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SUMMARY

The Drosophila brain develops from the procephalic
neurogenic region of the ectoderm. About 100 neural
precursor cells (neuroblasts) delaminate from this region
on either side in a reproducible spatiotemporal pattern. We
provide neuroblast maps from different stages of the early
embryo (stages 9, 10 and 11, when the entire population of
neuroblasts has formed), in which about 40 molecular
markers representing the expression patterns of 34
different genes are linked to individual neuroblasts. In
particular, we present a detailed description of the
spatiotemporal patterns of expression in the procephalic
neuroectoderm and in the neuroblast layer of the gap genes
empty spiracleshunchback huckebein sloppy paired land
tailless the homeotic genelabial; the early eye genes

to follow the fate of individual neuroblasts through early
neurogenesis. Furthermore, despite the highly derived
patterns of expression in the procephalic segments, the co-
expression of specific molecular markers discloses the
existence of serially homologous neuroblasts in neuromeres
of the ventral nerve cord and the brain. Taking into
consideration that all brain neuroblasts are now assigned
to particular neuromeres and individually identified by
their unique gene expression, and that the genes found to
be expressed are likely candidates for controlling the
development of the respective neuroblasts, our data provide
a basic framework for studying the mechanisms leading to
pattern and cell diversity in the Drosophilabrain, and for
addressing those mechanisms that make the brain different

dachshund eyelessand twin of eyelessand several other  from the truncal CNS.

marker genes (including castor, pdml fasciclin 2

klumpfuss ladybird, runt and unplugged. We show that

based on the combination of genes expressed, each brainkey words: CNS, Brain development, Neuroblasts, Gap genes,

neuroblast acquires a unique identity, and that it is possible  Molecular markersDrosophila

INTRODUCTION intrinsic properties might be established by the distinct
combination of genes expressed in a NB (Doe, 1992; Isshiki et
The central nervous system (CNS) Dfosophilg which  al., 2001).

encompasses the brain and ventral nerve cord, develops fromTo shed light on how neural diversity is generated in the
a bilateral neuroectoderm, which gives rise to multipotenDrosophila brain, it is of importance to know which genes
neural stem cells, called neuroblasts (NB). Investigations of th@ositional cues) are expressed within the procephalic
mechanisms that control the development of NBs have so faeuroectoderm at different stages of development, and which
mainly focused on the less complex ventral nerve cord. Thgenes are expressed in each individual brain NB. In the
ventral nerve cord has been shown to arise from a segmentafiyeceding papers, we have traced the pattern and modes of brain
repeated pattern of NBs (Hartenstein and Campos-OrteglB formation (Urbach et al., 2003), and assigned each NB to a
1984). Each NB acquires a unique identity, which is reflectegarticular brain neuromere by analysing the expression of
by the time and position of its delamination from thesegment polarity and dorsoventral patterning genes (Urbach and
neuroectoderm, by the combination of genes it expresses, afechnau, 2003). Here, we have analysed in detail the expression
by the production of a specific cell lineage (Bossing et al.of the head gap genesnpty spiracleshunchbackhuckebein
1996; Broadus et al., 1995; Doe, 1992; Doe and Technau, 1993oppy paired Bandtailless the homeotic genabial; and many
Schmidt et al., 1997). Specification of a unique NB fateother marker genes in the procephalic neuroectoderm, as well as
depends on positional information in the neuroectodernin the brain NBs, until stage 11, when the full complement of
provided by the products of early patterning genes (reviewelBs has evolved. In total, we provide an array of more than 40
by Bhat, 1999; Skeath, 1999). Experimental data suggest thawolecular markers (antibodies, mMRNA probes and enhancer trap
once NBs are specified, their further development is largelines) that represent the expression of 34 different genes. Most
controlled by their intrinsic properties (Brody and Odenwaldof these molecular markers are expressed in characteristic
2000; Prokop and Technau, 1994; Udolph et al., 1995). Sualomains of the procephalic neuroectoderm, and all of them are
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specifically expressed in particular subsets of brain NBs. Eadbroboscipedia (1:200) (Cribbs et al., 1992) (kindly provided by D.
brain NB forms at a stereotypical time and position (see als@ribbs), rabbit-anti-Runt (1:500) (Dormand and Brand, 1998) (kindly
Urbach et al., 2003) and each exhibits a reproducible pattern pfovided by E. Dormand and A. Brand), rat-anti-Sloppy paired
gene expression. Accordingly, it is now feasible to identify eackl:300) (Cadigan et al., 1994b) (kindly provided by W. Gehring) and
brain NB uniquely based on its characteristic expression i?hbeb'g:é‘é:gg:g (;fn%i'deiz ((1[:)?;?(;vlg;]%|vyego¢\a/ilt?1ee? tk;?/ohjhy\ll\e/t?ggo(rgéat
certain mo!ecular markers _at different - stages of earl nti-mouse, goat anti-rabbit) or alkaline phosphatase-conjugated (goat
Neurogenesis (stage 9'11)'. It is reasor?f”‘b"? to assume that th “mouse, goat anti-rabbit, goat anti-rat) and diluted 1:500.
marker genes are involved in the specification of brain NBs an

components of their corresponding cell lineages. Knowing th&/hole-mount in situ hybridization

individual precursor cells and their patterns of gene expressiawin of eyeless(toy) and huckebein (hkb) RNA probes were
under normal conditions, is a prerequisite for the interpretatiogynthesized using full-length cDNA dby (Czerny et al., 1999)

of mutant phenotypes, as well as the effects of experimentédindly provided by T. Czerny and M. Busslinger) dnkb (kindly
manipulations. Furthermore, the combination of moleculaprovided by G. BronnergyelesRNA probes were generated by PCR
markers expressed in the identified NBs allows the identificatiofmplification using as ajirimer 3-CTTGGCTAAAGCTTTCATG-

of serially homologous NBs in the brain and ventral nerve cord:GCAG-3 and as a ‘primer S-TGAGTATTTAACAGCCGAAG-

. : .. CTTC-3; the resulting PCR fragment was used as a template. DIG-
Thush, these clomc[j)_rehe:lswe I(Ija? are_t usefultrl:or :jnvesltlggtll elled RNA probes were prepared using a DIG-RNA-labelling mix
mec a”'?’“s _ea ing 1o ce versity !n € . evelopin Roche) according to the manufacturers protocol. The hybridization
embryonic brain, as well as those mechanisms which make thg embryos was performed as described previously (Plickert et al.,

brain different from the truncal parts of the CNS. 1997; Tautz and Pfeifle, 1989).
Documentation
MATERIALS AND METHODS Embryos were viewed under a Zeiss Axioplan equipped with
) . Nomarski optics using 4Q 63< and 10& oil immersion objectives.
Drosophila strains Pictures were digitized with a CCD camera (Contron progress 3012)

The following fly strains were used: Oregon R (wild type)ckebein-  and different focal planes were combined using Adobe Photoshop 6.0.
lacZ (5953) (Doe, 1992)ming-lacZ (1530) (Cui and Doe, 1992) Semi-schematic presentations are based on camera lucida drawings.
(corresponds taastorexpression) (Chiang et al., 1998)plugged-
lacZ (1912) (Doe, 1992)huckebein-ming-andunplugged-lacZines
kindly provided by C. Q. Doekgngrailed-lacZ(ryXho25) (Hama et
al., 1990) klumpfuss-lac4P212) (Yang et al., 1997) (kindly provided RESULTS AND DISCUSSION
by X. Yang and B. Chiageven up-lacZH162) (Mlodzik et al., 1990), . .
tailless-lacZ(flies carrying the P1 construct) (Rudolph et al., 1997)The spatiotemporal pattern of gap gene expression
(kindly provided by J. A. Lengyel). in the procephalic neuroectoderm and brain

neuroblasts

Stagfng and mounting of embryos ) The cephalic gap genes are expressed in large domains of the
Staging of the embryos was done according to Campos-Ortega w%cephalon and play a crucial role not only in the patterning

Hartenstein (Campos-Ortega and Hartenstein, 1997); additionally, : : -
used the trunk NB pattern (Doe, 1992) as further morphologic ﬁﬁ tthe ge'rlphigaésect%d?rml (for'a review, I.S"?‘e Jlirr]geng a}nd
markers for staging. Flat preparations of the head ectoderm of stain reenstein, ), but also in regionalizing € bran

embryos and mounting were carried out as described previousRfimordium (Hartmann et al., 2000; Hirth et al., 1995;

(Urbach et al., 2003). eichert, 2002; Younossi-Hartenstein et al., 1997). Our model
o _ _ of the segmental organization of theosophilabrain is based
Antibodies and Immunohistochemistry on the expression pattern of segment polarity and DV

Embryos were dechorionated, fixed and immunostained according fsatterning genes (see Urbach and Technau, 2003). To see
previously published protocols (Patel, 1994). The following primarwyhether the cephalic gap genes respect the neuromeric
antibodies were used: rabbit-anti-Asense (1:5000) (Brand et al., 1998hndaries and to provide a basis for studying their potential
(kindly provided by N. . Yan), rabbit-anti-Castor (1:1000; kindly yqe jn the formation or specification of brain precursor cells

provided by W. Odenwald), mouse-anti-Dachshund (1:250) (Mardo - . . -
et al., 1994) (Developmental Studies Hybridoma Bank), rabbit-anti(-)ve studied the expression ofthodenticle empty spiracles

Deadpan (1:300) (Bier et al., 1992) (kindly provided by H. Vassin)SI0PPY paired 1 tailless huckebein and hunchbackin the
anti-DIG-AP (1:1000, Roche), rat-anti-Empty spiracles (1:1000)d€veloping head ectoderm, as well as in the entire population
(Walldorf and Gehring, 1992) (kindly provided by U. Walldorf), Of identified NBs during stages 9-11 (Figs 1, 2).
rabbit-anti-Eyeless (1:1000; kindly provided by U. Walldorf), mouse- In the cellular blastodermrthodenticlg(otd) is expressed in
anti-Fasciclin 2 (1D4, 1:15, Developmental Studies Hybridomaan anterior, circumferential stripe and subsequently fades in the
Bank), mouse-anf-Galactosidase (1:500, Promega), rabbit-Bnti- ventral region to become restricted to the procephalic ectoderm
Galactosidase (1:2500, Cappel), rabbit-anti-Hunchback (1:100Gfter gastrulation (Finkelstein and Perrimon, 1990; Gao et al.,
kindly provided by M. Gonzales-Gaitan), mouse-anti-Invected) 9g6). In Otd/Engrailed (En) double labelling between stage 9
(4D9,1:4) (Patel et al., 1989) (Developmental Studies Hybridomanq 11 we find Otd expression in the pregnathal head to be
Bank), rabbit-anti-Klumpfuss (1:1000) (Yang et al., 1997) (k'ndlyconfinea to a large domain covering most of the antennal and

provided by X. Yang and B. Chia), rabbit anti-Labial (1:100) . . )
(Diederich et al., 1991) (kindly provided by T. Kaufman), mouse-antipre‘ﬂjlntennal (ocular) neuroectoderm [Fig. 1B,F, Fig. 2G,N; for

Ladybird (1:2) (Jagla et al., 1997) (kindly provided by K. Jagla), rat2 description of brain neuromers see Urbach a_md Technau
anti-Orthodenticle (1:20) (Wieschaus et al., 1992) (kindly provided bfUrbach and Technau, 2003)]. Furthermore, Otd is detectable
S. Leuzinger and H. Reichert), rabbit-anti-POU-domain1 (1:500) (Yedn all NBs delaminating from this domain (about 50 ocular and
et al., 1995) (kindly provided by X. Yang and B. Chia), rabbit anti-six antennal; Fig. 1A,E, Fig. 2H,M). NBs in the dorsal and
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Fig. 1. Expression of gap gene:
at embryonic stages 9 (st9) an
10 (st10). Semi-schematic
presentations of the left half of
head flat preparations [anterioi
(a) is towards the top; dorsal (c
is towards the left]. Colour cod .117 ( P;d .
indicates protein expression

patterns of Empty spiracles
(em9, Hunchbacklgb),
Orthodenticle ¢td), Sloppy
paired 1 ¢lp1), and the
huckebein-lacZhkb) and
tailless-lacZ(tll) patterns in
identified brain neuroblasts [A,
colour intensity reflects weak (

and strong (+) expression] and ] 5 LAY » slp1
the peripheral procephalic EY i A\ A (BRI

ectoderm (B-D; F-H; thick | ! o ) [ en
hatching indicates strong ~E - ;

expression, thin hatching
indicates weak expression) at
stage 9 (A-D) and stage 10 (E-
H). Nomenclature of brain NBs
is according to their position in
the trito- (T), deuto- (D) and
protocerebrum [P; for details o
the nomenclature see Urbach
al. (Urbach et al., 2003)]. Red
lines in A,E mark the boundari
between trito-, deuto- and
protocerebrum. In B,Ems
ectodermal domains arising frc
the blastodermamsstripe are
numbered (1-4; compare with
Fig. 2N). In D,H, high level anc
low leveltll-lacZ expression
domains correspond to HL anc
LL in Rudolph et al. (Rudolph ¢
al., 1997). Note, thatlplis
segmentally expressed in the
intercalary (slpl isslpl
intercalary stripe) and antenna
(slpl asslplantennal stripe) ectoderm. Stars indicate mandibular NBs. Engrailed ectodermal domains (encircled in red) are shown for
comparison. agnantennal stripe; CL, clypeolabrum; FG, forgut; éishead spot; issnintercalary stripe; ML, ventral midline; slp1 oc, ocular
slpldomain; slpl Ir, labradlpl domain.

most anterior region of the protocerebrum are Otd-negativdarain in most protocerebral NBs (except the dorsoposterior
including most NBs of the labral neuromere (Fig. 1E, Fig. 2M)ones; Fig. 1A). During stages 9-fltlacZ expression expands
Similar observations have been made by Younossi-Hartensteim the protocerebral neuroectoderm beyond the En-positive
et al. (Younossi-Hartenstein et al., 1997), that Otd covers theead spot (hs; Fig. 10,H, Fig. 2I,P). By stage 11 it is detectable
NBs of the anterodorsal part of the antennal segment and mastall protocerebral NBs (Fig. 2J,M), confirming earlier data
of the acron (which is equivalent to the ocular segment). W&udolph et al., 1997; Younossi-Hartenstein et al., 1997). In
also observed Otd expression in cells along the dorsal midlireddition, we find tll-lacZ in some ventral and dorsal
of the head, as well as faint expression in neuroectodermal cetleutocerebral NBs (Fig. 2J,M; Table 1), indicating ttais
in the ventral part of the intercalary segment (Fig. 2G,N), frormot exclusively confined to protocerebral progenitors.
which the weakly Otd-positive Tvl emerges (Fig. 2M). During early neurogenesis in the trurdggqpty spiracles
tailless (tll) has been shown to be expressed in an anterigemg is metamerically expressed in lateral ectodermal patches.
horseshoe-shaped stripe in the cellular blastoderm, which aftkr the head, it acts as a gap gene, which is expressed in a
gastrulation shows a region of high (‘HL domain’) and a regiorcircumferential procephalon domain in the early cellular
of low level oftll expression (‘LL domain’), and at stage 9 blastoderm (Dalton et al., 1989; Walldorf and Gehring, 1992).
covers most of the protocerebral neuroectoderm (Rudolph ®te find that during gastrulation this circumferential stripe
al., 1997) (see also Fig. 1D). UsinglldacZ line (Rudolph et  dissolves into three smaller ectodermal domains between the
al., 1997) at stage 9 we firlll expression in the developing anterior part of the mandibular segment and the posterior part
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Table 1. Combinatorial code of marker gene expression of the ocular segment (1-3 in Fig. 1B,F), which are
in identified brain neuroblasts not in segmental register. During further
evelopment, the third domain splits into a
develop t, the third d plit t
Proneural Gap Speo My | DV Farly e Others clia|  mandibular/intercalary and an antennal component
ololels als slelolslolelel Lo 5o Ll e[zl e/gle[s| (32 and 3b in Fig. 2N). All these domains
_ 3182|358 25(=2|€|8|8 E2|EL S8R |8 |2|=/8|S|a|5(8|¢ contribute NBs to the brain (F|g 1AE, F|g
2 . . ; . ol Telerele e 2A,B,M). In addition toems expression in the
@ . . N N A s Teletsle intercalary and antennal segments, and the
b5 o1 e . sl el Te corresponding trito- and deutocerebral neuromers
T & * T e TeTe < (see also Hartmann et al., 2000; Hirth et al., 1995;
z T e e T T T Younossi-Hartenstein et al.,, 1997), we also
. * et . T TeTs identified ems expression in a small
2 - T e R T e e neuroectodermal region (5 in Fig. 2N) and NBs of
o e o PR R o1 e B 2L e e the ocular segment (Fig. 2A,B,M). Finally, a
u S PR T e E e e e & o e further emspatch is located in the dorsoanterior
ol lefelel 1-lefel [-Tof le ole sl el lele procephalic ectoderm [‘dorsal patch’ according to
pD - of [elefel ol ol [ [ [el Tof Tofe Walldorf and Gehring (Walldorf and Gehring,
410 . . O . T Te . 1992)], which becomes part of the labral ectoderm
D azl T et . . D and does not appear to give rise to brain NBs (4 in
4 . . . . . Fig. 1B,F, Fig. 2N). Ems/En double labelling
a3 s[elelololote]s . . o ol [ele confirm the segmental affiliation of the Ems-
¥ . . lels . o Telelele ositive ectodermal regions described above. Thus,
V6 o o o o o o o o o o p t t d I g d b d b Th
Xg T O O Y . Tl e Telelels from stage 9 onwards, part of the antennal/ocular
s Tels ST T T T s : B T Y emsdomain (1 in Fig. 1B,F, Fig. 2N) overlaps with
o ets NI . P the En-positive hs (Fig. 1B), and from stage 10/11
e TeT A * . e onwards these genes are also found to be co-
T TeTs . . ST T el T expressed in the en hs-derived protocerebral NBs
s . Tt . . T Ppd5 and Ppd8 (Fig. 1E, Fig. 2B,M; although
ool L fe s : s , , andemsexpression also partly overlaps in the trunk
adiz - . . s ectoderm, we never observed a co-expression of
add . an - TR - both genes in trunk NBs; data not shown). In
adie} e [ . . CH R contrast to earlier observations, showing that most
adls . nrs . S O B of the tritocerebral NBs are included in thms
cdl . ol LT . o el o Lol 1 expressing domain (Younossi-Hartenstein et al.,
i oo s ol . It el el T 1997), we identified only the dorsal Td6 to be Ems-
s [T Te ole . e oL T positive (Fig. 1E, Fig. 2B,M). Ems protein is
et oo e Y D o . detectable in clusters of brain cells until the end of
oo o] Te sTel Te el e Telels embryogenesis.
Egig 5 e : TTe [ Tel TeTe The sloppy paired(slp) locus contains the two
i et T e el related geneslpl and slp2 (Grossniklaus et al.,
P aster T+ T S 3 T B 1992).slp1, which acts as a head gap gene, plays
v e BID . ole T TeTe a predominant role in head formation, whele2
Sitol e T eTels . ol . A is largely dispensable (Cadigan et al., 1994a;
cife e o 3 o e A Grossniklaus et al, 1994). In the trunk
oz | | Ta AT : . . AR —— neuroectoderm, whestplhas a function as a pair-
o s T Telel 1o 0 . . sl Te . rule and segment polarity gene, it is segmentally
o N slelelel of Telele sl Lo Tele expressed in neuroectodermal stripes (Cadigan et
ST T oo eerete A al., 1994a; Cadigan et al., 1994b) as well as in NBs
o P P 1 T S —ete s . of row 4 and 5 (Bhat et al., 2000). We find this
o ° sTe T T Te ol o segmental appearance slpl expression to be
33 T TeTe T N D ol PR conserved in parts of the procephalon. In the
gcg et ol I I YRR e blastoderm, Slpl protein is detected in a large
] e gy S . . domain of the_ procephglon anlage, which
B . ole R ole]e sl fele subsequently diminishes in its anterior/ventral part
e e Telsls oo s o fe 0 1 (data not shown). As a result, only the posterior
e AT R A D Tt half of the originalslpl domain remains as a
s e Te * STetle ° - circumferential ring [‘head stripe’ according to
Szz" . F I TN D s Grossniklaus et al. (Grossniklaus et al., 1994)] and
W T Te LT T Tels clelel I Te gets separated from the anterodorsal part [‘head
T, tritocerebraheuroblastsD, deutocerebrateuroblastsP, protocerebraheuroblasts. cap’ according to Grossniklaus et al. (Grossniklaus

Expressiorof genesndicatedat thetop includesstage®, 10and11. et al., 1992)]. To follow the dynamics in the Sipl
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expression pattern, we examined Slpl/En double labellingkb-lacZis strongly expressed until the end of embryogenesis
during stages 8-11. We find that the ‘head stripe’ corresponds deutocerebral, and at a lower level, in protocerebral cells,
to theslplstripe of the prospective mandibular segment (datéhe putative progeny of the identified Hkb-positive brain NBs
not shown), and the posterior part of the ‘head cap’ to the Slpldata not shown).
positive stripe in the prospective antennal segment (slpl as;hunchbacKhb) expression in the anterior half of the embryo
Fig. 1D). At the beginning of gastrulation, a new Slplfalls below the limit of detection at the beginning of germ band
ectodermal spot in the anterodorsal procephalon is observedtension, but accumulates during the extended germ band
(Grossniklaus et al., 1992); this spot later becomes part of tletage in the CNS (Tautz et al., 1987), where it is transiently
labral ectoderm (slpl Ir; Fig. 1D). In addition, at stage 9, threexpressed in early, fully delaminated, trunk NBs (S1 and S2)
new ectodermal domains become detectable: one strigad their progeny (Jimenez and Campos-Ortega, 1990;
anterior to thesnintercalary stripe belonging to the intercalary Kambadur et al., 1998). Antibody staining reveals that, from
segment [slp 1 is, Fig. 1D; ‘hypopharyngeal stripe’ accordingtage 8 onwards, Hb protein is not detected in the head
to (Grossniklaus et al., 1992)], and two small spots in th@eeuroectoderm, but is very dynamically expressed in brain
region of the ocular segment (anterior to¢hdnead spot; slpl NBs. At stage 9, only about half of the identified deuto- and
oc, Fig. 1D). Except for the labral domain, #ipl domains protocerebral NBs show Hb protein at a detectable level (Fig.
contribute NBs to the brain (Fig. 1A,E, Fig. 2M,L; Table 1).1A), suggesting that Hb is not a general marker for early NBs.
Thus, slpl is segmentally expressed in the procephalicCorrespondingly, we find that Hb protein is also lacking in
neuroectoderm and subsets of brain NBs, resembling thmarticular S1 and S2 NBs of the trunk (data not shown). In
situation in the trunk (Bhat et al., 2000; Cadigan et al., 1994a&ome of the early brain NBs, Hb first becomes detectable at
Cadigan et al., 1994b). At stage 11 patchy expression of Slgtage 10, after their delamination. For example, the early NBs
becomes detectable within the ocular and labral ectoderm (FiBcv9 and Pcd6 delaminate at late stage 8 but do not start Hb
2K,P) and in some underlying ocular and labral NBs (Fig. 2M)expression before stage 10 (Fig. 1A,E). By stage 10, Hb is
Some of these NBs initiagdplexpression after delamination; expressed in about 26 brain NBs, most of which delaminate
e.g. Pcvb and Pcd2 delaminate at stage 9 and do not exprés$ween stage 9 and 10 (Fig. 1E). In most of these NBs, Hb
slpl before stage 11 (compare Fig. 1A with Fig. 2M). Slplexpression is progressively lost, but is observed in an
expression is observed in the brain until the end oincreasing amount of progeny cells. At stage 11, it is confined
embryogenesis (data not shown). to a small subpopulation of about five tritocerebral and four to
huckebeir(hkb), a terminal gap gene, is first expressed at theix protocerebral NBs (Fig. 2C,D,M). Thus, as opposed to the
anterior and posterior blastodermal poles, where it is requiredunk, hb expression in the brain is not limited to early NBs.
for the specification of the endodermal anlagen, and latéib is expressed in the brain until stage 15, when it is detected
for the invagination of the stomodeum (Bronner and Jackldn a few cells of the protocerebrum (data not shown).
1991; Weigel et al., 1990). After gastrulatidikb becomes Taken together, among the cephalic gap gesietappears
transiently expressed in a repetitive pattern in the trunko respect segmental boundaries during early neurogenesis of
neuroectoderm and in eight, mainly intermediate, NBs pethe brain. By contrast, we find that in the considered period of
hemineuromere (Broadus et al., 1995; McDonald and Doalevelopment (stage 9-11), the expressiorrof otd andtll
1997). In the procephalic region at the cellular blastoderndoes not seem to respect these borders, which has been claimed
stage, we findhkb expression in a centrally located stripe andin previous reports (footd andem3g (Hirth et al., 1995) (for
a dorsal ectodermal spot (data not showmib in situ tll) (Younossi-Hartenstein et al., 1997). All three genes are
hybridization combined with anti-Inv antibody staining revealsexpressed in NBs deriving from ectodermal domains that are
that during stage 9/10 the hkb stripe covers most of thpart of two or three neighbouring segments. For exarepis,
antennal ectoderm and reaches into the anterior region of tieexpressed in a small number of NBs comprising about six
intercalary segment, and the hkb spot covers part of the oculposterior ocular and four anterior deutocerebral NBs (all of
ectoderm (Fig. 1C,G). During stage Bkb transcript in  which derive from the samemsdomain, except Dv3 and
the ocular spot becomes progressively restricted to thBcv5), and one tritocerebral NB. Accordinggms mutants
delaminating protocerebral NBs, Pcv7 and Pcd2 (Fig. 1A,Exhow defects in the intercalary, antennal (Hirth et al., 1995;
and remains strongly expressed in both NBs until stage 11 (Fiyounossi-Hartenstein et al., 1997), and the ocular segment (e.g.
2M). In the antennal domain during stage 10/11 the transcriphe en hs is missing) (Schmidt-Ott et al., 1994). Considering
becomes confined to three to five deutocerebral NBs. Howevéhatemsis expressed in only a few trito- and deutocerebral NBs
using ahkb-lacZline (5953) (Broadus et al., 1995) the markerit is remarkable thaemsmutants show a deletion of the trito-
is expressed in all deutocerebral NBs at stage 10 (Fig. 1E). And deutocerebrum (Hirth et al., 1995). An explanation for
stage 11,hkb-lacZ was not detectable in Dd8 and Dd11,this could be thatems expression, which during earlier
indicating thathkbis not a general deutocerebral NB markerdevelopment covers the neuroectoderm of the respective
(Fig. 2M). In the tritocerebrunhkbis expressed only in Td6 segments, possibly confers specific identities to the arising
(stage 10; Fig. 1E) and in Tv1, Td8 (stage 11; Fig. 2M). Thugrito- and deutocerebral NBs. The lack of these NBs might be
although expressed in a few trito- and protocerebral INRBs, responsible for the loss of NB-specific gene expression
expression appears to be mainly confined to the antenn@ilartmann et al., 2000), and (secondarily) for the gross
neuroectoderm and NBs. Compared with the transcript, whicimorphological defects seen in thenxsmutant brain (Hirth et
becomes restricted to the NBs during stage 9hkb-lacZ al., 1995). A similar proposal has been made to explain the
expression has a longer perdurance in the peripheral ectodebmain defects that occur buttonheadbtd) mutants, although
and corresponding NBs. By stage 14, most ohttiranscript  btdis not expressed in NBs of the corresponding brain regions
has disappeared and is confined to some deutocerebral ce(lépunossi-Hartenstein et al., 1997).



3626 R. Urbach and G. M. Technau

0 %
o 5 I
8
/ [2)
q 5 (]
. N
bk ] Q 7
= S| £k
gL L
Lt o S -] I o
; i A T
k1 = &
i O |
. & ==
.. IR0,
e
el '

<t < )
9
5 L >
Q =
3
<
Q
O Y m

L
M i

v

* X

eh-lacZ/otd

v~

il

LL

1

tl-lacZ/inv

Dd7

slp1 as]

MX

$

en-lacZ/slp1




Molecular characterization of brain neuroblasts 3627

Fig. 2. Expression of gap genes at embryonic stage 11 (st11). segmental in the dorsal region and parasegmental in the ventral
(A-L) Left half of head flat preparations double stained for region (Fig. 3F,G). Interestingly, also fecr and dfd, which
expression of a gap gene amlinv(lacZ or antibody staining) as are other members of the ANT-C, it was reported that they

indicated. Pictures on the left (A,C,E,G,|,K) focus on the peripheral jnitiate expression in a jagged stripe resolving into a pattern
procephalic ectoderm; broken lines indicate the ventral midline; that is dorsally segmental and ventrally parasegmental
insets depict lateral views of stage 11 whole-mount heads. Middle (Gorman and Kaufman, 1995; Rogers and Kaufman, 1996). All
panels (B,D,F,H,J,L) show close-up views of regions indicated in NB . ! L ! '

} . s arising from the Lab-positive neuroectoderm expladss
ACEG LK by black frames; the focus is at the level of NBs. among them all tritocerebral NBs and two ventral NBs, which

Positively stained NBs are indicated by white labels, negative ones .
are indicated by black labels. (A,B) EmsflacZ (C,D) Hbén-lacZ we attributed to the deutocerebrum (Dv2 and Dv4) because

(E,F)hkb-lacZinv. (G,H) Otdén-lacZ Note that Otd is expressed in they are located on the same anteroposterior level aanthe
the ventral midline, in a small domain within the ventral intercalary expressing Dv8 and Dd5 (Fig. 3A,C,E,H; Table 1) (see also
ectoderm (red arrow) and in cells along the dorsal midline (red Urbach and Technau, 2003).

arrowheads). (1,3)I-lacZ/Inv; high level (HL) and low level (LL}II-

lacZ-expression is indicated. (K,L) Slgh-lacZ (M) Summary of Expression of the early eye genes  dachshund ,

gap gene expression in brain NBs as indicated by the colour code, eyeless and twin of eyeless

which distinguishes between weak (~) and strong (+) expression of ; ;
tll- andhkb-lacZ and Slpl. Red lines mark the boundaries between g?gﬁgl@gq?hﬁgrmar? gthg;,vnlg)gag Isnr\]/grl]v:?] én,\zg? d%%vel%%r;)eg; d

tritocerebrum, deutocerebrum, ocular and putative labral neuromer. . - o
Stars mark mandibular NBs. (N-P) Semi-schematic presentation of the mushroom bodies (Kurusu et al., 2000; Martini et al., 2000)

gap gene expression in the peripheral procephalic ectoderreo@) ~ Where it is expressed already in the progenitor cells (Noveen
ectodermal domains are numbered (1-5), 3a and 3b derive from €t al., 2000). Using an antibody, we find Dac expression in the
intercalaryemsdomain 3 (compare with Fig. 1B,F). Anterior (a) is  trunk CNS not before stage 12; it is expressed in only two or

towards the top; dorsal (d) is towards the left. AN, IC, MD, MX, three cells (not NBs) per neuromer (data not shown). In the
antennal, intercalary, mandibular and maxillary segment, procephalon, Dac is already detected by stage 9 in a small area
respectively; CL, clypeolabrum; FG, foregut; ML, ventral midline;  of the dorsal ocular neuroectoderm (Fig. 4D) from which four
OA, Bolwig organ/optic lobe anlagen; @s|antennal stripe; cen Dac-positive NBs (Pcd4, Pcd8, Pcd9, Pcv9) delaminate (Fig.

expression in the clypeolabrum; leshead spot; isgnintercalary
stripe; mdsenmandibular stripe; slpl aslplantennal stripe; slpl
is, slplintercalary stripe; slpl oc, oculsipldomain; slpl Ir, labral

4A). It has been suggested that the NBs delaminating from this
Dac domain represent the progenitors of the mushroom body
and co-expresseyeless (ey) (Noveen et al.,, 2000). In

slpdomain. disagreement with this, we find that, at that stage, the co-
expression of both genes is confined only to a small region of
the Dac-positive neuroectoderm (Fig. 4D) and to only one of

Expression of the homeotic gene  labial completely the four identified Dac-positive NBs. As evidenced by Dac/Ey

covers the anlage of the tritocerebrum antibody double labelling, this NB (Pcv9) is one of the five Ey-

We analysed the expression of the homeotic gengsositive brain NBs identified at stage 9 (Fig. 4A) (data not
proboscipedigpb) andlabial (lab), both members of the ANT- shown). Until stage 11, the Dac-expressing ocular domain
C and known to be expressed in the head ectoderm and in #agpands into the antennal segment and into the optic lobe
brain after mid-embryogenesis (Hirth et al., 1998; Pultz et alanlage [Fig. 4E-G; now encompassing also the ectodermal
1988). Antibody staining against Pb reveals that at stage liegion called ‘para-MB neuroectoderm’ according to Noveen
the protein is restricted to internal cells of the mandibulaet al. (Noveen et al., 2000)], and a further spot appears in the
segment (presumably mesodermal cells) and to dorsalypeolabral ectoderm (Fig. 4E-G). At this stage, Dac protein
ectoderm of the maxillary and labial appendages (Pultz et atan be observed in 13 protocerebral NBs and in the
1988) (data not shown). We did not detect Pb protein in braittitocerebral Tv2, but in no deutocerebral NBs (Fig. 4C,G,H).
NBs. From stage 12 onwards, Dac becomes expressed in an
lab was described to be expressed in the posteridncreasing number of scattered cell clusters in the brain and
tritocerebrum at stage 14 (Hirth et al., 1998). Using arventral nerve cord (data not shown).
antibody, we investigated the expression of Lab protein during eyelesgey), which encodes a member of thax6family of
early neurogenesis. From stage 9 onwards, Lab is detectedtianscription factors, is a crucial regulator for eye development
the ectoderm of the intercalary segment, and presumably in(Halder et al., 1995). It is expressed in the embryonic ventral
small part of the posteroventral antennal segment (Figherve cord and brain (Kammermeier et al., 2001; Quiring et
3B,D,F). At that stage, the only NB expressing Lab protein ial., 1994) and has been shown to be involved in the
Dv2 (Fig. 3A). Double labelling against En reveal that at stagdevelopment of the mushroom bodies (Kurusu et al., 2000;
11 Lab is expressed throughout the ectoderm of the intercalaNoveen et al., 2000). Although it has been suggeste@yiimt
segment (Fig. 3F,G), supporting previous reports (Diederich eixpressed in the progenitor cells of the mushroom bodies
al., 1989; Diederich et al., 1991; Mahaffey et al., 1989). Th¢Noveen et al., 2000gy expression in the evolving NB pattern
Lab domain overlaps posteriorly with teaintercalary stripe  of the ventral nerve cord and brain has not been described so
(en is), indicating that posterior borderslath expression and far. Using an Ey antibody (which principally shows the same
of the intercalary segment coincide (Fig. 3F,G). The charactgyattern agymRNA in situ hybridization; data not shown), we
of the anterior border of tHab domain is less clear. Dorsally, find Ey in the trunk to be expressed in segmentally reiterated
it runs along the posterior border of #eantennal stripe (en ectodermal stripes and, at stage 11, in six NBs per
as); ventrally, however, it reaches the anterior border of the dremineuromere (data not shown). In the posterior pregnathal
as. This suggests, that the anterior border ofalhelomain is head segments (intercalary and antennal), a segmental
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Fig. 3. Expression of the pair rule genent and the homeotic genabial at embryonic stages 9, 10 and 11. Semi-schematic presentation
of the Runt and Labial protein (Lab) patterns in brain NBs (A,C,E) and outer procephalic ectoderm in relatiem pattezn (B,D,F) at
stage 9 (st9, A,B), stage 10 (st10, C,F) and stage 11 (stl11, E,F) as indicated; numbers (1-3) in B,D,F reflect the teepuzalftbeu
ectodermafunt domains. Lab expression covers the complete intercalary neuroectoderm and emerging NBs. (E) Note that all trito- and
two deutocerebral NBs express Lab; red lines demarcate neuromeric boundarieen(@¢#Lab double stained head flat preparation.
(G) Lab expression covers teaintercalary stripe (is) and partially tle@antennal stripe (as; compare with F); broken line marks the
anterior boundary of the Lab domain. (H) Higher magnification of the region indicated by black frame (in G) focusing dtah&lB=e
Note that the Lab-positive Dv4 is at the same anteroposterior level as the En-positive Ded-IdcRunt double labelled head flat
preparation. (I) In the periphery, Runt expression is confined to the ocular (1) and intercalary (3) ectodermal domaier (J) High
magnification of region marked by black frame in I, focusing at the level of NBs. Positively stained NBs in H,J are indiaditieel by
labels, negative ones are indicated by black labels; insets in G,I show a lateral view of stage 11 wholemounts; dasHexdtfiae mar
ventral midline. Anterior (a) is towards the top; dorsal (d) is towards the left. AN, IC, MD, MX, antennal, intercalary,utaarzsatit
maxillary segment, respectively; CL, clypeolabrum; FG, foregut; ML, ventral midlinenasitennal stripe; h&nhead spot; isgn
intercalary stripe.
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Fig. 4. Expression of the early eye gemtzs;, eyandtoy at embryonic stages 9, 10 and 11. Semi-schematic presentation of Daclugtgund (
Eyeless €y), and Twin of eyelessdy) expression in brain NBs [A-C; low (~) and high (+) expression levels; red lines indicate neuromeric
boundaries], and within the outer procephalic ectoderm (D-F; thick hatching indicates strong expression, thin hatchiagvealkcate

expression) as indicated at stage 9 (st9, A,D), stage 10 (st10, B,E), and stage 11 (st11, C,F). Engeajieelssion domains in the peripheral
ectoderm are indicated for comparison. (G-L) Double staining for expresssop-tdcZ(G-J) oren-lacZ(K,L), and Dachshunddac G,H),

Eyeless ¢y, 1,J) and Twin of eyelessdy; K,L). (G,l,K) Outer procephalic ectoderm of flat preparations (dashed line indicates ventral midline);
insets show lateral views of stage 11 wholemounts. (H,J,L) Higher magnifications of regions indicated by frames in Glg\¢latftheain

NBs. (G) Red arrow indicates the intercalary Dac-positive ectodermal domain including the Dac-positive NB Tv2. (1,J) Eysedcikpfew

NBs; Eykn-lacZdouble labelling (see inset on bottom left in I) shows Ey expression in the intercalary and antennal head immediately anterior
to the respectivendomains (arrows). (K,L) Toy is mainly confined to protocerebral NBs and to Dd8. Anterior (a) is towards the top; dorsal (d)
is towards the left (except for insets). AN, IC, MD, MX, antennal, intercalary, mandibular and maxillary segment, resgelctively;

clypeolabrum; FG, foregut; ML, ventral midline; OA, Bolwig organ/optic lobe anlagernasitennal stripe; hgnhead spot; issn

intercalary stripe.
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Fig. 5.Expression otas Fas2 klu, Ibe,
pdmlandunpgat embryonic stages 9, 10
and 11. Semi-schematic presentation of
Castor €a9, Fasciclin 2 Fas?),
Klumpfuss klu), Ladybird early Ipe),
POU-domain 1gdmJ protein, and
unplugged-lac4unpg expression in
brain NBs [A,D,G; low (~) and high (+)
expression levels; red lines mark
neuromeric boundaries], and within the
outer procephalic ectoderm [B,C,E,FH,I;
thick hatching indicates strong (+), thin
hatching weak (~) expression] as
indicated at stage 9 (st9, A-C), stage 10
(st10, D-F) and stage 11 (st11, G-I).
Engrailed én) expression domains in the
peripheral ectoderm are indicated for
comparison. Anterior (a) is towards the
top; dorsal (d) is towards the left. AN,
MD, MX, antennal, mandibular and
maxillary segment, respectively; CL,
clypeolabrum; FG, foregut; ML, ventral
midline; OA, Bolwig organ/optic lobe
anlagen; agnantennal stripe; hgn

head spot; isgnintercalary stripe.

Tdl delaminate, and in a second
ocular ectodermal spot from which
1 N\ . Ppdl12 develops (Fig. 4B,E). In

% cas p ) - SN ZB contrast to the intercalary and antennal
B me > B il ectodermal spot, Ey protein becomes
M o depleted during stage 11 in the ocular
%- f:m_1 g N domain (Fig. 4Fl). At late stage 11,
W& upg 200 ) Ey is found in 15 brain NBs, including

; : = two intercalary, three deutocerebral,
nine ocular and one labral NB (Pad7;
Fig. 4C,J). During subsequent
development of the brain, the Ey
expression pattern becomes complex,
especially in the preantennal
segments, but it appears to be mainly
confined to the progeny of the
identified NBs (data not shown).

The secondrosophila Paxégene,

twin of eyelesgtoy), has been shown
to be expressed in the blastoderm in
an anterodorsal patch that represents
the posterior region of the
procephalon anlage, and later in
the embryonic brain (including the
mushroom body; Kurusu et al., 2000)
and visual system (Czerny et al.,
expression of Ey appears to be fundamentally conserved999). At stage 9, Toy expression encompasses the dorsal
Ey/En double labelling reveals that the Ey-positive spots (andcular and the anterodorsal part of the antennal ectoderm (as
emerging NBs) in both segments are localized just anterior twonfirmed by double labelling against Toy and En; Fig. 4D).
their En-positive counterparts [Fig. 4F,l (lower inset); Fig. 7].All NBs that delaminate from this part of the neuroectoderm
We detected Ey protein by stage 9 in five NBs: Pcv6, Pcvéxpress Toy (Fig. 4A-C). By stage 11, these include about 40
Pcv9, Pcd2 (which derive from an ocular ectodermal Eyrotocerebral NBs, all of which derive from the ocular
domain) and Dv6 (which develops from a small ectodermal Egctoderm, except the putative labral Pavl, and two
spot in the antennal segment) (Fig. 4A,D). By stagee¥0, deutocerebral NBs (Fig. 4B,C,E,FK,L). This pattern of
becomes expressed in an intercalary ectodermal spot, froexpression in NBs closely matches the pattern that has been
which, by that stage, the Ey-positive Td2 and (slightly laterpbserved footd (seeotd section and Fig. 7). In some of these
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Fig. 6. Expression otas, Fas2, klu, Inggdmlandunpgat embryonic stage 11. Double staining for expression of Ef#o¥ ¢r antibody
staining) orsvp-lacZ(C,D) and Castorc@s A,B), Fasciclin 2 Fas2 C,D), KlumpfussKlu; E,F), Ladybird earlylbe; G,H), Pou-domain 1
(pdm3 1,J), andunplugged-lac4unpg-lacZ K,L), respectively, as indicated. (A,C,E,G,|,K) Focus is on the outer procephalic ectoderm of flat
preparations (dashed line indicates ventral midline); insets show lateral views of wholemounts. (B,D,F,H,J,L) Higher magwoificegions
indicated by frames in A,C,E,G,I,K at the level of deuto- and protocerebral NBs; positively stained NBs are indicateddiyelghitegative
ones by black labels; NBs in brackets are not in focus. (A) Red arrowhead indicates expression of Cas in the outer estiedened; lofee
indicates the boundary between the labral (Lr-P) and ocular part of the protocerebrum (Oc-P). Cas is prominently expossbeaimNBs
(B). (C,D) Fas2 is expressed on the surface of most tritocerebral NBs and a few deutocerebral NBs (D). (E,F) Nuclear Kio expressi
detected in almost all brain NBs. (G,H) Lbe is segmentally expressed in the head (arrows). (1,J) Approximately one badfrofNBe
expresgpdm-1 including most deuto- and tritocerebral, as well as central ocular and part of the labral, NBsnfi§:13cZis strongly
expressed in almost all deutocerebral NBs, and in some ocular NBs close to the deutocerebral/ocular border. AN, anterin@l, segme
clypeolabrum; Lr-Pc, labral part of the protocerebrum; Oc-Pc, ocular part of the protocerebrum; OA, Bolwig organ/optiagehe asgin
antennal stripe; hgnhead spot; issnintercalary stripe. Anterior (a) is towards the top; dorsal (d) is towards the left.

NBs expression of Toy protein is transient and ceases durir@fular segment; a co-expression was not seen in Ey-positive
stage 11 (e.g. Dd3). To determine whether BRak6 genes, NBs of the trito- and deutocerebrum, or in Pad7 (Fig. 4A-C).
ey andtoy, are co-expressed in identified NBs, we performeduring later embryogenesis, Toy protein is expressed in cells
toy in situ hybridisation combined with an Ey antibody of the proto- and deutocerebrum, as well as in the
staining (data not shown). Interestingtpy appears to be tritocerebrum, although we did not identify any Toy-positive
expressed only in those Ey-positive NBs deriving from theritocerebral NB (Fig. 4C; and data not shown).
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Fig. 7. Summary diagram of molecular markers expressed in brain proposed for early trunk NBs (e.g. NB7-4) (Cui and Doe, 1992).
NBs at different stages of embryonic development. Colour code At late stage 11, Cas is expressed in about 60% of the total
indicates the expression of more than 40 different molecular markeraumber of identified brain NBs (Fig. 5G, Fig. 6B).

(representing 34 different genes as listed) in individual brain NBs. In Using an antibody against the cell membrane glycoprotein
addition to the markers described in this paper, these maps include pggciclin 2 (Fas2) (Grenningloh et al., 1991), we find that in
the expression of the proneural, segment polarity, DV pattering anGpe nrocephalic region Fas? is first expressed by late stage 10
glial marker genes, a detailed description of which is given in the in an ectodermal patch at the border between the intercalary

accompanying papers (Urbach et al., 2003; Urbach and Technau, . .
2003). Each brain NB expresses a specific combination of moleculaf;md antennal segment (Fig. SE). Later it also covers the

markers. Accordingly, each NB can be uniquely identified at stage gPOSterodorsal ocular neuroectoderm (including the optic lobe
(A; st9), stage 10 (B; st10) and stage 11 (C; st11, which is when theanlage) (Schmucker et al., 1997) and part of the labral
entire population of brain NBs is established). Red lines indicate theectoderm (Fig. 5H, Fig. 6C). Fas2 is also detected in brain NBs
neuromeric boundaries between the trito- (T) and deutocerebrum emerging from the antennal and intercalary neuroectoderm
(D), and the ocular (Oc-P) and labral protocerebrum (Lr-P). Anterior(Fig. 5D,G, Fig. 6D), and at a low level in a few dorsal ocular
(a) is towards the top; dorsal (d) is towards the left. CL, NBs (Fig. 5G,H). It has been found that Fas2 controls
clypeolabrum; FG, foregut. proneural gene activity in the eye/antennal imaginal disc
(Garcia-Alonso et al., 1995), raising the possibility that it
) functions likewise in the procephalic neuroectoderm. However,
Further marker genes expressed in the head we find that Fas2 expression in almost all identified brain
neuroectoderm and subsets of brain NBs NBs is initiated after delamination from Fas2-negative
In order to establish further molecular markers that ar@euroectoderm, suggesting that Fas2 in the procephalic
specifically expressed in subsets of brain NBs, we investigatetturoectoderm is not involved in the regulation of proneural
the expression afastor, Fasciclin 2 klumpfussladybird early ~ genes. It has been shown that Fas2 appears on the surface of
POU-domain 1 geneunt and unplugged For details of the neural somata prior to axon outgrowth; these neurones belong
spatiotemporal expression pattern of these genes in the ‘fibre tract founder clusters’ that pioneer the main axonal
neuroectoderm and brain NBs (stages 9, 10 and 11), we refeacts in the brain (Nassif et al., 1998). Considering position
to Figs 5-7 and Table 1. and time point of development, we suggest that the identified

In the trunk, the pair-rule gementis expressed in segmental Fas2-positive deuto- and tritocerebral NBs (Tvl, Tv2, Td1,
domains of the ventral neuroectoderm (Gergen and ButleT,d2, Td6, Td8; Dv2, Dd9, Dd11) are the precursors of the ‘D/T
1988; Kania et al., 1990) (R.U. and G.M.T., unpublished) anéibre tract founder cluster’ (Nassif et al., 1998).
in five NBs of row 2 and 3 and two NBs of row 5 (Dormand In the trunk, the zinc-finger transcription factor Klumpfuss
and Brand, 1998). Runt has also been shown to be expresg@&tl) is expressed from stage 10 onwards in an increasing
in an anterodorsal region of the blastoderm, corresponding tumber of NBs, and at stage 11, almost all NBs (except NB2-3
the presumptive head region (Gergen and Butler, 1988and NB6-4) show nuclear Klu staining (Yang et al., 1997). We
En/Runt antibody co-labelling reveals that this Runt domairanalysed the expression of Klu in the procephalon using an
contributes to the ocular segment (Fig. 3B). In addition to thentibody against Klu and thel&Z enhancer trap strakiu P212
ocular segment, we find patches roht expression in the (Yang et al., 1997) which basically show an identical expression
intercalary, antennal and clypeolabral ectoderm (Fig. 3B,D,F)pattern. Klu is not expressed in the neuroectoderm. Similar to the
and in subsets of protocerebral and deutocerebral NBs (Figituation in the trunk CNS, we first find Klu protein at a detectable
3A,C,E,J). At stage 11, the protein is expressed in a total of 28vel at stage 9, in a subset of (about 17) brain NBs (Fig. 5A) and
brain NBs (Fig. 3E), some of which initiate Runt expressiorat late stage 11 in almost all brain NBs (Fig. 5G, Fig. 6E,F). For
after delamination from Runt-negative ectoderm, and in a largeiost NBs, there is a significant delay between birth and onset of
number of postmitotic cells until the end of embryogenesiklu expression. Klu also appears to be expressed in ganglion
(data not shown). mother cells, as was shown for the trunk (Yang et al., 1997).

In the ventral nerve cordastor (cas previously known as ladybird (Ib), a tandem of the homeobox getaslybird early
ming), encoding a zinc-finger protein, has been shown to bgbe) andladybird late(Ibl), both of which encode transcription
expressed in 18 NBs per hemineuromere (Doe, 1992), includirfgctors, show a similar expression pattern, wifite activity
early (S1-S2) and late delaminating (S3-S5) NBs, and to bslightly preceding that abl (Jagla et al., 1994). At stage 11,
involved in cell fate control within NB lineages (Cui and Doe,both genes are expressed in segmental repetitive patches in the
1992; Mellerick et al., 1992). In the procephalcesexpression  laterodorsal trunk ectoderm (Jagla et al., 1997) and specifically
is not detectable before stagel0. It is dynamically expressediim one NB per hemineuromere, the lateral NB 5-6 (J. Urban,
the central and dorsal neuroectoderm of the ocular segment, personal communication). Using an antibody against Lbe (Jagla
the median antennal segment, and, by stage 11, in the labealal., 1997) we first observed the protein by stage 10 in three
segment (Fig. 5F,I; Fig. 6A), which is surprisingcasis not  small procephalic patches in the labral, ocular and antennal
expressed in the neuroectoderm of the trunk (Cui and Doectoderm (Fig. 5E), and at stage 11 in an additional patch of the
1992; Kambadur et al., 1998; Mellerick et al., 1992). Aintercalary ectoderm (Fig. 5H, Fig. 6G). Lbe is selectively
proportion of Cas-positive protocerebral and deutocerebral NBsxpressed in only four brain NBs on either side: one in the
derive from these domains. Most NBs appear to delaminatétocerebrum (Td4), one in the deutocerebrum (Dd7) and two
from Cas-negative neuroectoderm (Fig. 5D,G), and start tm the protocerebrum (Ppv3, Pcv8; Fig. 5D,G, Fig. 6H). Wg/Lbe
expresscas at the time of formation, or show a reproducibledouble labelling demonstrates that Lbe and Wg expression are
delay in the onset @fasexpression. The latter may already havecolocalized in the intercalary, antennal and labral ectoderm, and
produced a part of their lineage, which likewise has beeim Td4 and Dd7; remarkably, the ocular Lbe-positive domain
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and corresponding NBs (Ppv3 and Pcv8) are Wg negative [sessential tools for investigating the mechanisms underlying
Fig. 2G,H by Urbach and Technau (Urbach and Technayattern formation and cell diversity in the brain are lacking.
2003)]. Lbe protein is detected in the progeny of the identified In this and the preceding studies (Urbach et al., 2003;
brain NBs until the end of embryogenesis (data not shown). Urbach and Technau, 2003), we provide an array of more than
The two closely relateBrosophilaPOU-domain genepdml1 40 different molecular markers (enhancer trap lines, antibodies,
(nub— FlyBase) anghdm2 are co-expressed in the developingmRNA probes) characterizing the expression of 34 different
CNS (before stage 13) and have been shown (at least with respgehes in the early procephalic neuroectoderm and in the brain
to the specification of the first ganglion mother cell of the truncaNBs emerging from it. We show that these marker genes are
NB4-2) to be functionally redundant (Dick et al., 1991; Yang eexpressed in specific subsets of more than 100 brain NBs on
al.,, 1993; Yeo et al., 1995pdmlis expressed in the trunk either side (as summarized in Fig. 7 and Table 1). Based on the
neuroectoderm during the first and second wave of NExpression of specific combinations of molecular markers,
segregation (stage 8/9), and transiently in most NBs at stage fibrphological criteria as well as time and position of NB
and 11 (Dick et al.,, 1991; Kambadur et al., 1998). In thdormation (see accompanying papers), each NB of the
procephalon the expression of the Pdml protein is highlgeveloping embryonic brain is now uniquely identified.
dynamic (Fig. 5C,D,F,G,l; Fig. 61,J). Until stage 10, Pdm1 isFurthermore, as we analysed the expression of these markers
roughly restricted to the neuroectoderm of the antennal and ocuiar the neuroectoderm and in the NBs during various
segments (as confirmed by Pdm1/En double labelling; Fig. 5C,FJevelopmental stages, the fate of the individual brain
Later, it is also found in the intercalary and labral ectoderm (Figorogenitor cells can be followed through early neurogenesis.
5I1). At stage 9, NBs derived from Pdm1-positive neuroectoderfithe unambiguous identification of NBs is a prerequisite for
appear to be Pdml negative (Fig. 5A,C) and initdenl future work on mechanisms that control the specification and
expression at stage 10 (Fig. 5D) or stage 11 (Fig. 5G). At lat;neages of individual brain NBs.
stage 11, approximately one half of the brain NBs (about 52 NBs) ) )
expresspdm], including most deuto- and tritocerebral NBs, asimplications for regulatory interactions among
well as central ocular NBs and part of the labral NBs (Fig. 5G)denes expressed in the procephalic neuroectoderm
Expression of the homeodomain gemmlugged(unpg in  and identified neuroblasts
the trunk starts at stage 8 in the ventral midline (Chiang et aMJork on early neurogenesis in the trunk has provided evidence
1995) and becomes detectable in NBs of the ventral nerve cotttht the set of genes expressed within a particular proneural
at late stage 11 (Doe, 1992). Usinguarpg-lacZline (1912)  cluster of ectodermal cells specifies the individual fate of the
(Cui and Doe, 1995; Doe, 1992), we obsemvepgexpression NB it gives rise to. This is especially the case for segment
in the head at stage 9 in a large domain encompassing thelarity genes (for a review, see Bhat, 1999) and DV patterning
intercalary, antennal and most of the ocular ectoderm (Fig. 5Bjyenes (for a review, see Skeath, 1999). We show that these and
Until stage 11, the expression is gradually lost in the intercalargther genes are also expressed in specific domains of the
ectoderm, but upregulated in the dorsal part of the antennal aptbcephalic neurogenic region before brain NBs delaminate
adjacent ocular ectoderm (Fig. 5E,H, Fig. 6K). In contrast td¢e.g.wg, gsb-d en hh, msh ind, vnd hkb emsandslpl). This
trunk NBs, which have already divided several times beforanplies that these genes might likewise be required for
expressinginpgat late stage 11 (Cui and Doe, 1995), we findproviding positional information in the procephalic
unpg-lacZto be weakly expressed already at stage 9 in alheuroectoderm and for subsequent specification of individual
deutocerebral and almost all protocerebral NBs (Fig. 5A)brain NBs. Furthermore, all of the molecular markers assayed
At late stage 11, it is strongly expressed in almost alare expressed in different but overlapping subsets of brain NBs,
deutocerebral NBs (except for some ventral ones), and in soraad some of them we also observed to be expressed in (part of)
ocular NBs close to the deutocerebral/ocular border (Fig. 5Gheir progeny cells (e.gen hh-lacZ msh-lacZ ey, ems hkb-
Fig. 6L). Until the end of embryogenesig)pgexpression is lacZ, Ibe). Co-expression might hint to regulatory interactions
observed in the putative progeny cells of thhepg-lacZ  among these genes within the neuroectoderm, particular NBs,
positive deuto- and protocerebral NBs (data not shown). and their lineage. Thus, in addition to being useful as molecular
] ] ) markers, the linking of these markers to specific regions of the
All embryonic brain neuroblasts are uniquely neuroectoderm and to identified NBs uncovers candidate genes
identified and putative molecular interactions that might be part of the
For thoracic and abdominal segments, it has been previougiyachinery leading to cell diversity in the brain.
shown that each NB acquires a unique identity, which ) _
corresponds to a particular position in the neuroectoderm argerially homologous neuroblasts in the brain and
(upon delamination) in the subectodermal NB layer, to a certaiyentral nerve cord
time point of its delamination, and to the combination of geneé comparison of NB patterns between neuromeres of the brain,
expressed (Broadus et al., 1995; Doe, 1992; Hartenstein and well as between the brain and ventral nerve cord, allows us
Campos-Ortega, 1984). These descriptions have provided &m address the question of whether serial homologies exist
important basis for the elucidation of mechanisms controllinggmong NBs of the different segmental regions. Within the trunk,
cell fate specification during early neurogenesis in the trunthe Cartesian grid-like expression of segment polarity and DV
region. In contrast to the truncal CNS, in which the segmentglatterning genes is almost identical in each hemisegment and,
organization is obvious and the composition of the neuromerescordingly, NBs developing from corresponding ‘quadrants’
is almost identical, the brain neuromeres are much more diveraequire the same fate (reviewed by Bhat, 1999; Skeath, 1999).
and complex. Accordingly, information on identified brain cellsindications for serial homology of NBs between different
and their gene expression is hardly available so far, and theegments come from similarities in the time of formation, the
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relative position within the evolving NB pattern and absolutebrain NBs. Each of these genes is expressed in a specific subset
position within a hemisegment, the co-expression of specifiof brain NBs. Thus, on one hand these markers are useful for
molecular markers, and similarities between their lineages. tracing the fate of particular NBs in different genetic
Some of the molecular markers analysed here for brain NBsackgrounds. On the other hand, each of these genes itself is a
have been previously mapped in trunk NBs (e.g. Doe, 1992andidate factor involved in the formation, specification or further
Broadus et al., 1995). In addition to these, we analysed thdevelopment of specific NBs. Furthermore, each individual NB
expression of many other genes in the brain (this work) as wedkpresses a specific combination of markers that could reflect
as in the gnathal, thoracic and abdominal segments (R.U. apdtential regulatory interactions among these genes. Finally,
G.M.T., unpublished). Owing to the large number of markersnany of these genes are also known to be expressed in the
analysed, we find expression patterns that are unique to particuteuroectoderm and/or NBs of the trunk, and to play a role during
NBs. Comparison of the combination of markers expressed iiormation of the ventral nerve cord. Thus, the clarification of their
individual NBs as well as their relative position within the NBfunction during brain development and comparison with the
layer of each segment suggests that several NBs exist in the braituation in the trunk would help us to understand what makes
that are serially homologous to NBs in the ventral nerve corthe brain different from the truncal part of the CNS.
(VNC). This mainly applies to the posterior brain (deuto- and The detailed descriptions of NB formation, segmentation
tritocerebrum), which is less derived than the anterior braiand marker gene expression presented in this and the
(protocerebrum). For example, according to these criteria, NB&ccompanying papers (Urbach et al., 2003; Urbach and
6 in all abdominal, thoracic and gnathal neuromeres (R.U. anfiechnau, 2003) in itself provide new insight into principles of
G.M.T., unpublished) would be serially homologous to Td4 irearly patterning of the brain. However, they should be
the tritocerebrum and to Dd7 in the deutocerebrum (Fig. 7). Thegarticularly useful as a basis for approaching the molecular
NBs exhibit a similar posterodorsal position within the respectivenechanisms that control the generation of cell diversity in the
neuromer immediately anterior to the En-positive NBs, and arbrain, as they make it feasible to study mutant phenotypes and
the only NBs which specifically co-express the followingthe effects of genetic and experimental manipulations on the
molecular markersbe (which is generally expressed in only one level of identified brain NBs.
NB per hemisegmentyyg, gsb-d slpl (except Td4)msh cas
seven-uggexcept Td4)pdm1 klu andasenseFurthermore, some ~ We thank Andreas Prokop and Ana Rogulja-Ortmann for comments
of the daughter cells of Td4 and NB5-6 co-exptadgbird and on th_e manu_scnpt_; and Andre_a Brand, Gilnter Brénner,_ Markus
the glia-specific markeeversed polaritjsee Fig. 4D by Urbach Busslinger, Bill Chia, David Cribbs, Thomas Czerny, Chris Doe,
etal. (Urbach et al., 2003)]. The existence of serially homologog™™?2  Dormand, Walter Gehring, - Marcos = Gonzales-Gaitan,

NS - . rzysztof Jagla, Thomas Kaufman, Judith Lengyel, Sandra
NBs is intriguing as the number of NBs in the tritocerebrum an uzinger, Ward Odenwald, Heinrich Reichert, Harald Véassin, Uwe

deutocerebrum is considerably reduced, the timecourse Qfajidorf, Yuh-Nung Yan, Xiaohang Yang and the Bloomington stock
neurogenesis within the brain and VNC is different [especially ienter for providing antibodies, cDNAs and fly strains. This work was
the tritocerebrum the development of NBs is significantlysupported by grants from the ‘Deutsche Forschungsgemeinschaft’ and
delayed; see Urbach et al. (Urbach et al.,, 2003)], and thke ‘Verband der chemischen Industrie’ to G.M.T.
development of head segments (and consequently of brain
neuromeres) has been assumed to be differently regulated (for a
review, see Jurgens and Hartenstein, 1993). REFERENCES
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