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Abstract
The Drosophila brain is a highly complex structure composed of thousands of neurons that are
interconnected in numerous exquisitely organized neuropile structures such as the mushroom
bodies, central complex, antennal lobes, and other specialized neuropiles. While the neurons of the
insect brain are known to derive in a lineage-specific fashion from a stereotyped set of
segmentally organized neuroblasts, the developmental origin and neuromeric organization of the
neuropile formed by these neurons is still unclear. In this report, we use genetic labeling
techniques to characterize the neuropile innervation pattern of engrailed-expressing brain lineages
of known neuromeric origin. We show that the neurons of these lineages project to and form most
arborizations, in particular all of their proximal branches, in the same brain neuropile
compartments in embryonic, larval and adult stages. Moreover, we show that engrailed-positive
neurons of differing neuromeric origin respect boundaries between neuromere-specific
compartments in the brain. This is confirmed by an analysis of the arborization pattern of empty
spiracles-expressing lineages. These findings indicate that arborizations of lineages deriving from
different brain neuromeres innervate a non-overlapping set of neuropile compartments. This
supports a model for neuromere-specific brain neuropile, in which a given lineage forms its
proximal arborizations predominantly in the compartments that correspond to its neuromere of
origin.
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INTRODUCTION
The insect CNS is composed of two spatially separated parts, the ventral nerve cord (VNC)
which is located in the trunk region, and the brain which is located within the head. The
overall composition of the VNC consists of a chain of relatively uniform segmental units
referred to as neuromeres; each neuromere corresponding to one body segment of the trunk
(thorax and abdomen. In the head, segments have fused and become strongly modified, and
as a result, neuromere boundaries are difficult to define in the brain. The insect brain can be
divided into two parts, namely a supraesophageal ganglion and a subesophageal ganglion
(Hanström, 1928; Holmgren, 1928; Bullock and Horridge, 1965). The subesophageal
ganglion can be further subdivided into three fused neuromeres called the mandibular,
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maxillary and labial neuromeres, which correspond to the neuromeres of the three fused
gnathal segments of the head posterior to the esophagus. The supraesophageal ganglion is
also classically subdivided into three parts, namely the protocerebrum, deutocerebrum and
tritocerebrum. Tritocerebrum and deutocerebrum are generally considered to be the
segmental neuromeres of two strongly modified segments, the intercalary segment and
antennal segment respectively. The neuromeric nature of the protocerebrum, by far the
largest part of the insect brain, is unclear; it may be correspond to a single, unsegmented
acron (called ocular segment in some recent papers), or have multiple segmental (ocular,
labral) and non-segmental (acron) components (Diederich and Kaufman, 1991; Schmidt-Ott
and Technau, 1992; Urbach and Technau, 2003a, b).

This structural complexity of the supraesophageal ganglion contrasts with the relative
simplicity of the thoracic and abdominal neuromeres. Each of these manifests the same,
basic bilaterally symmetric structure consisting of a cortex of cell bodies surrounding a
series of longitudinal tracts, transverse commissures and regionalized domains of
interspersed neuropile areas (Tyrer and Gregory, 1982; Burrows, 1996). Many aspects of
this structural organization are clearly serially reiterated throughout the VNC such that
segmentally homologous tracts, neuropile regions and even individual neurons can be
identified in each of the neuromeric units. Due to their relative structural simplicity, the
ganglionic neuromeres of the VNC have been intensively studied, both anatomically and
physiologically. In consequence, much is known about the organization of these neuromeres
as well as the structure of a large number of their component neurons. One general
neuroanatomical feature of neurons in the VNC that has emerged from these studies is the
fact that most of the neurons in a given neuromere restrict their proximal (often dendritic)
arborizations to the neuropile of that neuromere. This is obviously the case for the numerous
local neurons, which by definition have no aborizations outside of the neuromere. Over half
of the neurons in a thoracic or abdominal ganglion are local neurons of this type (see
Burrows, 1996). However, it is also true for the vast majority of the motoneurons and
intersegmental interneurons in the VNC. Although the processes of large intersegmental
interneurons by definition spread over several ganglia, most of these interneurons have their
proximal arborizations located in the same neuromere as their cell body, while their distal
processes project to other neuromeres and ganglia. Most sensory neurons of a given segment
project their axons into the neuromere of that segment and also form their terminal
arborizations there, and motoneurons typically form dendrites in the neuromere that contains
their somata (Merritt and Whitington, 1995; Schrader and Merritt, 2000; Landgraf et al.,
2003; Zlatic et al., 2003).

To a significant extent, the internal structure and neuronal organization of the three
neuromeres of the subesophageal ganglion in terms of tracts commissures and neuropiles is
similar to that of the VNC neuromeres. In contrast, the larger supraesophageal ganglion
manifests highly organized neuropile structures such as the mushroom bodies, central
complex and antennal lobes which have no obvious equivalents in other neuromeres of the
CNS. Moreover, due to its complex and hidden segmental organization, it is difficult to
determine the neuromere boundaries within the neuropile of the supraesophageal ganglion.
The antennal and intercalary segments possess afferent and efferent axons, and the neuropile
compartments that contain arborizations of these fibers (in particular the afferent, sensory
axons) are usually assigned “with some confidence” to the corresponding neuromeres. Thus,
the morphologically well delineated antennal lobe and antenno-mechanosensory-motor
center (AMMC), which receive input from the antenna, are considered part of the
deutocerebrum (Homberg et al., 1989). Similarly, the domain of arborization of the
pharyngeal nerve, belonging to the intercalary segment, delineates a small neuropile domain
usually referred to as tritocerebrum (Rajashekhar and Singh, 1994). However, these sensory
compartments most likely represent only parts of the deutocerebrum and tritocerebrum,
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given that in a prototypical trunk segment, the arborizations of sensory afferents fill only
part of the volume of the corresponding segmental neuromere. Thus, the lack of information
about neuromeric boundaries together with the highly fused nature of the brain neuropile
confound attempts to understand the neuroanatomical construction principles of the
supraesophageal ganglion. It also makes it difficult to relate the serially homologous
organization of the prototypical ganglionic pattern elements in the VNC to the structural
organization of the brain.

The serially homologous organization of the insect CNS arises during development. From an
early stage onward, the insect embryo (germ band) becomes subdivided into a series of
reiterated metameres. Each segmental metamere contains a relatively stereotyped set of
progenitor cells, called neuroblasts, which generate the neurons and glia of the mature
nervous system. These neuroblasts as well as the cellular and molecular mechanisms by
which they generate the neurons of the CNS have been most throughly studied in
Drosophila (Technau et al., 2006; Hartenstein et al., 2008a). All of the neuroblasts in the
developing brain and VNC of Drosophila have been individually identified based on their
position in the neuroectoderm and on their specific combination of marker gene expression.
The supraesophageal ganglion derives from approximately 100 bilaterally symmetrical
neuroblast pairs (Younossi-Hartenstein et al., 1996; Urbach and Technau, 2003a), each of
which generates a characteristic lineage of neural progeny (neurons and glia). Based on the
expression of segment polarity genes, it is possible to assign a defined neuromere of origin
to each of the embryonic brain neuroblasts (Urbach and Technau, 2003a). Moreover,
through clonal labeling techniques, it is also possible to follow the development of the
neurons generated by individual brain neuroblasts through embyronic, larval and pupal
stages and into the adult brain. Thus, the neuropile domains of the brain, in which neurons of
a known neuromeric origin form their arborizations; can now in principle be determined.
This, in turn, should make it possible to delineate the specific brain neuropile domains that
correspond to specific brain neuromeres.

In this report, we reconstruct the projection pattern of the Drosophila neuroblast lineages
expressing the segment polarity gene engrailed (en) from embryonic to adult stages in order
to contribute to our understanding of neuromere boundaries in the brain. The en gene is
expressed in neuroblasts located at the posterior boundary of each CNS neuromere (Bossing
et al., 1996; Younossi-Hartenstein et al., 1996; Schmid et al., 1999; Urbach and Technau,
2003a) and, hence, the neurons that derive from these neuroblasts are of known neuromeric
origin. We identify en-expressing neural lineages in protocerebrum, deuterocereberum and
tritocerebrum, and determine the trajectory of the axon tracts as well as the innervated brain
neuropile compartments for these lineages in protocerebrum and deutocerebrum. Moreover,
we show that the neurons of the en-expressing lineages project to and innervate the same
brain neuropile compartments in embryonic, larval and adult stages. An analysis of the
arborization domains of en-expressing neurons in these stages reveals boundaries between
neuromere-specific compartments in the brain that are respected by neurons of differing
neuromeric origin. This is confirmed by analysis of the arborizations made by deutocerebral
ems-expressing neurons, which in part also restrict their arborizations to the neuropile region
delimited by deutocerebral en-expressing neurons.

MATERIAL AND METHODS
Fly strains and genetics

For this study, stock containing a recombinant chromosome was constructed: P{en2.4-
Gal4}e16E, UAS mCD8::GFPLL5, UAS-nlslacZ20b on chromosomal arm 2R and FRT 82B,
tubP-GAL80LL3 on chromosome 3. To generate MARCM clones (Lee and Luo, 1999) +;
UAS mCD8::GFPLL5, UAS-nlslacZ20b; FRT82B (Bello et al., 2003) males were crossed to
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females of the MARCM driver stock hs-FLP; en-GAL4, UAS mCD8::GFPLL5, UAS-
nlslacZ20b; FRT82B, tubP-GAL80LL3 resulting in wild-type clones of en expressing cells.
For MARCM experiments, embryos of the appropriate genotype were collected on standard
cornmeal/yeast/agar medium supplemented with live yeast over a 4 hour time window and
raised at 25°C for 21 to 25 hours before heat-shock treatment. Heat-shock induction of FLP
was done at 37°C for 60 minutes. MARCM clones were examined in brains dissected at
wandering third instar stage and 0 – 10 days after adult fly eclosion. Other transgenic fly
lines used were rhx25lacZ (expressed in the engrailed domains; Hama et al., 1990), and
a151 Gal4 (expressed in subsets of sensory neurons in the adult fly; J. Simpson,
unpublished).

Immunohistochemistry
Larval and adult brains were dissected in PBS, fixed in 2% paraformaldehyde in PBL
(75mM lysine HCL in sodium phosphate buffer PH 7.4) for 1 hour at room temperature
(RT), washed three times for 10 minutes in PBS containing 0.5% Triton X-100 (PBT),
blocked for 1 hour at RT in PBT containing 10 % normal goat serum, and incubated with
primary antibodies in blocking solution overnight at 4°C. Samples were washed three times
for 10 minutes in PBT at RT, and secondary antibodies were applied in blocking solution for
3 hours at RT. After washing three times for 15 minutes in PBS, samples were mounted in
Vectashield (Vector Labs).

Antibodies used
The following is a list of antibodies used in the course of this study. Immunogens used for
immunization and their specificity are discussed.

Monoclonal mouse anti-Engrailed/Invected antibody [Developmental Studies Hybridoma
bank (DSHB), catalog ID: 4D9, 1:10]

Antigen: Raised against the C-terminal two thirds of the Invected protein and the epitope has
been localized to residues 38–58 of the homeodomain (Patel et al., 1989). Specificity: The
antibody recognizes both the engrailed and invected gene products of Drosophila. 4D9
binds on Western blots to the intact protein but not to the protein lacking the homeodomain.
In addition, it also binds to Engrailed protein in chicken, leech, zebrafish and grasshopper
embryos but not to recombinant mouse and human engrailed proteins. It also detects the
patterning of segmentation from the cellular blastoderm stage onward. Staining is seen in a
large number of CNS neurons in Drosophila including most of the median neuroblast
progeny as well as a small number of PNS neurons.

Monoclonal mouse anti-Nc82 antibody (DSHB, 1:20)
Antigen: Raised against adult Drosophila head homogenates. Recently, the specific
immunogen was identified as Bruchpilot (Wagh et al., 2006). Specificity: In Western blots
of homogenized Drosophila heads, the antibody recognized two proteins of 190 and 170
kDa apparent size which were later found to be part of the same transcription unit of the
bruchpilot gene. In vivo, the antibody recognizes brain neuropil as well as synaptic active
zones during most stages of brain development in Drosophila. In addition, the antibody is
also known to cross react with several insect species.

Polyclonal rat anti DN-cadherin antibody (DN-cad, DSHB, DN-EX#8, 1:25) (Iwai et al., 1997)
Antigen: Peptide encoded by exon 8, amino acid residues 1210–1272. DN-Cadherin fusion
protein was produced in E.coli by subcloning a cDNA fragment covering an extracellular
domain (exon 8 or CR8 in this case) into pGEX-1λT. The inclusion body of this fusion
protein, mixed with adjuvant was then used to generate rat anti-sera. Specificity: This
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antibody detected two major bands, 300 kDa and 200 kDa molecular weights on Western
blot of S2 cells only after transfection with a cDNA encoding the DN-cadherin protein (Iwai
et al., 1997). In addition, the specificity of this antibody was tested with immunostaining of
Drosophila Df(2L)TW119 embryos. Signal was hardly detectable in homozygous mutant,
l(2)36DaM19 with nonsense mutation causes premature termination of protein translation. In
contrast, this antibody gave a signal in mutant embryos with N-cadherin transgene.

Monoclonal mouse anti-fasciclin II (FasII) antibody (DSHB; catalog ID: 1D4, 1:10)
Antigen: 103 amino acids of the C-terminal transmembrane domain of FasII, beginning at
amino acid 771. The cDNA fragment encoding this portion of the protein was fused to a
bacterial vector and cloned. The purified inclusion bodies were used to raise antibodies in
mice (Grenningloh et al., 1991). Specificity: On Western blot, 1D4 identifies a 97-kDa
molecular-weight protein whose mobility is similar to that of a polyclonal antibody directed
against the extracellular portion of FasII protein (Mathew et al., 2003).

Monoclonal mouse anti-Neurotactin (Nrt) antibody (DSHB; catalog ID: BP106, 1:10)
Antigen: A neurotactin CDNA fragment coding for the 419 carboxyterminal amino acid
residues was subcloned into a protein A fusion protein expression vector pRIT31. This
fusion protein was then expressed in pop2136 cells and isolated fusion protein was used as
an immunogen (Hortsch et al., 1990). Specificity: Monoclonal BP106 generated using
membrane proteins from cultured embryonic Drosophila neuronal cells detected the same
Drosophila embryonic pattern as that of a polyclonal antisera raised against a fusion protein
using part of the Neurotactin cDNA (Hortsch et al., 1990). In addition, another monoclonal
antibody, Mab E1C, against Neurotactin gave a similar expression pattern in Drosophila
embryos to that of BP106 (Piovant and Lena, 1988).

Other Antibodies used
To visualize reporter constructs, anti-β-galactosidase (in rabbit; Cappel MP Biomedicals,
catalog#. 55976) was used after diluting 1:1000. The antibody was raised against the C-
terminal end of E.coli beta-galactosidase protein. The specificity of the antibody is shown
from its failure to label tissues that do not express the bacterial transgene. To highlight the
arbors of MARCM clones, anti-GFP (in rabbit; Torrey Pines Biolabs Inc, #TP401) was used
after diluting 1:450. Anti-Ems (gift of U. Walldorf, University of Saarland, Homburg,
Germany) was used to visualize Ems positive MARCM clones. The antibody was generated
in rat and diluted 1:200 before use on larval brains. Antigen: Antibody raised against a
fusion protein containing amino acid positions 40–342 of the Ems homeodomain (Walldorf
and Gehring, 1992). Specificity: In Drosophila, the Ems antibody detects a single
circumferential stripe at the cellular blastoderm stage at the anterior end of the embryo.
Later in embryogenesis, the antibody can be detected in the developing cephalic region. In
addition, Ems immunostaining also extends over one-half of the embryonic head and
includes much of the preantennal, antennal and intercalary segments (Hartmann et al.,
2000).

Microscopy, image processing and generation of three dimensional models
All fluorescent images were recorded using a Leica TCS SP scanning confocal microscope.
Complete series of optical sections were taken at 1 μm intervals in line average mode with
picture size of 512 × 512 pixels. Digital image stacks were processed using ImageJ
(http://rsb.info.nih.gov/ij/). All images including enGal4 driven MARCM clones were
recorded in the above mentioned manner. Digital 3D-models were generated using the
AMIRA software. Surface-rendered digital atlas models were created by manually labeling
each lineage and neuropile compartment. For clonal analysis, the surface rendered neuropile
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compartments were brought into registration with the dataset of the clone by warping to the
standard master template. The Amira program also allows one to adjust virtual lighting,
camera angle, transparency, reflection, and other parameters in a straightforward manner.

RESULTS
The engrailed-expressing primary neurons in embryonic brain development

The engrailed (en) gene is expressed in metamerically reiterated stripes in the embryonic
neuroectoderm and the neuroblasts that delaminate from these neuroectodermal domains.
The stripes of en expression define the posterior segmental compartments and,
correspondingly, the en-expressing neuroblasts define the posterior boundary of each
neuromere (Bossing et al., 1996; Younossi-Hartenstein et al., 1996; Urbach and Technau,
2003b). In the preoral procephalic neuroectoderm that gives rise to the supraesophageal
ganglion of the brain, we can distinguish, in all, nine en-positive neuroblasts; three belong to
the intercalary segment, four to the antennal segment, and two to the more anterior ocular
segment. As is the case for the neuromeres of the ventral nerve cord, these neuroblasts
define the posterior boundaries of the preoral neuromeres; the en-expressing neuroblasts of
the intercalary segment define the posterior boundary of the tritocerebrum, those of the
antennal segment the boundary of the deutocerebrum, and those of the ocular segment the
boundary of the protocerebrum (Fig. 1A).

Following their delamination from the neuroectoderm at embryonic stages 9–11, procephalic
neuroblasts begin to proliferate and generate the primary neurons of the larval brain. During
this phase, en expression, as assayed by anti-En immunoreactivity, is maintained in the
neuroblasts and the neurons generated by several of these neuroblasts. Subsequently, at
embryonic stages 13–15 (Campos-Ortega and Hartenstein, 1997), neurons initiate neuronal
differentiation and axonal outgrowth. At these stages, the en-positive neurons in the
supraesophageal (procephalic) neuromeres are observed in three clusters grouped along the
neuraxis anterior and dorsal to the three clusters of the en-positive neurons of the
subesophageal (gnathal) neuromeres (Fig.1C). The protocerebral cluster, which appears to
be composed of 2–3 closely apposed neuroblast lineages, emits a single, short primary axon
tract that extends straight medially towards the center of the nascent brain neuropile. This
position marks the point where the baso-central (BC; nomenclature of larval brain
compartments according to Younossi-Hartenstein et al., 2003; Younossi-Hartenstein et al.,
2006) neuropile compartment will appear several hours later (see Fig. 2). The deutocerebral
cluster of en-expressing neurons, which may comprise 1 or 2 neuroblast lineages, emits axon
tracts that converge posteriorly and defines the position where the baso-posterior medial
compartment (BPM) will appear (see Fig. 2). (In addition, en-positive sensory neurons of
the antennal organ, the larval equivalent of the antenna, project towards the central neuropile
laterally adjacent to the deutocerebral cluster, a position that defines the nascent antennal
lobe). The tritocerebral cluster of en-positive cells encircles the base of the embryonic
tritocerebral primordium in the shape of a horizontal crescent. No axons can be discerned
emanating from this tritocerebral cluster, and at late embryonic stages, and most of the en-
expressing cells in the cluster have adopted the shape and position of glial cells; these cells
were not characterized further in this study.

Compartment-specific arborizations of engrailed-expressing primary neurons
In the late embryo (stage 16 to hatching), the primary axon tracts of the neurons in all
primary lineages, including those that are en-positive, begin to form extensive arborizations,
and as a result the developing brain neuropile, subdivided into several compartments,
emerges (Pereanu and Hartenstein, 2006; Younossi-Hartenstein et al., 2006). These
neuropile compartments can be individually identified and followed throughout larval and
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pupal development into the adult brain (see Hartenstein et al., 2008b). The entire
morphology of the developing En-immunoreactive neurons, including their cell bodies,
neurites, and arborizations, can be revealed by an en-Gal4 driver coupled to a UAS-
mCD8::GFP reporter and then related to nascent brain neuropile structures revealed by anti-
DNcadherin immunolabeling (Fig. 1D). Moreover, by relating the compartments innervated
by en-expressing neuronal clusters to the compartments innervated by identified neuroblast
lineages (see Pereanu and Hartenstein, 2006), one can assign the neurons of a given en
cluster to identified neuroblast lineages.

In the protocerebrum of late embryonic stages, two clusters of en-expressing neurons
become apparent (Fig. 2A). The protocerebral cluster of neurons that had already been en-
positive at earlier stages is located next to the nascent BC compartment (Fig. 2B, H). The
primary axon tract that derives from these neurons projects to the BC compartment. The
neurites from this tract form arborizations throughout the compartment and also continue
medially and anteriorly and form arborizations in the CPI, CPL and CA compartments,
where they intermingle with branches from other procephalic lineages, as well as with en-
positive fibers that ascend from the ventral nerve cord (Fig. 2). Based on their close
association with the BC compartment we can identify the en-expressing neurons in this
protocerebral cluster as members of the two DALv2/3 neuroblast lineages of the larva (see
below). The second en-positive protocerebral cluster is located anterior and dorsal to the
DALv2/3 cluster (Fig.2A, E, G). (At the earlier embryonic stages described above, this
group of neurons might have been nested in the observed protocerebral en-cluster;
alternatively, en-expression may appear de novo in this cell cluster between embryonic stage
15 and late16.) The primary axon tract from this second cluster enters the neuropile more
dorsally than the DALv2/3 axons, and arborizes in the CPL, posterior CPI, and DA
compartments. Based on this arborization pattern, one can identify the neurons in this
second cluster as members of a third protocerebral en-positive lineage namely the DPLam
lineage of the larva (see below). The deutocerebral cluster of en-positive neurons projects its
axon tracts from anterior into the BPM compartment (Fig. 2 D, E, I). There they form
arborizations which are intermingled with unidentified en-positive ascending fibers. The
BPM compartment (like the antennal lobe) is also filled with en-positive sensory endings
from the antennal organ. Their compartment-specific arborization pattern identifies the
neurons in the deutocerebral cluster as members of the BAla3 lineages as defined for the
larva (see below).

This general pattern of neurite projections and arborizations of the three groups of en-
positive primary neurons in the late embryo is maintained throughout the larval period (Fig.
3B, C). Based on this, one can assign distinct larval neuropile compartments to at least part
of the arborizations made by the neurons of any of these given lineages. Thus, the proximal
arborization of the larval DPLam lineage, as described above for the embryo, is found in the
CPL compartment of the larval brain, close to where the cell bodies are located. Similarly,
the proximal arborizations of the larval DALv lineages, as described above for the embryo,
are in the BC compartment of the larval brain that is adjacent to the DALv cell bodies. The
more distal branches of DPLam and DALv are found in the larval DA, DP, CPI and CPM
compartments, where they appear to intermingle (Fig. 3B, C, D). Finally, the en-positive
neurons of the larval BAla3 lineage, as described above for the embryo, form a long tract
that passes the antennal lobe and reaches the more posteriorly located larval BPM
compartment, where it arborizes.

In summary, most of the neuropile compartments of the late embryonic as well as the larval
brain can be assigned to at least one of the en-lineages; CPL and BC to the proximal
arborizations of the DPLam lineage and the DALv lineages, respectively; CPI, CPM, DP
and DA to the distal arborizations of the DPLam lineage and the DALv lineages; BPM to
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arborizations of the BAla3 lineage (Fig. 2 F, J, K). The only major brain compartments that
appear to lack arborizations from neurons of en-expressing lineages are the mushroom body,
and the BPL.

Secondary neurons in engrailed lineages innervate the same brain compartments as their
primary neuron siblings

After a period of mitotic quiescence during the early larval period, neuroblasts reactivate
proliferation and produce adult-specific secondary neurons. Secondary neurons belonging to
one and the same neuroblast lineage form axons that fasciculate in a coherent bundle
referred to as a secondary axon tract (Dumstrei et al., 2003). To investigate the lineages of
secondary en-expressing neurons in more detail, we carried out a MARCM-based clonal
analysis with a faithful en-Gal4 driving UAS-mCD8::GFP and therefore, we recovered
positively labeled clones for analysis that comprised en-expressing neurons. (Clones were
induced at larval hatching and therefore only adult-specific secondary cells were labeled.) In
this analysis, we consistently recovered, in the late larval brain, en-positive clones in the
supraesophageal ganglion that correspond to 4 different neuroblast lineages, and all en-
expressing secondary neurons in the supraesophageal ganglion belong to one of these four
lineages. (However, not all of the secondary neurons in these lineages are en-expressing.)
Location of cell bodies, projection of secondary axon tract, and the innervated set of
compartments positively identify these four lineages as the DPLam, DALv2, DALv3, and
BAla3 lineages (Fig. 4).

Secondary axon tracts of most, if not all, neuroblast lineages in the brain are thought to grow
along the neuronal processes of primary neurons, possibly using them as guidance structures
(Larsen et al., personal communication). This suggests that the secondary neurons of the
four en-expressing lineages might innervate the same brain compartments as do their
lineage-related en-expressing primary neurons. MARCM clonal analysis indicates that this
is indeed the case (Fig. 4I, J). The protocerebral DPLam lineage projects its secondary axon
tract postero-medially into the CPL compartment, thus innervating the same neuropile
domain densely innervated by the primary DPLam neurons (Fig.4A, E). Approaching the
peduncle of the mushroom body from an antero-dorsal direction, this secondary axon tract
branches and sends one branch medially across the peduncle, the other one ventrally. The
secondary axon tracts of the two protocerebral DALv2/3 lineages form one fascicle that
grows along the BC compartment, passes underneath the medial lobe of the mushroom
body, and reaches the midline. The DALv3 lineage has a secondary axon tract that is split,
forming a dorsal and a ventral branch (Fig. 4B, F). These represent the larval forerunners of
the two commissures that flank the ellipsoid body in the adult brain (see below). The
DALv2 has a single unbranched secondary axon tract that stops short of the midline (Figs.
4C, G). The deutocerebral BAla3 secondary axon tract, similar to the primary BAla3
neurons, passes ventro-medially of the antennal lobe and grows backward into the BPM
compartment (Fig. 4D, H). (Although one or two deutocerebral BAla3 neuroblast lineages
may express en in the late embryo, only a single clone of secondary neurons can be
recovered in larval stages suggesting that there is indeed only one lineage or, alternatively,
that one of the two neuroblasts does not generate en-expressing secondary neurons since
anti-En antibody immunostaining reveals only a single deutocerebral cluster of secondary
neurons; data not shown). No en-positive secondary clones were recovered for the en-
positive tritocerebral neuroblasts implying that they do not generate en-positive secondary
cells.

In a recent clonal analysis of Drosophila neuronal lineages, three main morphological
classes of lineages were distinguished (Larsen et al., personal communication; Fig.3A).
Lineages belonging to the first class (type 1) elaborate distinct, spatially separate proximal
and distal arborizations. For example, the lineages of olfactory projection neurons between
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antennal lobe and protocerebrum form proximal, dendritic arborizations in one or more
glomeruli of the antennal lobe, and have their terminal, axonal arborizations in the calyx or
lateral horn of the protocerebrum (Rodrigues and Hummel, 2008). The second class of
lineages (type 2) forms branches that are distributed more or less evenly along the entire
length of the axon tracts. One cannot distinguish, in these lineages, between a defined
proximal input and a distal output domain. Type 3 lineages form a relatively long tract
without proximal arborizations (i.e., branches that are formed in the neuropile adjacent to
the cell bodies); arborizations are restricted to the distal part of fibers. Our MARCM-based
clonal analysis shows that all three of the protocerebral en-positive lineages (DPLam,
DALv2/3) are type 2 lineages. In contrast, the deutocerebral BAla3 neurons show
characteristics of type 3 lineages.

The arborization pattern of secondary engrailed-lineages may delimit boundaries between
adult brain neuropile compartments

Secondary neurons remain undifferentiated during the larval stage; aside from the single
undivided fibers that are assembled into the secondary axon tracts, no terminal branches or
synaptic connections are formed (see Hartenstein et al., 2008a). During the subsequent pupal
phase, secondary neurons undergo substantial maturation processes involving generation of
terminal and proximal arborizations as well as formation of synaptic interconnections and,
thus, attain the mature neuron morphology that characterizes the adult brain. To determine
the neuroanatomical features of the en-expressing neuroblast lineages in the mature brain
(supraesophageal ganglion), we generated MARCM clones at larval hatching and recovered
labeled, en-positive clones in the adult. In order to reveal the spatial relationship between the
neuroblast clones and the mature neuropile compartments of the adult brain, these
preparations were also labeled with the Nc82 antibody, which stains synaptic neuropile.

Figure 5 shows the MARCM-labeled arborizations of the BAla3, DALv3 and DPLam
lineages in different frontal sections of the adult brain as well as 3D digital models of the
lineages relative to the neuropile compartments. It is notable that the DALv2 lineage can no
longer be recovered in the adult brain, suggesting that the neuroblast or the neurons of this
lineage no longer express en. In all cases, the adult brain compartments occupied by the
arborizations of the secondary lineages largely conform to the larval compartments
innervated by the primary lineages. Moreover, in most cases the arborizations of the
different en-positive lineages largely respect each others' territories and do not intermingle
(Fig. 6A–C). In doing so, these lineages appear to delimit boundaries that may correspond to
the borders of the protocerebrum, deutocerebrum and tritocerebrum in the adult brain
neuropile.

The BAla3 lineage forms dense terminal arborizations in the anterior part of the ventro-
medial cerebrum (VMC), the compartment that develops from the larval BPM (Pereanu et
al., personal communication; Fig. 5H). Some longer branches are directed laterally into the
ventro-lateral protocerebrum (VLP), the descendant of the larval BPL, as well as ventrally
into the subesophageal ganglion (Fig. 5H, I). The BAla3 arborization defines a relatively
sharp boundary medially and anteriorly towards the anterior perioesophageal neuropile
(PONPa) (Fig. 7A, B). This BAla3 arborization-negative domain corresponds to the anterior
perioesophageal domain that harbors the sensory terminals of pharyngeal nerve axons,
which originate in the intercalary segment (Fig. 7D). Furthermore, overlapping with this
sensory neuropile, but continuing further posteriorly, is the compartment called flange
(Strausfeld, 1976;Rajashekhar and Singh, 1994), which receives input from the pars
intercerebralis (PI) (Fig. 7C). Both pharyngeal sensory afferents and PI input define the
tritocerebrum in Drosophila (Rajashekhar and Singh, 1994) and other insects (Bullock and
Horridge, 1965;Zaretsky and Loher, 1983). Based on this, we suggest that this anterior
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perioesophageal domain, which is not innervated by the en-expressing BAla3 lineage,
corresponds to the tritocerebrum (Fig. 6D, E).

The DALv3 lineage fills the lateral accessory lobe (LAL, descendant of the BC
compartment) and the medial inferior protocerebrum (IPm, descendant of the larval CPI;
Fig. 5L, M). In addition, the anterior part of the inferior protocerebrum (IPa) that wraps
around the horizontal lobes of the mushroom body like a cuff contains dense terminal
arborizations of DALv3. Commissural fibers that cross dorsal and ventral of the ellipsoid
body carry input of DALv3 to the contralateral IPm and LAL (Fig.5M). Noteworthy is the
sharp boundary between DALv3 and BAla3 that coincides with the morphologically distinct
boundary of LAL (DALv3) and anterior (precommissural) VMC (BAla3). More posteriorly,
at the level of the great commissure (gc), the boundary coincides with this commissure;
BAla3 fibers are restricted to the territory below the commissure (the infracommissural
VMC; Fig.5I), and DALv3 to the one above the commissure (supracommissural VMC; Fig.
5N). We propose that this boundary can be used to delineate the protocerebral-deutocerebral
borderline within the neuropile (Fig. 6D, E).

The domain of arborization of DPLam is in the inferior lateral protocerebrum (IPl; Fig.5R)
which develops from the larval CPL, and, more posteriorly, reaches into the inferior medial
protocerebrum (Fig. 5S). In addition, branches extend into the ventrolateral protocerebrum
(VPL) and superior lateral protocerebrum (SLP) adjacent to the IPl (Fig. 5Q, R). Projecting
both DPLam and DALv3 into the same 3D model makes it clear that the two lineages divide
the inferior protocerebrum in such a way that DALv3 innervates mostly medial and anterior
domains while DPLam innervates mostly posterior and lateral domains (Fig. 6D, E).

Secondary lineages expressing the empty spiracles gene arborize in neuromere-specific
neuropile compartments

To what extent do other neuroblast lineages respect the proposed boundaries between
neuromere-specific compartments in the brain? To address this, we focused on the
secondary neuron lineages in the larval brain that comprise empty spiracles (ems)-positive
neurons (Fig. 8B); the development of these lineages was analysed by Lichtneckert et al.
2007;Lichtneckert et al., 2008. In the embryo, two lineages are known to derive from
protocerebral neuroblasts that co-express ems and en, and are thus identfied as the DALv2/3
neuroblasts (Fig.8A). However, in the post embryonic larval brain, only one of the two
neuroblast lineages, DALv3, co- expresses ems and en. (We show above that the dendritic
arbors of the DALv2/3 secondary neuron lineages are restricted to protocerebral-specific
compartments, hence they will not be considered further here.)

Among the remaining lineages that express ems in the larval brain, five are deutocerebral
(Younossi-Hartenstein et al., 1997; Urbach and Technau, 2003a). Analysis of the secondary
axon tracts of these lineages relative to major brain neuropile structures using clonal
MARCM labeling combined with anti-Ems and anti-Neurotactin co-immunostaining
identifies them as BAlc1/2, BAmv2/3 and BAlp3 (Fig. 8C–E). Moreover, characterization of
their domains of arborization in the adult brain indicates that arbors are indeed found in
deutocerebral compartments as proposed above. Thus, BAlc1/2 and BAmv3 form projection
neurons which have dendritic arbors in the antennal lobe (of the deutocerebrum) and which
connect the antennal lobe with the protocerebrum (Pereanu and Hartenstein, 2006;
Lichtneckert et al., 2008; VH, unpublished). Also, the BAlp3 and BAmv2 lineages project
neurites to the VMC and form arbors there in the adult brain, providing further support for
the idea that this compartment forms part of the deutocerebrum.

The remaining ems-positive lineage can be identified as BAmas2 based on its
neuroanatomical features (Fig. 8B–E). The somata of the secondary neurons in this lineage
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are located most ventrally of all the ems-positive lineages in the larval brain; these neurons
most likely represent the progeny of the unique tritocerebral neuroblast that expresses ems
(Urbach and Technau, 2003a). The characteristic axon tract of BAmas2 projects up in the
median bundle towards the protocerebrum (Pereanu and Hartenstein, 2006; Lichtneckert et
al., 2007). In the adult, BAmas2 produces dendritic arborizations in the small neuropile
domain that receives sensory afferents from the pharyngeal nerve, and thereby probably
represents part of the tritocerebrum (see Fig.7).

Taken together, these findings indicate that the adult-specific neurons of both the en-
expressing lineages and the ems-expressing lineages form their domain of arborization in
discrete sets of compartments in the brain neuropile. Moreover, they suggest that lineages
deriving from different brain neuromeres innervate a non-overlapping set of neuropile
compartments. These observations support a model for neuromere-specific brain neuropile,
in which a given lineage forms its arborizations predominantly in the compartments that
correspond to its neuromere of origin.

DISCUSSION
engrailed expression and neuromere boundaries in the Drosophila brain

In this paper we have analyzed the pattern of neurite projections and arborizations of the en-
positive lineages in the brain of Drosophila embryos, larvae and adults. Our data
demonstrate that arborizations of individual lineages are restricted to discrete neuropile
compartments, or parts thereof. Furthermore, they show that the arborization pattern seen at
the larval stage (formed by primary neurons) is remarkably similar to the pattern of the adult
(formed by secondary neurons).

Based on the characteristic trajectory of axon tracts and their terminal arborizations, we can
follow the en-positive lineages unambiguously from late embryo to adult. But the question
arises whether the en-positive neuroblasts, which demarcate the posterior neuromere
boundary within the early embryonic (stage 8–11) neural primordium, are the same cells that
we recognize at later embryonic stages. It could be argued that the expression pattern of
transcription factors, generally speaking, is dynamic; in the neural primordium, neuroblasts
expressing en at stage 11 could lose expression during stage 12/13, and at the same time,
other neuroblasts gain expression, so that the neuroblasts visible at stage 15 are different
ones from those at stage 11. We argue that this scenario is very unlikely, and even if correct,
the neuroblasts gaining en-expression would have to be the immediate neighbors of the
neuroblasts that lose expression. The basis for this argument is the fact that the time interval
between stage 11 and stage 15 (when tracts are clearly distinguishable) lasts only about 5
hours, and observations of embryos at very close increments (15min) can be, and were,
made. In such a sequence of observations it is evident that initially, small groups of en-
positive neuroblasts demarcate the posterior neuromere boundary. Some of these neuroblasts
generate en-positive clusters of GMCs and neurons, which stay in contact with their parent
neuroblasts. As time passes, the clusters grow larger, and finally start producing axon tracts.
Given this continuity of observations we can be quite certain that the metameric groups of
lineages we define in the late (stage 15) embryo stem from within the metameric groups of
neuroblasts defined at stage 11.

The arborization patterns of en-expressing lineages provide support for the existence of
neuromere boundaries that coincide with morphologically defined neuropile compartment
boundaries. According to our data, the boundary between protocerebrum and deutocerebrum
corresponds to the interface between LAL/CC and ventromedial cerebrum (VMC). In view
of the domains of the fly brain neuropile that are classically referred to as protocerebral (see,
for example, Strausfeld, 1976), the findings reported here are entirely confirmatory; these
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domains include the superior and inferior protocerebrum, lateral horn, mushroom body,
central and accessory complex, ventrolateral protocerebrum, and optic lobe. In regard to
deutocerebral domains, we add the VMC to the two traditionally accepted sensory domains
of the deutocerebrum, namely the antennal lobe and AMMC. Specifically, the
precommissural VMC and the infracommissural VMC that flank the great commissure
receive dense innervation from the en-positive BAla3 lineage, as well as from other
deutocerebrally derived lineages expressing ems (e.g., BAmv2). For the tritocerebral
neuropile, we tentatively assign the anterior perioesophageal neuropile domain, which lies
medial and anterior of the VMC and is excluded from the BAla3 arborization, to the
tritocerebrum. This coincides well with previous anatomical studies (Rajashekhar and Singh,
1994) that designated the region receiving input from the pars intercerebralis (via median
bundle) and from the pharyngeal nerves as tritocerebral.

Our argument for assigning the VMC to the deuterocerebrum is based on the unity of
neuronal cell bodies and their (proximal) arborizations. Thus, in the clearly metameric
segmental ganglia of the ventral nerve cord the majority of neurons have most of their
terminal arbors (i.e., arbors of all local neurons, dendrites of motorneurons, dendrites of
many intersegmental interneurons, axon terminals of sensory neurons) in the neuropile of
the same neuromere that produces their cell bodies. In other words, neurons whose cell
bodies derive from segment A have neurites that largely arborize in the segmental neuropile
of segment A. If this situation also applies to the neuromeres of the brain, then we would
predict, for example, that the VMC should be considered part of the deutocerebral neuropile.
This is because the BAla3 neurons clearly derive from the deutocerebrum and the large
majority (more than 90%) of their terminal arborizations fall within the realm of the VMCpr
and VMCi. To test this notion, future analyses of the arborization pattern of other lineages,
as well as of connectivity patterns within the VMC, will be needed. Some insight may also
be gained by identifying the serial homologs of the brain lineages in the thoracic ganglia of
the ventral nerve cord, and then comparing key neuroanatomical as well as other features
between homologous lineages in brain and ventral ganglion neuromeres. We are optimistic
that the numerous genetic markers (e.g. Pfeiffer et al., 2008) that are becoming available at
an increasing rate will soon provide more tools to study the development of anatomical
modules such as compartments and neuromeres in the Drosophila brain.

VMC: features of a novel deutocerebral neuropile compartment
Currently, very little is known about the structure and function of the VMC. Classical
neuroanatomical accounts dealing with the deutocerebrum in arthropods make no mention of
this region (Bullock and Horridge, 1965; Strausfeld, 1976; Homberg et al., 1989). In
Strausfeld's atlas of the Musca brain (1976), arguably the most detailed account of insect
brain anatomy, the only named compartment posterior to the lateral accessory complex (=
ventral body) is the posterior slope. An anterior boundary of the slope is not indicated,
leaving open the question whether or not a separate, distinct compartment is located between
the slope and the LAL. Thus, based on published data it is not currently possible to relate the
posterior slope to parts of the VMC; the posterior slope could correspond to only the
posterior-most VMC layer or even to the entire VMC compartment. Irrespective of this
uncertainty regarding boundaries, it has been found that the posterior slope of Musca and
other insects receives ascending fibers from the subesophageal and thoracic ganglia
(Strausfeld, 1976). Similarly, collateral axons of descending neurons from the ventrolateral
protocerebrum are known to branch in the posterior slope. In a recent study of neurons
connecting the brain and ventral nerve cord of Drosophila (Hartenstein et al., 2008a) we
found that the larval BPM compartment, which corresponds to the adult VMC, also receives
a large amount of ascending axons from the ventral nerve cord; furthermore, one of the
groups of descending neurons (BP-DN) has cell bodies located in the posterior cortex
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adjacent to the BPM. These findings suggest that the BPM/VMC, similar to other basal
neuropile compartments like the LAL (Homberg, 1994; Homberg et al., 2004) or
ventrolateral protocerebrum (Strausfeld and Gronenberg, 1990), may represent an important
output center where multimodal sensory input, integrated upstream or within the VMC
neuropile, is used to drive descending “command neurons” that influence motor behavior.

Some of its neuroanatomical features suggest that the VMC might correspond to the dorsal
“motor neuropile” of the deutocerebrum. Given the 90 degree upward turn of the neuraxis
that occurs in the head between subesophageal ganglion and brain, positions that are ventral
in the subesophageal (or thoracic) ganglia are anterior in the (basal) brain, and positions that
are dorsal in the gnathal and ventral ganglia (like the motor neuropiles of the thoracic
segments) are posterior in the brain. Are there indications that the VMC, a posterior
(deutocerebral) compartment, receives dendrites of motorneurons, like the dorsal neuropile
in the thoracic segments? Although strongly modified from early developmental stages
onward, the antennal segment, to which the deutocerebrum belongs, has all the hallmarks of
a segment, including a myomere that gives rise to a number of mesodermal tissues,
including somatic muscles and part of the vascular system (Ullman, 1964; DeVelasco et al.,
2006). In the antennal segment, the myomere-derived muscles are the extrinsic muscles that
move the antenna. These muscles are innervated by deutocerebral motoneurons. The central
and peripheral projection of these antennal motor neurons has been studied in several insect
taxa (ant: Ehmer and Gronenberg, 1997; moth: Kloppenburg et al., 1997; cockroach: Baba
and Comer, 2008), but not in Drosophila. Dendrites of the antennal motorneurons are
reported to branch in the AMMC, which is called the “dorsal lobe” in certain species by
some authors (e.g., Ehmer and Gronenberg, 1997). From the description given and markers
shown, it is not clear whether the AMMC/dorsal lobe of other insects corresponds to what is
defined (strictly by input from the antennal nerve) as the AMMC in Drosophila, or whether
it might also include a more posterior domain corresponding to the VMC in Drosophila
(Peterson et al., 1998). Careful anatomical studies of the antennal motor neurons in
Drosophila should clarify this issue.

Expression and function of engrailed at neuromere boundaries in other animals
Detailed studies of early en expression in the head neurectoderm have been performed for a
variety of arthropods, including many insects (Diederich et al., 1991; Schmidt-Ott and
Technau, 1992; Younossi-Hartenstein et al., 1993; Rogers and Kaufman, 1996; Peterson et
al., 1998; Boyan and Williams, 2002), as well as a few crustaceans (Sintoni et al., 2007).
Outside the arthropods, we know of en expression in several annelids (Wedeen and
Weisblat, 1991; Shain et al., 2000; Seaver et al., 2001; Prud'homme et al., 2003; Seaver and
Kaneshige, 2006), mollusks (Moshel et al., 1998; Jacobs et al., 2000; Wanninger and
Haszprunar, 2001; Nederbragt et al., 2002; Iijima et al., 2008), ascidians (Imai et al., 2002;
Canestro et al., 2005), Cephalochordates (Holland et al., 1997; Beaster-Jones et al., 2008)
and, of course, vertebrates (Joyner, 1996; Simon et al., 2004; 2005). In arthropods and most
annelids, en expression is seen in the early embryo in a metameric striped pattern that
coincides with segment boundaries. In addition, as shown for Drosophila, en is typically
expressed in the progeny (or derivatives) of cells in the early en stripes (e.g. segmental
clusters of neurons). Some annelids seem to have lost the early phase of en expression and
maintain the gene only during a later phase in neurons and other metamerically organized
cell types (Seaver et al., 2001). Metameric expression of en is not seen in vertebrates and
invertebrate deuterostomians, except Amphioxus (Holland et al., 1997). In vertebrates, en
appears in the neurectoderm in a single broad stripe that demarcates the mid-hindbrain
boundary. However, as for invertebrates, some of the derivatives of the en-positive
neurectoderm (e.g. parts of the cerebellum) maintain en expression during subsequent
developmental phases.
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In view of the fact that en is a transcription factor, its function very much depends on the
type of genes activated or repressed by it. It is sometimes assumed that these downstream
factors (in case of en as well as many other early expressed patterning genes) form part of a
defined molecular developmental pathway. This assumption is often misleading, or at least
unproductive. All one can reliably generalize about the role of en is that is required for both
early (morphogenetic) and late (differentiative) aspects of the cells it is expressed in. With
respect to its early function, en appears to be involved in setting up segmental boundaries,
such that adhesion molecules or other structural proteins that form part of the cellular
mechanism for generating or maintaining segmental boundaries (invagination of cells to
form furrow; differential adhesion of cells to stabilize boundaries) are under the control of
en (Dahmann and Basler, 2000). As far as the late function of en is concerned, loss of
function studies of en in Drosophila and vertebrates show that cell types expressing en, such
as the adrenergic and serotonergic neurons of the vertebrate brainstem, are often absent or
reduced in en mutants (Simon et al., 2004; Simon et al., 2005), or show pathfinding defects
(Joly et al., 2007). In most of these studies, antibodies raised against the En protein were
used to study en expression, and, since En is a nuclear protein, the morphology of en-
expressing neurons (i.e., neurite projections, terminal arborizations) as well as the neuropile
compartments they contribute to could not be analyzed in detail. It will therefore be
important to develop and extend the type of genetic labeling techniques available in the
Drosophila model system and as utilized in this report, to investigate the precise anatomical
features of wildtype and mutant en neurons and neuronal compartments in the developing
brains of other vertebrate and invertebrate animals.
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Fig.1. Metameric engrailed expression in the embryonic head
A: Schematic of early (stage 11) embryonic head, lateral view. Ectodermal engrailed (en)
stripes corresponding to posterior domains of head segments are shaded [lb labium; mx
maxilla; md mandible; ic intercalary segment; an antennal segment; ac acron (“head spot”)].
Brain neuroblasts (nb) are shaded green. Dark green indicates sets of en-positive
neuroblasts. It is notable that these neuroblasts spatially overlap with en expression domains.
B: Schematic of mid-stage (stage 13) embryonic head, lateral view. Spatial relationship of
en-positive neuroblasts and ectodermal en strips is maintained. Blue areas indicate primordia
of head sensory complexes (labium, maxilla, antenna) which partially overlap with en
stripes. C: Z-projections of confocal sections of stage 14 embryonic head labeled with
antibody against En (green) and Fasciclin II (magenta); lateral view. Note metamerical
clusters of neurons (lineages) derived from en-positive neuroblasts. The three posterior
clusters (Md, Mx, Lb) demarcate the three neuromeres of the gnathal segments, which will
later form the subesophageal ganglion. The anterior clusters correspond to the neuromeres of
the supraesophageal ganglion (P protocerebrum, derived from acron; D deutocerebrum,
derived from antennal segment; T tritocerebrum, derived from intercalary segment). C':
Same Z-projection as in C. The different tissues contributing to en expression domains are
shown in different colors. en-positive clusters of neurons are in green. en in the ectoderm
(by that stage: epidermal primordium) is shaded brown; parts of sensory primordia
expressing en (ao antennal organ; mxo maxillary organ) are in blue. Note that the en-
positive clusters and the corresponding en stripes from which they derive are still in close
proximity, except for the protocerebral cluster of neurons that, due to morphogenetic
movements in the head, has moved away from the epidermal head spot (hs). D, D', D": Z-
projection of confocal sections of stage 15 embryonic brain labeled with antibodies against
DN-cadherin (D; magenta in D") and GFP expressed by an en-Gal4 driver (D'; green in D");
dorsal view; only right brain hemisphere is shown; vertical line indicates midline (ml). Note
pattern of en-positive lineages (deutocerebral BAla3; protocerebral DALv) and their
relationship to the primordia of brain compartments (AL Antennal lobe; BC basocentral;
BPL baso-posterior lateral; BPM baso-posterior medial). Each lineage consists of the
superficial neuroblast (white line and arrowhead indication, D') and a chain of primary
neurons. Other abbreviations: cn cervical connective; ol optic lobe; sec supraesophageal
commissure. Bar: 10μm (for C–D)
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Fig.2. engrailed lineages in the late embryonic brain
A, B: Z-projection of confocal sections of stage 17 embryonic brain labeled with antibodies
against DN-cadherin (magenta) and GFP expressed by an en-Gal4 driver (green); dorsal
view; only right brain hemisphere is shown; vertical line indicates midline (ml). Dorso-
ventral focal plane of A and B is indicated in panel F' to the right. C–E: Z-projections of
parasagittal confocal sections of stage 17 embryonic brain prepared as the one shown in A/
B. Anterior is to the left, dorsal up. Medio-lateral focal planes of C–E are indicated in panel
F'. F, F': 3D digital models of stage 17 embryonic brain hemisphere in lateral view (F) and
anterior view (F'), showing neuropile compartments (AL larval antennal lobe; ap anterior
appendix of larval mushroom body; BC baso-central; BPL baso-posterior lateral; BPM baso-
posterior medial; CA centro-anterior; CPL centro-posterior lateral; CX calyx; DA dorso-
anterior; DP dorso-posterior; sec supraesophageal commissure; ml medial lobe of mushroom
body; SOG subesophageal ganglion (=anterior ventral nerve cord); sp spur of mushroom
body). G–I, G'–I': Digital brain models as in F/F', with volume renderings of the en lineages
visible in stage 17 embryo (DPLam, DALv, BAla3; shaded green). J, J': Montage of the en
lineages in one model (DPLam red; DALv purple; BAla3 green). K, K': Digital brain models
as in F/F', with neuropile compartments innervated by en lineages shown in different colors.
En expression in late embryo appears in three main clusters. The dorsal-most cluster
corresponds to the DPLam lineage (A, E, G/G'), which arborizes in CPL, CPI, DP and DA
(A, C–E, G/G'). The medial cluster (DALv; A, B, E, H/H') consists of two adjacent lineages,
DALv2 and DALv3, with indistinguishable projections in the embryo and early larva.
Proximal projections are in the BC compartment (B, D, H/H'); more distally, projections
overlap with those of DPLam in CPI (see G' and H') and DA and CA (see G, H, F). In the
deutocerebrum, one lineage (BAla3) is distinguished (B, E, I/I'). It projects to the BPM
compartment (C, I/I'). The larval AL compartment (antennal lobe) is labeled by sensory
afferents of en-positive antennal organ (ao; BD, I/I'). Bar: 10μm
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Fig.3. engrailed lineages during larval development
A: Schematic representation of different types of lineages encountered in brain (type 1:
separate proximal and distal arborization; type 2: continuous arborization; type 3: distal
arborization; Larsen et al., personal communication). B1–B4, C1–C4, D1–D3: Z-projection
of confocal sections of larval brains labeled with antibodies against DN-cadherin (magenta)
and GFP expressed by an en-Gal4 driver (green); only right brain hemisphere is shown;
vertical line indicates midline (ml). B1– B4: first larval instar, dorsal view, focal plane goes
from dorsal (B1) to ventral (B4). C1–C4: second larval instar, dorsal view, focal plane goes
from dorsal (C1) to ventral (C4). D1–D3: late third larval instar; anterior view; focal plane
goes from anterior (D1) to posterior (D3). The arborization pattern of en lineages is similar
as shown for late embryo in Fig.2. The protocerebral DPLam lineage (cell bodies shown in
B2, C2, D2) arborizes widely in CPL, CPI, DP/DA, and CA. DALv (comprising two
neighboring lineages; cell bodies in B3, C3, D3) has arborizations in BC, as well as CPI and
DP/DA where they overlap with fibers of DPLam. BAla3 (cell bodies in B3, C4, D3)
arborizes in BPM. en-Gal4 driven GFP labeling in larval antennal lobe (AL; B4, C4, D3) is
due to en-positive afferents from antennal organ. At third instar, secondary neurons have
been added to en lineages. They form distinctive secondary axon tracts (SATs) that project
into territory innervated by primary neurons (white arrow head in D2: SAT of DPLam;
arrow in D2: SAT of DALv2/3; blue arrow in D2: SAT of BAla3). Note that there are en–
positive fibers ascending from the ventral cord (asc), as well as en-positive surface glia (sg).
Other abbreviations: BPL baso-posterior lateral compartment; CPM centro-posterior medial
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compartment; CX calyx; dl dorsal lobe; ml medial lobe; p peduncle). Bars: 10μm (B1–B4;
C1–C4); 25μm (D1–D3)
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Fig.4. Secondary neurons of engrailed lineages visualized in late third instar larva by en-Gal4
driven MARCM clones
Heat shock to induce Flippase mediated recombination was given shortly after larval
hatching, leading to labeling of secondary neurons. A–D: Z-projection of confocal sections
of late larval brains labeled with antibodies against Nc82 (grey) and GFP expressed by an
en-Gal4 driver (green); anterior view; only right brain hemisphere is shown; vertical line
indicates midline (ml). E–H: Digital 3D models of third instar brains (anterior view) with
volume renderings of secondary en lineages (green). The lineages correspond to that shown
in A–D. In models, mushroom body is shown in dark gray for better orientation.
Compartments are rendered transparent. I, I': Digital 3D model of third instar brain with
montage of all four en lineages; lateral view (I) and anterior view (I'). J, J': Digital models
showing neuropile compartments in lateral view (J) and anterior view (J'). Lineages depicted
in I/I' are shown in different colors: DPLam red, DALv2/3 purple; BAla3 green.
Compartments in E–J' are shaded in colors that reflect the lineages they are innervated by
(dark blue: antennal organ; light blue: BAla3; purple: DALv2/3; burgundy/pink: DPLam
plus DALv. Note that axon tracts of secondary lineages are associated with the same
compartments that were innervated by primary neurons of corresponding lineages (see Fig.
2/3). For abbreviations of compartments see legend of Fig.2. Bar: 25μm
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Fig.5. Arborization of secondary engrailed lineages in adult brain
A–S: Upper four panels of each column show Z-projections of frontal confocal sections of
adult brains labeled with Nc82 antibody (synapses, grey) which delineates neuropile
compartment. Each panel represents a Z projection of optical sections (“brain slice”) of
approximately 20 micron thickness. Rows of panels start anteriorly in the brain (top) and
move posteriorly (second to bottom). Panels of the first row (A, F, K, P) show the neuropile
right in front of the horizontal lobe of the mushroom body (hl); the second row (B, G, L, Q)
right behind the horizontal lobe; third row (C, H, M, R) at the level of the ellipsoid body
(EB); fourth row (D, I, N, S) at the level of the fan-shaped body. E–T: The bottom row
presents 3D digital models of adult brain neuropile in anterior view. The first column
identifies the compartments (AL antennal lobe; AMMC antennomechanosensory and motor
center; CCX central complex; CX calyx of mushroom body; EB ellipsoid body; FB fan-
shaped body; gc great commissure; hl horizontal lobes of mushroom body; IP inferior
protocerebrum; IPa anterior domain of IP; IPl lateral domain of IP; IPm medial domain of
IP; IPv ventral domain of IP; LAL lateral accessory lobe; LH lateral horn; OL optic lobe;
OTU optic tubercle; p peduncle of mushroom body; PLP postero-lateral protocerebrum;
PONPa anterior perioesophageal neuropile; PSi inferior posterior slope (VMCpo); PSs
superior domain of posterior slope (=VMCpo); SLP superior lateral protocerebrum; SMP
superior medial protocerebrum; SMPa anterior domain of SMP; SMPp posterior domain of
SMP; SOG suboesophageal ganglion; vl vertical lobes of mushroom body; sp spur of
mushroom body; VLP ventrolateral protocerebrum; VMC ventromedial cerebrum; VMCin
infracommissural domain of VMC; VMCpo postcommissural domain of VMC; VMCpr
precommissural domain of VMC; VMCsu supracommissural domain of VMC). Color
scheme corresponds to that one of Figure 4: the VMC, whose larval forerunner (BPM) is
innervated by en lineage BAla3, is shaded blue; LAL (larval precursor: BC), innervated by
DALv2/3, is purple; IPa (larval precursor: CA), SMPa (larval precursor: DA) and IPm
(larval precursor: CPI), all innervated by DALv and DPLam, are pink; IPl (larval precursor:
CPL), innervated mostly by DPLam, is burgundy. The second, third and fourth column each
shows the arborization pattern of a single en lineage (BAla3 (F–J), DALv3 (K–O), and
DPLam (P–T), respectively). Clusters of cell bodies of the lineages are identified by
arrowheads. Note that the compartments that contain arborizations of the secondary neurons
largely correspond to those that had input from primary neurons of the corresponding
lineage. An exception is DPLam, where secondary neurons contribute substantially to the
VLP, which had no primary arborizations; moreover, secondary DPLam neurons do not
project to the SMP and IPa, both of which did receive primary neuronal input. Bar: 25μm
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Fig.6. Secondary engrailed lineages in the adult brain and suggested neuromere boundaries
A–C: montages of volume renderings of the three en lineages shown in different colors
(DPLam: red; DALv3: purple; BAla3: green). A and B show anterior views; in A, neuropile
compartments are shaded. C presents a lateral view. Arrowheads in A point at the cell body
clusters of the three lineages. Arrows in B and C outline the sharp boundary between
arborizations of DALv3 (above) and BAla3 (below). This boundary corresponds to the
structurally distinct boundary between LAL compartment (above) and VMC (below). Large
arrowhead in B demarcates another, less sharply demarcated boundary between the IPm and
IPl (figure 5); DPLam neurites are largely confined to the IPl, DALv3 neurites to the IPm.
D, E: 3D digital models of the neuropile compartments of the adult brain, presenting
suggested neuromere boundaries as white hatched lines. D shows anterior view, E medial
view. Color coding is similar to that used in Figures 4 and 5. Compartments of the
protocerebrum are shown in shades of red and purple, deutocerebral compartments in blue,
and the tritocerebrum in grey. Note that in D, the hatched line indicating the proto-
deutocerebral boundary arches dorsally over the deutocerebral antennal compartment (AL),
which is rendered transparent to let one see through to the VMC and LAL located behind.
The LAL (vertical lines) belongs to the protocerebrum, while the VMC (no vertical lines) to
the deutocerebrum. Also, note that the volume renderings in A–C do not reveal the fact that
BAla3 terminal arbors are excluded from the PONPa; this is visible in Z-Projections shown
in Fig.5F, G. For abbreviations of neuropile compartments, see Fig.5. Bar: 25μm
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Fig.7. Tentative delineation of the tritocerebrum
A, B: Z-projections of frontal confocal sections of adult brain labeled with Nc82 antibody
(grey; labels neuropile compartments). The en-positive BAla3 lineage is shown in green;
arrow in B points at cell bodies. Panel A represents neuropile at level of mushroom body
horizontal lobe (hl) and lateral accessory lobe (LAL); focal plane shown in B represents
neuropile more anteriorly, at the level of the antennal lobe (AL). C, D: Z-projections of
confocal sections at levels corresponding to those shown in A and B, respectively. In C,
projection of Dilp-positive neurons of the Pars intercerebralis (PI) to the anterior
perioesophageal neuropile (PONPa) is visualized by Dilp-Gal4, UAS-mcd8GFP (Rulifson et
al., 2002). In D, the sensory afferents of the pharyngeal nerve (PN, labeled by Gal4-driver
line a151; kindly provided by Dr.Julie Simpson, JFRC, USA), which carries axons of the
sensory neurons that originate in the intercalary segment, are shown in the anterior-most tip
of the perioesophageal compartment. Note that the anterior perioesophageal neuropile is
devoid of arborizations of the deutocerebral BAla3 lineage (A, B). We take this finding to
support the notion that the PONPa represents the tritocerebrum (TR). Bar: 25μm
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Fig.8. Projection of ems-positive lineages in the late larval brain
A: Schematic map of embryonic brain neuroblasts (lateral view; after Urbach and Technau,
2003a, b; Sprecher et al., 2007). Neuroblasts that were classified as deutocerebral based on
their spatial relationship to en and other markers are shaded green. ems (shaded in brown) is
expressed in one tritocerebral neuroblast, four deutocerebral neuroblasts, and four
neuroblasts along the posterior border of the protocerebrum. Two of these are the DALv2/3
neuroblasts that also turn on en (shown as black-frame neuroblasts). B: Z-projection of
confocal section of a late larval brain labeled with anti-Neurotactin (red; visualizes
secondary lineages), and anti-Ems (green). The Ems-positive lineages of interest are pointed
out by labels; they include the protocerebral DALv3, and the deutocerebral BAmv2/3,
BAlc1/2 and BAlp3. Green lines connect the clusters of somata to the belonging, BP106-
positive axon tracts. C–E: Digital 3D models of late larval brains with neuropile
compartments rendered semi-transparent and ems-positive lineages rendered blue
(deutocerebral) and purple (protocerebral). Three deutocerebral lineages, BAmv3, BAlc1,
and BAlp3 connect the deutocerebral antennal lobe with the protocerebrum; two
deutocerebral lineages, BAmv2/3, project to the BPM compartment (D, E). BAmas1/2 are
most likely tritocerebral, since they have proximal arbors in this compartment (Lichtneckert
et al., 2007). Bar: 25μm.
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