A,C,E,J,K,L) (NBs: Fig. 1AD; Fig.
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Fig. 1. Expression of segment
polarity genes at embryonic
stages 9 (st9) and 10 (st10).
Colour code indicates the ‘
expression pattern engrailed- _
lacZ/Invected proteingn/iny
red),hedgehog-lacZhh; purple),
mirror-lacZ (mirr; blue),
wingless-lacANingless protein
(wg; green), and Gooseberry-
distal protein gsb-d pink) at the
level of identified brain NBs
(A,D) and procephalic
neuroectoderm (B,C,E,F). All
panels show semi-schematic
representations of a ventral vie\
of the left half of head flat
preparations; anterior (a) is
towards the top and dorsal (d) i
towards the left. Nomenclature
brain NBs is according to their
position in the trito- (T), deuto-
(D) and protocerebrum (P) [for
details of the nomenclature see
Urbach et al. (Urbach et al.,
2003)]. In (B,C,E,F), thick
hatching marks strong expressi
and thin hatching marks weak
expression of the respective ge
for comparison, NBs underlying
the peripheral ectoderm are
encircled by broken lines. The
expression oén gsb-dandwg is
confined to intermediate and
dorsal brain NBs (A,D) and
corresponding sites of the
peripheral procephalic ectoderr
(B,C,E,F). By stage 10, Gsb-d i
detected in the ectoderm of all
four pregnathal head segments
(E). In thegsb-docular domain
(gsb-doc) and two corresponding NBs (Ppd3, Ppdjdl)-dexpression is transient (compare with Fig. 2). It is also transiently expressed

(between stages 10 and 11) in the clypeolabral ectoderm [gsithdlabral spot, which is partly colocalized with thvg labral spot (E)] from

which no NBs emerge (see also Fig.r@irr-lacZ is not segmentally expressed in the procephalic neuroectoderm; it is observed in the
invaginating foregut and flanking neuroectoderm, and is additionally detected in a more intermediate ectodermal anteonavgpoh(Dd6

arises). A largevg domain extends from the antennal into the ocular head region (B), but later separates into an antenmgbsiyiped ocular

head blob\{g hb) (E).hh-lacZexpression accumulates in posterior regions of the antennal and ocular ectoderm (F; see also Fig. 2J). (A,D) Note
that a large number of identified brain NBs (especially protocerebral) do not express any segment polarity gene. Fodesdedited see

text. Stars indicate mandibular NBs. as, en antennal stripe; CL, clypeolabrum; FG, foregut; gsb-d as, gsb-d anteniabssipsiyd

intercalary stripe; gsb-d Ir, gsb-d labral spot; gsb-d oc, gsb-d ocular domain; hs, en head spot; is, en intercalary seipgeglViidline; wg as,

wg antennal stripe; wg Ir, wg labral spot; wg fg, wg expression in the foregut; wg is, wg intercalary spot.; wg hb, wgaxtblabHfor

nomenclature oénandwg expression domains in the procephalic ectoderm, see Schmidt-Ott and Technau (Schmidt-Ott and Technau, 1992)].

2B,D,F,1,M) we findenexpression as follows: from late stage 8 and Kaufman, 1996; Schmidt-Ott and Technau, 1992) (Fig. 2I-
in the posterior ectoderm of the antennal segmamaritennal  N) (see also Urbach et al., 2003). We identified about 10 weakly
stripe; en as) from which four deutocerebral NBs (Dv8, Dd5En-positive NBs, which delaminate from taedh (Fig. 21,M).

Dd9, Dd13) delaminate; from stage 9 in a small ectodermdhus, consistent with earlier results (Schmidt-Ott and Technau,
domain in the posterior part of the ocular segmentetieead  1992), we find that all four pregnathal head segments contribute
spot (en hs), from which two protocerebral NBs (Ppd5, Ppd&p the early embryonic brain. The spatial distribution of the En-
evolve; and from stage 10 in an ectodermal stripe in the posteripositive NBs closely corresponds to tee domains of their
intercalary segmengfgintercalary stripe; en is), which gives rise origin in the ectoderm. This suggests they demarcate the
to three to four tritocerebral NBs (Tv4, Tv5, Td3, Td5).posterior borders of the respective brain neuromeres (Fig. 4).
Furthermore, from stage 11 onwards, En is weakly detected in In the trunk,hedgehoghh) matchesen expression (Mohler

the anteriormost ectoderm of the procephalon corresponding &md Vani, 1992; Tabata et al., 1992). This is also the case for the
the region of the ‘anterior dorsal hemispheresidh) (Rogers intercalary segment in the pregnathal head ectoderm (Fig. 1C,F;
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Fig. 2K). By contrast, the En-positive antennal stripe and hedaead spot (compare Fig. 1D,F with Fig. 21,J). Additiondity,

spot are only subfractions of the lafge-lacZdomain, which, lacZ-expressing NBs positioned dorsally to #@hh-lacZco-
between stage 9 and 10, encompasses the antennal segmentexpessing Ppd5 and Ppd8 (both NBs demarcating part of the
the posterior part of the ocular segment. We find that all NBposterior border of the ocular neuromere), appear to prolong the
delaminating from this domain exprekh-lacZ (Fig. 1A,D).  boundary between the deuto- and protocerebrum in the dorsal
From stage 10 onwardsn expressing NBs maintain a strong direction (Fig. 1D, Fig. 2, Fig. 4).

hh-lacZsignal, whereakh-lacZsubsequently diminishes inthe  From late stage 8 onwards, Wingless (Wg) protein is
neuroectoderm and in NBs between the en antennal stripe aexpressed in a neuroectodermal domain spanning a broad area
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Fig. 2. Expression of segment polarity genes at embryonic stage 11 12 Wg-positive NBs have emerged from this domain (Fig. 1D).
(stll). (A,C,E,G) Left half of head flat preparations double labelled In addition, we found a small, spot-likeg domain in the

for segment polarity gene expression andacz invected(inv) or intercalary segment (Fig. 1kg intercalary spot) from which
ladybird (Ibe); focus is on the peripheral head ectoderm; broken line g single NB (Td4) delaminates (Fig. 1D). Thus, all three
marks the ventral midline; insets depict lateral views of stage 11 domains, the intercalary, antennal and ocular (head blob),
whole-mount preparations. (B,D,F,H) Close-ups of regions indicatedy s nihyte to the anlage of the brain. From late stage 9 an
in A,C,E,G by black frames; focus is on the level of NBs; additionalwg domain is visible in the ectodermal anlage of the

immunopositive NBs are indicated by white inscription, . . . .
immunonegative NBs are indicated by black inscription. (A,B) Only Clypeolabrum (Fig. 1B,E, Fig. 2G,J), which is thveg

part of the antennal/oculah-lacZdomain co-expressésv. Note counterpart ,to the En/Inv-positive region in the ‘dorsal
the stronghh-lacZsignal in the dorsal Ppd5, Ppd8, Ppd10, Ppd11, hemispheres’ [wg labral spot in Schmidt-Ott and Technau
Ppdi15 and Ppd16. (@sb-dis downregulated in the ocular (Schmidt-Ott and Technau, 1992)]. Upon double labelling for

neuroectoderm, and is detectable in four tritocerebral NBs deriving eitherasenseor deadpan(both are general markers for neural
from thegsb-dintercalary stripe, and in three deutocerebral NBs  precursor cells) andig, in embryos between stage 9 and 11
deriving from thegsb-dantennal stripe (D,1,J). (E,Rjirr-lacZ we could not identify any NB emerging from tiag labral
expression shows no segmental pattern and is mainly limited to the spot. By stage 11 the numbenag expressing NBs originating
ventral part of the PNR and corresponding NBs.Ii8)s _.from the ocular head blob has increased to about 16-20 (Fig.
segmentally expressed in the procephalic neuroectoderm [arrows; f%VH 1), which is more than 25% of the total number of identified

detail Urbach and Tech Urbach and Tech 2003 o . I
Weh:r'es ’itsigeco-re;;)cre:sned ﬁﬁvgngéegt ;Cth:c]g hbe;nxg’fg. (H))]' protocerebral NBs. Three Wg-positive NBs are identified in the

Ibeis co-expressed witwgin Dd7 but not in the ocular Ppv3 and ~ deutocerebrum and one in the tritocerebrum (Fig. 21).
Pcvs. () Segment polarity gene expression in identified brain NBs at The gooseberry(gsh locus encodes two closely related
stage 11; nomenclature of brain NB has been described previously proteins, Gsb-distal (Gsb-d) and Gsb-proximal (Baumgartner et
(Urbach et al., 2003). Colour intensity reflects weak (~) and strong al., 1987; Bopp et al., 1986), which are both expressed in the
(+) expression levels afiv, hh-lacZandwg. Stars indicate developing ventral nerve cord (Gutjahr et al., 1993; Ouellette et
mandibular NBs. (J,K) Segment polarity gene expression inthe  g|, 1992). Gsb-d is segmentally expressed at high levels in all
peripheral procephalic ectoderr_n. (L-iMy expression in the dorsa_l row 5 and 6 NBs, as well as in a median row 7 NB (NB 7-1)
faintiny expression i the di. Note ranexpression in the dh i ot _ (Er0adus et al., 1995; Zhang et al., 1994). We analysed the
detected usingn-lacZand was only observed with anti-Inv Expression ofgsb-d during early NEurogenesis in the head
antibodies from late stage 11 onwards. (M) Left half of a head flat region, an_d found segmental expression of Gsb-d to . be
preparation. The dh comprises about 10 Inv-positive NBs (as conserved in parts of th.e pregnathal he_ad ectoderm and deriving
depicted in 1). (Njnv expression in the brain and sub-oesophageal NBs (for details see Fig. 1A,B,D,E; Fig. 2C,D,I,J). Gsb-d/En
ganglion (SOG) of a stage 16 embryo (horizontal view). Note, that double labelling show that thgsb-dintercalary and antennal
Inv staining in the dh corresponds to the pars intercerebralis of stripes are expressed anteriorly to the corresporafistripes,
postembryonic stages. The secondary head spot (shs) marks a smalnd are partly overlapping with tles stripes (Fig. 1B,E, Fig.
group of cells which secondarily separates from the hs (see SchmidpC J). Consequently, NBs from the posterior part ofggted
Ott and Technau, 1992). AN, IC, MD, MX, antennal, intercalary,  stripe in the tritocerebrum and deutocerebrum co-exeass
?g”?'bwarta'\r/‘l?_ maxutllalry s.g?mergxe;pfc.t“’ely; C}" Ctl.yﬂeglabr“m; (Td3, Dd5; Fig. 1D, Fig. 2D,1), and those from the anterior part

, oregut, V- ventra midiine, L, Boiwg organjopiic obe co-expressvg (Td4, Dd1 and Dd7; as seen in Gsb-d/Wg double
anlagen; agnantennal stripe; cenexpression in the clypeolabrum; labelling: Fig. 1A.D, Fig. 2!, and data not shown), resembling

dh,enexpression in the dorsal hemispheresgh$iead spot; issn . . .
intercalary stripe; shensecondary head spot; gsb-d gsh-d the situation in the ventral nerve cord. However, Dd8 and all

antennal stripe; gsb-d igsb-dintercalary stripe; gsb-d lgsb-d Wg-positive protocerebral NBs do not co-express Gsb-d (except
labral spot; wg asyg antennal stripe; wg fgyg expression in the for Ppd3 which, like Ppd10, transiently expresgss-dduring
foregut; wg hbwg ocular head blob; wg isygintercalary spot; wg stage 10; Fig. 1D). Gsh-d can also be detected at a low level in
Ir, wg labral spot. ganglion mother cells of the respective NBs, but fades away in
NBs and their progeny during germ band retraction. Expression
of the ocular and the anterior antennal segment (and in thof the protein in the brain is completely downregulated at stage
invaginating foregut) (see also Baker, 1988; van den Heuvel &8 (data not shown).
al., 1989). This becomes clearer in En/Wg double labelling at In the trunk,mirror (mirr)-lacZ is expressed in segmental
stage 9, revealing that the en hs is localized within this Wegctodermal stripes giving risetairr-lacZ-positive NBs of row
domain (Fig. 1B). In contrast to earlier observations (Richte2 and several NBs that flank row 2 at stage 11 (Broadus et
et al., 1998; Younossi-Hartenstein et al., 1996), we find that, ai., 1995; McNeill et al., 1997). The pattern wiirr-lacZ
that stage, Wg is already detectable in about 4-5 protocerebetpression in the procephalic neuroectoderm and brain NBs
NBs (Pcd6, Pcd15, Pcd7, Ppd3; Fig. 1A), derived from théliffers significantly from the trunk. We find no evidence of a
region with strongest Wg expression [which later correspondsegmental arrangement ahirr-lacZ expression in the
to the wg head blob; for nomenclature afg expression procephalon (for details, see Fig. 1A,C,D,F, Fig. 2E,F,l,K).
domains in the procephalic ectoderm, see Schmidt-Ott arldterestingly, regarding the DV axisnirr-lacZ is mainly
Technau (Schmidt-Ott and Technau, 1992)]. Furthermore, Wigmited to the ventral part of the pNR and corresponding NBs
is faintly expressed in the deutocerebral Dd7 (Fig. 1AYas confirmed bymirr-lacZ/Vnd double staining, although
emerging from the antennal part of the Wg domain (Fig. 1B)there is a faint dorsahirr-lacZ expression, in the region of the
which corresponds to the lateg antennal stripe (Fig. 1E, Fig. later invaginating optic lobe anlage; Fig. 1A,C,D,F, Fig. 2I,K),
2G,J). By stage 10, when the&g head blob is clearly and is, at stage 9/10, roughly complementargriowg and
distinguishable from thevg antennal stripe (Fig. 1E), about 10- gsb-dexpression, the domains of which are mainly confined to
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intermediate and dorsal regions of the pNR (Fig. 1B,C,E,F). AExpression of dorsoventral patterning genes during

stage 11, expression extends towards the dorsal part of tRarly brain development

antennal neuroectoderm (Fig. 2E,K) and is observed in all NBs addition to the segment polarity genes, the dorsoventral
of the ventral deutocerebrum, as well as in two tritocerebrglatterning genesventral nervous system defectiend),
(Tv5, Td8) and four ventral, protocerebral NBs (Padl, Pcvlintermediate neuroblast defectiyand) and muscle segment
Pcv2, Pcv3; Fig. 2F1). Although expression is also found irhomeobox (msh have been shown to confer positional
the clypeolabrum (Fig. 2E,K), we did not identifyirr-lacZ-  information to the truncal neuroectoderm, which also
positive labral NBs. contributes to the specification of NBs (reviewed by Skeath,
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Fig. 3. Expression of DV patterning genes at embryonic stages 9 and ocular segment (which is confirmed by En/Vnd double
(st9),10 (st10) and 11 (st11). Colour code indicates the expression déabelling; Fig. 3C) and is observed in ventral NBs of the

msh(msh-lacZand Msh proteinjind transcripts anend (vnd-lacZ antennal (Dv2, Dv3, Dv6) and ocular neuromere (Pcvl, Pcv3,
and Vnd protein) in identified NBs (A,B,E) and the procephalic Pcv6, Ppv2) (Fig. 3A). It appears as if the dorsal part of the
neuroectoderm (C,D,Fgnexpression domains are shown for Vnd-positive antennal neuroectoderm partly co-expreisgkes

_compa_rison._ Orientation of the semi-schematic r_e_presentatipns is aSt that stage (Fig. 3C), but the NB Dd1, which emerges from
in previous figures. (A,C) Stage 9; note the spotilikbexpression this ectodermal region, expresses oinlg ’and notvnd (Fig.

in the intercalary (ind ignd intercalary spot), antennal (ind asgl . . . -
antennal spot) and ocular (ind d@eg ocular spot) head region; the 3A). This is possibly due to the transient expressiovndfin

ind antennal spot, in contrast to the intercalary, overlaps completely MOst parts of both the ventral antennal ectoderm (compare Fig.
with the ventravnddomain; the emerging Dd1 does not express ~ 3C with 3D) and corresponding NBs: by stage 10 Vnd is
(B,D) Stage 10yndis already downregulated in part of the ventral ~ detected in the ventral Dv2, Dv4 and Dd5, but is already
antennal ectoderm and corresponding Dv3 and Dv6, and is also notdownregulated in Dv3 and Dv6, and by stage 11 it is confined
expressed in the newly developed Drfshandvndexpression to Dd5 and the new Dv8 (Fig. 3B,E,L). As a consequence of
overlaps in a small area of the antennal ectoderm and emerging Ddghe downregulation of/nd (compare Fig. 3C,D,FK), some
(E"t:) Stagbe 1|1’\;lgo)t%thattmost of the id%rl';ifie(iltbra_in NBs (especiallyentral deutocerebral NBs, which delaminate between stage 9
protocerebral INBs) do not express any DV patterning gene. and 11 from this domain were not observed to expresé.g.
(G,I,K) Left half of head flat preparations double labelledefor Dv1, Dv5, Dv7; Fig. 3B,D,E,L). By stage 11 Vnd is seen in

expressiondnlacz, Inv protein) andnsh(msh-lacZ Msh protein), - .
ind (transcripts) ownd (vnc-lacZ and Vind protein), respectively; four tritocerebral (Tv2, Tv3, Tv4, Tvb), in two deutocerebral

broken line marks the ventral midline; insets depict lateral views of (Pd5, Dv8), and in a cluster of about 13 protocerebral NBs
stage 11 whole-mount heads. (H,J,L) Close-ups of regions indicatedFig- 3E,L). Interestinglyvnd expression expands along the
in G,I,K by frames (focus on the level of NBs). Immunopositive NBs posterior border of thenintercalary stripe (en is), and is also
are indicated by white, immunonegative NBs by black inscription.  significantly extended dorsally into teaeantennal stripe (Fig.
(G,H) msh-lacZlnv-antibody double labelling. The anterior border of 3D,F,K) and the NBs delaminating from there. The fact that
themshexpression domain is positioned immediately posterior to the/ndandenare co-expressed in Tv5 and in Dd5, Dv8 (Fig. 3L,
enhs (G), and runs between the deutocerebral and ocular Fig. 4) is in agreement with findings in the ventral nerve cord,
Frgtcﬁpere?éall_)Nle (H%\/(I'Ej]) D{%'d de;NAé:nVl at;“'”k.mdy\?oéjble wein Where these genes are co-expressed in two intermediate NBs
abelling. (K,L)en-lacZVnd antibody double labelling. Vnd protein ) o
has disgppeared in most parts of t%/e antennal ecto%erm (}5) and NB! Chu et al., 1998; Shao et al., 2002). Th.'s |nd|cate_swhﬂt
(L); note the dorsally directed extensiornvatidomains in the emarcates t_he ventral part of the posterior border in trunk as
antennal and ocular procephalic regions. The antemaixpression ~ Well as in brain neuromeres. Furthermore, the posterior border
overlaps dorsally with the En-positive Dv8 and Dd5. The posterior Of the oculawnddomain (including the NBs Pcv1, Pcv2, Pcv3,
border of the oculartnddomain runs between deuto- and Ppvl, Ppv2, Ppv3) abutts dorsally the En-positive NBs Ppd5
protocerebral NBs (L). AN, IC, MD, MX, antennal, intercalary, and Ppd8 (deriving from then head spot; Fig. 1D, Fig.
mandibular and maxillary segment, respectively; CL, clypeolabrum; 3E K,L), supporting the view that these NBs demarcate the
FG, foregut; ML, ventral midline; OA, Bolwig organ/optic lobe posterior border of the ocular neuromere (Fig. 4).
anlagen; as, en antennal stripepelexpression in the clypeolabrum; *jntermediate neuroblast defectigiad) is expressed in the
ir:]sdeanski'ﬁggs&?:h;esrggtfgﬁg'?}%;g'cpj;r‘sdpgnd intercalary spot;  pyastoderm in a bilateral longitudinal column (intermediate
i ! ' column neuroectoderm) just dorsal to thmel domains. In the
trunk, at stage 9 (whend mRNA is no longer present in the
1999). For the head and brain, a detailed analysis of theeuroectoderm), it is expressed in all intermediate NBs and
expression of these genes has not yet been undertaken. In orfileally, at stage 11, it is confined to the NB 6-2 (Weiss et al.,
to elucidate their putative role in patterning the head and braii998). In the head, at stagar8] is detected in an intermediate
we analysed the expression whd ind and msh in the longitudinal ectodermal domain in the intercalary segmiedt (
procephalic ectoderm and NBs in the early embryo (until stags; Fig. 3C), and weakly in an intermediate ectodermal patch
11). Although our data are consistent with their role inin the antennal segmenng as; Fig. 3C) as well as in the
dorsoventral patterning being principally conserved in theleutocerebral NB Dd1 which develops from this patch (Fig.
procephalon, we also find significant differences in theiBA). At the same stage, we observed a further signal in a dorsal
patterns of expression compared with the trunk (as outlined iectodermal patch of the ocular regiond(oc, Fig. 3C). The
the following and in Figs 3, 4). ectodermalnd patches in the intercalary, antennal and ocular
At the blastodermal stage, Ventral nervous system defectivegments are both separate from each other and froindthe
protein (Vnd) is expressed in bilateral longitudinal stripesdomain in the trunk (Fig. 3C,D,I,F). Interestinglyd mRNA
corresponding to the most ventral neuroectodermal columis significantly longer present in the ectoderm of the intercalary
(Jimenez et al., 1995; McDonald et al., 1998; Mellerick ancdand mandibular segment, when compared with the antennal
Nirenberg, 1995), and is by stage 11 detected in all ventral asgggment and the trunk ectoderm (data not shown). This
two intermediate NBs of the ventral nerve cord. Interestinglypresumably mirrors the delayed onset of neurogenesis in both
the latter co-expresen and are located in the posterior segments (see also Urbach et al., 2003). Until stage 10, five
compartment of each truncal neuromere (Chu et al., 1998|Bs derive from the threind patches: Td1, Td2, Td3, from
McDonald et al., 1998; Shao et al., 2002; Uhler et al., 2002}he intercalary, Dd1 from the antennal and Ppd13 from the
At gastrulation the ventral longitudinahd domain reaches ocularind patch (Fig. 3B,D). Subsequently, the ocuilad
anteriorly across the cephalic furrow into the procephalipatch enlarges but never reaches the oauddidomain (Fig.
neuroectoderm (data not shown). By stagen®,maps in the 3F), and by stage 11 about four additional Ind expressing NBs
ventral neuroectoderm of the prospective intercalary, antennéiPcd7, Pcd13, Ppd6, Ppd9) are identifiable (Fig. 3D,E).
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= H eninv
-~/ hh
Fig. 4.Neuromeric model of the early embryonic - < B msh
brain. Based on the expression of the segment Il
polarity geneen/invandhh as well as the DV Pad18 Padi7 IS o
patterning genesmishandvndwe propose the el P % c
pregnathal brain to consist of four neuromeres. Re Podt) rOV 7 Poj”
lines indicate the borders between the tritocerebru Podis Peds |
(Tc; comprising about 13 NBs), the deutocerebru Pedig Pcd10 | pegg
(Dc; comprising about 21 NBs), the ocular part of Pcd16
the protocerebrum (Oc-Pc; comprising about 60 Podi
NBs) and the labral part of the protocerebrum (Lr- Pod1® o7 by

Pc; comprising about 10 Inv-positive NBs). Note, Pedf2
the ventral part of the posterior border of the
deutocerebrum is given by Dv2 and Dv4, which at
stage 10 (st10) transiently expressl The
neuromeric identity of Ppd2 is unclear; colour
intensities indicate low (~) and high (+) expression
levels ofen/invandhh. AN, IC, MD, MX, antennal,
intercalary, mandibular and maxillary segment,
respectively; CL, clypeolabrum; Dc,
deutocerebrum; Lr-Pc, labral part of the
protocerebrum; Oc-Pc, ocular part of the
protocerebrum; Tc, tritocerebrum; FG, foregut; ML
ventral midline; OA, Bolwig organ/optic lobe
anlagen.

muscle segment homeokoxsh expression is first detected Expression of DV patterning genes differs in the
at the blastoderm stage in discontinuous patches in tHeg€ad and trunk neuroectoderm
dorsolateral part of the neuroectoderm, which later extend ar@omparing the expression of DV patterning genes in the trunk
form a bilateral longitudinal stripe (D’Alessio and Frasch,and procephalic region we observed the following significant
1996); this domain gives rise to the lateral NBs of the ventralifferences.
nerve cord (Isshiki et al., 1997). We detected at stagesty (1) Whereasanshis expressed in all segments of the trunk
expression anterior to the cephalic furrow (data not shownjJsshiki et al., 1997), it is not expressed in the preantennal head
which expands until stage 9 to cover, as a broad domain, tleetoderm (Fig. 3C-H).
dorsal ectoderm of the intercalary and the antennal segment(2) ind is expressed as a continuous stripe in the trunk, but
(Fig. 3C). As evidenced by Msh/Inv double labelling duringforms three segmental patches in the procephaiod.
stage 9 and stage 11, the anterior border oftiledomain  expression in the antennal segment appears to overlap with
coincides with the posterior border of the en hs (Fig. 3C,D,F,Gjransientvnd expression [Fig. 3C; compare also with cell
This suggests thahshexpression in the pregnathal region is‘cluster 1’ in McDonald et al. (McDonald et al., 1998)]. Yet,
restricted to the intercalary and antennal segments, and matclieis ectodermal region gives rise to Dd1 which expressks
the border between the antennal and ocular segment. Thishist notvnd (Fig. 3A).
further supported by Mshih-lacZ double labelling (data not (3) The mshand vnd domains partially share a common
shown) in stage 11 embryos, usihg as a marker for the border in the intercalary and antennal segment by stage 9 (Fig.
posterior border of the ocular segment (ibrexpression, see 3C), and furthermore show a partial overlap in the antennal
above and Figs 1, 2). All identified brain NBs delaminatingectoderm by stage 10/11 (Fig. 3D,H). The En-positive Dd5 co-
from the dorsal intercalary and antennal neuroectoderm expresspressemshandvnd(Fig. 3B,E,H,L), whereas co-expression
msh (Fig. 3A,B,E,H). This suggests that during earlyof mshandvndwas not observed in NBs of the ventral nerve
neurogenesignshcontrols dorsal identities of the procephalic cord (McDonald et al., 1998).
neuroectoderm and brain NBs, as was shown for the ventral (4) In the ocular segment tled domain is separated from
nerve cord (Isshiki et al., 1997). In the ventral nerve cord, moshe vnd domain (Fig. 3C,D,Fl,), whereas in the trunk
glial precursor cells (glioblasts and neuroglioblasts) derive fromeuroectoderm these domains are adjacent to each other.
the dorsal neuroectoderm (Schmidt et al., 1997), and express(5) vnd expression is dynamic and from stage 9 onwards is
msh(Isshiki et al., 1997). In the intercalary segment of the earlgownregulated in parts of the antennal neuroectoderm and
brain, we identified two glial precursors (Td4 and Td7) (seeleutocerebral NBs (sead section).
Urbach et al., 2003). Interestingly, both precursors are also (6) More than half of the total number of identified brain
located dorsally and expressh At least until stage 11 we do NBs do not express any of these DV patterning genes. Most of
not findmshexpression in the preantennal segments. these NBs derive from the preantennal segments (Fig. 3A,B,E).
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This implies that other, still unknown factors might be involvedNBs (Fig. 21,J). The existence of four brain neuromeres, in the
in the DV patterning of the anterior head neuroectoderm anspatial orientation shown, is furthermore substantiated by the
protocerebrum. segmental expression of other genes ¢jkb-d(Fig. 1D, Fig.
2J), sloppy paired land ladybird (see Urbach and Technau,

Segmental boundaries in the early embryonic brain 2003).
With regard to the expression of the segment polarity gemes
hh, wg and gsbh-d as well as the DV patterning genesh
and vnd we propose that the procephalic (pregnathalPISCUSSION
neuroectoderm gives rise to four brain neuromeres: the ] ] o
tritocerebrum, the deutocerebrum, the ocular and the labrReconstruction of neuromeric boundaries in the
neuromere. These tightly fused neuromeres form a supréleveloping Drosophila brain
oesophageal brain hemisphere on either side. The ocular almd previous papers, based on the expression of the segment
labral neuromeres represent the most prominent part of thmlarity genesen and wg, and on the analysis of sensory
brain which is traditionally referred to as the protocerebrum.structures in gap gene mutants, it was suggested that the

The detailed analysis of the dynamic expression of thederosophila pregnathal head consisted of four segments, each
genes in the procephalic neuroectoderm and in the identifiembntributing to the brain (Schmidt-Ott et al., 1994; Schmidt-Ott
brain NBs allows us to map the boundaries of the braiet al.,, 1995; Schmidt-Ott and Technau, 1992). However, a
neuromeres (summarized in Fig. 4). The posterior border of ttoetailed description of related brain neuromeres was still
tritocerebrum is clearly represented by #m® and hh co-  lacking. In order to identify positional cues and segmental
expressing NBs Tv4, Tv5, Td3, Td5. In the antennal andoundaries during early brain development, we analysed the
preantennal neuroectoderm the expressioanphh, wg and  expression of five different segment polarity gemeswg, hh,
gsb-dis largely restricted to intermediate and dorsal regiongnirr andgsb-g and three DV patterning genesdh ind and
and NBs deriving from there. Thus, regarding segment polaritynd) in the procephalic neurogenic region of the ectoderm, as
genes, a clear demarcation of the antennal and preantenmadll as in the entire population of brain NBs derived from this
neuromeres is only possible for the intermediate and dorsakgion. We focused our analysis on the developmental stages 9-
but not for the ventral domainsnd is observed to be co- 11 for the following reasons: (1) the complex morphogenetic
expressed withen in some tritocerebral (Tv5) and reorganization during the process of head involution has not yet
deutocerebral NBs (Dv8 and Dd5), located at intermediate D¥aken place; (2) late stage 11 represents a phylotypic stage at
positions. This is consistent with observations in the trunkwhich the head pattern is most clearly displayed (Jirgens and
wherevndexpression is dorsally expanded into eactlomain  Hartenstein, 1993) and the full complement of brain NBs has
in the neuroectoderm, as well as at the level of NBs (Chu érmed (Urbach et al., 2003), except the primordia of the optic
al., 1998). We therefore suggest that the (transiemtly) lobes (which develop after stage 11 and fuse secondarily with
expressing NBs Dv2 and Dv4, which follow Dd5 and Dv8the brain) (Green et al., 1993); (3) it is possible to work on the
ventrally, demarcate the ventral part of the posterior border dével of identified brain NB; and (4) it is also possible to correlate
the deutocerebrum. The intermediate part of this border igene expression in the outer ectoderm and in the evolving NBs.
defined by theen/hh/vndco-expressing Dv8, Dd5, and the Our data clearly support the view that the pregnathal head
dorsal part by then-andhh-co-expressing Dd9 and Dd13. For consists of four segments (antennal, intercalary, ocular and
the posterior border of the ocular neuromere, we propose thabral). Furthermore, we were able to attribute to each of the
following. Under the assumption tha&nd expression also four pregnathal head segments a corresponding neuromere. All
marks the posterior compartment in this neuromereytite segment polarity genes are segmentally expressed in the pNR
expressing NBs Pcvl, Pcv2, Pcv3, Ppvl, Ppv2 and Ppv3 woudd well as in brain NBs, excepirr, the segmental expression
demarcate the ventral part of this border. The intermediate past which is not overtwg andgsb-dare partly overlapping, and
is defined by then/hhco-expressing Ppd5 and Ppd8, and theare expressed anterior to the respeaivdomains, which are
dorsal part by thélh-lacZpositive NBs Ppd10, Ppd11, Ppd15 colocalized withhh. The expression of these genes is either
and Ppd16. Interestingly, the anterior border ohtsedomain  mainly confined to intermediate and dorsal regions of the
abutts exactly on the posterior ocular segmental bordeantennal and ocular segment (in caserpfiwvg andgsb-g or
indicating thatmsh expression is confined to the trito- and is at least strongehk) in these parts of the pNR. Consequently,
deutocerebruminv expression is observed in about 10 NBswith regard to segment polarity genes there is a clear segmental
deriving from the most anterior part of the protocerebratlemarcation, which is limited to intermediate and dorsal parts
anlage, a region that corresponds to the En-positive ‘dorsaf the respective neuromeres, but it remains unclear in their
hemispheres’dn dh) (Schmidt-Ott and Technau, 1992). We ventral parts (except in the tritocerebrum). Surprisingly, we
suggest that these NBs represent the neural correlate of thed that the DV patterning genesd and msh endorse a
labral segment. The existence of a labral neuromere derivirggparation of brain neuromeres in AP axis. As outlined above,
from theendh has already been discussed by Schmidt-Ott anehd expression demarcates the ventral part of the posterior
Technau (Schmidt-Ott and Technau, 1992). This fourth braiborder of the tritocerebrum, deutocerebrum and ocular
neuromere seems to be of rudimentary character as it imeuromere, andmsh the dorsal anterior border of the
confined to the posterior segmental compartment (considerirggutocerebrum. Thus, based on the expression of segment
that en/inv is normally expressed in the posterior polarity genesdn/iny hh) and DV patterning genegr(d msh
compartment), and we did not find NBs antericendh. Thus, we provide for the first time a reconstruction of segmental
thewg domain in the clypeolabral ectoderm, which is locatecboundaries in the developing brain on the level of identified
immediately anterior to then dh does not give rise to brain cells (Fig. 4).
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The protocerebrum is formed by the ocular segment presumably represent the progenitors of cells of the pars
and the posterior compartment of the labral segment intercerebralis and that the fundamental ‘bauplan’ of the brain
The segmental organization of the anterior head, in particulas believed to be conserved among insects (Boyan et al., 1993;
the origin of the labrum, the existence of a correspondinglassif et al., 1998), we suggest thatDrosophila progeny
segment and its position at the anterior pole, are central issueslls of labral NBs participate in the formation of the central
of a long-lasting debate concerning head segmentation (ecpmplex.
Boyan et al., 2002; Haas et al., 2001; Jirgens and Hartenstein, )
1993; Rogers and Kaufman, 1996; Schmidt-Ott et al., 1994the segmental character of the tritocerebrum and
Scholz, 1998) (reviewed by Rempel, 1975). Consequently, tHéeutocerebrum is more conserved than that of the
segmental origin of the protocerebrum, the largest and moggular and labral neuromere
anterior portion of the brain, has been a matter of debate ahd the trunk, the neuroectoderm and NB pattern of each
there is disagreement about whether it can be assigned to themisegment is subdivided by the activity of segment polarity
labral and/or the ocular segment (equivalent to the acron). genes into transverse rows and by the activity of DV patterning
en expression in thendh has been attributed to the labralgenes into longitudinal columns (for a review, see Skeath,
segment (Schmidt-Ott and Technau, 1992), the existence ©999). We find that this orthogonal expression of segment
which is further substantiated by PNS phenotypes in head gaplarity and DV patterning genes is principally conserved in the
mutants (Schmidt-Ott et al., 1994). We identify about 10 NBgosterior part of the pregnathal head neuroectoderm and
that derive from this domain and weakly express corresponding regions of the early brain, but becomes obscure
Immediately anterior to then dh, within the clypeolabral towards anterior sites. The intercalary neuroectoderm and
ectoderm, we find the genegy (see also Schmidt-Ott and neuromere are subdivided by, hh, wg and gsh-dexpression
Technau, 1992)gsb-d Ibe andslpl (see Urbach and Technau, into transverse-like rows and bgnsh ind and vnd into
2003) to be expressed, but we observed that these domainsldogitudinal columns. Analysis of other genes that are
not contribute to the brain. The spatial pattern of expression aegmentally expressed in the trunk CNS, sl (Bhat et al.,
these genes confirms the following: the anteroposteric2000; Cadigan et al., 1994a; Cadigan et al., 199dhjs
orientation of a labral segment, as proposed by Schmidt-OHartmann et al., 2000) andbe (R.U. and G.M.T.,
and Technau (Schmidt-Ott and Technau, 1992); and wanpublished), provides further support for the notion that the
parasegmental character of the border betweeertltdy and  tritocerebrum behaves like a reduced trunk neuromere (see
the labralwg domain, supporting the view that tadh is the  Urbach and Technau, 2003). Similarly, this orthogonal pattern
enexpressing part of the labral segment. We thereforef segment polarity and DV patterning gene expression appears
conclude that the protocerebrum consists of two neuromere®, be essentially retained in the antennal neuroectoderm and
a large ocular neuromere (comprising more than 60 NBs) argkutocerebrum. However, it appears less conserved compared
a smaller labral neuromere (comprising about 10 NBserAs with the tritocerebrum becauss wg and gsb-d (and slpl)
expression delimits the posterior compartment of each segmeskpression is confined to intermediate/dorsal sited, is
(Kornberg et al., 1985), the labral neuromere appears to bestricted to one NB anehdis only transiently expressed. The
confined to the posterior compartment. orthogonal expression pattern of both gene groups is to a minor
The protocerebrum develops prominent neuropile structuresxtent, if at all, conserved in the posterior half of the ocular
such as the central complex and the mushroom bodiesuromere. Owing to the lack wishexpression, a dorsoventral
(Hanesch et al., 1989; Strausfeld, 1976). On comparativgolarity is less obvious and most ocular NBs do not express any
morphological grounds, the protocerebrum in arthropods hd3V patterning gene. Finally, conservation of this pattern is not
been subdivided into the archicerebrum and prosocerebruravident in the labral segment. Although some segment polarity
Accordingly, the archicerebrum, which bears the optic lobegenes are expressed in the labral ectoderm, expression of DV
and mushroom bodies, belongs to the acron (or ocular segmepgtterning genes is missing (except for the tmd-positive
(Schmidt-Ott and Technau, 1992), and the prosocerebruiBs, Pavl and Pcv4, at the border to the ocular neuromere).
which comprises the remainder of the protocerebrum In this context, itis interesting to note that the head has been
(including the central complex and the neurosecretory cells aflaimed to be composed of two distinct domains, an anterior
the pars intercerebralis) belongs to the labral segment (Larinterminal domain and a segmented region (Finkelstein and
1970; Malzacher, 1968; Scholl, 1969) (for a review, sederrimon, 1991). Both domains require high levels of Bicoid
Rempel, 1975). We identified the progenitor cells of theprotein as an anterior determinant (Driever and Nisslein-
mushroom bodies to be part of the ocular neuromere (R.U. antlhard, 1988; Struhl et al., 1989), but the anterior terminal
G.M.T., unpublished), supporting the view that the mushroondomain, which encompasses the labral segment and the acron
bodies are indeed neuropil structures of the ocular segment @vhich is equivalent to the ocular segment) (Schmidt-Ott and
archicerebrum. Consequently, the identified labral NBs would@echnau, 1992), is primarily specified by a signalling pathway
be progenitors of neurones of the pars intercerebralis. Thimediated by the receptor tyrosine kinase TORSO (Klingler et
appears likely because teadh during further embryogenesis al., 1988; Sprenger and Nusslein-Volhard, 1992). Zygotic
becomes displaced in a brain region corresponding to tharget genes which become activated by this signalling pathway
pars intercerebralis of postembryonic stages (Fig. 2M). Ifreviewed by Perrimon and Desplan, 1994) are the gap genes
Drosophila little is known about the embryonic origin of hkbandtll (Bronner et al., 1994; Pignoni et al., 1990). #gr
the central complex. In the grasshopper, it was recentlif has been shown that (part of) its anterior, blastodermal
documented that NBs in the pars intercerebralis contributexpression is necessary for the development of the
neurones to the central complex (Boyan and Williams, 1997protocerebrum, which is missing tth mutants (Pignoni et al.,
Taking into consideration that the identified labral NBs1990; Rudolph et al., 1997; Strecker et al., 1988)epresses
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Fig. 5. Comparison of expression domains of
DV patterning genes in the embryonic
Drosophilaand mouse CNS. (A,B) DV gene
expression (as indicated by colour code) in
the embryonic CNS ddrosophilaat
developmental stage 11 (A; compare Fig. 3)
and mouse at ~10 days after gestation (B).
Note, that anteriorly, the extent of expression
is specific for each gene. Regional
variabilities in the DV expansion of the
respective expression domains is neglected.
Mouse expression data are from Shimamura
et al. (Shimamura et al., 199%Kx-2.2,
Valerius et al. (Valerius et al., 199%3gh-1)

and Shimeld et al. (Shimeld et al., 1996)
(Msx-3. MD, MX, LA indicate mandibular,
maxillary and labial neuromer; rh1-8,
rhombomeres 1-8, respectively.

hb and ftz and may thus function in the head as an ‘antineuroectoderm into longitudinal columns (for a review, see
segmentation’ gene (Reinitz and Levine, 1990). We findCornell and Ohlen, 2000; Skeath, 199@)dis required for

that tll expression, which covers the ocular and labrathe specification of the ventral neuroectodermal column and
neuroectoderm (the latter of which coincides with the regiotNBs (Chu et al., 1998; Jimenez et al., 1995; McDonald et al.,
of theendh) and emerging NBs (Urbach and Technau, 20031998; Mellerick and Nirenberg, 1995)nd and msh have

(see also Rudolph et al., 1997), closely corresponds to that parialogous functions in the intermediate and dorsal
of the early brain where segmental features are largely obscureeuroectodermal columns and NBs, respectively (D’Alessio
A coordinated, orthogonal expression of segment polaritand Frasch, 1996; Isshiki et al., 1997; Weiss et al., 1998).
and DV patterning genes within the ocular and labraRemarkably, homologous genes are found to be expressed in
neuroectoderm is not obvious, and the existence of putatithe vertebrate neural plate and subsequently in the neural tube
serially homologous NBs in those regions of the brain is lesgig. 5). In the neural tube the order of expression along the
evident (Urbach and Technau, 2003). This impliestthatight DV axis is analogous to that @rosophila like vnd, the

be a component crucial for the suppression of segmentakrtebrate homologs of the Nkx family are expressed in the
characteristics in the ocular and labral neuromereventral region; thend homologs,Gsh-1/2 are expressed in
Furthermore, crossregulatory interactions among the segmethie intermediate region; and tineshhomologs,Msx-1/2/3
polarity genes in the pregnathal head differ from those in thare expressed in the dorsal region of the neural tube (for a
trunk and are unique for each pregnathal segment (Gallitanoeview, see Arendt and Nubler-Jung, 1999; Cornell and
Mendel and Finkelstein, 1997). Ohlen, 2000).

For a part of the segmented head (mandibular, intercalary As already discussed, we find these DV patterning genes to
and antennal) it was proposed that a combinatorial expressitwe expressed in the procephalic neuroectoderm and developing
of the cephalic gap genetd, emsandbuttonheadFinkelstein  brain. Furthermore, we observe that, anteriorly, the extent of
and Perrimon, 1990; Wimmer et al., 1993) mediategxpression is specific for each geneshis confined to more
metamerization by acting directly on segment polarity genegosterior regions, angind expression extends into anterior
thereby omitting the intermediate function of pair rule genesegions of the brain. Moreover, the expression bordensif
(Cohen and Jurgens, 1990) (for a review, see Finkelstein aehd vnd coincide with neuromeric borders. A comparison of
Perrimon, 1991). More recent data indicate that, in théhe anteroposterior sequence of DV patterning gene expression
segmental patterning of this head region, other (intermediat@) the early brain oDrosophila, with that published for the
regulators are involved. One of theseadlier, which is already early mouse brain, reveals striking similarities (Fig.Ns3x3
expressed in the blastoderm and is required for the formatiamhich presumably represents the ancestnah/Msxgene,
of the intercalary segment. It is controlled by the combinedbecomes restricted to the dorsal neural tube during later
activity of emsand buttonhead and the pair rule geneven  development (in contrast tMsx1/9 (Catron et al., 1996;
skipped thus integrating inputs from both the head and truniShimeld et al., 1996; Wang et al., 1996). The anterior border
segmentation system (Crozatier et al., 1996; Crozatier et abf the Msx3domain is positioned within the rostral region of
1999). Such factors might help to explain that trunk specifithe dorsal rhombencephalon (Wang et al., 1996), thus showing
segmental characteristics are more conserved in the intercalahe shortest rostral extension of all vertebrate DV patterning
and antennal neuroectoderm and NBs, when compared to thenes. This displays analogyrsh the expression domain of

ocular and labral neuroectoderm and NBs. which coincides with the anterior border of the dorsal
) ) o deutocerebrum, thus representing the shortest anterior

Comparison of DV patterning gene expression in the extension of DV patterning genes MDrosophila Mouse

Drosophila and vertebrate brain Nkx2.2 extends ventrally into the most rostral areas of the

In Drosophilathe DV patterning genes subdivide the trunkforebrain (Price et al., 1992; Shimamura et al., 1995.is
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expressed ventrally in anterior parts of the ocular and labral goosebernallowing neuroblast specification inglessduringDrosophila

protocerebrum. Thus, the expression of the respective neurogenesiDevelopmeni2? 2921-2932. ,

homologs in both species displays the most anterior extensi(?ﬁat' K. M. (1999). Segment polarity genes in neuroblast formation and
. . . Identity specification duringprosophilaneurogenesiBioEssay21, 472-

among DV patterning genes. Moreowskx2.2expression in 485.

the mouse forebrain suggests thikix2.2may be involved in  Bhat, K. M., van Beers, E. H. and Bhat, {2000).Sloppy pairedicts as the

specifying diencephalic neuromeric boundaries (Price et al., downstream target ofvinglessin the Drosophila CNS and interaction

1992). Similarly, inDrosophilg dorsal expansions of thed between sloppy p?ifed a”dzgogse%egryi”hibits sloppy paired during
: : neurogenesiDevelopmeni27, 655-665.
domain appear to correspond to the tritocerebral angier’ E.. Vaessin, H., Younger-Shepherd, S., Jan, L. Y. and Jan, Y. N.

deutocerebral neuromeric boundaries. (1992). deadpan an essential pan-neural geneOrosophila encodes a
Furthermore,Drosophila ind and its mouse homologue helix-loop-helix protein similar to thiairy gene productGenes Devs,

Gshlshow similarities in their expression in the early brain 2137-2151. o

(Fig. 5). In the posterior parts of tirosophilabrain,indis ~ BoPP. D., Burri, M., Baumgartner, S., Frigerio, G. and Noll, M. (1986).

.. . .. Conservation of a large protein domain in the segmentationpgeéree and
expressed in intermediate positions betweed and msh in functionally related genes @&frosophila Cell 47, 1033-1040.

Likewise, in the posterior part of the mouse braBshl  Boyan, G. S. and Williams, J. L. D(1997). Embryonic development of the
appears to be expressed in intermediate positions [see Fig. 4ars intercerebralis/central complex of the grasshoiper. Genes Evol.
by Valerius et al. (Valerius et al., 1995)], dorsallyNkx2.2 207, 317-329.

: : : Boyan, G. S. and Williams, J. L. D.(2000). Building the antennal lobe:
[for expression ofNkx2.2 see Fig. 3 by Shimamura et al. engrailedexpression reveals a contribution from protocerebral neuroblasts

(Shimamura_- et al., 1995)11 and in the hindbrain ventrally to i, the grasshoppeschistocerca gregariaArthropod Struct. Dev29, 267-
Msx3[see Fig. 4 by Shimeld et al. (Shimeld et al., 19963h1 274.
has been shown to be expressed in discrete domains within #Beyan, G. S., Williams, J. L. D. and Meier, T(1993). Organization of the

mouse hindbrain, midbrain (mesencephalon) and the mostcommissural fibers in the adult brain of the locdstComp. Neurol332,
. i . : ; 358-377.
anterior domain in the posterior forebrain (dlencephalongoyan‘ G. S., Williams, J. L. D., Posser, S. and Braunig, £2002).

(Valerius et al., 1995). Correspondingly, Brosophila we Morphological and molecular data argue for the labrum being non-apical,
find ind expression in restricted domains within the articulated, and the appendage of the intercalary segment in the locust.
gnathocerebrum (R.U. and G.M.T., unpublished), the Arthropod Struct. De\8l, 65-76.

. rand, M., Jarman, A. P, Jan, L. Y. and Jan, Y. N.(1993).asenseds a
tritocerebrum,  deutocerebrum and —ocular part of thg Drosophilaneural precursor gene and is capable of initiating sense organ

protocerebrum, demonstrating that the anteriormost extensiontmation. bevelopment 19, 1-17.

of ind (andGsh) expression lies between thatoghandvnd Broadus, J., Skeath, J. B., Spana, E. P., Bossing, T., Technau, G. M. and
Taken together, considering these similarities, we suggestDoe, C. Q.(1995). New neuroblast markers and the origin of the aCC/pCC

that in theDrosophilaand vertebrate early brain the expression neurons in theDrosophila central nervous systenMech. Dev.53, 393-

of DV patterning genes is to some extent conserved, both aloRgy . & chu-Lacraff, ., Doe, C. Q., Cohen, B., Weigel, D., Taubert,

the DV axis (as suggested for the truncal parts of the n. and Jackle, H.(1994). Spl/egilike zinc-finger protein required for
Drosophila and mouse CNS) and along the AP axis. endoderm specification and germ-layer formatiorDiosophila Nature

Furthermore, iDrosophilawe observed that large parts of the ?IﬁakeﬁT“'gGS- 4 Horridge, G. A. (1965).Struct o Function in th
; ock, T. H. and Horridge, G. A. .Structure and Function in the
anterodorsal procephallc neuroectoderm and NBs (more tIﬂlgﬂ\lervous System of Invertebrat&an Francisco, London: Freeman.

50% of all identified brain NBs) lack DV patterning genecagdigan, k. M., Grossniklaus, U. and Gehring, W. J(1994a). Functional
expression. Likewise, in the vertebrate neural tube, gapSredundancy: the respective roles of the teloppy pairedgenes in
between the expression domains of DV patterning genes haveProsophilasegmentationProc. Natl. Acad. Sci. USA1, 6324-6328.

been described, raising the possibility that other genes migfRfdigan. K. M., Grossniklaus, U. and Gehring, W. J(1994b). Localized

. . . ...~ expression ofloppy pairedprotein maintains the polarity ddrosophila
fillin these gaps (Weiss et al., 1998). How DV fate is specified . occoment@enes Devs, 899-913.

in the anterior and dorsal part of tbeosophilaprocephalic  campos-Ortega, J. A. (1993). Mechanisms of early neurogenesis in

neuroectoderm, and if other genes are involved, remains to bebrosophila melanogasted. Neurobiol.24, 1305-1327.

clarified. Campos-Ortega, J. A(1998). The genetics of tH2rosophila achaete-scute
gene complex: a historical appraidat. J. Dev. Biol42, 291-297.
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