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Summary

In  Drosophila most thoracic neuroblasts have two function, the adult specific cells in a given lineage are
neurogenic periods: an initial brief period during  remarkably similar and typically project to only one or two
embryogenesis and a second prolonged phase during larval initial targets, which appear to be the bundled neurites
growth. This study focuses on the adult-specific neurons from other lineages. Correlated changes in the contacts
that are born primarily during the second phase of between the lineages in different segments suggest that
neurogenesis. The fasciculated neurites arising from each these initial contacts have functional significance in terms
cluster of adult-specific neurons express the cell-adhesion of future synaptic partners. This paper provides an overall
protein Neurotactin and they make a complex scaffold of view of the initial connections that eventually lead to the
neurite bundles within the thoracic neuropils. Using complex connectivity of the bulk of the thoracic neurons.
MARCM clones, we identified the 24 lineages that make up

the scaffold of a thoracic hemineuromere. Unlike the early-

born neurons that are strikingly diverse in both form and  Key words: Neurogenesis, Metamorphosis, Neuronal architecture

Introduction studied, we know less about the phenotypes of later cells. At

Developing nervous systems face the challenge of generatiges,e”t' the entire set of neurons for only one lineage, the
a wide diversity of neuronal types and then establishing preci¢Bedian lineage in grasshoppers, is known. After a highly
patterns of synaptic connectivity between these cells. Neurond)Verse initial set of progeny, the later born cells are quite
precursor cells in the CNS have a major influence on thelmilar, being d|V|deq into two large classes of interneurons
properties of the neurons that they produce, but this influenddhompson and Siegler, 1991), an observation entirely
can change through time. For example, in the vertebrafePnsistent with the |de_a of restrlcfced phenotyp]c diversity I.ater
cerebral cortex (Desai and McConnell, 2000) and retind) @ lineage. The key issue here is whether this example is the
(Cepko et al., 1996) neuronal precursor cells initially have theule or the exception. _ .
competence to produce a variety of neuronal types but this In insects that have complete metamorphosis, like
competence becomes progressively reduced as proliferati&fosophilaand the mottManduca sextahe NBs generate an
progresses. This dependence of neuronal phenotypes on {Réial set of neurons that regulate larval behavior, but many
properties of their precursor cell reaches its extreme in th@en make a much larger set that have an adult-specific function
developing CNS of insects. In these animals, the precursor cefl8ooker and Truman, 1987; Truman and Bate, 1988; Prokop
[called neuroblasts (NBs)] are organized in a stereotyped arr@pd Technau, 1991). These adult-specific neurons, most of
of rows and columns, with each stem cell having a uniqu#hich are born during larval life, extend a primary neurite into
identity as determined by position (Bate, 1976; Doe andhe neuropil but then arrest. As the larva grows, each NB
Goodman, 1985) and gene expression (Doe, 1992). THcumulates a growing cluster of these arrested immature
neurons arising from each NB are highly diverse but unique taeurons until the onset of metamorphosis when these cells
that stem cell (Bossing et al., 1996b; Schmidt et al., 1998how intense sprouting as they find their adult synaptic targets.
Schmid et al., 1999). The phenotypic diversity in the earlyn this paper, we have focused on the adult-specific lineages in
progeny of each NB is specified by the sequential expressidhe ventral CNS. The fasciculated neurites arising from these
of the transcription factors Hunchback, Kruppel, PDM andineages express the cell adhesion protein, Neurotactin (de la
Castor (Kambadur et al., 1998; Brody and Odenwald, 200®scalera et al., 1990), and they make a complex scaffold of
Isshiki et al., 2001), but fairly early in their lineages, the NBsneurite bundles within the thoracic neuropils. Through the use
lose the competence to respond to these factors (e.g. PearsétMARCM-based clones (Lee and Luo, 1999), we identified
and Doe, 2003) and the diversity of cell types that they cathe 24 lineages that make up the scaffold of a thoracic
produce becomes progressively restricted. Although the earhfemineuromere. Unlike the early-born neurons that are
diversity of neurons within these lineages has been extensivedyrikingly diverse in both form and function, the later-born cells
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in a given lineage are remarkably similar and typically project For diaminobenzadine (DAB)-stained preparations the tissue was
to only one or two primary targets, which appear to be théixed as above. The tissue was incubated in 2 N HCI in PBS for 30
bundled neurites from other lineages. Correlated changes inutes and washed in PBS-TX three times. Fixed samples were
these patterns of projection and contact between segmenpigcked in normal 2% horse serum (Vector Laboratories,
neuromeres suggest that these initial contacts may dendtgteroorough, UK) for 1 hour and then incubated in a 1:250 dilution
future synaptic partners and functional relationships amongf 21i GFP (Roche Diagnostics, Lewes, UK) overnight at 4°C After

the li Thi id Il vi f the initi ashing out unbound primary antibody, tissues were incubated
€ ineages. This paper provides an overall view of the init vernight at 4°C in a 1:500 dilution of biotinylated horse anti-mouse

connections that eventually lead to the complex connectivityy - after washing the tissue was incubated in a 1% solution of an
of the bulk of the thoracic neurons. It establishes ayidin-biotin complex (Vector Laboratories, Peterborough, UK) for 2
developmental framework from which we will be able tohours. The tissues were washed and the antibody binding reveled by
understand the developmental rules that determine the synapiticubation in a 3% solution of diaminobenzidine and hydrogen

connectivity of the adult CNS. peroxide.
Microscopy and image processing
i Fluorescently stained nervous systems were imaged>atusihg a
Materials and methods BioRad MRC600 confocal microscopestacks were collected with
Fly stocks optical sections at 1.fpm intervals. In collecting the-stacks, the

The MARCM technique was used, in which the FLP/FRT systenexcitation wavelength was optimized for the respective fluorophore to
induced clones that lacked GALS80, a suppressor of GAL4, to makavoid bleed-through.

CD8::GFP-labeled clones in an unlabeled background (Lee and Luo, Raw data stacks were imported into NIH Image
1999). The three GAL4 drivers used during the course of this workhttp://rsb.info.nih.gov/nih-image/). Where necessary, adjustment to
were Elav, Actin and Tubulin. The following genotypes werecontrast and brightness were made to the entire data stack. Some

generated. nervous systems had single clones or widely spaced clones so that
Elav based clonesGAL4'S hsFLP; FRT?E, tubP-GAL80/ each could be easily viewed without interference. In many cases,
FRT*?B UAS-mCD8::GFP though, there were multiple clones in a region and these obscured
Actin based cloneshsFLP; FRT?8 tubP-GAL80/FR128, UAS-  details in projected or rotated images. In these stacks, we would select
mCD8::GFP, ActinGAL4 a particular clone and use the lasso tool to remove the stained
Tubulin-based clone$isFLP, tubP-GAL8)Q FRTAFRTIA UAS- processes and cell bodies from other clones. This procedure would be
mCD8::GFP, tubP-GAL4 carried multiple times on the same data stack, in each case isolating

TheactinGAL4stock was a gift from B. Edgar, all other stocks werea different clone. Using Image J (http://rsb.info.nih.gov/ij/), we then
obtained from thérosophilastock center (Bloomington, Indiana). made merges of the whole clonal array and of the individual clones

) with the same Neurotactin scaffold. This allowed us to determine
Generation of MARCM clones the relationship of the various clones to one another and to the
Two heat shock regimes were used to generate MARCM clones. Meurotactin scaffold.
the early heat-shock regime, eggs were collected on grape juice platesThe data in the paper are typically presented as ‘thick-section’
for 2 hours, held for 3 hours (both at 25°C) and then incubated for therges. We took 5-10 section portions of the Neurotactin stack and
hour at 37°C. Hence, the embryos were heat shocked between 3 gndjected these as a two-dimensional image. The corresponding
5 hours of embryogenesis. In the late heat-shock regime, eggs wesections from the clone data stack were also projected as a flat image.
collected for 2 hours, held for 5 hours (both at 25°C), and theffhe two projections were then combined in Photoshop (Adobe, San
incubated for 1 hour at 37°C. Embryos were therefore heat shockddse, CA), with the Neurotactin image in red and the clone image
between 5 and 7 hours of embryogenesis. Larvae were reared owverlaid in white.
standard cornmeal food at either 25°C or room temperature when ) )
precise staging was not a concern. Nervous systems were generdiymbering of the lineages
dissected from larvae that were in the late 3rd instar or duringVe have been able to associate about half of the adult-specific lineages

wandering. with their embryonic NB. We decided not to use the embryonic
) o S designations (e.g. 3-3 for the lineage from NB 3-3) for these lineages
Immunocytochemistry and in situ hybridization because we favored having a consistent nomenclature at this time,

Nervous systems were dissected from larvae and fixed in 3.7%&ther than one that was mixed. Generally the adult-specific lineages
buffered formaldehyde for about 1 hour at room temperature and thevere numbered as they were identified and we have not tried to relate
washed three times in PBS-TX [phosphate buffered saline (pH 7.8he numbering to either position or projection pattern.

with 1% Triton-X100]. Fixed samples were blocked in 2% normal

donkey serum (Jackson ImmunoResearch Laboratories, West Grove,

PA, USA) in PBS-TX for 30 minutes and then incubated in variouRegylts

combinations of primary antibodies for 1 to 2 days at 4°C. In . .

preparations examining the relationship of the mCD8::GFP labeleffeurotactin scaffold in the ventral CNS of larval

clones to the Neurotactin scaffold, the CNSs were incubated in a 1:38rosophila

dilution of an anti-Neurotactin monoclonal antibody (F4A; a generousThe identification of the multicellular clones was facilitated by
gift from Dr M. Piovant) and 1:1000 dilution of a rabbit anti-mCD8 referencing each clone to Neurotactin-positive bundles in the
(Caltag Laboratories, Burlingame, CA, USA) After washing outyenira| CNS. Neurotactin is a heterophilic cell adhesion protein
unbound primary antibodies, tissues were incubated overnight at 4° d the fasciculated neurites of the immature neurons express

in a 1:500 dilution of FITC conjugated donkey anti-rabbit 1gG. " . - )
and Texas Red conjugated donkey anti-mouse IgG (Jacks f,highly on their surface (Barthalay et al., 1990; de la Escalera

ImmunoResearch Laboratories, West Grove, PA, USA). Afteet al., 1990). The Neurotactin staining revealed a complex
repeated washes with PBS-TX, tissues were mounted on po|y_|ysi,§,caffold of neurite bundles that included all of the arrested
coated coverslips, dehydrated, cleared through xylene and mountedp@stembryonic neurons in the CNS. Nervous systems were
DPX (Fluka, Bachs, Switzerland). double labeled so that we could identify which MARCM
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Fig. 1.Features of the Neurotactin-positive bundles in the thoracic CNS of Ruasdphila.(A) A thick transverse projection of the bundles
in one thoracic neuromere. Brackets show the levels of the dorsal (D), intermediate (I) and ventral (V) commissures;|\égvetitited
region highlights the right ventrolateral (VL) neuropil. (B) Schematic representation of a cross section through theshewingjlpositions
of the commissures, ventrolateral neuropil and dorsal longitudinal tracts (DT). (C,D) Dorsal views of confocal sectionthéhkdugh
neuropils in T2 and T3 of a nervous system immunostained for (left) Neurotactin (magenta) and with phalloidin (greenin Btadtlivig
shows the fine fibrous neuropil characteristic of the VL neuropil, which contains a poorly stained core, the lateral cy)irtiet (8 Gounded
by the Neurotactin bundles 9i and 1c (right). Several bundles ascend through the cylinder. (E-I) Paired images of thajkciaok pf the
T2 and T3 neuropils from the levels indicated on (A). The lineage bundles are labeled on the negative version (righe parel)ettiral
section is also included as a ‘ghost’ to aid in alignment of the bundles. Brackets show the anterior (aD) and posterisal(p@hdossures,
the anterior (al) and posterior (pl) intermediate commissures, and the anterior ventral (aV) commissure.

clones were responsible for every component of the scaffoldalled the ‘lateral cylinder’, which lacks fine processes.
The identity of the neurite bundles and the landmarks that aideurotactin staining shows that the lateral cylinder is bounded
especially useful for their identification are summarized in Figon its dorsomedial side by bundle 9i and on its ventrolateral
1. In cross-section, Neurotactin stained bundles cross ttséde by bundle 1c. It also contains 5 neurite bundles (7c, 8c,
midline in ventral, intermediate and dorsal commissures (Figgi, 15i, and 16i) that project dorsally through its core.
1A). The intermediate commissure (Fig. 1F,G contains the In the thoracic and Al neuromeres, the postembryonic
most bundles and is divided into anterior (al) and posterior (pljneages are situated from the ventral midline around to the
sections. The dorsal commissure (Fig. 1E) has a thick posteridorsolateral boundary of the cellular rind (Fig. 1A). The
component (pD) and a poorly developed anterior section (aDjelative insertion points of the neurite bundles into the neuropil
Ventrally, there is only an anterior (aV) commissure (Fig. 1H)are invariant and can be used to identify the individual lineages.
Another prominent neuropil landmark that we used is thé-ig. 1l shows a thick section projection of the bundles
‘ventral arch’ (VA, Fig. 1A). It extends from selected ventralemerging from the lineages in the ventral region of the rind.
lineages up to the intermediate commissure. Three bundl@he relative position of these lineages is schematically
make up the posterior ventral arch, whereas a single bundiepicted in subsequent figures along with the remainder of the
forms the anterior ventral arch. dorsal and lateral lineages that are missing from the section in
Over half of the lineages project their neurite bundles to aRig. 11. For some of lineages, we have also included data from
area of fine fibrous neuropil in the ventrolateral region of eacthe subesophageal ganglion.
thoracic neuromeres. Phalloidin staining shows a dense
packing of fine processes in this neuropil (Fig. 1C,D). ACharacteristics of the segmental lineages
prominent feature within this neuropil is a structure that welhe following description is based on ~300 clones from
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individuals that carried Elav-GAL4 based MARCM clones and
were double stained for Neurotactin (see Table S1 in the
supplementary material). We analyzed an equivalent number of
Elav clones that were either fluorescently marked but without
Neurotactin labeling or were DAB-stained preparations. The
variation in the number of times that we identified a particular
lineage probably reflects the timing of when the neuroblast for
the particular lineage started dividing in the embryo. In a very
few cases (e.g. lineage 7 in T1), we know that the lineage is
present despite our failure to recover clones in that segment,
because we can identify the Neurotactin bundle corresponding
to that of lineage 7 in that segment. A characteristic feature of
each lineage is the pattern of projection of the bundle(s) of
neurites that emerge from the cluster of immature neurons. We
have given each of the 33 bundles at least a binary designation,
including a number (indicating its lineage of origin) and a letter
to indicate whether it projects ipsilateral (i) or contralateral (c).
In the cases in which two bundles terminate on the same side
of the midline, we added a second letter to denote dorsal (d),
Fig. 2. Characteristics of median neuroblast lineage (lineage 0). middle (m), ventral (v) or lateral (I) trajectories. Where we use
(A) A thick section projection of confocal slices showing the merged thick sections to illustrate the relationship of a clone to
Neurotactin scaffold between the ventral and intermediate the Neurotactin scaffold, the dorsal-most section is displayed at
commissures. The neurite bundle from lineage 0 projects to the levgla top. We omitted the binary designation in labeling the

of the al commissure up through T2, but is redirected to the pl fi ; ; ; ; :

: ; . . . gures in cases in which a lineage has only a single bundle.
commissure in T1. Posterior ventral arch (pVA) is labeled in T3 but o : . . . -
is also present in T2 and T1. ‘0’ identifies the ventral base of bundleﬁgg_llt/'ggglts \I/C;c;r;?rz“tg?] e?er]l /n%:?lgs /Ilneage is available at

0 in each segment. (B-D) Ventral views of projections of full lineage
0 clones in the (B) S3, (C) T1 and (D) T3 neuromeres. Diagrams .
show the trajectory of the neurite bundle in the Neurotactin scaffold,L'neage 0
and the position of the lineage 0 cluster relative to the other clustersLineage 0 (Fig. 2) is an Engrailed positive lineage produced by
in the hemisegmental array. Commissure abbreviations as in Fig. 1 the median unpaired neuroblast (NB 0). A lineage 0 cell cluster
is located at the ventral midline of segments S3
through Al. In T2, the neurites coming from the
. cluster form a single bundle (0) that projects
L“‘eagﬁ 1 [NB 1'2] anterodorsally to the midpoint of the al commissure
where the processes then splay out at about the level
of the paired 2i bundles (Fig. 2A,D). An identical
projection pattern is seen for the 0 bundle from the
T3 and Al clusters, but in T1 the bundle does not
project anteriorly and terminates at the level of the
pl commissure (Fig. 2A,C). In S3, the 0 bundle also
projects to the pl commissure but some fibers turn
anteriorly to form a more complex terminal
projection (Fig. 2B).

Lineage 1
The cell cluster for lineage 1 (Fig. 3) is located
ventrolaterally along the anterior boarder of the T1-

J5¢

6em

Fig. 3.Characteristics of lineage 1 (NB1-2). (A) Dorsal
view of the projection of a lineage 1 clone in T3.

(B,C) Thick section projections showing the relationship
of the neurite bundles from lineage 1 to features of the
Neurotactin scaffold (red) in the ventral neuropil. The
contralateral bundle (1c) projects to the contralateral
ventrolateral neuropil, whereas the ipsilateral bundle (1i)
projects to the ventrolateral neuropil in T2. Progressively
ventral sections. (D) Lineage 1 in T1 lacks the anterior 1i
bundle. (E) Lineage 1 in Al lacks the 1c bundle.
Numbers identify neurite bundles from other lineages.
Diagrams as in Fig. 2. Commissure abbreviations as in
Fig. 1.




Al neuromeres. Lineage 1 is Engrailed positive, w
identifies it as belonging to NB 1-2 (Broadus and |
1995). Bundle 1c also has the projection pattern
for some of the local interneurons generated by
NB (Schmid et al.,, 1999). In T3, the cell clus
produces two neurite bundles (Fig. 3A).
contralateral bundle (1c) loops dorsally over
bundle 17i and projects across the midline as the
anterior bundle in the aV commissure. It then cu
around the anteriolateral border of the lateral cyli
in the ventrolateral neuropil. Lineage 1 is the «
lineage that has a major projection to the ve
neuropil in an adjacent segment. The ipsilateral bt
(i) projects anteriorly to the next ventrolat
neuropil, where it splays out in a ventral don
posterolateral to the lateral cylinder. Along its ante
path, bundle 1i curves around the ascending ne
bundles from lineages 20, 21 and 22.

In T2, lineage 1 has an anatomy that is identic
that seen in T3. In T1, however, the lineage has bi
1c but the ipsilateral bundle (1i) is missing (Fig. &
By contrast, in Al, the ipsilateral bundle is pres
while the contralateral bundle is absent (Fig.
Lineage 1, therefore, appears to be comprised a
exclusively of neurons projecting to thoracic sen
neuropils, most likely related to the legs.

Lineage 2

The cell cluster from lineage 2 is located near
midline on the anterior margin of the neuromere (
11). Fig. 4 shows two lineage 2 clones that were t
the same neuromeres. In Actin-based clones, lir
2 is associated with a cluster of larval neurons thai
efferents and have a simple contralateral proje
similar to that described for the embryonic proc
of NB 2-1 (Schmid et al.,, 1999). Based on

morphology of its larval siblings and its position in
neuromeres, we have ascribed it to NB 2-1. Linez
clusters are found only in segments T1 to T3 and
projection pattern is identical in all segments. A si
neurite bundle (2i) projects dorsally from the clu
and then turns sharply lateral when reaching the ¢
surface of the neuropil. Although the processes d
cross the midline, they make up the majority of th
commissure.

The 2i bundles are important landmarks in
Neurotactin scaffold. Within the aV commissure,
dorsally projecting 2i bundles divide the commiss
bundles with the bundles from lineage 1 being ant
and those from lineages 13 and 14 being posterior
1H, Fig. 4D). For the al commissure, the lineac
bundles crosses anterior to the 2i bundles, wh
lineages 7 and 8 cross behind them (Fig. 1F, Fig.

Lineage 3

Lineage 3 is an Engrailed-positive cluster situate
the posterior border of the neuromere just later
cluster 12 (Fig. 1I) in S3 through Al. Actin clone:

Drosophila adult-specific neuronal lineages 5171

Fig. 4. Characteristics of lineage 2 (NB 2-1). (A) Ventral view of the
projection of paired lineage 2 clones in the T2. (B-D) Thick section
projections showing the relationship of the clone to (B) dorsal, (C)
intermediate and (D) ventral features of the Neurotactin scaffold (red).
Numbers identify neurite bundles from other lineages. Diagrams as in Fig. 2.
Commissure abbreviations as in Fig. 1.

Lineage 3 [NB 7-1]
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Fig. 5.Characteristics of lineage 3 (NB 7-1). (A,B) Thick section projections
showing the relationship of the neurite bundles of lineage 3 clone from C to
(A) dorsal and (B) ventral features of the Neurotactin scaffold (red).

(C) Ventral view of the projection of a lineage 3 clones in the T3. (D) The
intermediate to dorsal region of lineage 3 in T2, showing the expanded 3id
bundle. (E) Al version of lineage 3 lacking the 3il bundle. (F) An Actin-GAL4
based MARCM clone of lineage 3 showing larval neurons as well as the adult-
specific cells. The neurons with bright cell bodies are four of the ‘U’
motoneurons made by NB 7-1. Numbers identify neurite bundles from other
lineages. Diagrams as in Fig. 2. Commissure abbreviations as in Fig. 1.

lineage 3 include at least four motoneurons (the ‘U’(Landgraf et al., 1997). In neuromere T3, a single neurite
motoneurons) that project out the ipsilateral segmental nenfaindle (3i) projects dorsally from the cluster but then splits into
(Fig. 5F), showing that this cluster is produced by NB 7-1a dorsal (3id) and a lateral (3il) bundle at the level of the pl
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commissure (Fig. 5A-C). The 3id bundle contin .
dorsally and terminates next to bundle 6cd as Lmeage 4 INB 3-1]
latter bends medially to form the pD commis
(Fig. 5A). The 3il bundle extends laterally ¢ o ] \
spreads anteriorly over the dorsal region of X
ventrolateral neuropil (Fig. 5B). M\ e
In Al, lineage 3 lacks the 3il bundle and c 0 6em” . \ N
bundle 3id is present (Fig. 5E) and it ends ne: 12 L
bundle 6cd as in T3. In segments T1 and T2
termination of bundle 3id is more diffuse than see
the posterior neuromeres (Fig. 5D). This alt
terminal projection is associated with the presen
bundles 11id and 12id, which are confined to th
and T2 neuromeres.

—9¢

22

Lineage 4

The lineage 4 cell cluster is situated near the mic
just posterior to cluster 10. It is present in segrm

Tlto T3 b_Ut it is not found in th(_a subesopha Fig. 6. Characteristics of lineage 4 (NB 3-1). (A) Ventral view of the projection
or a_bdomlnal neuromeres. ACtm'baS_ed cle of a lineage 4 clone. (B-D) Thick section projections showing the relationship
containing the larval siblings of lineage 4 include  f the neurite bundle from lineage 4 to features of the Neurotactin scaffold
motoneurons RP1,3,4,5 (data not shown), W  (red) in the ventral neuropil. (B-D) Progressively ventral slices. Numbers
identify this lineage as being from NB 3-1 (Land¢ identify neurite bundles from other lineages. Diagrams as in Fig. 2.

et al., 1997). This adult-specific lineage produc = Commissure abbreviations as in Fig. 1.

single neurite bundle (Fig. 6) that projects latel

along the ventral surface of the neuropil

terminates in the ventrolateral neuropil posterior to the late Lineage 5
cylinder (Fig. 6B).

Lineage 5

Lineage 5 has a neuronal cluster situated in the ventrolat
region of the neuromere and is found in segments S3 to
The cluster produces a single neurite bundle (5c) that proj ®
medially along the ventral neuropil and then bends dorsally 1®
the anterior-most bundle of the posterior ventral arch (alc i
with 6cm and 12c; Fig. 7B,C). The bundle broadens intc
flattened projection that covers most of the anterior half of
pl commissure. Small neurites extend anteriorly on either ¢
of the commissure (Fig. 8A,B). The lineage located in S3 |
a more pronounced anterior projection when compared witt
thoracic counterparts (not shown).

O &
@® (D 17

=

R @
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Lineage 6

Lineage 6 is a medial lineage situated just anterior to line

12 (Fig. 11) and is found in segments S3 to Al. It is Engrai

negative and, hence, is from a NB row anterior to row 6. Ba

on its medial position and the large number of cells that 1

contributes to the posterior commissure (see Schmid et aFig. 7. Characteristics of lineage 5. (A) Ventral view of the

1999), we have assigned this lineage to NB 5-2. In the thoraRrojection of a lineage 5 MARCM clone in T1. (B-D) Thick section

the lineage 6 cluster produces two neurite bundles, 6cm ampiections showing the relationship of the neurite bundle from

6cd, both of which project to contralateral neuropil (Fig. 8A)_I|neage 5 to features of the Neurotactin scaffold (red) in intermediate

cunle s e midle e of e posterr ventralacil e ) S S

(Fig. 8D3E), it crosses t_he midline in the pl COmMmMIsSSure ane,mmissure abbreviations as in Fig. 1.

then projects anteriorly in a dorsal longitudinal tract (Fig. 8C).

Bundle 6¢cd extends more dorsally and then crosses the midline

as the major bundle of the pD commissure (Fig. 8B). Thaumber of fibers in the 6cd bundle in T1. The Al version of

neurites extend to the lateral border of the pD commissure atideage 6 also makes a slightly smaller 6¢d bundle, but its 6cm

then dip ventrally before they terminate at the level of the 6dbundle is dramatically reduced (Fig. 8A,D,E) and was missing

bundle (Fig. 8B,C). in some nervous systems. Two neurite bundles are also found
The projection pattern of lineage 6 is the same in the all thi@ the S3 version of lineage 6, and in this case, the 6cm bundle

thoracic neuromeres, although there is a reduction in this also greatly reduced relative to bundle 6cd (data not shown).
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Fig. 8.Characteristics of lineage 6 (NB 5-2).

(A) Ventral view of the projection of lineage 6

MARCM clones in T3 and Al. (B-E) Thick section
projections showing the relationship of the neurite
bundles from lineage 6 to features of the Neurotactin
scaffold (red). The relationship of the bundles to
structures in the (B) dorsal, (C,D) intermediate and (E)
ventral neuropils. In the thorax, bundle 6cm forms the
middle bundle of the posterior ventral arch and then
projects anteriorly in a dorsal tract; bundle 6cd forms
the pD commissure. Numbers identify neurite bundles
from other lineages. Diagrams as in Fig. 2.
Commissure abbreviations as in Fig. 1.

Lineage 7

Lineage 7 is a ventrolateral cluster in the anterior
half of the hemineuromere and is surrounded by
clusters 13, 14 and 15. It is found in segments T1
to Al (Fig. 9). The projection pattern of the
neurons in lineage 7 is identical to the
interneurons that are produced by NB 3-3 during
embryogenesis (Schmid et al., 1999), and we have
ascribed this lineage to that NB. Fig. 9B-D shows
an example of lineage 7 from Al but the same
projection pattern is seen in the thoracic
neuromeres (Fig. 9A). The cluster produces a
single neurite bundle (7c) that extends across the
midline as a bundle of the al commissure (Fig.
9C). In thoracic neuromeres, the bundle from
lineages 7 and 8 make up the portion of the al
commissure located posterior to the ascending 2i
bundles (e.g. Fig. 1F, Fig. 10B). Both lineage 2
and lineage 8 are absent from Al so the only
components of the al commissure that remain are
the bundles from lineages 7 and 18 (Fig. 9C).
After crossing the midline, bundle 7c extends
anteriorly in a dorsal tract. We did not recover a
clone of lineage 7 in segment T1, but Neurotactin
stained nervous systems show that lineage 7 is
present in T1 and also projects towards more
anterior segments. We could not tell with
certainty whether lineage 7 is present in S3.

Lineage 8

Lineage 8 is a ventrolateral cluster situated just
anterior to the lineage 15 cluster in the anterior
half of the hemineuromere (Fig. 11). It is present
only in segments T1 through T3. The neurite
bundle leaving the cell cluster immediately splits
into two bundles (8c and 8i) both of which extend

Fig. 9.Characteristics of lineage 7 (NB 3-3).

(A) Ventral view of the projection of lineage 7
MARCM clones from the T2 and T3 neuromeres.
(B) Lineage 7 clone from Al. (C,D) Thick section
projections showing the relationship of the neurite
bundle from lineage 7 to features of the Neurotactin
scaffold (red) in the (C) intermediate and (D) ventral
neuropils. Numbers identify neurite bundles from
other lineages. Diagrams as in Fig. 2. Commissure
abbreviations as in Fig. 1.
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Lineage 8

ab
pD

Fig. 11.Characteristics of lineage 9. (A) Ventral view of the projection of
MARCM clones of lineage 9 in the T2 and T3 neuromeres. (B) Lineage 9
clone from Al. (C) A thick section projection of confocal slices showing the
ventral commissures in T3-A3. In T3, the bundle is the thinnest of the four
paired bundles that constitute the aV commissure; it is the only aV bundle
that is found in the abdominal segments. (D-F) Thick section projections

Research article

Fig. 10.Characteristics of lineage 8. (A) Ventral view of the
projection of a lineage 8 clone. (B,C) Thick section
projections showing the relationship of the neurite bundles
from lineage 8 to features of the Neurotactin scaffold (red)

in (B) intermediate and (C) ventral neuropils. Bundle 8c is
one of the 3 paired bundles that constitute the al
commissure; bundle 8i projects to the most dorsal regions of
the ventrolateral neuropil. Numbers identify neurite bundles
from other lineages. Diagrams as in Fig. 2. Commissure
abbreviations as in Fig. 1.

dorsally through the lateral cylinder (Fig. 10A-C).
Bundle 8c exits the cylinder dorsal to bundle 9i,
extends across the midline as part of the al tract just
posterior to the ascending 2i bundles (Fig. 10B), and
terminates shortly after crossing the midline. The
ipsilateral bundle 8i extends dorsally to about the
level of the intermediate commissure and then bends
lateroventrally into the dorsal region of the
ventrolateral neuropil, just anterior to the lateral
cylinder (Fig. 10C). The bundle also contains a single
peripheral axon that continues out of the CNS. The
projections are similar in all three thoracic neuromeres.

Lineage 9
This lineage is typically the most dorsal cluster in the
anterior half of the hemineuromere. The neurites from
lineage 9 cluster to form a robust ipsilateral (bundle 9i)
and a sparse contralateral projection (9c) (Fig. 11A).
The neurites in the 9i bundle extend ventrally to just
below the intermediate commissure where they then
curve posteriorly to form the dorsomedial boundary of
the lateral cylinder (Fig. 1C,G; Fig. 11E). The thin 9c
bundle projects down to the level of the ventral
commissure where it enters the commissure at an
anterior level with the 1c bundle but then crosses over
to the more posterior commissural bundles (13c and
14c) prior to reaching the midline (Fig. 11F). The
bundle then ends prior to reaching the lateral neuropil.
In T1 lineage 9 has an additional, thin contralateral
bundle that extends across the al commissure anterior
to the lineage 2 bundles (not shown). This second
contralateral projection was seen in 4 of 6 T1 lineage
9 clones but was absent from the 11 clones recovered
from segments T2 and T3. We have not managed to
identify this lineage in the subesophageal neuromeres.
The size of lineage 9 is greatly reduced in Al (Fig.
11B) with a very small 9i bundle. The 9c bundle is also
reduced to only a few neurites and is the last vestige of
the ventral commissure bundles persisting in the
abdomen. Lineage 9 is also found in the abdominal
neuromeres posterior to Al (Fig. 11C). There are three
adult-specific lineages in the abdominal neuromeres
posterior to A1 (Truman and Bate, 1988). Lineage 9 is
the largest one and the only one of the three that we
could identify with certainty.

Lineage 10

showing the relationship of the neurite bundles from lineage 9 to features ofThe cell cluster for lineage 10 is positioned just lateral
the Neurotactin scaffold (red) in intermediate (D,E) and ventral (F) neuropild0 lineage 2 along the anterior border of the

Diagrams as in Fig. 2. Commissure abbreviations as in Fig. 1.

hemineuromere (Fig. 11). A single neurite bundle (10c)
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extending dorsomedially and ending well short of the midline
in a spray of arbor oriented along the anteroposterior axis (Fig.
14C,D). The other bundle (11id) extends dorsally and ends near
the termination of bundle 3id at the point where bundle 6cd
bends medially to form the pD commissure (Fig. 13C). A small
wisp of arbor occasionally extends into the pD commissure.

Clones of lineage 11 were found in T2 and T1 but not in T3.
Examination of the Neurotactin-stained scaffold at the level of
the intermediate commissure shows the truncated anteromedial
projections of bundle 11im in both T1 and T2 but this
projection is absent from T3 (Fig. 13A). T3 also lacks the
Neurotactin bundle that corresponds to bundle 11id. In
addition, T3 is has one less Engrailed-positive cluster when
compared with T1 and T2 (data not shown), and the missing
cluster is at the location of lineage 11. Consequently, we have
concluded that lineage 11 is truly missing from segment T3,
rather than being altered into producing neurons with different
projection patterns.

2 ®'1§D° @;
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Fig. 12.Characteristics of lineage 10. (A) Ventral view of the Lineage 12
projection of a lineage 10 clone. (B,C) Thick section projections ~ This Engrailed positive lineage is just lateral to the median
showing the relationship of the neurite bundle from lineage 10to  lineage (Fig. 11) and is found in S3-Al. Actin-GAL4 based
features of the Neurotactin scaffold (red) in (B) intermediate and (C)MARCM clones show that this lineage has no motoneurons
ventral neuropils. Bundle 10c is the only bundle of the anterior associated with it and the larval interneurons neurons have
ventral arch. Numbers identify neurite bundles from other lineages. projections patterns that match the embryonic progeny of NB
Diagrams as in Fig. 2. Commissure abbreviations as in Fig. 1; VA, 6-1. The most complex projection pattern is seen for the
ventral arch. lineage 12 clusters in T1 and T2 (Fig. 14B-F). The neurite
bundle projects dorsally from the cluster and separates into
extends dorsally from the cluster, forming the anterior ventratontralateral (12c) and ipsilateral (12i) bundles (Fig. 14F).
arch, and then widens out towards the midline to form the flodBundle 12c is the most posterior bundle of the posterior ventral
of the al commissure (Fig. 12A-C). Most neurites terminateérch (which also contains bundles 6cm and 5c), and, after
soon after crossing the midline but a few extend laterally androssing the midline in the pl commissure, the bundle dips
then turn either anteriorly or posteriorly through -~
intermediate level of the neuropil. We obtained «
one example of a lineage 10 clone, which wa
segment T2 (Fig. 12B). The similarity of f
Neurotactin projection for this lineage in all of
thoracic segments, however, gives us confidence
this projection pattern is also seen in segments T
T3. Lineage 10 is not found outside of the thorax

Lineage 11

Lineage 11

Lineage 11 is an Engrailed-positive cluster situate
the lateral region of the hemineuromere. Fig. 1<
shows an example of lineage 11 in T2. A single ne
bundle projects dorsomedially from the neur
cluster and runs beside bundle 19c towards ,
intermediate commissure. Bundle 11 splits be ‘ itim—F ¢ !
reaching the commissure, with one branch (1 ' 3ia+1288

6cd 11id
-\

Fig. 13.Characteristics of lineage 11. (A) A thick section o g 4 12im
projection of confocal slices showing a ventral view of the
Neurotactin scaffold at the level of the intermediate
commissures; brackets identify the pl commissures. The .
stubby projection of neurite bundle 11im is present in T1 andg
T2 but absent from T3. (B) Ventral view of the projection a
MARCM clone of lineage 11. (C-E) Thick section
projections showing the relationship of the neurite bundles _ :
from lineage 11 to features of the Neurotactin scaffold (red) T3 [ ;
in (C) dorsal and (D,E) intermediate neuropils. Numbers
identify neurite bundles from other lineages. Diagrams as in
Fig. 2. Commissure abbreviations as in Fig. 1.

11id
!
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. _ slightly ventral and terminates in a compact spray of
LmeageDIZI INB6-1] arbor. As it projects dorsally, the 12i branch further
divides into middle (12im) and dorsal (12id) bundles
at about the level of the intermediate commissure
(Fig. 14E). The 12im bundle runs along side the 11im
bundle from lineage 11 and terminates along with this

al

12im  12id bundle at about the same level of the intermediate
T neuropil (Fig. 14D). The 12id bundle continues to the
Him~" dorsal-most region of the neuropil where it ends along

with the 3id and 11id bundles (Fig. 14C).

In terms of its segmental morphology, lineage 12
is the most variable of all of the ventral lineages. We
have examined 24 lineage 12 clones ranging from S3
to Al. In Al (=2), the neurons form a very thin 12c
bundle and extend a 12i bundle that terminates in
mid-neuropil, ventral to the normal bifurcation site.
In T3 (n=6), half the lineages showed only the 12c
bundle (Fig. 14A), whereas the other half also had a
12i bundle but one that terminated in intermediate
neuropil as in Al. This lack of the dorsal projections
of the 12i bundle is significant because T3 lacks
lineage 11, which produces the bundles that the 12i
sub-bundles contact in the intermediate and dorsal
neuropils. In T21§=7), four of the clones showed the

. - . . typical three bundles, but the remaining three had
Fig. 14.Characteristics of lineage 12 (NB 6-1). (A) Ventral view of the . : : .
projection of a MARCM clone of lineage 12 in T3; the 12i bundles are absent.b.und.Ie 12¢ and 12id, Wh'.Ch extended into its Uorma'
(B) Lineage 12 clone from T1. (C-F) Thick section projections showing the site In the dorsal neuropil but they lacked 12im. _In
relationship of the neurite bundle from lineage 12 to features of the T1, five out of six clones had the three bundles, with
Neurotactin scaffold (red) in (C) dorsal, (D,E) intermediate and (F) ventral  the remaining one showing a 12id, but not the 12im
neuropils. Bundle 12c¢ is the posterior bundle of the posterior ventral arch; thebundle. The lineage 12 cluster in $38) completely
12i bundle bifurcates with sub-bundles going to intermediate (12im) and dorsécks the contralateral 12c bundle and retains only
(12id) positions. Numbers identify neurite bundles from other lineages. bundle 12id.
Diagrams as in Fig. 2. Commissure abbreviations as in Fig. 1.

Lineage 13

The cell cluster for this lineage is situated in the
ventrolateral region of the hemineuromere between
lineages 7 and 5 (Fig. 1l). Larval neurons associated
with the adult-specific lineage include an ipsilaterally
projecting motoneuron and local interneurons with
projections either ipsilaterally or contralaterally
through the anterior commissure (data not shown).
These are characteristic of either NB 3-4 or NB 4-4
[indistinguishable by Schmid et al. (Schmid et al.,
1999)]. The adult-specific cluster produces two
neurite bundles (Fig. 15). The contralateral projecting
bundle (13c) contributes the most posterior bundle of
the ventral commissure. It projects to the ventrolateral
neuropil and arborizes around the posterolateral
border of the lateral core (Fig. 15B). The 13i bundle
projects dorsally and terminates in the dorsal region
of the ventrolateral neuropil, just lateral to the lateral
cylinder (Fig. 15C). Lineage 13 is found only in the
thoracic neuromeres and projection pattern is similar
in each.

Fig. 15.Characteristics of lineage 13 (NB 3-4 or 4-4). (A) Ventral view of the Lineage 14
projection of a MARCM clone of lineage 13. (B-D) Thick section projections - L .
showing the relationship of the neurite bundles from lineage 13 to features of th he _cluster for this lineage IS situated just Iatera_l to
Neurotactin scaffold (red) in ventral neuropil. (B-D) Successively ventral sectiof9€ lineage 4 cluster. Its single bundle of neurites
Bundle 13c is one of four paired bundles in the aV tract; bundle 13i projects to {#e4C) contributes to the ventral commissure and is
anterior ventrolateral neuropil. Numbers identify neurite bundles from other  Situated anterior to the 13c bundles and immediately
lineages. Diagrams as in Fig. 2. Commissure abbreviations as in Fig. 1. posterior to the ascending bundles from lineage 2
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(Fig. 16B). The bundle projects into the ventrolateral neuro
and splays out medial to the lateral cylinder in appare
contact with neurites from bundle 9i (Fig. 16B,C). Th
projection patterns are similar in all three thoracic neurome
and the cluster is found only in the thoracic neuromer
Lineage 14 is the most medial cluster to project through
anterior commissure to the ventrolateral neuropil. This fits
anatomy of the cluster of local interneurons that arise fr
NB 4-1 in the locust (Shepherd and Laurent, 1992). Simi
neurons are made by NB 4-1 Drosophila (Schmid et al.,
1999).

Lineage 15

Lineage 15 is unique in that it appears to be composed enti
of motoneurons (Fig. 17). The neurites from this cluster
about 30 neurons form a single bundle (15i) that projec..
dorsally through the lateral cylinder and then bends laterallffig. 16.Characteristics of lineage 14 (NB 4-1). (A) Ventral view of
where the bundle partially defasciculates and produces sortfee projection of a MARCM clone of lineage 14. (B,C) Thick section
short diffuse processes (Fig. 17B) before recollecting togethéFojections showing the relationship of the neurite bundles from
in a compact bundle that leaves the CNS through the ner\y@eage. 14 to featL_Jres of the Neurqtactln scaffold (reQ) in ventral
leading to the leg imaginal discs (Fig. 17C). In the early 3rd‘e”r%pg' Sglcce_ssrr/]ely ://etntratl S,‘\fCt'%”s' Bémdtl_?yl4c |s_torzje o:;lfour
instar lineage 15 has a neuroblast associated with it. By t Ired bundies in the av tract, fiumbers 1dentily heurtte bundies
mid-to-late 3rd instar, however, the NB is no longer evidentagkrﬂe(cigfiglr'ge;giens'FiD'agramS asinFig. 2. Commissure

o . - . g. 1.
This is the only lineage that appears to lose its neuroblast prior
to the start of metamorphosis. Lineage 15 is found only in the
thoracic neuromeres and the projection pattern is similar ikineage 18

each. The cluster for lineage 18 is in the dorsolateral region of the
] hemineuromere. The Neurotactin staining clearly showed that
Lineage 16 there was a lateral lineage whose neurite bundle made up the

The cell cluster for lineage 16 is situated along the anteriaegion of the al commissure anterior to the 2i bundles (Fig.
border of the hemineuromere, just lateral to cluster 10 (Fig. 1120C). After crossing the midline, the bundle turns anteriorly
The neurite bundle (16i) projects dorsally from the cell clusterand inserts into a dorsal tract. We found only a single clone of
through the lateral cylinder between bundles 8c and 8i (Fighis lineage (Fig. 20A, from T2) in a CNS that was not double-
18D), and into the ventrolateral neuropil, where it makes #beled for Neurotactin. Its anatomy and general location in the
short, compact projection after it emerges from the

cylinder (Fig. 18B,C). Its termination is close to

where lineage 15 showed its partial defasciculation. Lineage 15

lineage is found only in the thoracic neuromeres ani @
a similar projection in each. 2 ‘®@@ @®
Li 17 s St 5”
ineage — ;
T ® .

50 o

This lineage is located dorsolaterally along the bour
between neuromeres. It is Engrailed negative, si
have placed it with the anterior lineages. Its neurot
along with those from lineages 18 and 9, make u
dorsal lateral group of neuroblasts originally called
triplet (Truman and Bate, 1988). Fig. 19A-C sh
lineage 17 in segment Al. The neurite bundle |
projects into the ipsilateral ventromedial neuropil,
then loops dorsally and reflects back at the locatic
the al commissure. We recovered only one clon
lineage 17 in the thorax (Fig. 19D; T2). It shows
same projection pattern as its abdominal counte
except that loop is more pronounced (also Fig. 19E)
17iloops are presentin T2, T3, and Al but missing-

PO ®

- P Fig. 17.Characteristics of lineage 15. (A) Ventral view of the projection

Tl. (I_:Ig. 19F). We ha.ve concluded that th'.s linea of a MARCM clone of lineage 15. (B,C) Thick section projections
missing from T1, but in the qbsence_o_f an indeper showing the relationship of the neurite bundles from lineage 15 to features
marker, such as the Engrailed staining we uset  qf the Neurotactin scaffold (red) in (B) intermediate and (C) ventral
lineage 11, we cannot be completely confident tha  neuropils. All of the bundle 15 axons project into the periphery. Numbers
lineage is absent rather than merely lacking identify neurite bundles from other lineages. Diagrams as in Fig. 2.
Neurotactin bundle. Commissure abbreviations as in Fig. 1.
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Lineage 16
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Fig. 18.Characteristics of lineage 16. (A) Ventral view of the

projection of a MARCM clone of lineage 16. (B-E) Thick section
projections showing the relationship of the neurite bundles from

lineage 16 to features of the Neurotactin scaffold (red) in

intermediate (B,C) and ventral (D,E) neuropils. Numbers identify

neurite bundles from other lineages. Diagrams as in Fig. 2.
Commissure abbreviations as in Fig. 1.
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in T2 through Al. As with lineage 17, we assume that this
cluster is missing from T1 but cannot be entirely confident of
its absence without an independent marker.

Lineage 19

The cell cluster for this lineage is situated dorsolaterally at
the posterior border of the hemineuromere. From its position
and the expression of Engrailed in the lineage we have
attributed it to NB 7-4. The cluster gives rise to two neurite
bundles (Fig. 21B-E). The contralateral bundle (19c) extends
across the midline in the pl commissure and then bends
dorsally to extend anteriorly in a dorsal longitudinal tract
(Fig. 21C,D). A few neurites can also be seen to extend
anteriorly from the bundle at other levels along the pl
commissure. The ipsilateral bundle (19i) rapidly splays out
into a diffuse projection just lateral of the lateral cylinder
(Fig. 21E; bundles 8c, 8i and 7c ascend through the center of
the lateral cylinder). Preparations with double clones show
that bundle 19i terminates in the near vicinity of the fuzzy
arbor from the lineage 15 motoneurons.

Lineage 19 is present in segments T1-Al. The lineage in T3
is identical to that in T2 but in T1 the 19c bundle is reduced
to only a few fibers while the 19i bundle retains the pattern
seen in more posterior thoracic lineages (Fig. 21A). In A1, by
contrast, the 19c¢ bundle is well developed but the 19i bundle
is missing (data not shown).

neuromeres perfectly fit the prediction for this lineage based
on the Neurotactin scaffold. The Om bundle from the mediakineage 20
lineage terminates where the neurite bundle (18c) from lineageneage 20 is a ventrolateral lineage that includes two motor

18 crosses the midline.

axons (Fig. 22). Based on its position, the presence of multiple

Both horizontal (Fig. 20C) and mid-sagittal (Fig. 20B) efferents and similarity of larval cells to those described by
sections show that the 18c bundle is missing in T1 but preseSthmid et al. (Schmid et al., 1999), we have assigned the cluster

Lineage 17
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to NB 5-4. Its neurite bundle from the adult-specific
cluster comes together with that from lineages 21 and
22 to make a short, dorsally projecting tract. A
landmark associated with this tract is the ascending
1i bundle from the next posterior segment that curves
around it (Fig. 22C). Immediately after passing
bundle 1i, the 20i bundle bends anterolaterally and
the fibers splay out to fill in the ventral neuropil
posterolateral to the lateral cylinder (Fig. 22B,C).
Lineage 20 has a similar projection pattern in all
thoracic segments. It is missing from both the
subesophageal and abdominal neuromeres.

Fig. 19.Characteristics of lineage 17. (A) Ventral view of
the projection of a MARCM clone of lineage 17 in Al.
(B,C) Thick section projections showing the relationship
of the neurite bundles from lineage 17 to features of the
Neurotactin scaffold (red) in intermediate neuropil
(successively ventral sections). (D) Ventral projection of
lineage 17 clone in T2. In both Al and the thoracic
neuromeres, the neurite bundle abruptly hooks dorsally
before it reaches the midline. (E) A thick transverse
projection of the right hemineuropil showing the
characteristic recurved bundle from lineage 17.
Arrowhead denotes the midline. (F) A ventral view of a
thick section of the Neurotactin scaffold showing a
bundle 17 in A1, T3 and T2 but missing from T1.
Numbers identify neurite bundles from other lineages;
VA, ventral arch. Diagrams as in Fig. 2. D, dorsal
commissure; |, intermediate commissures.



Fig. 20.Characteristics of lineage 18. (A) Ventral view of the
projection of a MARCM clone of lineage 18 in T2. (B) A mid-
sagittal section through the dorsal (Dor), intermediate (Inter) and
ventral (Vent) commissural bundles in T1-Al. The neurite bundles
for lineages 18 and 10 make up the region of the al commissure
immediately anterior to the ascending bundles from lineage 2.
Bundle 18 is absent from T1 whereas bundle 10 is absent in Al.
(C) A ventral view of a thick section of the Neurotactin scaffold at
the level of the intermediate commissures. There is no lineage 18
bundle in the al commissure in T1, whereas it is present in the
corresponding commissure in posterior neuromeres (brackets).
Numbers identify neurite bundles from other lineages. Diagrams as
in Fig. 2.

Lineage 21
The cluster for this lineage is in the ventrolateral region of th
hemineuropil just anterior to the clusters for lineages 20 an
22 (Fig. 1l). The adult-specific cluster is confined to the
thoracic neuromeres and the projection pattern appea
identical in all of these segments. As described above, i
neurite bundle collects with the bundles from lineages 20 an
22 and projects past bundle 1li (Fig. 23C). The
neurites then project anteromedially and termi

just posterior to the lateral cylinder (Fig. 23B,C

Lineage 22

This cluster is situated between lineages 20 ar
(Fig. 11). The trajectory of its neurite bundle is v
similar to that of lineage 20 and terminates in
same region of the ventrolateral neuropil (
24B). It is sometimes associated with a si
motoneuron (Fig. 24A). It is present only in
thoracic neuromeres.

Lineage 23

This is a small, Engrailed-positive cluster in
ventrolateral region of the neuromeres. The net
of the cluster extend a single bundle of neu
(23c) dorsally to the level of the pl commiss
(Fig. 25B) and insert into the commissure
the posterior border (Fig. 25C) along with

contralateral bundle from lineage 19. The neu
terminate soon after crossing the midline. We |
had only two clones that contained this lineage
the Neurotactin staining suggests that the proje
pattern is the same for this clone in all of
segments in which it resides (T1-Al). This was
only lineage that we found that also had a glial
as part of the clone (Fig. 25).

Interrelationship of the projection patterns

of lineages

The bundles of neurites from each of the line:
typically project to one or two primary targets. -

Drosophila adult-specific neuronal lineages 5179

Lineage 18
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various termination points do not correspond to
obvious glial marker and, indeed, we suspect
the targets may be bundles from other lineages
have numerous examples in which the neurites
one bundle contact (e.g. Fig. 26A) or terminat
close proximity (e.g. Fig. 26B) to the terminat
sites from other bundles. The pattern of sp

Fig. 21.Characteristics of lineage 19 (NB 7-4). (A) Ventral view of the

projection of a lineage 19 MARCM clones from T1; inset is a more ventral slice
showing bundle 19i. (B) Lineage 19 from T3 showing the contralateral (19c) and
ipsilateral (19i) bundles. (C-E) Thick section projections showing the
relationship of the neurite bundles from lineage 19 to features of the Neurotactin
scaffold (red) in intermediate (C,D) and ventral (E) neuropils. Numbers identify
neurite bundles from other lineages. Diagrams as in Fig. 2. Commissure
abbreviations as in Fig. 1.
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overlap of lineage bundles within the T2 neuromere is
summarized in Fig. 26C. The segmental variation in these
connections is then shown in Fig. 27. This pattern suggests that
there are lineage-wide rules for building much of the nervous
system. This proposition is considered below.

Lineage 20 [NB 5-4]

Discussion

In insect embryos, the vast majority of neurons in each
segmental ganglion arise from 30 paired and one unpaired
neuroblasts. In basal insect groups, these segmental NBs show
a single neurogenic period, each producing all of its progeny
during embryogenesis (Shepherd and Bate, 1990; Truman and
Ball, 1998). In insects with complete metamorphosis, however,
most of the segmental NBs in the thorax have two neurogenic
periods, involving a relatively brief phase of neurogenesis
during embryonic development followed by a much more
prolonged phase during larval life (Booker and Truman, 1987;
Truman and Bate, 1988; Prokop and Technau, 1991). Mapping
of postembryonic NBs in the thoracic neuromeres of
Drosophilalarvae indicated that 23 out of the 31 segmental
NBs showed this second, larval phase of neurogenesis (Truman
and Bate, 1988). The count from the present study is that there
are 24 such clusters per hemisegment.

Fig. 22.Characteristics of lineage 20 (NB 5-4). (A) Ventral view of The MARCM clones analyzed in this study were induced

the projection of a MARCM clone of lineage 20. (B-D) Thick early in embryogenesis, and should incIL_Jde both the embryo_nic
section projections showing the relationship of the neurite bundles @nd postembryonic progeny from a given neuroblast. This,
from lineage 20 to features of the Neurotactin scaffold (red) in indeed, was seen when Actin-GAL4 or tub-GAL4 was used as

intermediate (B) and ventral (C,D) neuropil. Bundle 20 converges a driver to make the MARCM clones (e.g. Fig. 5F). The
with bundles 22 and 21, and projects along the lateral edge of the diversity of morphologies and strength of GFP expression in
ventrolateral neuropil. It also contains 2 axons that project to the
periphery. Numbers identify neurite bundles from other lineages.
Diagrams as in Fig. 2. Commissure abbreviations as in Fig. 1; VA,
ventral arch.

Oy @
DO D

ON7

70)(8)
oo

Fig. 23.Characteristics of lineage 21. (A) Ventral view of the Fig. 24.Characteristics of lineage 22. (A) Ventral view of the
projection of a MARCM clone of lineage 21. (B,C) Thick section projection of a MARCM clone of lineage 22. (B,C) Thick section
projections showing the relationship of the neurite bundles from projections showing the relationship of the neurite bundles from
lineage 21 to features of the Neurotactin scaffold (red) in ventral  lineage 22 to features of the Neurotactin scaffold (red) in ventral
neuropil. (B,C) Progressively more ventral regions of bundle 21. neuropil. Bundle 22 converges with bundles 20 and 21, and projects
Bundle 21 converges with bundles 20 and 22 but arcs medially, whewith 20 along the lateral edge of the ventrolateral neuropil. It also
compared with the lateral arc of the other two bundles. Numbers  contains at least one motor axon. Numbers identify neurite bundles
identify neurite bundles from other lineages. Diagrams as in Fig. 2. from other lineages. Diagrams as in Fig. 2. Commissure

VA, ventral arch. Commissure abbreviations as in Fig. 1. abbreviations as in Fig. 1.
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the larval neurons, however, sometimes obscured some of theeraction with other neurons, rather than factors supplied by
neurites arising from the associated adult-specific clustetheir NB, may then be essential for establishing identity within
When we generated similar clones using the purported patheir neuronal class. It should be noted that the transition
neuronal driver lineglav [C155] (Lin and Goodman, 1994), between uniquely identified neurons to neuronal classes does
the fully differentiated larval neurons in the clones typicallynot necessarily lie at the dividing line between the embryonic
failed to show GFP expression but expression was strong in tl@d postembryonic phases of proliferation. By feeding larvae
arrested, adult-specific cells. Although we do not know then diet containing bromodeoxyuridine (BUdR) from the time
reason that mature larval neurons fail to express under

these conditionglawvbased clones were invaluable
determining the exact projection patterns of the clu
of adult-specific neurons and how each contribute
the overall Neurotactin scaffold. Having establishec
morphology of the adult-specific region of the line:
we could then return to MARCM clones gener:
using tub-GAL4 and Actin-GAL4 drivers to assoc
the neurons of adult-specific clusters with their le
siblings. As the larval progeny of all of the embryc
neuroblasts have been described (Bossing et al., 1
Schmidt et al., 1997; Schmid et al., 1999), the I
neurons aided us in identifying the embryc
neuroblast responsible for many of the adult-spe
clusters.

The early neurons generated by a given NB typi
show a great diversity in terms of their type and
axonal projections (e.g. Ishiki et al., 2001; Pearsor
Doe, 2003). Indeed, the projection patterns of
daughter cells can change dramatically from
GMC to the next [e.g. for the early neurons of
median neuroblast lineage, see Goodman and S
(Goodman and Spitzer, 1979)]. Later born c
though, appear to be much more similar in 1
morphologies, transmitters and functions (Shep

and Laurent, 1992; Witten and Truman, 1991; Bur Fig. 25.Characteristics of lineage 23. (A) Ventral view of the projection of a
. , ig. 25. istics of lineag . view jecti
gi::\jilsrli(t?li?\r’laltgi)zg.rnTSreogF])éﬁf/eirs]taS;uedr}l/ersar;orleIz gcgcl MARCM clone of lineage 23. (B,C) Thick section projections showing the

X . relationship of the neurite bundles from lineage 23 to features of the
"”e‘?‘gesz A!though each NB may ShOV_V a high de Neurotactin scaffold (red) in intermediate (B) and ventral (C) neuropils.
of diversity in the first few neurons that it produces  gyndle 23c converges with bundles 19¢ (not shown) to form a posterior
vast majority of their progeny are similar in tt segment of the pl commissure. The MARCM clone for lineage 23 has a glial
pathfinding decisions, with typically only one or t  cell (G) associated with it. Diagrams as in Fig. 2. Commissure abbreviations
initial targets for the neurites that leave a clu  asin Fig. 1.
Indeed, we find only 33 major projecti~~
patterns for the thousands of neurons the
born within a thoracic hemineuromere.
The diversity of phenotypes in the et
born cells of a lineage is accomplisl
through the sequential expression of a s
of transcription factorshinchback, kruppe
pdmandcastoi) that are passed from the |
to successive GMCs (Kambadur et al., 1!
Brody and Odenwald, 2000; Isshiki et
2001). This molecular specification
unique identities imposed by the neurok
on the first few neurons in a lineage app
to be lacking in the later born neurons, a
which express grainyhead (Brody anc

Odenwald’ 2000)' We sus_p_ect that adult-specific lineages. (A) Confocal periphery

transition from uniquely specified GMC_S projection of MARCM clones showing

ones that express the same transcrif  contact between the 14c and 9i bundles. (B) Confocal optical section showing the

factor marks the transition from general  neurites in bundle 1c terminating adjacent to those in bundle 22. (C) Schematic summary
unigue individual neurons to generat  of the initial contacts made by the lineages in T2. Bundles within the pink circle
neuronal classes. For the latter ci terminate in the ventrolateral neuropil, those in the blue stripe project in dorsal tracts.

Lineage 23

Fig. 26.Patterns of initial contacts
amongst the neurite bundles from the 24
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Fig. 27.Segment-specific patterns of initial contacts amongst the neurite bundles from the adult-specific lineages. The full complement o
bundles is evident in T2. White ovals indicate which lineages or bundles are missing in other segments. Designationd@s in Fig.

of hatching, we have labeled all of the neurons that are boifhousands of neurons are arrested at their initial targets
during larval growth. Analysis of Elav-based MARCM clonesawaiting the hormonal signals that will initiate secondary
in these larvae showed some lineages in which some of tlsprouting. This probably represents a watershed in the
developmentally arrested neurons were unlabeled and, hencevelopment of the CNS. Up to this point in development, the
were born prior to hatching. These were always the neurons identity of the neurons and their growth decisions may have
the clone that were nearest the neuropil (i.e., the oldest cellsgen relatively ‘hard-wired’ by genetic information supplied
(J.W.T. and D.W.W., unpublished). Hence, the NBs do noby the NB and the ganglion mother cell. After this point,
necessarily stop dividing after they make the neurons that wilhteractions with their primary and secondary targets probably
be used in the larva, and they may depend on an extrinsic sigmidminate in shaping the final phenotypes of the cells.
to terminate their embryonic phase of neurogenesis. These
embryonically born cells may serve as pioneers to guide the€gmental variation and its functional implications
growth of postembryonic members of their lineage. The map of initial contacts depicted in Fig. 26C is undoubtedly
An interesting feature of the adult-specific neurons is thatot a complete description of all of these contacts. In addition,
each extends an initial neurite to a lineage-specific location bat this time we cannot know the polarity of the contacts, i.e.
then their development stalls until pupariation. As illustratedvho will be presynaptic and who will be postsynaptic.
in the developing hippocampus (Bagri et al.,, 2003), aevertheless, this map probably provides a broad overview of
developing neuron often sends out a single, unbranchedbe first step in establishing the connectivity for the bulk of
process with a growth cone to navigate to an initial targethe thoracic neurons. These initial contacts acquire some
followed by interstitial sprouting then enables interactions witHunctional importance when we consider the segmental
secondary targets. Contact with the initial target may persist @ariation in their pattern (Fig. 27). The patterns in neuromeres
it may be lost through stereotyped pruning but connection§l, T3 and Al are compared with the situation in T2, as this
with final targets are often then refined through local cell-celis the only segment that possesses the full complement of 24
interactions. In the adult-specific neuronsDirosophila the  postembryonic lineages. Importantly, many of the segmental
period of developmental arrest separates axon pathfinding anbdanges involve coordinated changes in the lineages that
contact with the initial target from the phase of interstitialproject to the same region of the neuropil. The most obvious
sprouting to secondary targets. This arrest is terminated at tegample involves the lineages associated with the ventrolateral
start of metamorphosis, when the neurons show a profuseuropil. These include the motor lineage (lineage 15) that
sprouting, accompanied by the appearance ofbtbad-Z3  makes exclusively motoneurons and projects to a leg imaginal
transcription factor (B. Zhou, D.W.W., JW.T. and L. M. disc. Lineage 15 is confined to the thoracic neuromeres as are
Riddiford, unpublished), and the onset of nitric oxide (NO)nine other lineages that send their neurite bundles exclusively
sensitivity (S. Gibbs, D. Currie and J.W.T., unpublished). Theéo the ventrolateral neuropil. With one exception, these
latter observation is especially interesting because studies tineages show no obvious variation in their projection patterns
other insect neurons show that the onset of NO sensitivitgetween the three thoracic neuromeres. The only lineage that
occurs as a neuron shifts from pathfinding to interacting witlshows a variable projection pattern is lineage 1, which also has
its synaptic targets (Truman et al., 1996; Ball and Trumarinitial targets in two adjacent neuromeres. Accordingly this
1998; Gibbs and Truman, 1998). The appearance of N@neage retains its homosegmental projection (bundle 1c) in T1
sensitivity at the termination of arrest suggests that the neurobst it lacks the 1i bundle (i.e. no bundle projects to the SEG).
have switched into a new developmental mode in whickll of the lineages that project to the ventrolateral neuropil are
interactions with future synaptic partners become of primabsent from Al, with again the exception of lineage 1. The
importance. lineage 1 neurons arising in Al, though, all project to the T3
Hence, the larval CNS just prior to metamorphosis giveseuropil (via bundle 1i) and the homosegmental 1c bundle is
us an unprecedented snap-shot of neuronal developmentissing. Our identification of the lineages in the subesophageal
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neuromeres is not complete but it appears that most, if not alegment is markedly smaller that in other segments. A possible
of these lineages are also lacking from the SEG. Apart froomechanism to explain the segmental difference is that cell
lineages that project exclusively to the ventrolateral neuropiljeath shapes the projection pattern by having the inappropriate
there are a few lineages, like lineages 3 and 19 that have odaughter cell die after its birth. Studies of the median lineage
bundle projecting to this neuropil and another projecting intdn grasshopper embryos show the importance of divergent
more dorsal regions. This is especially interesting in the casgbling fates and cell death in shaping features of that lineage
of lineage 19 because its 19i bundle makes contact witffhompson and Siegler, 1993; Jia and Siegler, 2002).
the expanded area of the lineage 15 bundle and therefore )
may represent premotor interneurons. These ventrolaterglonclusions
projections, though, are missing in the Al version of lineage$he results from this study have developmental, behavioral and
3 and 19 (see Fig. 5C for lineage 3). The uniformity ofevolutionary implications. Previous studies on the ventral
projection patterns within the thorax and their absence outsidganglia (e.g. Broadus and Doe, 1995) and the brain (Urbach
of this region of the body suggests that all of the lineages thand Technau, 2003) show that the neuroblasts express a
project to ventrolateral neuropil make neurons involved wittstriking diversity of transcription factors and signaling
the sensory or motor requirements of the legs. This functionaholecules. Some of these molecules are involved in the
interpretation is supported by the fact that lineage 14 is onestablishment of the unique identity of the neuroblasts (e.g.
of the above lineages and its proposed homologues iBhat, 1996) and their early-born progeny (Isshiki et al., 2001).
grasshoppers (from NB 4-1) process input from legOthers, though, may function later in directing patterns of
mechanosensory hairs (Shepherd and Laurent, 1992) andnnectivity (e.g. Bossing et al., 1996a). It has been difficult
integrate locomotor reflexes of the leg (reviewed by Burrows$o determine the latter, however, because projection patterns
and Newland, 1997). and potential targets were unknown for the vast majority of
Although the ventrolateral projections are relatively stableneurons in the lineage. Our study indicates that the first step in
within the thoracic neuromeres, projections to intermediatestablishing the extreme complexity of CNS connections
and dorsal neuropils show striking segmental variation. Fanvolves a rather simple set of rules, with the bulk of the
example, lineage 11 is absent from T3 and the two lineage®urons of a given lineage following one or two projection
that send neurite bundles that terminate next to those of lineagaths. At this time, we do not know if the 33 different
11 in more anterior segments, have these bundles reducpubjection trajectories that we see in the thoracic neuropil are
(bundle 3id in Fig. 5) or missing altogether (the 12im and 12idhe product of just 33 individual neurons per hemineuromere
bundles of lineage 12, Fig. 14) in this segment (Fig. 27). Tihat pioneer the track for the rest of their lineage or if all of the
also has its unique set of changes. In T2 and posterior, theadult-specific neurons follow the same set of cues to their
bundle from the median NB projects to the al commissure anditial targets. Irrespective of how they navigate their path, the
appears to terminate between bundle 10c (ventral to it) ariditial connectivity patterns (Fig. 26C) suggest that neurons in
bundle 18c (dorsal). The 18c bundle is missing in T1 and wene lineage use other lineages as their targets. This information
see that bundle 0O is redirected to the pl commissure (Fig. Zhould help us understand the roles of patterning genes such
T1 also shows a marked reduction in the number of bundless winglessand hedgehogin establishing connectivity and
that project to anterior neuromeres; bundle 18c is missing anmtburonal properties within the CNS.
bundle 19c is greatly reduced to only a few fibers. Thus, the The elegant studies of the neural circuitry underlying
neurons in the 18c and 19c bundles may be involved isensory to motor coordination in the legs of grasshoppers
coordination within the thorax rather than taking information(reviewed by Burrows and Newland, 1997) showed that
to higher centers in the head. We do not find obvious glidunctionally related neurons were clustered, and some, indeed
structures at the sites where the neurite bundles terminate. Taee siblings that come from the same neuroblast (Shepherd and
correlated loss of converging bundles (such as seen for 12idaurent, 1992). The uniformity of initial projections that we
3id and 11id in T3), suggest that the initial targets for thesee within each of the adult-specific lineages leads us to
neurites in a bundle from one lineage may be bundles frospeculate that each neuroblast is devoted to making a very
other lineages. The map in Fig. 26C is the first attempt temall number of functional neuronal types, with the noted
identify the lineage-level rules that are used for establishing thexceptions of the early-born cells that have unique identities
initial connectivity map in the thoracic CNS. Whether thesesculpted by the expressiontlafnchbackkruppel etc. Changes
initial contacts are maintained and how they relate to secondairy specific behavioral functions between species might then be
targets remains to be determined. reflected in selective alterations in the particular lineages
Our preliminary observations of embryonic induced singlevhose neurons participated in that behavior. One possible
and double cell clones in lineage 6 show that in single neurahiustration of this is in the shift from primitively wingless
clones there is a single neurite that is either in the 6cm or 6édsects to those that can fly was accompanied with marked
bundle. By contrast, two neuron clones (arising from a GMCincrease in neuronal progeny in only 14 out of the 31 thoracic
show a neurite in both bundles. This suggests that the twimeages (Truman and Ball, 1998). Indeed, the later born
bundles are built up by each GMC producing two daughtersieurons in some subsets of lineages may co-evolve because
one that chooses one pathway and one that chooses the otliggse cells are functionally connected. Although there has been
While it obviously needs to be tested, we expect that thisnly minor differences in the neuroblast arrays when one
pattern will hold for all of the lineages that have bundlexompares grasshoppers Brosophila (Broadus and Doe,
projecting to two initial targets. Interestingly, in the cases in995), some of the neuroblasts have changed the blend of
which one bundle is lost in a given segment (1i in T1, 12id anttanscription factors that they express. It will be interesting to
im, and 3id in T3; and 19i and 1c in Al) the cell cluster in thatletermine if these changes do indeed reflect a change in



5184 Development 131 (20) Research article

identity of the neuroblast or whether it reflects an alteration imoe, C. Q. and Goodman, C. 1985). Early events in insect neurogenesis.

instructions as to how these neurons should connect. I. Development and segmental differences in the pattern of neuronal
precursor cellsDev. Biol.111, 193-205.

; ; ; : Gibbs, S. M. and Truman, J. W.(1998). Nitric oxide and cyclic GMP regulate
We are especially grateful to Dr M. Piovant for the gift of the anti retinal patterning in the optic lobe Bfosophila Neuron20, 83-93.

Neurotactin monoclonal antibodies and Dr Louise Nicholson thboodman C. S. and Spitzer, N. C(1979). Embryonic development of

helped to define the initial conditions for the use of MARCM. ~jjentified neurones: differentiation from neuroblast to neuriature 280,
Research was supported by NIH grant NS13079 to J.W.T. and anopg-214.

award from the BBSRC to D.S. Isshiki, T., Pearson, B., Holbrook, S. and Doe, C. @2001). Drosophila

) neuroblasts sequentially express transcription factors which specify the
Supplementary material temporal identity of their neuronal progei@ell 106, 511-521.
Supplementary material for this article is available at Jia, X. X. and Siegler, M. V. S.(2002). Midline lineages in grasshopper
http://dev.biologists.org/cgi/content/full/131/20/5167/DC1 produce neuronal siblings with asymmetric expression of Engrailed.

Developmeni29 5181-5193.
Kambadur, R., Koizumi, K., Stivers, C., Nagle, J., Poole, S. J. and
Odenwald, W. F. (1998). Regulation of POU genes by castor and
References hunchback establishes layered compartments iDbgophilaCNS.Genes
Bagri, A., Cheng, H. J., Yaron, A., Pleasure, S. J. and Tessier-Lavigne, M. Dev. 12, 246-260.
(2003). Stereotyped pruning of long hippocampal axon branches triggerddandgraf, M., Bossing, T., Technau, G. M. and Bate, M(1997). The origin,
by retraction inducers of the semaphorin fam@gll 113 285-299. location, and projections of the embryonic abdominal motorneurons of
Ball, E. E. and Truman, J. W.(1998). Developing grasshopper neurons show Drosophila J. Neuroscil7, 9642-9655.
variable levels of guanylyl cyclase activity on arrival at their targkts. Lee, T. and Luo, L.(1999). Mosaic analysis with a repressible cell marker
Comp. Neurol394 1-13. for studies of gene function in neuronal morphogené&siron22, 451-
Barthalay, Y., Hipeau-Jacquotte, R., de la Escalera, S., Jimenez, F. and 461.
Piovant, M. (1990). Drosophila neurotactin mediates heterophilic cell Lin, D. M. and Goodman, C. S(1994). Ectopic and increased expression of

adhesionEMBO J.9, 3603-3609. Fasciclin 1l alters motoneuron growth cone guidam®uron13, 507-523.
Bate, C. M. (1976). Embryogenesis of an insect nervous system. |. A map oPearson, B. J. and Doe, C. (Q2003). Regulation of neuroblast competence

the thoracic and abdominal neuroblast&@custa migratoriaJ. Embryol. in Drosophila Nature425 624-628.

Exp. Morphol 35, 107-123. Prokop, A. and Technau, G. M. (1991). The origin of postembryonic
Bhat, K. M. (1996). The patched signaling pathway mediates repression of neuroblasts in the ventral nerve cord Biosophila melanogaster

gooseberry allowing neuroblast specification by wingless d@dogophila Development 1], 79-88.

neurogenesiDevelopmenii22 2921-2932. Schmid, A., Chiba, A. and Doe, C. Q(1999). Clonal analysis @rosophila

Booker, R. and Truman, J. W.(1987). Postembryonic neurogenesis in the embryonic neuroblasts: neural cell types, axon projections and muscle
CNS of the tobacco hornworilanduca sexta. Neuroblast arrays and the targets.Developmen 26, 4653-4689.
fate of their progeny during metamorphosisComp. NeuroR55, 548-559. Schmidt, H., Rickert, C., Bossing, T., Vef, O., Urban, J. and Technau, G.

Bossing, T., Technau, G. M. and Doe, C. @1996a).huckebeiris required M. (1997). The embryonic central nervous system lineag&rasfophila
for glial development and axon pathfinding in the neuroblast 1-1 and melanogasterll. Neuroblast lineages derived from the dorsal part of the
neuroblast 2-2 lineages in ti@rosophila central nervous systenMech. neuroectodermDev. Biol.189, 186-204.
Dev.55, 53-64. Shepherd, D. and Bate, C. M.,(1990). Spatial and temporal patterns of
Bossing, T., Udolph, G., Doe, C. Q. and Technau, G. M1996b). The neurogenesis in the embryo of the locuSichistocerca gregarja
embryonic central nervous system lineage®mfsophila melanogastet. Developmenii08 83-96.
Neuroblast lineages derived from the ventral half of the neuroectoDesm. Shepherd, D. and Laurent, G.(1992). Embryonic development of a
Biol. 179, 41-64. population of spiking local interneurones in the locuSth{stocerca

Broadus, J. and Doe, C. Q(1995). Evolution of neuroblast identity: seven-  gregarig). J. Comp. Neurol319, 438-453.
up and prospero expression reveal homologous and divergent neurobld8tompson, K. J. and Siegler, M. V.(1991). Anatomy and physiology of
fates inDrosophilaand SchistocercaDevelopmeni21, 3989-3996. spiking local and intersegmental interneurons in the median neuroblast
Brody, T. and Odenwald, W. F. (2000). Programmed transformations in  lineage of the grasshoppédr.Comp. Neurol305, 659-675.
neuroblast gene expression during Drosophila CNS lineage developmerithompson, K. J. and Siegler, M. V.(1993). Development of segment
Dev. Biol 226, 34-44. specificity in identified lineages of the grasshopper CN®Neurosci 13,
Burrows, M. and Newland, P. L.(1997). Processing of tactile information in 3309-3318.
neuronal networks controlling leg movements of the Locdstinsect  Truman, J. W. and Ball, E. E. (1998). Patterns of embryonic neurogenesis

Physiol.43, 107-123. in a primitive wingless insect, the silverfisitenolepisma longicaudata
Burrows, M. and Siegler, M. V. (1982). Spiking local interneurons mediate ~ comparison with those seen in flying inse@sv. Genes EvoR08 357-
local reflexesScience217, 650-652. 368.
Cepko, C. L., Austin, C. P., Yang, X, Alexiades, M. and Ezzeddine, D. Truman, J. W. and Bate, M. (1988). Spatial and temporal patterns of
(1996). Cell fate determination in the vertebrate retitrac. Natl. Acad. neurogenesis in the central nervous systendroophila melanogaster
Sci. USA93, 589-595. Dev. Biol 125 145-157.
de la Escalera, S., Bockamp, E. O., Moya, F., Piovant, M. and Jimenez, F. Truman, J. W., de Vente, J. and Ball, E. E(1996). Nitric oxide-sensitive
(1990). Characterization and gene cloning of neurotactibrogophila guanylate cyclase activity is associated with the maturational phase of
transmembrane protein related to cholinester&ad&0 J.9, 3593-3601. neuronal development in insecBevelopmenii22 3949-3958.

Desai, A. R. and McConnell, S. K(2000). Progressive restriction in fate Urbach, R. and Technau, G. M.(2003). Molecular markers for identified
potential by neural progenitors during cerebral cortical development. neuroblasts in the developing brainibsophila Developmen130, 3621-

Developmeni27, 2863-2872. 3637.
Doe, C. Q.(1992). Molecular markers for identified neuroblasts and ganglionwitten, J. L. and Truman, J. W. (1991). The regulation of transmitter
mother cells in thérosophilacentral nervous systerbevelopment 16, expression in postembryonic lineages in the mdémduca sextall. Role

855-863. of cell lineage and birth ordef. Neuroscill, 1990-1997.



