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Summary

We identified a novel mode of neurogenesis in thevdl brain of Drosophila that
involves the amplification of neuroblast prolifecat through intermediate progenitors
(IPs). These intermediate neural progenitors aremgged by asymmetric division of a
subset of thé®rosophilabrain neuroblasts, which we refer to as dorsonmediaroblasts
(DM neuroblasts). These neuroblasts divide asymoadiir to self-renew, but unlike the
other brain neuroblasts do not segregate the atelldeterminant Prospero to the daughter
cells. As a result, in contrast to conventionalgiem mother cells (GMC), intermediate
progenitors undergo multiple divisions and expnesdecular markers of self-renewing
neuroblasts. The novel IPs described here haverketvla similarities to the IPs that
have been identified recently in mammalian brawvettspment.

We analyzed the type and fate of cells generatéadeiidM lineages. With a combination
of neuronal and glial cell markers we show that B lineages generate not only
neurons but also glial cells. The DM neuroblasigsstrepresent the first identified
multipotent precursor cells in the fly brain duripgstembryonic development. We also
show that the adult-specific neurons of each DMdie form several spatially separated
axonal fascicles some of which project along latwa@in commissural structures which
are primordia of future adult midline neuropil. Baking advantage of a DM-specific
Gal4 reporter line we identify and follow DM-dertveneuronal cells into early pupal
stages and demonstrate that neurons of the DMdesmake a major contribution to the
developing central complex, in that the numerodarmoar elements are likely to be DM
lineage-derived. These findings suggest that tnelification of proliferation which
characterizes DM lineages may be an important remént for generating the large
number of neurons required in highly complex neilrepructures such as the central

complex in theDrosophilabrain.
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1. Introduction

Time flies like an arrow. Fruit flies like a banana
Groucho Marx
So many flies, so upside doviditl sickness or some silly clown
Cause to be so impedadourse of study, newly seeded?
The moral of this little talés that it's quite beyond the pale
To experiment with noxious fumekere flies are kept in closed up rooms.

Prof. Nicholas Strausfeld “Earlier days”



1.1 Introduction into Drosophilaneurogenesis

In insects, the brain consists of a supraoesophagealion that can be subdivided
into the protocerebral, deutocerebral, and triteloeal neuromeres, and a
suboesophageal ganglion that is subdivided intorthedibular, maxillary, and labial
neuromeres. The developing ventral nerve cord esteposteriorly from the
suboesophageal ganglion into the trunk [1]. In tixgk, we will use the term ‘brain’

equivalent to the supraoesophageal ganglion.

The brain of insects and some other arthropoditaf@med by a unique type of stem
cell-like progenitor cell called a neuroblast [Rleural progenitors of this type are not
found in vertebrates or other invertebrate phyla T®e Drosophilabrain is shaped
during three developmental phases that includehigryonic, larval and pupal phase
[4] (Fig. 1.1).

In the early embryo, a population of neuroblastsn{gry neuroblasts) delaminates
from a special neurogenic region, the neuroectodermndergo sequential cycles of

self-renewing divisions.

Each neuroblast produces a highly invariant lineaigeells that, at least temporarily,
stay together and extend processes that fascicuigitea common bundle (primary
axon tract). These postmitotic neural cells (prynglia and neurons) differentiate
into the fully functional larval brain. After a pb@ of mitotic dormancy where most
brain neuroblasts persist in a cell-cycle arrestiade, the same neuroblasts that had
proliferated to form primary neurons during the eyonic period become active
again during larval period and produce a stereatyg® of secondary lineages that

finally give rise to the adult brain [2, 5].

During larval life the adult-specific progeny ofcbkaneuroblast accumulates in a
growing cluster of immature neurons that extencitasated neurites (secondary
lineage axon tracts) close to the neuropil but waiil metamorphosis to complete
their extension to adult specific synaptic targét8]. Whereas the primary, larval-
functional progeny of each NB show a high degreeh&notypic diversity [9, 10], the
adult-specific cells in a given lineage are remblkaimilar and typically project to

only one or two initial targets in the larva [7, 81]. During the pupal phase
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(metamorphosis) the adult brain forms by neuroeatadeling of larval functional

neurons and final morphogenesis of adult-spec#ierons [7, 12, 13].

EMBRYO LARVA PUPA
NEUROPILE
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Y ) \Eg T
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Figl.1 Neurogenesis inDrosophila Two phases of neurogenesis, separated by a quiescen
state of the neuroblast, produce primary and seagniturons of the same lineage. Whereas
the primary progeny of the neuroblast quickly difigtiates into functional neurons of the
larva, cell of the secondary lineage wait until ambrphosis to fully extend their projections

(see text for more detalil).

Each neuroblast gives birth to a series of clomalgeny during neurogenesis.
Thereby, theDrosophila brain is composed of groups of clonally relatetdsceA
number of recent publications have addressed thkysis of the developmental origin
of adult brain units taking advantage of the MARQMosaic Analysis with a
Repressible Cell Marker) system [7, 13-16]. Uporatfshock induced mitotic
recombination in the neuroblasts all clonally rethtcells are labelled with a
membrane-bound marker, and therefore, projectitteqe of neurons can be studied
in the context of overall brain architecture. Ferthore, clonal mutant analysis
enables us to study homozygous mutant clones ietardzygous background. In
addition, fine neuronal morphology or the timingd&velopmental processes can be

studied at single-cell clone resolution with MARGLE].

TheDrosophilanervous system is made up by two major cell typesrons and glial
cells. Neurons play the leading role in processind transmitting information, while
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glia play the supporting role, nourishing and iasulg neurons. Both neurons and
glia are generated from multipotent neural progesior pure neural, or glial stem
cells in Drosophila and vertebrates [17-25]. Whiteich effort has been made to
identify neural progenitors and the mechanisms rodimg their fates, the
mechanisms that control whether neural progenigdis avill adopt glial vs. neuronal

cell fates are only beginning to be understood.

In the matureDrosophila brain cell bodies of neurons and glial cells foam outer

layer, or cortex, around an inner neuropil thatsists of highly branched axons and
dendrites, as well as synapses formed in betweesetlprocesses. Dendritic and
axonal branches are assembled into neuropil compats [3]. Glial sheaths envelop
the cortex surface (surface glia), groups of nealraell bodies (cortex glia) and the
neuropil (neuropil glia) [26-28]. A recently puliisd neuroblast lineage atlas of
developing adult brain in the late larva subdividesmch brain hemisphere into
approximately 100 clonal lineages, each represenyeal fasciculated neurite bundle
that forms an invariant pattern in the neuropil][1ITherefore, the question arises
how does each family of clonally related neuronstdbute to the formation of the

adult neural circuits?
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1.2 Asymmetric cell division in theDrosophila central nervous system

The central nervous system (CNS) @fosophila develops from the stem-cell like
precursors, neuroblasts [29]. The definitive feataf a stem cell is an ability to
divide asymmetrically to self-renew, generatinghet same time an identical copy of
itself and a more differentiated progeny [30]. Taem “asymmetric cell division” is
used to refer to any division in which sister céitse different fates, which means
they have differences in size, shape, morphologgneg expression pattern,
biochemical features, or the number of subsequelhtdovisions undergone by the
two daughter cells [30]. IDrosophilaneurogenesis, asymmetric cell division is the
major mechanism for generating cell-fate diversithere are two mechanisms by
which diversity can be achieved with respect torteeroblast: intrinsic and extrinsic.
When an intrinsic mechanism is used, regulatorsseif-renewal are localized
asymmetrically during mitosis so that they are mithd by only one of the two
daughter cells [31, 32]. Intrinsic mechanisms amgarcommon for stem cells during
development (for exampl®rosophilaneuroblasts). Alternatively, in case of extrinsic
regulation, the stem cell is in close contact with stem cell niche and depends on
this contact for maintaining the potential to selitew [33]. Niche mechanisms are

more common in adult stem cells, for example, @ragtem cells.
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Fig 1.2 Asymmetric division of neuroblast in Drosopila (see text for details)

Drosophila neuroblasts are well-studied example for the nstdally induced
asymmetric cell division. After the delaminatiolrn the embryonic neuroectoderm,
neuroblasts start to divide asymmetrically, genegatwo cells in each division. The

first cell is a neuroblast, which continues to de/iin a stem cell-like fashion. The
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second cell is called ganglion mother cell, whiamdergo one final division to

produce pair of neuronal cells (neurons or gligig.(1.2)

The different fate of two neuroblast daughter cefisinduced by the unequal
segregation of several proteins into one of the dawghter cells. Before mitosis, the
cell fate determinants of the so-called apical clemgegregate to the apical side of
the cell cortex (these proteins are: Par-3/Bazod®a-6, atypical PKC (aPKC),
Inscuteable, Partner of Inscuteableqi,GMud). [31, 34-38]. Another group of
determinants called basal complex and segregatétetbasal side of the cell (these
are: Numb, Prospero and Prospero mRNA, Partneafy Miranda, Staufen) (Fig.
1.3) [39-44].

apical

anterior posterior

basal

B ONA |l Baz, DaPKC, [7] Pins, G, [l Pros, (Miranda, [Ji] centrosomes | |spindle microtubules [l ZA
PAR-6 Insc Numb, Pon)

Fig. 1.3 Asymmetric division of neuroblasts in Drosphila

The panel shows a simulated time course of delamimand division of a single NB in the ventral
neurogenic region of thédrosophila embryo. The subcellular localization of severallapty
regulators, cell fate determinants and their adaptoteins is indicated in different colors. For
simplicity, in the epithelium and in the delamimafi NB only the subcellular localization of the
PAR/aPKC complex is indicated. The red color repnés the localization of Pros. In meta- through
anaphase, Miranda, Numb and Pon are localizedveryasimilar fashion, but there are differences in
the localization of these proteins in pro- and telephase. For abbreviations, see text (Modifieera
Wodarz A and Huttner WB, 2003).

Bazooka/Par-3, Par-6 and aPKC make up an evolutiprnserved core protein
complex that is involved in cell polarity in a vetly of contexts (reviewed in [36]).
Inscuteable is an adapter protein that recruits Panreceptor-independent regulator
of Gui) via its GoLoco domain [38, 45, 46] to the Bazafikar-3, Par-6, aPKC
complex. However, recent live imaging experimemtg, [48] have suggested that

Insc, Pins and @ act differently in embryonic and larval neurolitas

The apical complex does not influence cell fateeatly, but it guides three

fundamental aspects of neuroblast asymmetric oglidn: regulating the orientation
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of the mitotic spindle along the apical-basal agetermining the strong daughter cell
size asymmetry between neuroblast and GMC, andttaggcell-fate determinants of
the basal complex to the basal side of the calhduasymmetric cell division[49].
Numb acts as a tissue-specific repressor of theMNpathway. It binds ta-Adaptin
and might control the intracellular trafficking ®fotch intermediates [44]. In the
Numb mutant larval brains, the neuroblasts oveiferaite and form a tumor-like
phenotype [37, 50].

Prospero (Pros) is a transcription factor which reggtes asymmetrically in
neuroblasts. Pros is cytoplasmic in neuroblastindunterphase, and it only enters
the nucleus once asymmetrically segregated into GMC [31]. When Pros is
mutated in embryonic neuroblasts, the GMC doeseritta cell cycle and continues
to divide. Pros contains a homeodomain and birpsream of over 700 genes,
acting as a transcriptional activator for genesciiare involved in differentiation and
as an inhibitor for genes involved in neurobladt-smewal [42]. The asymmetric
segregation of Pros and Numb is mediated by twtadaroteins called Miranda
and Pon (Partner of Numb) [31]. Miranda is a coited protein that binds to Pros.
Miranda also binds to the RNA binding protein Séufvhich in turn transporfsros
RNA but is not required for cell-fate specificationneuroblasts. Miranda acts as an
obligatory molecular adaptor that connects Pros @tadifen to the machinery for
asymmetric protein localization.The adaptor profemNumb is a coiled-coil protein
called Pon. Pon binds to Numb and assists the agymenocalization of Numb but is

not required during late stages of mitosis [51].

In the mammalian brain, neural stem cells dividgrasetrically and often amplify
the number of progeny they generate via symmelyicdividing intermediate
progenitors [52-54]. In the CNS @frosophilaneuroblasts undergo sequential cycles
of self-renewing divisions, dividing asymmetricatly produce ganglion mother cells
which in turn divide once more to generate two akprogeny [2]. Therefore, the
logical question arises whether specific neurainstell-like neuroblasts in the brain
of Drosophilamight also amplify neuronal proliferation by gerterg symmetrically

dividing intermediate progenitors and by what mec$ias it can be achieved?
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1.3 Glial development in theDrosophilacentral nervous system

In the Drosophila central nervous system about 10% of cells are iaf ghture. In

recent years it has become clear that glia cori&ituvirtually all aspects of nervous
system development and function. Glia help to shigefly's nervous system by
presenting growth cones with permissive migraticdstrates, determine neuronal
survival via trophic interactions and pruning axahging metamorphosis [55-59].
Besides developmental functions, glia have nond{deweental functions too: it

contributes to the blood-brain barrier, metabolitd ehomeostatic functions and

potentially modulatory roles during synaptic traission [60, 61].

To determine further roles of glia in the adult ibrave need a systematic
characterisation of glia diversity and developméZell lineage analysis techniques
have been used to analyse most of the embryoniohlast lineages. These studies
have elucidated the cellular composition and theci$ig nature of each neuroblast
lineage and the morphologies of cells they corsiqtl7, 20, 21, 62]. Not much is
known about glial postembryonic development. Acawgdo position, features and
presumable function in the adult brain glial cell® subdivided into five classes:
perineurial surface glia, subperineurial surfade, glortex glia, ensheathing neuropil-
associated glia and astrocyte-like neuropil-assediaglia. Recent studies
demonstrated that distinct glial types derive frdiffierent precursors and that most
adult perineurial, ensheathing and astrocyte-likéa gare produced after
embryogenesis. Perineurial glial cells are madellpcon the brain surface. In
contrast, the wide-spread ensheathing and astrtikgtaglia derive from specific

brain regions [27].

In contrast to adult-specific glia, embryonic gkavery well studied. Embryonic glia
is subdvided according to its origin into two ckesslateral and midline glia. Lateral
glia derives from the neuroectoderm. Midline glexides from mesectoderm [1, 17].
Differentiation of almost all embryonic glia excejor midline glia is promoted by
expression oflial cell missing/gcm@jene complex [63-66]. Flgcmgene encodes a
transcription factor, that is transiently expresgedll lateral glia. gcm2is a gene

homologous tagcm but displays weaker and delayed expression [BY, léack of
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gcm/gcm2causes the complete loss of all lateral glial sgelh gain-of-function

conditions presumptive neurons transformed inta (ig. 1.4) [63-66].

wild-type loss-of-function gain-of-function
st @ @ @
/ \:gcm / \gw i-gcry \mcm

—.——>.}—.—.-

neuron alia glia glia

Fig 1.4gcm acts as a binary switch for glia versus neurons iDrosophila Phenotypes are shown
for a neural progenitor that gives rise to a newod a glia in a wild-type animacmloss-of-function

mutant animal, andcmgain-of-function mutant animal in which a transigeconstruct drives ectopic
gcmexpression (red text) in presumptive neurons. &gon ofgcminduces glial cell fate (modified

after Jones et al., 1995).

Not much is known about the postembryonic requirgne gcm Recent study
demonstrated that there are novel lineages of pdwi@nic-born glia in the ventral
ganglia which requirggcm [69]. It was also shown that the progenitors wfface
perineurial glia requiregcm during embryonic stage but do not need it

postembryonically to generate glial cells [27].

In the Drosophilaembryonic CNS glial cells are known to be genetaigher from
glioblasts (GB), which produce exclusively gliagiteembryonic anterior GB [70]) or
from multipotent precursors, neuroglioblasts (NGB 1.5). There are two types of
multipotent neuroblasts known to date. For the fiype (e.g. NGB6-4T and NGB5-
6) it has been demonstrated that the early bifimeadf the glial versus neuronal
sublineages takes place during the first divisifieraembryonic delamination from
the neuroectoderngcmis expressed asymmetrically in the glial sublireeaand the
decision is made on the level of the neuroglioblgd]. The second type of
neuroglioblasts proliferation (e.g. embryonic NBA}linvolves Notch acting
upstream of @cm.NB1-1A first produces neurogenic GMC that giveserio a pair
of neurons. During next three divisions NB1-1A poes three ganglion mother cells
each of which divide asymmetrically producing sigglineuron and glial cell. In this
casegcmacts as an effector of Notch signalling durindisdpcell fate specification
[62].
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Fig 1.5 Three modes of gliogenesi§&lia cells originate from different types of progfers, glioblasts

or neuroglioblast. GBs possess only gliogenic prtigeand give rise exclusively to glial cells. N&B
generate glial and neuronal components in a mixegdge. Two different types of NGBs exist (see text
for details) (modified after Udolph et al., 2001).

Recent studies demonstrated then transcription is controlled by a combination of
tissue-specific and lineage-specific modular eletsyeat not by glial subtype-specific
elements, nor by elements that control expressiomprogenitors that undergo a

specific mode of division [72].

gcmis thought to initiate gliogenesis through thens@iptional activation of glial-
specific target genes. These potential target genelude the glial-specific
transcription factors encoded by tleversed polarity (repo), pointed, tramtrack (ttk)
andlocogenes (Fig. 1.6). Theepo gene encodes a homeodomain transcription factor
that is expressed in all lateral glial cells [7Bjansient expression gtcmis followed
by maintained expression a@épa which appears to control only terminal glial
differentiation.pointedpromotes different aspects of glial cell differatitn, and is
required for the expression of several glial masi&#]. ttk acts to repress neuronal
differentiation and inhibits the expression of gran-neural bHLH genessenseand
deadpan which promote the neuronal potential of neuralgenitors[75]. Results of
other studies suggest that repo may also cooperttdtk to suppress neuronal fates

[76]. loco gene encodes a family member of the Regrs of G-Protein Signaling
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(RGS) proteins expressed in lateral gliaci&regulatory DNA element adbco can

direct glial-specific expression of a reporter ganeivo [77].

-neural competence B
-positional cues

[-tsmpumi cues
/ -Notch signaling

A

neuronal glial
differentiation differentiation

Fig. 1.6 Transcriptional regulatory networks controlling gli ogenesis inDrosophila (A) Summary
of gcm pathway.gcm transcription is regulated by multiple inputs iiffetent neural lineageggcm
initiates glial cell development by the simultans@ctivation of glial differentiation and repressiof
neuronal differentiation. Additional neural factops) may be required to activate glial fate. Glial
differentiation is promoted by the factampaq pointed (pnf), and others. Neuronal differentiation is
blocked bytramtrack (ttk) through the repression of neural factors suchsemnsgasg anddeadpan
(dpn). repo may be required as a co-factor for neuronal regowag(see text for additional detail). (B)
Circuit diagram for the transcriptional regulatiohthe glial-specific genéoco. gcm cooperates with
downstream factoreepo andpnt to initiate and maintaitoco expressiongcm autoregulates to boost
its own expression. Dashed lines represent hypo#ieiutofeedback loops regulatingpo and pnt
Transient expression @jcm activates the circuitloco expression is maintained bgpo and pnt

(modified after Jones et al., 2005).
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1.4 Central complex in theDrosophilabrain.

A recently published neuroblast lineage atlas ofettgping adult brain in the late
larva subdivides each brain hemisphere into apprately 100 clonal lineages, each
represented by a fasciculated neurite bundle tiahd an invariant pattern in the
neuropil [11]. Therefore, the question arises himes each family of clonally related

neurons contribute to the formation of the aduliraécircuits?

The central complex is a prominent midline neur@pimplex of adult insect brains.
Its gross structure is quite similar even amongsties from diverse habitats [78, 79].
The central complex is a putative center relatedifi@rent functions ranging from

locomotor control to visual information process[8§-84].

Central complex consists of four substructures: eélipsoid body, the fan-shaped
body, the protocerebral bridge and the paired ndéig. 1.7). The fan-shaped body
is the largest of the other parts and has a shipesaucer. It is subdivided into a
dorsal and ventral part, has 6 horizontal layes@&mertical segments which made of
columnar and tangential arborisations of differéneages. The ellipsoid body is
situated anteriorly to the fan-shaped body and istnef anterior and the posterior
rings. Ventral to the fan-shaped body lie two naduhich are roughly spherical and
segmented into two subunits. The protocerebralgeridoks like the handlebar of a
bicycle and lies at the dorso-posterior margin leé brain. It is composed of 16
glomeruli, 8 on each side of the midline. Closedgaciated with the central complex
are two accessory areas: the lateral accessory &igkthe bulb, also called the lateral

complex [85, 86].
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Fig. 1.7 The four substructures of central complexprotocerebral bridge (pb), fa-shaped body
(fb), ellipsoid body (eb), and noduli (no).

Neurons of the central complex were studied ineddht insect species including
Drosophila[86, 87]. Based on the analysis of the Golgi-&dibrain preparations one
characteristic features of the neurons of the akmibmplex were described. First,
they have no more than three branching regionsthmaharacteristic feature is that
the most neurons of the central complex belongn® a@f two categories: large-field
or small-field neurons. A large-field neuron typigaarborizes in only a single

substructure and links it to one or two centralirbreegions outside the central
complex. In contrast, small-field neurons conneotls domains of substructures.
Some cells connect two domains in the same sultsteuclhe majority of the small-

field cells are intrinsic to the central compleX]8

It was suggested that central complex is built lohal units. Nevertheless, it was
demonstrated only partially. Several clonal unieyevmentioned very shortly for all

the substructures, but their lineages were neesttified [88].
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1.5 This Thesis

The overall goal of the research study done hers twaanalyze developmental
features of one of the lineage group®obsophilalarval brain: we identify them here

as dorsomedial (DM) lineages.

In the first part of this thesis, results are pnesd that provide cellular and molecular
evidence for a new mode of neurogenesis that imgollie amplification of neuroblast
proliferation through intermediate progenitors imetlarval brain ofDrosophila
Together, these DM neuroblast lineages comprise 6080 adult-specific neural
cells and thus represent a substantial part oflahel, and possibly adult, brain.
However, currently there is no information avai®bbout the structure or function of
any of the neural cells in these DM lineages. WedUdARCM-based clonal analysis
together with immunocytochemical labeling techngde investigate the type and

fate of neural cells generated in the DM lineages.

In the second part of this thesis, results areemtesl that further investigate the
development of the progeny of DM lineages. Our ifigd provide cellular and
molecular evidence for the fact that DM neuroblasesmultipotent progenitors; they
thus represent the first identified progenitor €elh the fly brain that have
neuroglioblast functions during postembryonic depetent. We analyzed the
projection pattern of DM-lineages at high resolnti@ur results demonstrate that the
adult specific neurons of the DM lineages arbovizeely in the brain and also make
a major contribution to the developing central cterp These findings suggest that
the amplification of proliferation which charactmss DM lineages may be an
important requirement for generating the large nemdd neurons required in highly

complex neuropil structures such as the centralpbexnin theDrosophilabrain.
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2 Amplification of neural stem cell proliferation by
interemediate progenitor cells inDrosophilabrain

development

Bruno Bello, Natalya Izergina, Emmanuel Caussimgldeinrich Reichert

Biozentrum, University of Basel, CH-4056 Basel, &@aftland
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2.1 Summary

In the mammalian brain, neural stem cells dividgrasetrically and often amplify
the number of progeny they generate via symmelyicdividing intermediate
progenitors. Here we investigate whether speciéigral stem cell-like neuroblasts in
the brain of Drosophila might also amplify neuronal proliferation by gertarg
symmetrically dividing intermediate progenitors. lICkneage-tracing and genetic
marker analysis show that remarkably large neusbblmeages exist in the
dorsomedial larval brain oDrosophila These lineages are generated by brain
neuroblasts that divide asymmetrically to self wenéut, unlike other brain
neuroblasts, do not segregate the differentiatelgfate determinant Prospero to their
smaller daughter cells. These daughter cells coatio express neuroblast-specific
molecular markers and divide repeatedly to produeeral progeny, demonstrating
that they are proliferating intermediate progersitofhe proliferative divisions of
these intermediate progenitors have novel cellatet molecular features; they are
morphologically symmetrical, but molecularly asynineal in that key
differentiating cell fate determinants are segreganto only one of the two daughter

cells.

Our findings provide cellular and molecular evideror a new mode of neurogenesis
in the larval brain ofDrosophila that involves the amplification of neuroblast
proliferation through intermediate progenitors. STHiype of neurogenesis bears
remarkable similarities to neurogenesis in the maiiam brain, where neural stem
cells as primary progenitors amplify the numberpafgeny they generate through
generation of secondary progenitors. This sugdbatkey aspects of neural stem cell

biology might be conserved in brain developmerinsécts and mammals.
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2.2 Introduction

Neural stem cells are primary precursors that lihgeability to renew themselves at
each division such that one of the two daughtds cetains stem cell identity, while
the other enters a program of differentiation aotigbutes to a continuous supply of
neural cell types. Understanding how neural stelfs ogintain their pluripotent state
and how their progeny differentiate into distinetural fates is of central importance
for understanding nervous system development (@oemt reviews, see [52-54]).
Neural stem cells must exert a tight control ovesliferative divisions so as to
generate the appropriate number of neural progengssary to populate the nervous
system but not to produce so many self-renewinggli@us that neoplastic
overgrowth occurs [89]. Therefore, a better comension of the mechanisms that
control the behavior of neuronal stem cells andr thegeny may also be important

for understanding brain tumors [90, 91].

The Drosophila central nervous system is an excellent simple magstem for
analyzing the molecular mechanisms that controtaiesiem cell divisions (for recent
reviews, see [32, 92])Drosophila neural stem cells, called neuroblasts (NBs),
delaminate as single cells from the neuroectoderchumdergo repeated asymmetric
cell divisions, each of which self-renew the NB l@hproducing a smaller neural
progenitor cell called a ganglion mother cell (GMCpmpared to the NB, the GMC
adopts a radically opposite fate and undergoesgiesneurogenic division to produce
two cells that exit the cell cycle and differengiatreviewed in [93-95]). During
embryogenesis, each NB produces a lineage of 1@+20ary neural cells that
contribute to the functional circuitry of the larvM@ollowing a period of quiescence,
most NBs resume their asymmetric mode of prolifeeatdivisions during post-
embryonic development and generate the lineagéeteldusters of secondary adult-
specific neurons that make up the bulk of the aderitral brain and thoracic ganglia
[2, 5, 8].

Mechanisms involved in NB division and neural phatation during embryogenesis
have been studied in great detail (reviewed in &4, 96, 97]). NB divisions are
known to be molecularly as well as morphologicakymmetric, and a number of key

intrinsic and extrinsic factors that control theyrasetrical and self-renewing
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divisions of these NBs have been identified. Amtrgse, a central role is played by
molecular polarity cues that establish the apiceabgolarity of the NB and enable
the asymmetric segregation of localized cell-fag¢edminants from the NB to the
GMCs at each asymmetric cell division. Although siderable insight has been
attained into the mechanisms by which NB polargyestablished and maintained,
little is known about the function of the proteitst are asymmetrically localized to
the GMC. The best characterized of these fate mi@tants is the homeodomain
protein Prospero, which is synthesized in the NB laicalized at the cell cortex in a
polarized manner. Upon segregation to the GMC, p&mas acts in the nucleus to
repress NB-specific gene expression (including geequired for self-renewal) and
activate genes for GMC fate specification and teahdifferentiation of post-mitotic
neurons [42, 43, 98, 99]. Asymmetric segregatioRmfspero protein is mediated by
the adaptor coiled-coil protein Miranda. Once sggted from the NB to the GMC,
Miranda is degraded, thereby releasing Prospera fie cell cortex and allowing it
to enter the nucleus [39-41]. Indeed, the nucleealization of Prospero is one of the
first molecular differences between the self-remgwiNB and a differentiating cell
[100, 101].

During the postembryonic period of neurogenesig, NiBs of the central brain and
thoracic ganglia are thought to undergo a similadiferation program and express
many of the asymmetric cell fate determinants tlcharacterize embryonic
neurogenesis [102, 103]. Nuclear localization adspero is manifest in GMCs and
postmitotic neurons of the larval brain, and lospr@speroin somatic clones results
in massive overproliferation of cells that expresslecular markers of NBs [104-
106]. Additionally, numerous other molecular cohtedements are likely to be
required for the continuous mitotic activity of NBduring postembryonic life

(reviewed in [107]).

Controlled neuronal proliferation is especially ionf@ant for the generation of the
adult brain. The mature brain Brosophilais an exceedingly complex structure with
numerous highly organized neuropil assemblies, asdihe mushroom bodies, central
complex and antennal lobes, as well as other dpssmlaneuropils and major fiber
tracts required for complex behavioral function®gJL Remarkably, approximately

95% of the neurons that make up the adult brairpast-embryonic in origin, and in
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the central brain all of these neurons are produmgda set of only about 100
bilaterally symmetrical NBs [109, 110]. Given tleefthat 100 NB pairs generate the
tens of thousands of differentiated, spatially regeneous neurons in the adult
central brain, sophisticated mechanisms for lineagéd region-specific amplification
control of NB proliferation are likely to be reged during post-embryonic brain
development. However, with the exception of rougtineates, which suggest that
each brain NB might undergo between 40 and 60 mohgost-embryonic mitosis to
produce lineages of 100-150 neurons, very littlleniswn about this process and the

underlying molecular mechanisms.

Here we report that a striking amplification of nenal proliferation is achieved by
specific brain NBs during postembryonic developm#mbugh the generation of
intermediate progenitor cells (IPs). Using celelge-tracing and marker analysis, we
show that remarkably large NB lineages develofhédorsomedial (DM) area of the
larval brain. Like any other lineages in the braihey derive from unique NB
precursors that remain associated with their positim neuronal progeny. In
addition, they contain a large pool of cells thatnibt express neuronal differentiation
markers, are engaged in the cell cycle, and shaatimactivity. While some of these
mitotically active cells are GMCs, the others esgrélB-specific molecular markers
and divide repeatedly to produce neural progenylyimg that they are IPs. The
proliferative divisions of these IPs are morphotadjy symmetrical, but molecularly
asymmetrical in that cell fate determinants suchPasspero and Miranda are
segregated into only one of the daughter cells. [Plseare generated by a specific set
of NBs that do not segregate Prospero to theirlsmadhughter cell, thereby allowing
this cell to retain proliferative capacity insteafl undergoing its final neurogenic
division. The amplification of NB proliferation thugh IPs reported here for
Drosophilabears remarkable similarities to mammalian neuregisn where neural
stem cells as primary progenitors often amplify mioenber of progeny they generate
via symmetrically dividing secondary progenitoreviewed in [53]). This suggests
that key aspects of neural stem cell biology migdhttonserved in brain development

of flies and mammals.
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2.3 Results

2.3.1 Large neuroblast lineages are located in ttoorsomedial brain hemispheres

Since most of the secondary, adult-specific neuddriee brain are generated during
larval development [4], we used mosaic-based MAR@dhniques to label NB
lineages (hereafter referred to as 'NB lineage®Brclones') in the developing larval
nervous system [16]. Random mitotic recombinaticas induced in NBs within a
few hours after larval hatching (ALH) in order toh&eve positive labeling of their
clonal post-mitotic progeny (Figure 2.1a). Labeld clones typically consisted of a
single NB, unequivocally recognizable as a largé aferoughly 10um in diameter,
and an associated cluster of smaller cells reptieggits larval progeny (Figure
2.1a,b) [111, 112].

Prominent among these were unusually large clagms/erable at the DM margins of
the brain hemispheres (Figure 2.1b). Six NBs latatethe most medial position of
each hemisphere were found to generate this typdook, hereafter referred to as
'DM lineages' or 'DM clones'. As detailed belowe tmarental DM NBs were easily
identifiable owing to the signature pattern of Nhda-positive cells that followed the
lateral to medial orientation of their progeny lire$e labeled clones. Morphologically,
DM NBs were indistinguishable from other NBs in ttentral brain or in the ventral
ganglia. Thus, cell volume measurements of DM aod-DM NBs in third larval
instar brains gave comparable values of 344 #r8%(n = 12) and 424 + 110m°(n

= 13), respectively. Preliminary analysis of the@al tracts suggests that the large
NB clones in the dorsal brain correspond to theaptl pm subgroups of the

Dorsoposterior medial (DPM) lineages previouslyadéed (data not shown) [11].

To compare the proliferative capacity of the DM NBgh that of other NBs in the
larval central nervous system, we quantified thenlper of cells in DM NB lineages,
in mushroom body NB lineages, and in other NB Igesa scored randomly in
different brain and ventral ganglion regions of taée third instar larvae shortly
before pupation (96 h ALH). The number of cellghe DM lineages had an average
value of 450 (range 370-580). Remarkably, this wase than twice the average

number of cells observed for the larval lineageshef mushroom body NBs (184 +
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17, n = 17) or for other larval NB lineages scoiredther areas of the central nervous

system (Figure 2.1c).

To determine the rate of clone size increase dulamgal central nervous system
development, we counted the number of cells in MARI@beled DM NB clones,

mushroom body NB clones and other dorsal brain MBes at various larval stages
(Figure 2.1d). Following a quiescent phase in thdyedeveloping larva, most NBs
had entered mitosis by the late second larval irsttege [4]. Our observations show
that at this stage (48 h ALH), NBs in the dorsaiibrhad generated only a small
number of postembryonic cells and that no pronoditioeage-specific differences in
progeny number was apparent (Figure 2.1d, 48 h AHdwever, at 72 h and 96 h
ALH, the DM lineages had increased markedly in svben compared to other dorsal
brain NB lineages, indicating an approximate faaldfincrease in their rate of

proliferation (Figure 2.1d).

To investigate this further, we cultured MARCM-lddxk brain explants in 5-
bromodeoxyuridine (BrdU) and then used anti-BrdUmiamocytochemistry to
determine the number of cells engaged in S-phag@Mnclones compared to other
NB clones of the central brain. Following a 90 mienpulse of BrdU incorporation in
L3 brain explants, we found a markedly higher nurmddeBrdU-positive cells in DM
clones (38 + 8 BrdU positive cells, n = 8 clondgrt in the other NB clones scored at
random in dorsal brain regions of the same speanii: 1.5, n = 27). (This higher
rate of BrdU incorporation in DM clones was alss®@tved at earlier stages and in

various conditions of incubation; data not shown.)

These data indicate that a significant amplificatad proliferation occurs in the DM
lineages when compared to other NB lineages of démtral brain (hereafter

collectively referred to as 'non-DM' lineages).
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Fig. 2.1 The DM brain NBs generate a large numberfoprogeny during larval development.(a)
Lineage labeling of a NB by MARCM. Left: schematapresentation of a NB lineage in transgenic flies
carrying a repressor transgene GALS80 distal to Bii Bite in heterozygous () conditions. Ubiquitous
expression of GAL80 under tubulin promoter contfink) prevents GAL4-driven expression of the
mCD8::GFP marker gene (green). Heat shock-induddel fecombinase (FLP) at a given time point
mediates the FRT site-specific mitotic recombinati®egregation of recombinant chromosomes at
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mitosis may result in the loss of the GAL80 repoegsansgene in the NB daughter, which allows stabl
expression of the marker in this cell and its progeAfter several rounds of division such a positw
labeled clone contains the NB, one or more GMCs ameherous post-mitotic neurons (N). Right:
following random heat-shock induced NB recombimatim newly hatched larvae, the size and
composition of isolated NB lineages were examinediféerent time points during larval development.
(b) NB clones were examined in all parts of the braid &entral ganglia with the exception of optic
lobes. The latter are easily recognizable in algibgain hemisphere by their lateral position amel tiigh
density of cells that express the progenitor malieanda (magenta, lower panels). On confocal image
of brain hemispheres at low magnification (lowengla), GFP-labeled NB clones are easily identiéabl
by the presence of a large Miranda-positive NB andassociated cluster of clonal progeny. Unusually
large clones could be identified in the dorsomegat of the brain hemispheres (arrowheads). Aateri
is to the top and lateral is to the left for eatdmw OPC and IPC, outer and inner proliferatingtees)
respectively. Scale bars: ffn. (c) The size of NB lineages was determined by courtglts in isolated
clones plotted on the diagram according to theisitimn in the nervous system (x axis). Each dot
represents a clone with the mean + standard dewi@idicated by dots and error bars next to eachpgr
DM, dorsomedial NB lineage; MB, mushroom body NBelhge; n, number of clones examined in each
area.(d) Growth rate of different lineages examined at défe time points after clone induction. Dots
and bars represent the average size and standaiatiale determined from the indicated number of
clones.

2.3.2 DM lineages contain a large population of notically active progenitor cells

The large number of cells found in the DM NB clogesild, in principle, be due to an
unusually high rate of mitotic activity of the DMBY. However, immunodetection of
mitotic DNA in MARCM clones (via the phospho-hisorH3 (PH3) epitope)

revealed a comparable mitotic frequency in theses KR.5%, n = 40) compared to
NBs found in dorsal (16.7 %, n = 48) or ventral.@2%, n = 97) brain lineages. This
prompted us to search for other types of progergédis in these lineages. To this
aim, we first characterized molecular markers engbh situ detection of mitotically

active versus post-mitotic cells in labeled NB &ges of the larval brain.

Typically, in all NB clones examined, the majordf/the labeled cells expressed the
neuronal identity marker Elav. Prominent exceptiaese the large NBs and a set of
smaller cells closely associated with the NBspaivhich were Elav-negative (Figure
2.2). Quantification of the number of these Elagateve cells revealed a striking
difference in DM lineages compared to non-DM lines@Figure 2e). DM lineages
contained an average of 56.7 + 11.8 Elav-negatales ¢n = 10 clones) closely
associated with the Elav-negative NBs. This wag @@etimes more than in non-DM
NB clones (4.7 = 1.7 cells, n = 114), suggestingt tthe DM lineages contain a

markedly higher number of mitotically active progencells.
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Could these smaller Elav-negative cells associatgd the NBs be GMCs? To
investigate this, we first studied the expressibthe coiled-coil protein Miranda. The
mirandagene has been reported to be expressed in larvalbNBnot in their GMCs
[113]; Miranda expression might, therefore, be efulsmarker for differentiating NB-
like cells from GMCs. In non-DM lineages, Mirandasvstrongly expressed in the
NBs but only very weakly expressed in the set ofalten Elav-negative cells
associated with the NBs, suggesting that these -idaative cells were GMCs
(Figure 2.2a,a’). (Their weak expression of Mirandald be due to perdurance of the
protein during cell divisions; see also [102, 103 DM lineages, Miranda was
strongly expressed in the NB; however, in conttasnon-DM lineages, distinct
Miranda expression was also observed in many ofsthaller, Elav-negative cells
associated with the NBs (Figure 2.2b,b"). This sstg that the smaller Elav-
negative/Miranda-positive cells in the DM lineageight not be GMC-like, but might
have properties that are more NB-like. To invesédhis further, we next attempted
to find other markers for progenitor cells and,sthexamined the expression of Cyclin
E (CycE) and PH3 as markers of mitotically actiedsc

In green fluorescent protein (GFP)-labeled non-DR blones, used as control, a
small number of GMCs were observed as small NBaatal cells expressing either
CyckE or PH3 (Figure 2.2c,c’). At 96 h ALH we fouad average of two CycE-
positive cells (range one to five) and a maximunooé cell engaged in mitosis as
visualized by anti-PH3 (Figure 2.2e) [111]. Thisttpen was consistent with live
imaging data obtained in experiments on culturedvanes systems to monitor
asymmetric NB divisions [48]. Thus, as in the enthrthese larval NBs divide by a
budding process that generates a set of smaller G&h GMC is born adjacent to
the previous one, and the division of the 'oldé8dC is delayed compared to that of
the NB.

Contrasting with this simple pattern, DM lineagesitained an average of 38 CycE-
positive cells located around the NB, and manyteced mitoses, up to 14 per clone,
were observed by PH3 immunoreactivity (Figure 212€). This strikingly high level
of ongoing mitotic activity and engagement in thell ccycle in DM lineages
compared to other central brain lineages (includimgshroom body lineages) was

seen at all stages of larval development examiégufe 2.2f). These findings
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indicate that significantly elevated mitotic actvoccurs among the numerous small
NB-associated cells in larval DM lineages. Moregvkey are in accordance with the
idea that these cells do not adopt a GMC faterdttier remain mitotically active and

continue to proliferate. In this case, these oelsild have the characteristics of IPs

that amplify the proliferation of their parent NBgrimary progenitors) in the DM

lineages.
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Fig. 2.2 The DM NBs generate an exceptional numbesf neuronal progenitors.(a-d’) Confocal
images of representative non-DM and DM lineage®llad with mCD8::GFP (membrane marker,
green) in larval brains stained for the markerscaigtd. Each panel shows the most superficial afrea

a single NB clone viewed around the NB (asteriakhie dorsal brain. The GFP channel is omitted for
clarity in the lower panels and green dots outtime clones. Note that (a', b") show close up viefvs
the areas boxed in (a, b). Progenitor cells in & INeage include the NB identifiable by its size
(asterisk) and the most recently born cells inagsociated progeny. These cells are found in close
spatial proximity to the NB and are characterizgcalweak level of cortical Miranda (red in a-b"dan
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the absence of the neuronal marker ELAV (blue bi)afc-d") NB-associated cells are unambiguously
defined as progenitors by the expression of thé cgtle markers Cyclin E and/or PH3e)
Quantification of various markers in NB clones &t 9 ALH underscores the high number of small
progenitor cells among the progeny of the DM NE¥.DM NBs are always associated with the
highest number of non-NB progenitors during laevelopment. Scale bars: jth.

2.3.3 Molecular markers reveal two types of non-naoblast progenitor cells in

DM lineages

If some of the mitotically active cells in DM NBales are amplifying IPs, they
might be expected to have cellular and moleculatufes in common with
proliferating NBs. To investigate this, we firstaamined the expression patterns of
Prospero, Miranda, and CycE in NBs of non-DM lireggused as control, as well as
in the small NB-associated progenitors of the Diediges. For this, MARCM clones
induced at larval hatching were scored at 96 h Alokportantly, we further restricted
our analysis to cells engaged in mitosis (PH3-pasitin order to identify progenitor
cells unambiguously and to obtain valid comparis@nsce all markers showed cell-
cycle dependent expression (see below). (Clondyzathat 48 h or 72 h ALH gave

comparable results; data not shown.)

In non-DM clones, Prospero was specifically detcie the cellular cortex of the
NBs, accumulating on one side during mitosis (FegRu3a; n = 57; 100%). All other
cells in the clones expressed Prospero in the nside uniformly throughout the cell,

thus including both GMCs and post-mitotic cellscatization of Prospero was more
specifically revealed in the GMCs by co-staininghnanti-PH3 (Figure 2.3b; n = 37;
100%) or CycE (not shown). In striking contrast, DM lineages 31% of PH3-

positive small NB-associated cells expressed Prospethe cortex in a polarized
manner. This expression pattern was, thus, sinvldhat observed in dividing NBs
(Figure 2.3g,g9", arrow). The remaining dividing, NMBsociated cells showed uniform
expression of Prospero throughout the cell at nsitdkeir pattern was, thus, GMC-

like (Figure 2.3g,g' arrowheads).

As expected, the adaptor protein Miranda formedmiment cortical crescents in
dividing NBs of non-DM clones (Figure 2.3c, astksis In the associated GMCs,

Miranda was detected at weaker levels with unifarontical distribution both at
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interphase and during mitosis (Figure 2.3c, insetd Figure 2.3d, arrowheads).
Strikingly, in DM lineages, 36% of the NB-assocateells showed strong and
polarized expression of Miranda during mitosisgascribed for dividing NBs (Figure
2.3h,h", arrows). The remaining dividing cells skealweak and uniform cortical
localization of Miranda; their Miranda expressiomattern was, thus, GMC-like

(Figure 2.3h,h" arrowheads).

To confirm the presence of both NB-like and GMQeligrogenitors in the DM NB
lineages, we searched for markers of cellular itderthat did not rely on the
conventional criteria of cell size and/or cortigallarity. Significantly, we found that
in non-DM lineages (taken as reference lineagegdEGvas detected in virtually all
the self-renewing NBs during mitosis (Figure 2.3sterisks; n = 74), but never
during the terminal division of the GMCs (Figuredf2.arrowheads; n = 48). This
distinctive criterion for cell identity was only plicable during mitosis because all
progenitor cells expressed CycE at interphasespaetive of their size (Figure 2.3e,f;
PH3 nuclei; see also Figure 2.2c,d). In DM lineagemeof the small PH3-positive
cells were negative for CycE but other small PH8Hdee cells were positive for
CycE (Figure 2.3i,i', arrow and arrowhead). Thasagreement with the data obtained
using markers of cell polarity, both NB-like and @Mike progenitors could be
identified simultaneously in the progeny of a sndDM NB (Figure 2.3g-i).
Furthermore these two types of progenitors wereemesl specifically in these
lineages and at all larval stages examined. Thus, small CycE-positive/PH3-
positive progenitors represented 55% (n = 64), 48% 93) and 40% (n = 105) of the
mitotic cells found in DM NB clones at 48 h ALH, #2 ALH and 96 h ALH,
respectively. The small CycE-positive/PH3-positipegenitors were never found
associated with NBs of the ventral brain or thetrsdrganglia at the corresponding

stages (114 PH3-positive cells in 297 clones exad)in

Taken together, these data indicate that the IddWllineages contain two types of
molecularly distinct progenitor cells other than NB\Ithough not readily identifiable
by their size, approximately two-thirds of thesdlscdhave molecular expression
patterns of Prospero, Miranda and CycE that areackexistic of GMCs. In contrast,
the remaining third have expression patterns o§fpm, Miranda and CycE that are

remarkably similar to the patterns found in prolterve NBs. These novel NB-like
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progenitors are hereafter referred to as IPs. CQua durther show that IPs are
generated by DM NBs throughout larval neurogenesia quantitatively stable and

balanced ratio with GMC-like progenitors and postetic neurons.
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Fig. 2.3 Molecular characterization of NB-like andGMC-like progenitors in the progeny of DM
NBs. Confocal images of MARCM-labeled NB clones in tt@sal part of larval brains stained for the
markers indicated on the top of the columns. Repadive views ofa-f) non-DM lineages are used
as a reference fqig-i") the DM lineages. Clones were labeled with CD8::GFfembrane marker,
green in all panels) and CNN::GFP (centrosomesalized as bright green spots in e, f, i-i").
Proliferative cells are detected by anti-Cyclind(ie e, f, i-i') and anti-PH3 during mitosis (blireall
panels). In a non-DM NB clone, mitosis is restricte two cell types: the NB and a single GMC in
close proximity (a-f, asterisks and arrowheadspeesvely). NBs show a unique pattern of polarized
expression of Prospero and Miranda at the cellegoduring mitosis (a, ¢) and stable expression of
Cyclin E throughout the cell cycle (e, mitosisirfterphase). In contrast, the GMC is uniquely dedin
when engaged in mitosis (PH3 positive) by nucleaalization of Prospero (b, inset), weak uniform
cortical localization of Miranda (d, inset) and kaof Cyclin E (f, inset). (g-i) In DM clones many
progenitors other than the NB are identified as fdSitive nuclei. These cells show patterns of
marker expression usually found in mitotic NBs (#Ptows) or mitotic GMCs (arrowheads). Lower
panels show close up views of the areas boxed-ip {Ithe two types of mitotic progenitors can be
detected simultaneously in a single DM lineage (jew and are found at a comparable ratio when
guantified in multiple clones using the three inelegeent markers (histograms). IP, small NB-
associated intermediate progenitor with NB-like kearexpression. Scale bars: i (a-f) or 15um

(g-).
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2.3.4 Intermediate progenitor cells divide repeatdgt and produce multicellular

neuronal clones

The NB-like molecular expression pattern of IPsgass that this novel type of
progenitor might share some of the mitotic progsrtiof NBs. Indeed, if the
augmentation of proliferation observed in the DNekge is mediated by amplifying
IPs, these cells would be expected to divide reat To investigate this possibility,
we first performed live imaging of MARCM clones awultured brain explants
dissected from third instar larvae. Clones wereeliedb simultaneously with
CD8::GFP and tau::GFP to visualize both cell memésaand mitotic spindles (see
Materials and methods). In agreement with anti-Ft#8ning on fixed tissue, we
observed numerous cell divisions among the smé# teat were closely associated
with the NB in DM NB clones (Figure 2.4a). With tle&ception of the asymmetric
divisions of the NB itself, all of the observed Icdivisions in the clones were
symmetrical (n = 75, 10 clones). Importantly, w@eaatedly observed small, NB-
associated cells that divided more than once. Tumsequent symmetrical divisions
of such a progenitor cell are visible in the dtillages taken from a time-lapse laser

confocal movie (Figure 2.4b).

Fig 2.4 Live imaging of multiple and repeated divion of DM NB daughter cells in MARCM-
labeled clones.Frames from time-lapse recordings of a DM clonkeled with CD8::GFP and
tau::GFP in larval brain cultured over 13 hourseTarge NB, not visible in these frames, divided
twice during this time period. The time is indichi@ minutes relative to the start of the recordif@y
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Multiple divisions of small NB-associated cells mlagr ongoing simultaneously in the clone and each
gives rise to two daughter cells of equal sizeglgirand double arrowheads at following interva(is).

A single NB daughter cell may undergo several reuonél division. Shown are two consecutive
divisions of a cell outlined with dots. Following fast symmetric division (575'-675"), the lower
daughter cell underwent a second division (7103 %&bile its sibling did not divide further durirtge
recording.

Next, we performed a more detailed analysis oftifferent types of MARCM clones

that were recoverable in the DM lineages. To datdy two types of multicellular

clones have been observed in the central braiovatlg a somatic recombination
event in a parental NB and the loss of the GAL§f#essor in one of the post-mitotic
siblings. Thus, the NB clones described above defrom the proliferation of

GAL80-minus NB founders, while two cell clones afgtained from GAL80-minus

GMCs (Figure 2.5a). Other possible recombinatioenéy may occur in a GMC, but
they result in the labeling of a single post-mitotiaughter cell [16, 48]. In DM

lineages containing repeatedly dividing IPs, adthype of non-NB clone consisting
of more than two labeled cells would be predicteadcur following the loss of the
GALS8O repressor (Figure 2.5a).

Mitotic recombination was randomly induced in proger cells at 24 h and 48 h
ALH and progenies were examined in isolated GFekab clones 48 hours later
(Figure 2.5b). As expected, single cell-, two gedlnd NB clones were recovered
throughout the central nervous system. Prominenbngmthe latter were the
exceptionally large DM NB clones identifiable inetldorsal brain by their medial
position and the spatial orientation of the labgdeageny that extend from the typical
large cluster of late born Miranda-positive cefsg(re 2.5d,d"). Consistent with their
linear growth rate (Figure 2.1d), we measured coaipa clone sizes for DM NB
clones generated during each of the two overlapgBdnour windows (157 cells
33, n = 14 clones, and 220 cells + 43, n = 16 dpnespectively). Likewise, non-DM
NBs selected at random in the dorsal brain alseg¢ed comparable, albeit smaller,
NB clones in the same time periods (63 cells +128,40 clones, and 66 cells £ 23, n
= 48 clones, respectively). Importantly, howevammerous clones lacking a NB and
consisting of more than two cells were recoveredthiase experiments. These
multicellular non-NB clones were found only in aospatial association with DM

NBs and their progeny (Figure 2.5e,e"). Cell courtigealed a wide range of clone
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sizes in these lineages. Most clones, however, death6-25 cells and this class was
observed at comparable frequency in the two timmedaivs examined (73% and 67%,
respectively; Figure 2.5c). In over 90% of the sasgamined, the cells in these
multicellular clones expressed Elav, indicatingt ttieey were composed exclusively

of post-mitotic neurons (Figure 2.5e,e’).
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Clonal expansion of IPs analyzed by MARCM.(aschematic representation of the different types of
MARCM clones that can be recovered following FLPeaéed recombination in a NB (red arrow) and
segregation of homozygous GAL80 chromosomes inte ohits two daughter cells (green). A
multicellular clone lacking the NB (right panellveals the ability of the IP daughter cell to unaerg
several rounds of division. Not shown are FLP-meegiaecombination events in the GMC or in the IP
that give rise to multicellular clones only in tlter case. Recombination in the GMC gives a sing|
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labeled cell.(b) Top: schematic organization of multicellular GFBdked clones (green) after time-
controlled recombination (heat-shocked FLP, blackwas) in two developing NB lineages. Bottom:
unlike NB clones (upper lineage), IP clones wemntidied as GFP-labeled cell clusters lacking the
large Miranda-positive NB and pushed away from foisnder cell by proliferation (non-NB clone,
lower lineage). The size and composition of clopebgenies were examined 48 hours after two
independent heat-induced recombination eveiosSize distribution of multicellular non-NB clones
generated by recombination at 24 h (light grey bars48 h (dark grey bars) ALH and assayed 48
hours later. The similar histogram profile revetie comparable mitotic potential of progenitors
present in the DM lineage at 24 or 48 h Alfd, d') Representative confocal image of NB clones
induced at 48 h ALH and examined at 96 h in a digskbrain stained for the markers indicated
(dorsal view, lateral to the left, anterior to tiop). DM NBs are identifiable in the most medialrof
large cells (arrowheads) by their association karge cluster of Miranda-positive progenitors (oas
DM lineages are outlined by dots in (d); the GFRrotel was omitted for clarity). The GFP-labeled
progeny of a single DM NB follows the orientatiohtbe Miranda-positive cell cluster. A typical non-
DM NB clone is found on the lateral site of theibrgsterisk). This single large NB is associatetth w

a few Miranda-positive GMCs(e) Representative IP clone of four cells among thesymetive
progeny of the nearest DM NB (arrowheads); samke soad conditions as in (d). A magnification of
the area boxed in (e) is shown in (e', €"), witle ehannel omitted for clarity. The cells in therdo
have undetectable level of Miranda (red) and gtiress the neuronal marker ELAV (blue). Scale bars:
15pm.

The observed variability in clone size could be doeintrinsic variations in the
mitotic capacity of different IPs and/or may resfibm mitotic recombination
occurring in an IP that had already completed @bér number of divisions after its
birth. Interestingly, the distribution of clonallceumber appeared remarkably similar
when FLP/FRT recombination was induced at 24 it d8zh ALH (Figure 2.5c). This
suggests that the mitotic potential of IPs is iredefent of their birth date from their

parental DM NBs during larval development.

These findings imply that IPs in DM lineages cawidi several times and produce
differentiated progeny in less than 48 hours. Thtiey allow considerable
amplification of the number of neurons producedomparison to the standard mode

of division adopted by other lineages in the cdridrain.

2.3.5 DM neuroblasts do not segregate Prospero peih to their daughter cells

The experiments described above show that DM NBwsemge multiply dividing
daughter cells that produce neural progeny. Sungfis these amplifying IP cells
appear to be restricted to the DM lineages. Whahteéxplain this restriction? DM
and non-DM NBs are not morphologically distinguisiea and both divide

asymmetrically to generate smaller progeny celiguffe 2.3 and below).
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A large amount of evidence indicates that the jp#ar assembly of multiprotein
complexes at the cellular cortex during mitosiddth a characteristic hallmark of
NBs and a key determinant in promoting their seifawing ability. As exemplified
in non-DM lineages (Figure 2.6a,c), Prospero anthiMia are synthesized in the NB
and they co-localize on one side of the cortex ataphase (Figure 2.6a, asterisk).
This asymmetric distribution results in unequalreggtion of these proteins to the
budding new GMC as visualized at telophase or sdter cytokinesis (Figure 2.6c¢,
asterisk). (Older GMCs located in close proximayttie newly generated GMC show
a much lower level of Miranda and manifest the s#ype of nuclear localization of
Prospero as do all other post-mitotic nuclei of ¢lane; Figure 2.6¢, n > 50 clones).
Importantly, the loss of these fate determinantasaic clones leads to unrestricted
proliferation of the GMQn situand the acquisition of neoplastic characters ofamiut

cells in transplantation assays[104-106, 114].

Remarkably, and in contrast to all otli@rosophilaNBs described to date, Prospero
was undetectable in the DM NBs during mitosis (Feg2.6b,d). In all DM NB clones
examined (n = 25), Miranda, but not Prospero, fatnaecortical crescent in the
dividing NB at metaphase (Figure 2.6b, asteriskil aegregated to the smaller
daughter cell (Figure 2.6d). As a result, the g tlerived directly from the DM NB
lacked nuclear Prospero. GFP-labeled DM lineagescadlly contained 28 + 9
Prospero-negative cells close to the NB (Figuréb,2wéhite dots, n = 14 clones).
These are likely to be accumulating IPs in integghecause they showed weak
uniform expression of Miranda at the cortex andribtlexpress PH3 (Figure 2.6b and
data not shown). At IP mitosis, however, Prospess wnambiguously detected in
these progenitors and showed co-localization witinaMia in a polarized manner
(Figure 2.6b, arrows).

These data identify the DM NBs as a unique subdehewral stem cell-like
progenitors that do not express and segregate &wwsguring mitosis, thereby

generating daughter cells that are molecularlyrdistrom GMCs.



41

NB in metaphase cytokinesis

non DM lineage

%2

GMC Neuron

(12

cytokinesis

DM lineage

. Interphase mitosis
m e

GMC Neuron
IP

Fig. 2.6

Asymmetrically dividing DM NBs do not express Prospro. Confocal images of NB divisions in a
canonical NB lineage (top panels) compared to a [Dihage (bottom panels). Shown are
representative CD8::GFP-labeled clones (green)) seaund the NB in late larval brains stained for
Miranda (MIRA, blue) and Prospero (PROS, red). &imthannels are also shown in gray scale for
better contrast(a, b) Miranda forms cortical crescents at metaphase th bon-DM and DM NBs
(asterisk).(c, d) Following asymmetric division, Miranda segregate® ithe small daughter cell and
remains associated at high levels at the corter after cytokinesis (the small newborn daughtef cel
is marked by an asterisk). Prospero co-localized Wiranda in the dividing non-DM NBs (a, c,
asterisks) and is nuclear in the oldest GMCs, whithin a low level of Miranda at the cortex (a, c,
arrowheads), and in all other post-mitotic cellgtia clone. In the DM NBs, Prospero is undetectable
during mitosis (b, d, asterisks). (Note in (d) aagical NB outside the clone (magenta asterisk) tha
shows co-localization of Miranda and Prospero asnies as internal control.) Recently born NB
daughter cells show weak uniform cortical Miranded dack Prospero (white dots in b). Polarized
cortical Miranda during mitosis identifies theselseas IPs (b, arrows) and co-localization with
Prospero is once again observed in these cellsnélets). Cells with GMC-like (arrowheads) or
neuronal expression of the markers are also obdexsen canonical non-NB lineages. Scale bars: 10
pm.
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2.3.6 Intermediate progenitor cell divisions are miphologically symmetrical but

molecularly asymmetrical

Studies on asymmetric neural stem cell divisiorDimosophila have established a
simple scheme that links cell size of sibling daeglcells, restriction of mitotic
potential and partitioning of fate determinants.u$hin the canonical scheme
exemplified in MARCM-labeled non-DM clones, the prdelf-renewing cell is the
large NB that segregates Miranda/Prospero to italls@MC daughter cell during
mitosis (Figure 2.6a,c). In contrast, the termidadsion of the GMC involves the
formation of equal-sized daughter cells at telophasd equal partitioning of
Miranda/Prospero to both cells (n = 27; Figure 2. aad data not shown).

The asymmetric division of DM NBs is also assodaigth the unequal segregation
of Miranda to the smaller daughter cell (Figureb2dy. Moreover, the resulting IP
divides symmetrically to generate sibling cells sifnilar size as examined at
telophase (n = 14; Figure 2.7b,d). Thus, in terrhshe morphology of their cell
divisions, IP cells are more like GMCs than like §NBlowever, in sharp contrast to
GMCs, mitotic IPs show cortical crescents of Mirarahd Prospero (Figure 2.6b) and
unequal partitioning of these two proteins at tekge (Figure 2.7d; n = 7). Thus, in
terms of the segregation of cell fate determinadigding IP cells are remarkably

more NB-like and differ substantially from GMCs.

Taken together, these findings demonstrate that pghadiferative divisions of
amplifying IPs in DM lineages have novel cellulaxdamolecular features. These
divisions are morphologically symmetrical and ldadwo daughter cells of similar
size, but molecularly asymmetrical in that the eliéintiating cell fate determinants
Prospero and Miranda are segregated into only elheTte ensuing absence of these
differentiating cell fate determinants in the reniag daughter cell is likely to be a

significant factor in the mitotic activity of ampfing IP cells.
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telophase GMC (non DM lineage) telophase IP (DM lineage)

CYCLIN E PH3
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Fig. 2.7

Unequal segregation of Prospero/Miranda during symratric division of IPs. Confocal images of
representative CD8::GFP labeled clones (greer(p,rc) canonical non-DM oKb, d) DM lineages.
Shown are mitotic figures of small NB-associateliscat anaphase/telophase, visualized by anti- PH3
staining of DNA (blue). Separate channels are alsmwn in insets for better contrast. The outline of
the plasma membrane stained by CD8::GFP show$tthtthe GMC (a, ¢, arrowheads) and the IP (b,
d, arrows) divide symmetrically and give rise taughter cells of similar sizes. The dividing IP is
identified by NB-like expression of Cyclin E duringitosis (b) while GMC division lacks Cyclin E
expression at this phase of the cell cycle (athénmitotic GMC, Miranda distributes equally to bot
daughter cells (c, inset) while Prospero is nuc{sae Figure 3b). In IP division, Prospero and iila
co-segregate to only one of the two daughter ¢ellssets). Scale bars: uén.
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2.4 Discussion

In this report, we present cellular and moleculaidence for a new mode of
neurogenesis in the larval brain d@rosophila In the canonical model for
postembryonic neurogenesis exemplified by the ndbhliDeages of the brain and the
lineages of the ventral ganglia, NBs divide asymmioaity in a stem cell mode to self-
renew and generate a GMC that divides once to pmdwno post-mitotic cells that
differentiate (Figure 2.8a). Associated with thisgess is the asymmetric segregation
of the cell fate determinants Prospero and Mirénala the parent NB into the GMC,
whereupon Prospero acquires a nuclear localizatiah is retained in the GMC's

post-mitotic progeny.

The data presented here are consistent with a noaael for neurogenesis
exemplified by the DM NBs, which divide asymmettigan a stem cell mode to self-
renew and generate IP daughter cells (Figure 2M8b}his process, they do not
segregate the cell fate determinant Prospero imolP cells, which subsequently
repeatedly divide symmetrically (in morphologicaspacts) yet asymmetrically
segregate the cell fate determinants Prospero amdndi& during mitosis. The
daughter cell that receives the Prospero and Maalederminants is fated to become
a differentiating GMC-like cell, whereas the otliaughter cell retains its ability to

divide several more times.

This novel model postulates that DM NBs producelwesieely IPs and not GMCs.
The alternative notion, that the NB sometimes peoeduan IP and sometimes a GMC,
is unlikely given that Prospero is never detectedhe NB and, thus, cannot be
segregated to one of its daughter cells as wouledpaired for GMC generation. The
model also posits that GMCs are produced by IRsutiir (functionally) asymmetrical
divisions that result in one daughter cell becomanGMC while the other daughter
cell self-renews as an IP. Alternative scenariashsas one in which IPs first divide
symmetrically to expand in numbers and then adopEMC fate to generate
differentiating neurons, are unlikely given the tsgamporal pattern of
Prospero/Miranda expression and the stable ratiiPefversus GMCs observed in

DM NB clones throughout larval development.
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The experimental findings that support this noveldel have implications for our
understanding of neural stem cells and proliferattontrol. These are discussed in

the following.

The NBs of the developing central brain and vergeaiglia divide asymmetrically in
a stem cell mode in which the larger NB self renend the smaller daughter cell
differentiates into a different cell type, usuadlyGMC (reviewed by [31, 32, 92, 94,
95, 115]). This asymmetric division of the parer® Nas been thought to be tightly
coupled with the asymmetric segregation of cel @¢terminants, and central among
these molecular determinants is the transcriptamtof Prospero, which is required in
GMCs to inhibit self-renewal and to promote diffetiation [42, 43, 98-101]. Our
findings indicate that the asymmetric segregatib®Pimspero does not occur in all
dividing brain NBs. Indeed, in the DM NBs the lack asymmetric segregation of
Prospero to the IPs may be a key element in impga(transient) NB-like features to

these proliferating cells.

The GMCs of the developing nervous system dividaragtrically and generate two
postmitotic progeny of equal size. Our findingsidade that IP cells also divide
symmetrically in morphological terms, although Rr&® and Miranda are partitioned
to only one of their daughter cells. Thus, the rhoipgically symmetric cell division
of a NB-derived daughter cell does not necessamigender equal portioning of
differentiation factors into both resulting celishas been assumed that only cells of a
certain critical size show NB-like proliferativeqperties. The small size of the GMC
would be a key factor promoting cell cycle exit ahflerentiation of its progeny (see
[92]). This simple link between cell size and s&lhewing/terminal division is also
called into question by our findings, since IPs@mparable in size to GMCs and yet

they possess a very distinct mitotic potential.

The only repeatedly dividing progenitor cell typgenmtified to date in the central
nervous system ddrosophilais the NB. Our studies identify the IP cell as aosel
progenitor type with the capacity to undergo midtipounds of divisions. This
characteristic is coupled with several cellular amolecular features that are shared
with NBs. Among these are the specific expressuttepns of Prospero, Miranda and
CycE during mitosis as well as the ability to asyetmnically segregate Prospero and

Miranda during cell division. The number of divis®that IPs typically carry out is
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currently not known with precision. Our observaidmased on quantification of cell
number in multicellular clones suggest an averafyéhee-to five divisions as a
conservative estimate. If, as assumed by our medeh IP cell division results in the
generation of one GMC-like daughter cell, thisrastie would predict a three- to five-
fold amplification of the number of neuronal progen DM lineages compared with
other lineages of the central brain and ventragianThis prediction is in reasonable
accordance with the amplified cell numbers obsenvediB clones of DM versus

non-DM lineages. The ultimate fate of the IPs isrently not known. The fact that
almost all intermediate precursor-derived multidelt clones are composed
exclusively of postmitotic neurons suggests thtgranultiple divisions, these cells
are either eliminated by programmed cell deathhat they terminally divide and

differentiate.
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Model for a transient amplifying progenitor cells in DM NB lineages.(a)in the canonical model of
asymmetric NB division, a single neurogenic diuisiaf the small GMC progenitor cell produces two
neurons (N) at each round of NB division. Unequaltiioning of Prospero promotes neurogenic
division by inhibiting self-renewing factors in tH@MC. (b) The DM NB divides asymmetrically
without Prospero, which enables the small daugtgbito retain self-renewing potential and to behav
as an IP. In this cell, expression of Prospero anknown polarization cues re-established the
asymmetric segregation of fate determinants andgéweeration of the neurogenic progenitor GMC.
This novel mode of neurogenesis increases the nuofh@st-mitotic neurons that individual NBs in
the dorsomedial brain can generate at each roudivisfons.
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Although the DM NBs do not express and segregatsgero to their daughter
intermediate precursors, these daughter cells goesg Prospero in a cortical and
polarized manner during mitosis. The off/on statdPmspero must be kept under
tight control for a controlled amplification of giferation achieved in DM lineages
since complete mutational loss of Prospero in b@dones leads to uncontrolled
proliferative activity and brain tumor formation J4-106, 114]. Indeed, our
observations on the DM lineages imply that derggdlaPs that fail to express
Prospero might be an important source of tumorsciell the brain. Interestingly,
region-specific action of tumor suppressor genesth@a larval brain has been
previously reported using somatic cell clones [105]
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3.1 Summary

Specific dorsomedial (DM) neuroblast lineages @ Bimosophilabrain amplify their

proliferation through generation of transit amglhiy intermediate progenitor cells
[116]. Together, these DM neuroblast lineages caapover 5000 adult-specific
neural cells and thus represent a substantial gfattte brain. However, currently
there is no information available about the strreetor function of any of the neural
cells in these DM lineages. In this report we M&RCM-based clonal analysis
together with immunocytochemical labeling techngde investigate the type and

fate of neural cells generated in the DM lineages.

Genetic cell lineage-tracing and immunocytochemicatker analysis reveal that DM
neuroblasts are multipotent progenitors which poeda set of postembryonic brain
glia as well as a large number of adult-specifiot@eerebral neurons. During larval
development the adult-specific neurons of each idage form several spatially
separated axonal fascicles, some of which projemtigalarval brain commissural
structures which are primordia of midline neurofly taking advantage of a specific
Gal4 reporter line, the DM-derived neuronal ceds de identified and followed into
early pupal stages. During pupal development teerons of the DM lineages
arborize in many parts of the brain and contribioteneuropil substructures of the
developing central complex, such as the fan-shdgoely, noduli and protocerebral

bridge.

Our findings provide cellular and molecular eviderior the fact that DM neuroblasts
are multipotent progenitors; they, thus, represieaffirst identified progenitor cells in
the fly brain that have neuroglioblast functiongidg postembryonic development.
Moreover, our results demonstrate that the ad@tifp neurons of the DM lineages
arborize widely in the brain and also make a majnmtribution to the developing
central complex. These findings suggest that thplification of proliferation which
characterizes DM lineages may be an important remént for generating the large
number of neurons required in highly complex neilrsfpuctures such as the central

complex in theDrosophilabrain.
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3.2 Introduction

The Drosophilabrain is a highly complex structure composed n§tef thousands of
neurons that are interconnected in numerous exeglyisirganized neuropil structures
such as the mushroom bodies, antennal lobes arichiceamplex. The neurons of
the central brain, defined as the supraesophageaijlign without the optic lobes,
derive from approximately 100 bilaterally symmedtipairs of neural stem cell-like
neuroblasts, each of which is thought to generatbaaacteristic lineage of neural
progeny (see [117], [3]). A number of studies oadé that each developing
neuroblast acquires an intrinsic capacity for neatoproliferation in a cell
autonomous manner and generates a specific lineageural progeny which is
nearly invariant and unique. This implies that easuroblast acquires a specific
identity which determines the number and typeseafral progeny it generates. This
specification of neuroblasts has been shown to rotlerough a combination of
positional information, temporal cues, and comlmriat cues provided by the suite of
developmental control genes expressed by each rgmecufor reviews see
[94];[92];[115]).

Neuroblasts begin to proliferate during embryoregelopment and during this initial
phase of proliferation they generate the primamyroes of the larval brain. After a
period of mitotic quiescence during the early lanwariod, most brain neuroblasts
reactivate proliferation and produce secondaryarewhich make up the bulk of the
adult brain and are, hence, referred to as adeltip neurons ([5]; [2]). Indeed 95%
of the neurons in the adult brain are secondaryramsu generated during
postembryonic development. These adult-specifirores initially form a lineage-

related cluster of immature neurons that extendidakated primary neurites into the
neuropil but wait until metamorphosis to complédteit extension to synaptic targets

and final morphogenesis [6-8, 11].

Most neuroblasts in the central brain generateatipe comprising on average 100-
120 adult-specific cells [116]. (The neuroblasiattgenerate the intrinsic cells of the
mushroom bodies each produce an average of apprtedyr200 adult-specific cells;

these neuroblasts do not enter a quiescent stat@lylarva.) In contrast, remarkably

large neuroblast lineages are generated in theoohadial (DM) area of the larval
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brain. The number of adult-specific cells in th& neuroblast lineages has an
average value of 450 and is thus more than twieeatlerage number of cells in the
mushroom body lineages [116]. The large numbeneafrons in these lineages is
achieved by an amplification of neuroblast proatesn through generation of
intermediate progenitor cells.  Most neuroblasts tire central brain divide

asymmetrically in a stem cell mode whereby they-rgglew and generate smaller
daughter cells called ganglion mother cells (GM@hBich divide once to produce two
postmitotic progeny ([92]; [115]; [93]; [118]; [11® In contrast, dividing DM

neuroblasts (also referred to as a PAN neurobtasig/pe Il neuroblasts) self-renew
and generate intermediate progenitor cells whidghaactransit amplifying cells and
can generate numerous GMC-like cells by retainimgjrtability to divide several

more times ([116, 120, 121]). In this respect,roganesis in DM lineages is similar
to that seen in the mammalian CNS in which the annprogenitors amplify the

progeny they produce through the generation ofiferating intermediate progenitors
[89, 122]. (In addition to the six pairs of DM nmeblasts located in the dorsomedial
area of the brain, there are two additional pairBAN (Type Il) neuroblasts located
more laterally in the brain [121]; because they easier to identify, we focused our

analysis on the 6 dorsomedial DM neuroblasts.)

The six bilaterally symmetrical pairs of DM (Typ® heuroblast lineages together
generate over 5000 adult-specific cells due to #meplification of neuroblast
proliferation [116]. Given current estimates ofalocell number in thérosophila
brain [88], this cell number would roughly corresdoto one fourth of the total
number of cells in the central brain. The DM ligea thus represent a substantial part
of the brain. However, currently there is no imfiation available about the
phenotypic fate of any of the neural cells in thd Dneages. It is not known if the
cells in these lineages are exclusively neuron#lglral cells are also generated. Nor
is it known if the neurons in these lineages amlved in the formation of specific
complex neuropil structures or if they project wydéhroughout the brain. This total
lack of information on the type of cells generatedl their roles in brain circuitry,

thus, represents a major obstacle in understandendevelopment of the fly brain.
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3.3 Results

3.3.1 Dm neuroblast lineages contain adult-specifreeurons and glial cells

During larval development, six DM neuroblasts gateetarge lineages each of which
consists of an average of 450 cells that are Idcatehe dorsomedial midline of each
hemisphere [116, 121]. These DM lineages can bstiited based on their overall
size and position by using mosaic-based MARCM t&ples to label neuroblasts and
their postembryonic progeny in the larval brain. or Rhis, random mitotic
recombination was induced in neuroblasts by heatisinduction of FLP within a
few hours after larval hatching (ALH) in order tdtain positive labeling of the
neuroblasts and their clonal post-mitotic progemgréafter referred to as neuroblast
clones). GFP-labelled neuroblast clones correspgntb each of the six DM
lineages were recovered at the late third instagestand co-stained with neural cell-
specific molecular labels. All of these clonesigisted of more than 350 cells and
were thus significantly larger than any of the otheuroblast lineages in the larval
brain [116]. Clonal cell numbers were not sigafty different if MARCM
labelling was induced in the larva a few hoursralftetching (450 cells; range 370-
580) or in the embryo at stage 13 (468 cells; raB@@545), underscoring the fact

that most of neurons in the fly brain are genergtestembryonically.

All postembryonic DM lineages contained a set eérimediate neuronal progenitors
located near the neuroblast; these cells have Heearibed previously [116, 120,
121] and are not considered further here. To deter if the post-mitotic cells in the
DM lineages were all adult-specific neuronal caltsif they also comprised glial
cells, GFP labelled neuroblast clones were codettelith the neuron-specific
marker anti-Elav and the glial cell-specific markati-Repo. In all cases, we found
that the great majority of the cells in DM lineageere Elav-positive and thus
corresponded to neuronal cells, however, we alsnddhat DM lineages consistently
contained Repo-positive, Elav-negative glial céfigy. 3.1A-C). These DM-derived
glial cells were located distal to the neuroblaghie clone of labelled cells suggesting
that they might be among the more early born dellhe lineage. (Birth order and
clonal position are correlated; cells located pmadi to the neuroblast and near the

cell cortex in labelled clones tend to be late bdhose located more distally and
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deeper in labelled clones are usually early boes; [8]). However, since glial cells
can migrate following their generation, more precksrth-dating experiments are
required in order to substantiate this notion. &kwerage number of GFP-labelled
glial cells in DM neuroblast clones at 96h ALH wiE% + 4.4. DM clones recovered

at 72 h ALH also contained an average of 13 + @lls suggesting that most of the

glia had been generated by this time.

Figure 3.1 DM neuroblast lineages contain both neans and glial cells

(A, B) Consecutive confocal images (from dorsakvémtral) of a DM MARCM clone (GFP, green).
Neuronal cells are Elav-positive and glial celle &epo-positive (blue, arrowheads). (C) Scheme of
the DM lineage: note that localization of the gkiglls is distal to the neuroblast in the clone) D
close-up view of the DM glial cells. Secondary maal cells, their projections and common axonal
bundle are stained with anti-Neurotactin (red) atidl cells are Repo-positive (blue). Glial cells
extend processes along the axonal bundle (asterisk)

The DM lineage glial cells had the general struadtigatures of neuropil glia. In the
late third larval instar, their cell bodies werengrlly clustered in the vicinity of the
emergent secondary axon tracts of the DM lineagesl their processes were
associated with these tracts (Fig. 3.1D). FurtlbeenDM lineage glial processes
were also often associated with larval interhemgsighcommissures. Repo-positive
surface and cortex glia located at the dorsal medimmediately adjacent to the DM
clones were never GFP-labelled. Since the DM tmeacontain both neurons and
glia, the DM neuroblasts are, in terms of theirlifgcative potential, neuroglioblast-

like. They are likely to be the only neural progers with neuroglioblast features
present in the postembryonic brain; all other po$igonically generated glia are
thought to be generated by symmetrically dividingalgprecursors [27]. In

accordance with this, when we examined 153 non-[BEhg¢nical) postembryonic

neuroblast lineages we never found glial cell$alabelled clones.
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Taken together, these findings uncover an unexgefdature of these neuroblast
lineages; they are not only by far the largesemmts of overall cell number, they also
comprise glial cells and thus represent the onlgvkm neuroglioblast lineages in the

postembryonic central brain.

3.3.2 DM neurons form commissural and longitudinalsecondary axon tracts in

the larval brain

To study the axonal projections of the adult-speaieurons of DM lineages in the
larval brain, we recovered MARCM-labelled neuroblesnes corresponding to each
of the six DM lineages and co-immunostained theisie an anti-Neurotactin antibody
which labelled secondary neurons and their axatgr@lones were induced at early
first instar stage and recovered at the late thisthr). In all DM lineages, axons from
the adult-specific neuronal cells fasciculated donf initial secondary axon tracts
within the cortical layer. As soon as these ihiiacondary axon tracts reached the
brain neuropil, they split into several subsididrgcts. This contrasted with the
behavior of secondary tracts in most other braiedges which generally formed a
single, discrete fascicle of axons within the breartex and neuropil during larval
stages ([3]; [11]). In all six DM lineages, sonmktlmese subsidiary secondary tracts
projected into the interhemispheric commissureslevlothers formed ipsilateral
descending or ascending projections. Similar éostecondary axon tracts formed by
other neuroblast lineages in the late larval briese DM-derived secondary axon
tracts traveled for variable distances within thail hemispheres but had not yet

evolved into the long axon tracts that characteheeadult brain.

The DM lineages formed a set of secondary axortstratth a characteristic and
relatively invariant trajectory in the larval bramreuropil. (Based on the rostral-to-
caudal arrangement of the cell body clusters ostkéM lineages in the larval brain
hemispheres we numbered each of these as folloW4: {ost rostral), DM2, DM3,
DM4, DM5, DM6. The characteristic neuroanatomiealtures of the secondary axon
tracts formed by all six DM lineages in the latedhnstar larval brain are described
below. For a given DM lineage, these anatomicaluiees were the same irrespective

of whether MARCM clones were induced in the stagerbryo or in the early larva.
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The DM1 lineage formed a secondary axon tract twatjected towards the
interhemispheric region, where it separated int@ fiascicles: the first fascicle
entered a larval interhemispheric commissure anchddiately split into multiple
commissural fiber bundles; the second fascicle émfra descending projection, from
which an additional small commissural bundle alsmnbhed off (Fig. 3.2A-D). The
commissural fiber bundles crossed the midline amsulaset of these entered the
neuropil of the contralateral hemisphere; withia tommissures these fiber bundles
appeared to defasciculate into a network of smallan bundles which projected
along multiple commissural pathways (Fig.3.2 E, Fie larval commissure in which
these fibers projected corresponds to the DPC1 dssume as defined by Pereanu
and Hartenstein [11]. The descending fascicleciwhin contrast remained tightly

bundled, projected along the medial edge of thialiesal hemisphere.

The DM2 lineage formed a secondary axon tract thagjected toward the
commissural system and also split into multiple oossural fiber bundles and one
descending fascicle (Fig. 3.3A-D). The set of D&t2nmissural bundles entered the
same larval commissure as the DM1 commissuraldesdiut using a different site of
entry from that used by the DM1 fibers. (We rdfethese commissure entry sites as
site 1 and site 2, respectively.) DM2-derived cossural bundles defasciculated into
smaller lattice-like projections that crossed thdlime, and some of these entered the
contralateral hemisphere (Fig. 3.3E, F). Glialc&bm the DM2 lineage were often
observed near the site of commissure entry. Tiglesidescending fascicle projected
along a pathway that was roughly parallel to the furmed by the DM1 descending

fascicle but was located more laterally in the rsghere.

The DM3 lineage initial secondary axon tract, ugmtering the neuropil split into
three fiber bundles (Fig. 3.4A-D). Two of thesenbies entered the commissural
system at two sites; one site was the same asyset2 commissural fascicles (site
2) while the other was DM3-specific (site 3). Wiitithe larval commissure, both
axon bundles defasciculated into a meshwork of lemalundles, that crossed the
midline and entered the contralateral hemispheig. (8.4E, F). The third axon
bundle formed a descending fascicle which projeetedg a pathway that differed

from the two used by DM1 and DM2 descending fassicl
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The DM4 lineage had the most complex projectiortgpatof all the larval DM
lineages. Its initial secondary axonal tract faglit into three main axon bundles, and
each of these formed several subsidiary axonal Ieangpon entering the neuropil
(Fig.3.5A-D). The result of this subdivision presewas that the axons from this
lineage formed three different and spatially sejgaraommissural fascicles as well as
into one ascending fascicle and one descendingckasdt is noteworthy that among
the three commissural fascicles, only one projecied the same larval
interhemispheric commissural structure as did theradDM lineages, but it did so via
an entry site (site 4) different from those usedakgns of the DM1-3 lineages (Fig.
3.5E, F). The other two fascicles which projeciedoss the midline did so in other,

more dorsally located larval brain commissural ctites.

The DM5 lineage secondary axon tract, upon entethiegneuropil, split into several
commissural fascicles and one major ascending filgrdle (Fig. 3.6A-D). The
single ascending fiber bundle subdivided into twmrs branches. (A minor short
descending fascicle was also observed; see arrawhé&dg. 3.6B, C). All

commissural fascicles of the DM5 lineage projedtethe same larval commissural
structure shared by the other DM lineages usingctimmissure entry site 4. Upon
entering this commissure, the axon bundles defalstéd into smaller projections

forming cross bridging structures (Fig. 3.6E, F).

The secondary axon tract of the DM6 also split iseweral commissural fibers and
one major ascending fiber bundle (and one minoceteting bundle) upon entering
the neuropil. The anatomical features of all adsth fiber bundles were very similar
to those of the DM5 lineage (Fig. 3.7A-F). Thusmenissural fascicles entered the
commissure at site 4 and subsequently defascicllatel the ascending fiber bundle
split into two branches. Indeed, in comparisorthe DM1-4 lineages, which are

individually distinct in their axon projection path types, the DM5 and DM6

lineages appear to form axonal projections pattdraisare largely indistinguishable.

Taken together, these findings indicate that althef DM lineages generate highly
complex secondary axon tract projects in the labvain. Our data reveal five types
of axonal projection patterns all of which havergonced (ipsilateral) longitudinal

as well as commissural components. Four diffetgpes of axonal projection
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patterns can be ascribed to the DM1, DM2, DM3, DIMéages and a common fifth
DM5/6 type can be attributed to both DM5 and DM&hges.

Figure 3.2 Projection pattern of the larval DM1 lineage

(A, B, C) Consecutive confocal images (from dotsaventral) of DM1 MARCM-labeled clone (GFP,
green). Secondary neurons and their projectionsstai@ed with anti-Neurotactin (magenta). Note
commissural (arrows) and longitudinal (arrowhegutgjections. (D) Z-projection of the entire DM1
lineage. Brain and oesophagus outline shown asgemta dashed line, midline is a white dashed line.
(E, F) A close-up view of the commissural projentioNote how the axonal bundle defasciculates
(arrows) upon entering the commissure. Also not (M1 axons enter the commissure at a most
medial site (asterisk).
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Figure 3.3 Projection pattern of the larval DM2 lineage

(A, B, C) Consecutive confocal images (from dotsaventral) of DM2 MARCM-labeled clone (GFP,
green). Secondary neurons and their projectionsstai@ed with anti-Neurotactin (magenta). Note
commissural (arrows) and longitudinal (arrowheagagjections. (D) Z-projection of the entire DM2
lineage. Brain and oesophagus outline shown asgemt@ dashed line, midline is a white dashed line.
(E, F) A close-up view of the commissural projentio Note how the axonal bundle defasciculates
(arrows) upon entering the commissure. Also note dite where DM2 axons enter the commissure
(asterisk).
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Figure 3.4 Projection pattern of the larval DM3 lineage

(A, B, C) Consecutive confocal images (from dotsaventral) of DM3 MARCM-labeled clone (GFP,
green). Secondary neurons and their projectionsstai@ed with anti-Neurotactin (magenta). Note
commissural (arrows) and longitudinal (arrowhegai®jections. (D) Z-projection of the entire DM3
lineage. Brain and oesophagus outline shown asgemta dashed line, midline is a white dashed line.
(E, F) A close-up view of the commissural projentioNote how the axonal bundle defasciculates
(arrows) upon entering the commissure. Also note dite where DM3 axons enter the commissure
(asterisk).
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Figure 3.5 Projection pattern of the larval DM4 lineage

(A, B, C) Consecutive confocal images (from dotsaventral) of DM4 MARCM-labeled clone (GFP,
green). Secondary neurons and their projectionssti@ed with anti-Neurotactin (magenta). Note
commissural (arrows) and longitudinal (arrowhegugjections. (D) Z-projection of the entire DM4
lineage. Brain and oesophagus outline shown asgemt@ dashed line, midline is a white dashed line.
(E, F) A close-up view of the commissural projentio Note the site where DM4 axons enter the
commissure (asterisk).
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Figure 3.6 Projection pattern of the larval DM5 lineage

(A, B, C) Consecutive confocal images (from dotsaventral) of DM5 MARCM-labeled clone (GFP,
green). Secondary neurons and their projectionssti@ed with anti-Neurotactin (magenta). Note
commissural (arrows) and longitudinal (arrowhegutgjections. (D) Z-projection of the entire DM5
lineage. Brain and oesophagus outline shown asgemta dashed line, midline is a white dashed line.
(E, F) A close-up view of the commissural projentio Note the site where DM5 axons enter the
commissure (asterisk).
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Figure 3.7 Projection pattern of the larval DM6 lineage

(A, B, C) Consecutive confocal images (from dotsaventral) of DM6 MARCM-labeled clone (GFP,
green). Secondary neurons and their projectionssti@ed with anti-Neurotactin (magenta). Note
commissural (arrows) and longitudinal (arrowheagatgjections. (D) Z-projection of the entire DM6
lineage. Brain and oesophagus outline is shownraagenta dashed line, midline is the white dashed
line. (E, F) A close-up view of the commissural jpotions. Note the site where DM6 axons enter the
commissure (asterisk).
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3.3.3 A DII-Gal4 line labels DM neuroblast lineagem the postembryonic brain

In the late larval brain, the six DM lineages l@&xhiat the dorsomedial margins of
each brain hemisphere can be identified based @n @lerall size and position by
using mosaic-based MARCM techniques. In subseqpestembryonic stages,
unambiguous identification of DM lineages basedyomh size and position is no
longer possible due to the pronounced morphologicahges caused by the extensive
growth of neuropil in the brain and developing opgtbes. In order to identify DM
lineages and analyse the cellular phenotypes ofr theural cells in pupal
development, we searched for Gal4 lines that migbel the DM lineages. We
identified such a line carrying a Gal4 transgenseiition into the promoter of the
distal-lessgene ([123]; in the following referred to as DI&i@) which revealed six
large groups of cells at the dorsomedial marginghef brain hemisphere when
coupled to the reporter genes UAS-CDS8::GFP (mengbribeling) or UAS-
H2B::RFP (nuclear labeling) (Fig. 3.8A-A”, B-B").This Gal4 line also labelled cell
clusters in the optic lobes as well as scatterdd tethe ventral ganglia; these were
not considered further here. Based on number lllked cells as well as on their
position in the developing brain hemispheres & latval stages, the groups of cells
revealed by DII-Gal4 were likely to be DM lineages.

To confirm that the DIlI-Gal4 labelled cell groupsthe dorsomedial brain midline
were indeed the DM lineages, a more detailed @ellahd molecular analysis of the
labelled cells was carried out. A characterisadirhark of DM lineages is the fact
that they contain multiple mitotically active celtxated at variable distance from the
parental neuroblast [116, 120, 121]. By using @ain-RH3 antibody to detect mitotic
DNA (via the phospho-histone 3 epitope) in larviib expressing the reporter genes
under DII-Gal4 control, labelled cell clusters diisplay the expected pattern of
multiple mitotic cells throughout the cluster (Fi§.8B-B”, C-C”). A second
diagnostic feature of DM lineages is the fact thath the DM neuroblast and a few
closely associated cells the intermediate progenlaxk nuclear Prospero expression
at interphase, whereas the intermediate progenitgpgally show asymmetric
cortical distribution of Prospero protein at mi®§l16, 120, 121]. To investigate if
this was a characteristic of the DIl-Gal4 labelé=dl clusters, we co-immunolabelled
these cell clusters with anti-Prospero with antidRimtibodies. In all cases, DII-Gal4

labelled cell clusters had the expected immunostgipatterns. The neuroblasts and
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closely associated cells were Prospero-negativeratudically active (PH3-positive),
intermediate progenitors showed cortical Prospeesaents (Fig. 3.8C-C”). Based
on these findings, we conclude that the six cells@rs labelled by the DIl-Gal4
reporter line in the developing central brain cep@nd to the DM neuroblast

lineages.

DII-GAL4 > UAS-CD8::GFP + UAS-H2B::RFP

DII-GAL4 > UAS-CD8::GFP

Figure 3.8 Specific labeling of DM lineages by DiGal4

Confocal images of third instar larval nervous sgstexpressing mCD8::GFP (green) and H2B::RFP
(red in A,B) under the control of DII-GAL4 and immastained with anti phospho-histone3 (PH3,
blue) and anti-prospero (PROS, red in C). Panelthereft column show merged views of indicidual

channels presented in grey scale on the middlerid culumns for clarity. Green dotted lines

indicate the contours of the GFP-labeled domains.

A-A”: dorsal view of a larval CNS at low magnifi¢ah reveals restricted expression of the reporter
genes in the medial part of the brain hemispheBgsn( the optic lobes (OL) and a few cells in the

ventral ganglia (VG).
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B-B”: Higher magnification of the area boxed in 8hown are three DM neuroblasts (asterisks) and
their closely associated progeny cells. Scattesdld andergoing mitosis are observed throughout the
cell clusters (arrows).

C-C": Three DM lineages marked by DII-GAL4 expriess lack expression of Prospero in the
neuroblasts and their surrounding daughter IP ¢€lisasterisks and white dots respectively). Isce
undergoing mitosis (arrows) are marked by PH3 BiginC”; arrows). They show a crescent
localization of of prospero (C’; arrows) in contras the nuclear localization of the protein in mos
post-mitotic cells visible in the field.

Taken together, these reporter line-based stud@sde cellular and molecular data
that confirm the identification of DM lineages bds®n anatomical criteria.

Moreover, they provide a labeling method for DMelages in early pupal stages.

3.3.3 DM neurons form widespread arborizations andnnervate the developing

central complex in the pupal brain

During pupal development, the relatively simplecsetary axon tracts generated by
adult-specific neurons in the larval brain arborael undergo final morphogenesis
[6-8, 11]. Given the multiplicity of longitudinednd commissural components that
characterize the secondary axon tracts of the DiBljes during larval development,
it might be expected that DM lineages will form mple and widespread
arborizations during pupal development. Moreosgrce all six DM lineages project
a subset of their fiber bundles into the larval DR®@mMmMissure, it seems likely that
some of these arborizations will contribute to temtral complex neuropil during
pupal development. (The DPC1 commissure is thoughtepresent part of the

primordium of the central complex [11]).

To investigate this, DIl-Gal4 based MARCM labeliofjDM neuroblast clones was
induced at early first instar larval stage. Lab@lDM clones were recovered at 24h
after puparium formation. (This time point for o recovery was chosen because
major neuropil structures of the future adult braere already identifiable.) In
contrast to the larval DM lineages, each of whicdswasily identifiable in the larval
brain, the recovered MARCM labelled pupal DM lineag could not be
unambiguously individually identified since lineag#ated neurons sometimes
changed position and no longer formed compact graiying pupal development.
In consequence, we could not assign individual @zhtion patterns with confidence
to any one of the six pupal DM lineages. Nevedsgl two features of the adult-

specific DM neurons characterized all of the MARCMelled DM lineages in early
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pupal development. First all DM lineages formeditiple axonal projections and
widespread arborizations in the brain. SecondD®llineages projected a subset of

their axon fascicles into the central complex npilroTwo examples of the type of

adult-specific arborizations formed by DM lineageshe early pupal brain are shown
in figures 3.9 and 3.10.

Figure 3.9 Example of a first DM lineage projectionpattern in the pupal brain at 24h after
puparium formation

(A, B, C) Consecutive confocal Z-projections of MMMARCM-labeled clone (GFP, green). Brain
neuropil is labeled with anti-nc82 (magenta). Nibie contralateral (arrows) and ipsilateral
(arrowheads) projections. (D) A close-up view @ tpsilateral arborisation in the posterior parthef
brain. (E, F) A close-up view of the projectiontoithe developing fan-shaped body and the
contralateral nodulus. Note two major fascicles ané minor fascicle (arrows) entering the fan-skdape
body and forming columnar arborisations.

Figure 3.9 shows a MARCM labelled DM lineage (ptollgaa DM1 lineage) in which

the cell bodies formed a discrete cluster positiodersally and close to the brain
midline (Fig. 3.9A-C). From this cell body cluster major ipsilateral descending
fascicle was evident as a thick axon bundle whiebcdnded near the midline into a
more ventral region of the neuropil where it brattland formed arborizations (Fig.
3.9A, B, D). The DM cell body cluster also gavserito two major commissural

fascicles which projected in parallel across thelimeé via the protocerebral bridge
and entered the fan-shaped body of the central lsonfom the posterior aspect (Fig.
3.9B, E, F). Within the fan shaped body, theseiftss formed arborizations in two
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contralateral domains, and they also projectednib @borized in the contralateral
nodulus. Moreover in the protocerebral bridgeytf@med a restricted domain of
arbors (data not shown). In addition to these mdpscending and commissural
fascicles, several minor axon bundles were obseeweahating from the DM neuron

cell bodies; one of these formed a T-shaped bifimeand projected ipsilaterally and

contralaterally into in the dorsal neuropil (Fig94, B).

Figure 3.10 Example of a second DM lineage projecin pattern in the pupal brain at 24h after
puparium formation

(A, B, C) Consecutive confocal Z-projections of MMMARCM-labeled clone (GFP, green). Brain
neuropil is labeled with anti-nc82 (magenta). Nibte contralateral (arrows) and ipsilateral
(arrowheads) projections. (D) A close-up view @ thajor ipsilateral arborisation. (E, F) A close-up
view of the projections into the developing fan{sb@ body and contralateral nodulus. Note two
fascicles (arrows in F) entering the fan-shaped/l@al forming columnar arborisations.

Figure 3.10 shows a MARCM labelled DM lineage (@mbly a DM3 lineage) in
which the cell bodies formed a cluster positionedsdlly and close to the midline but
located more posteriorly in the brain than the e DM lineage (Fig. 3.10A).
From this cell body cluster, a short major axon derdescended ipsilaterally and
formed a large zone of arborizations in the dobsaln neuropil (Fig. 3.10A, B, D).
The DM cell body cluster also gave rise to two mdgmscicles which projected
towards the midline and entered the fan-shaped bbtlye central complex from the
posterior aspect (Fig. 3.10B, E, F). Within tha-&haped body, these two fascicles

formed arborizations in two ipsilateral domainsdathey also projected to and
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arborized in the contralateral nodulus. Moreovetthe protocerebral bridge, they
formed a restricted domain of arbors (data not showln addition to these three
major commissural, one minor axon bundle was oleskrthis descending axon
bundles projected along the ipsilateral midline ipbsterior brain neuropil where it
formed arborizations (Fig. 3.10C).

For a more comprehensive characterization of thecamatomy of individual DM1-6
lineages in pupal development, lineage-specifieliag techniques will be required.
For this, more selective Gal4 lines that subdivitie six DM neuroblasts into
individuals will be needed. However, based oneéhsemble of MARCM labelled
pupal DM lineages that were recovered and analysetthis study, one common
feature of all pupal DM lineages appears to be éhaibset of the neurons in each of

these lineages contributes to the developing dertraplex neuropil.
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3.4 Discussion

In this report we have studied the postembryonicetbgment of the neural cells
generated by the DM lineages in the larval andygaumpal brain. We report three
main findings. First, DM lineages comprise bothil&gpecific neurons and glia; DM
neuroblasts thus have features of neurogliobleSexond, during larval development,
adult-specific neurons form complex secondary akawts composed of separate
commissural and longitudinal fascicles. Third, idgr pupal development the
commissural fascicles arborize in and contributéhto central complex neuropil. In

the following, we discuss the major implicationgivdése three findings.

3.4.1 DM neuroblasts are multipotent neuroglial pogenitors

In Drosophilg as in other insects, glial cells fall into thidasses, surface glia, cortex
glia and neuropil glia, each of which is represdritethe larval brain [3]. The glial
cells of the early larval brain, also referred ® @imary glia, arise from a small
number of embryonically active neuroglioblasts.ialGhumbers in the brain increase
during larval development and this increase in nathber is due, at least in part to
mitotic divisions of glial cells, however, the butk added (secondary) glial cells has
been postulated to stem from the proliferation ofidantified secondary
neuroglioblasts [28]. However, the identity of$hepostulated multipotent precursors

in the postembryonic brain was unknown.

A recent developmental analysis by Awasaki et 2] [has shown that among the
different types of glial cells in thBrosophilabrain, only the perineurial surface glia
and the neuropil glia are extensively generatedndupostembryonic development,
whereas most of the subperineurial surface gliaamtex glial cells are thought to

have their origin in embryogenesis. Moreover, @umglysis has provided evidence
that perineurial glial precursors are distributeduad the brain surface, whereas
neuropil (ensheathing and astrocyte-like) gliallscedre derived from specific

proliferation centers within the brain. Howevelhet progenitors of these
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postembryonically generated glial cells as wellttess mode of postembryonic glial
proliferation still remained elusive. Here we itfn the first postembryonic
neuroglioblasts in theDrosophila brain. (Embryonic neuroglioblasts have been
described previously in the ventral thoracic gamgfil]). Indeed, all six DM lineages
generate a set of glial cells with anatomical fezguof neuropil glia in addition to

numerous neuronal cells during postembryonic deretnt.

DM neuroblasts proliferate through asymmetric donsthat involves intermediate
progenitors with transit-amplifying cell featurgdX6]; [120]; [121]). This implies
that DM lineage-derived glia, unlike any other bleell type in Drosophila are
generated by amplifying intermediate progenitadfowever, an exact clonal analysis
of the relationship between glial cells and intediate progenitors in DM lineages
will be required to validate this notion. Theres@me evidence that DM derived glial
are generated early in the lineage. If this issa@dlthe case, it is conceivable that
these glial cells might be important for the diffetiation of the subsequently
generated neuronal cells in these lineages. Fampbe, the extended processes of
DM-derived glia located near the emergent seconda&on tracts or associated with
the larval brain commissure might be important iidang axons of DM-derived
neurons (which subsequently contribute to centhmex neuropil) across the

midline.

3.4.2 DM lineage neurons form complex secondary ar projections

During postembryonic development, secondary, aspdgific neurons generated by
reactivated neuroblasts produce secondary lineagésaxons of a given secondary
lineage fasciculate with each other to form a ditcrand generally unbranched
secondary axon tract within the brain cortex anaroyl ([3]; [11]). In contrast, in
the case of DM secondary lineages, discrete a#thwitt secondary axon tracts were
visible in the cortex but were rarely observed e neuropil. Rather, within the
neuropil, the axons of any given DM lineage spitbimultiple axon fascicles which

projected to very different parts of the brain asnmissural and longitudinal axon
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bundles. Thus, at the anatomical level, the DMedme already appears to be
subdivided into different neuronal subgroups wittifedent outgrowth behavior

during the larval stages.

The multiplicity of axonal bundles that emerge frangiven DM lineage had features
which are more reminiscent of a secondary axort ggstem comprising the axon
tracts of several lineages than a single secorabery tract. This may be an indirect
result of the fact that DM lineages contain 3-5emmore secondary neurons than do
conventional neuroblast lineages, which, hence,ldvgenerate a 3-5 times more
axons than conventional lineages resulting in acessively large secondary axon
tract in the neuropil if branching did not occihile the underlying mechanisms are
currently not known, it is also possible that thigatomical complexity is related to
the particular mode of neurogenesis in the DM lgesawhich involves amplifying
intermediate progenitors. Thus, a given intermed@rogenitor might produce a
neural progeny which develop a common type of akprgjection pattern, whereas
progeny subsets derived from different intermedmtiyeny might develop different

axonal projection types.

3.4.3 DM lineages contribute to the developing c&al complex

Like other adult-specific neurons, DM secondary roas differentiate during the
pupal period, when they evolve into the long trab&t characterize the adult brain
and send out proximal as well as terminal arbaomat that form synapse-rich
neuropil circuitry. During the early pupal diffetéation period, some of the neuropil
structures that specifically characterize the attdin become visible. Among these
are the principle components of the central complEixe central complex, one of the
most prominent neuropil structures in the adultrires located centrally between the
two hemispheres and consists of four substructurébese are the protocerebral
bridge, the fan-shaped body, the ellipsoid bodyd #&rme noduli, all of which are

interconnected by sets of columnar interneuronsftren regular projection patterns
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[86]; [78]; [79]. A remarkable and common featofeDM lineages is that a subset of

the neurons in each lineage contributes to theldpw central complex neuropil.

In the late larval brain, a distinction of the foswbstructures of the adult central
complex is difficult. However a putative midlineuropil primordium of the central
complex has been described in the late larval brathe form of a large commissural
neuropil domain, consisting of the DPC1 and trCMi gnobably part of the DPC2
commissures [11]. All DM lineages project a subsfetheir axon bundles into the
DPC1 during larval development. Based on theimakprojections (and the position
of their cell body clusters in the central braime tentatively assign the DM1-6
lineages to the DPMm1/2, DPMpm1, DPMpm2, CM4, al5CCM1/2 of Pereanu
and Hartenstein (2006) [11]. Interestingly, in DEC1, these commissural bundles
defasciculated into smaller lattice-like projecBosimilar to those observed in the
developing central complex of the grasshopper, rseat with direct development
[124].

From the first day of pupal development onward, mieor components of the fan
shaped body, ellipsoid body, noduli and protocerkelsridge can be clearly
recognized. In the early pupal brain, DM derivetnmissural neurons have already
contributed to the arbors in the fan-shaped bodgutus and protocerebral bridge.
Although we were not able to identify them indivadly, it is very likely that the
central complex-innervating DM neurons in the pupalin are the same neurons that
projected commissural axon bundles into the DPQfinsissure of the larval brain.
This observation supports the notion that the DRCindeed part of the central

complex primordium.

A noteworthy feature of the DM derived projectionghe fan-shaped body is the fact
that two major fascicles are formed which projecparallel into the fan shaped body
and form two separate arborization domains. Thay meflect a contribution of a
given DM lineage to a pair of the eight modular daains (“staves”) that make up
the fan-shaped body ([88]; [86]). A similar cohtrtion of the DM derived neurons
to two sections (“glomeruli”) of the protocerebiadidge is also likely, however,

single cell resolution will be required to resothés.
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Most neurons of the central complex belong to ohéwm categories: large-field
elements or small-field elements-forming ([86]). lArge-field neuron typically
arborizes in only a single substructure and links ione or two central brain regions
outside the central complex. Small-field neurassa rule, connect small columnar
domains of several substructures, and the majofigmall-field cells are intrinsic to
the central complex. In view of the specific arbation pattern of the DM derived
neurons in the fan shaped body, noduli and progteal bridge, we hypothesize that
most of these neurons represent columnar small éleiments of the central complex.
However, it should be noted that only a subsethef meurons in any given DM
lineage are likely to innervate the central compkkDM lineages form longitudinal
projections to other parts of the brain. Thusjkenthe lineages that give rise to the
mushroom body intrinsic neurons, the neuronal prgge the DM lineages are not
dedicated to a single neuropil center. Ratheuthesually large number of neurons in
these lineages appears to contribute to multiglatialy separated neuropil areas in

the developing brain.
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4 DISCUSSION

A black cat crossing your path signifies that tiénzal is going somewhere.
Groucho Marx
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4.1 Amplification of proliferation in Drosophilapostembryonic brain.

Our findings provide cellular and molecular evideror a new mode of neurogenesis
in the larval brain ofDrosophila In the canonical model for postembryonic
neurogenesis exemplified by the non-DM lineagethefbrain and the lineages of the
ventral ganglia, NBs divide asymmetrically in ansteell mode to self-renew and
generate a GMC that divides once to produce two-pdstic cells that differentiate.

In this process, cell fate determinants Prosperal aviiranda segregated

asymmetrically from the parent NB into the GMC.the GMC Prospero acquires
nuclear localization, forcing the cell to exit tleell cycle. Prospero also remains

nuclear in the GMC'’s postmitotic progeny.

The data presented here demonstrate a novel madeet@irogenesis exemplified by
the DM NBs, which divide asymmetrically in a stemllanode to self-renew and

generate daughter cells (intermediate progenitdrs)this process, they do not
segregate the cell fate determinant Prospero i@dR cells, but segregate Miranda.
IPs are of the size of GMCs, but divide repeatedhd asymmetrically in a

neuroblast-like manner, segregating the cell faierhinants Prospero and Miranda
during mitosis. The daughter cell that receivesRhespero and Miranda determinants
is fated to become a differentiating GMC-like cathereas the IP retains its ability to

divide several more times.

This novel model postulates that DM NBs produceliesieely IPs and not GMCs.
The alternative notion, that the NB sometimes peeduan IP and sometimes a GMC,
is unlikely given that Prospero is never detectedhe NB and, thus, cannot be
segregated to one of its daughter cells as woulddpaired for GMC generation. The
model also posits that GMCs are produced by IRsutir (functionally) asymmetrical
divisions that result in one daughter cell becomanGMC while the other daughter
cell self-renews as an IP. Alternative scenariashsas one in which IPs first divide
symmetrically to expand in numbers and then adopGEMC fate to generate
differentiating neurons, are unlikely, given the asptemporal pattern of
Prospero/Miranda expression and the stable ratiPsfversus GMCs observed in

DM NB clones throughout larval development.
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The experimental findings that support this noveldel have implications for our
understanding of neural stem cells and proliferattontrol. These are discussed in

the following text.

The NBs of the developing central brain and vergeaiglia divide asymmetrically in
a stem cell mode in which the larger NB self renend the smaller daughter cell
differentiates into a different cell type, usuadlyGMC (reviewed by [31, 32, 92, 94,
95, 115]). This asymmetric division of the parer® Nas been thought to be tightly
coupled with the asymmetric segregation of cel @¢terminants, and central among
these molecular determinants is the transcriptamtof Prospero, which is required in
GMCs to inhibit self-renewal and to promote diffetiation [31, 42, 43, 98-101]. Our
findings indicate that the asymmetric segregatib®Pimspero does not occur in all
dividing brain NBs. Indeed, in the DM NBs the lack asymmetric segregation of
Prospero to the IPs may be a key element in impa(transient) NB-like features to

these proliferating cells.

It has been assumed that only cells of a certdiicalrsize show NB-like proliferative
properties. The small size of the GMC would be yfeetor promoting cell cycle exit
and differentiation of its progeny (see [92]). Thimple link between cell size and
self renewing/terminal division is also called imfoestion by our findings, since IPs
are comparable in size to GMCs and yet they possgssy distinct mitotic potential.
Our findings indicate that even though IP cells @fr¢he same size as their progeny,
Prospero and Miranda are partitioned to only on¢hefr daughter cells. Thus, the
morphologically symmetric cell division of a NB-derd daughter cell does not
necessarily engender equal portioning of diffesditn factors into both resulting

cells.

The only repeatedly dividing progenitor cell typgenmtified to date in the central
nervous system ddrosophilais the NB. Our studies identify the IP cell as aosel
progenitor type with the capacity to undergo midtipounds of divisions. This
characteristic is coupled with several cellular andlecular features that are shared
with NBs. Among these are the specific expressmtitepns of Prospero, Miranda and
CycE during mitosis as well as the ability to asyetmcally segregate Prospero and
Miranda during cell division. The number of divis®that IPs typically carry out is

currently not known with precision. Our observatidrased on quantification of cell
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number in multicellular clones suggest an averafgy¢hee-to five divisions as a
conservative estimate. If, as assumed by our medeh IP cell division results in the
generation of one GMC-like daughter cell, thisrastie would predict a three- to five-
fold amplification of the number of neuronal progen DM lineages compared with
other lineages of the central brain and ventragianThis prediction is in reasonable
accordance with the amplified cell numbers obsenediB clones of DM versus

non-DM lineages. The ultimate fate of the IPs isrently not known. The fact that
almost all intermediate precursor-derived multidelt clones are composed
exclusively of postmitotic neurons suggests thteranultiple divisions, these cells

are either eliminated by programmed cell deattieninally divide and differentiate.

Although the DM NBs do not express and segregatsgero to their daughter
intermediate precursors, these daughter cells goesg Prospero in a cortical and
polarized manner during mitosis. The off/on statePmspero must be kept under
tight control for a controlled amplification of giferation achieved in DM lineages
since complete mutational loss of Prospero in bones leads to uncontrolled
proliferative activity and brain tumor formation (4-106, 114]. Indeed, our
observations on the DM lineages imply that deragdlaPs that fail to express
Prospero might be an important source of tumorsciell the brain. Interestingly,
region-specific action of tumor suppressor genesth@a larval brain has been

previously reported using somatic cell clones [105]
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4.2 DM neuroblasts are multipotent progenitors

In Drosophilg as in other insects, glial cells fall into thidasses, surface glia, cortex
glia and neuropil glia, each of which is represdnie the larval brain [3]. In

Drosophilaembryo, all glial cells originate either from ddiasts, or from multipotent
precursors which can produce both neurons and @il numbers in the brain
increase during larval development and this ine@ea<ell number is due, at least in
part to mitotic divisions of glial cells, howeveahe bulk of added (secondary) glial
cells has been postulated to stem from the prafiten of unidentified secondary
neuroglioblasts [28]. Only glioblasts have beerscdbed in postembryonic
development (Soustelle, Giangrande 2008; AwasakD8R0 The identity of

multipotent precursors in the postembryonic braas wnknown.

We show here that DM neuroblasts are multipotewt produce both neurons and
glia. DM neuroblasts are therefore exceptional hiat tthey represent the only
currently known neuroglioblasts in the postembrgdiain. Besides DM lineages, we
also examined more than a 100 of non-DM (canonioaliroblast lineages and didn’t
find glial cells in the progeny, which means tha#l Deuroblasts are most probably

the only postembryonic multipotent neural progemsito
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4.3 Novel type of gliogenesis in DM lineages

In the Drosophilaembryonic CNS glial cells are known to be generatigher from
glioblasts (GB), which produce exclusively gliagieembryonic anterior glioblast,
Jacobs et al, 1989) or from multipotent precursoesiroglioblasts (NGB) (Fig 1-6).
There are two types of neuroglioblasts known toed#&tor the first type of the
neuroglioblasts (e.g. NGB6-4T and NGB5-6) it hasrbdemonstrated that the early
bifurcation of the glial versus neuronal sublineadekes place during the first
division after embryonic delamination from the reotoderm.gcm is expressed
asymmetrically in the glial sublineage and decisisnmade on the level of the
neuroglioblast (Akiyama-Oda et al., 1999; Bernaiddral., 1999). The second type
of neuroglioblasts proliferation (e.g. embryonic NBA) involves Notch acting
upstream of gcm.NB1-1A first produces neurogenic ganglion mothdt that gives
rise to a pair of neurons. During next three dosisi NB1-1A produces three ganglion
mother cells each of which divide asymmetricallggurcing sibling neuron and glial
cell. In this casegcmacts as an effector of Notch signalling durindisib cell fate
specification [62].

DM neuroblasts proliferate through asymmetric donsthat involves intermediate
progenitors with transit-amplifying cell featurg416]; [120]; [121]). This implies
that DM lineage-derived glia, unlike any other blcell type in Drosophila are
generated by amplifying intermediate progenitdrwever, an exact clonal analysis
of the relationship between glial cells and intediate progenitors in DM lineages

will be required to validate this notion.
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4.4 DM lineages generate a subset of neuropile glia

A recent developmental analysis by Awasaki et 2I] [demonstrated that there are
five types of glial cells present in the adult braf Drosophila cortex, subperineurial
and perineurial surface glia, ensheathing and @gedike neuropile glia. It was also
shown that distinct adult-specific glial types daerirom different precursors and that
most adult perineurial, ensheathing and astrodke-plia are produced after
embryogenesis. Perineurial glial cells are madellpcon the brain surface. In
contrast, the wide-spread ensheathing and astrikgteglia derive from specific
brain regions. However, the progenitors of postemhically generated glial cells as

well as the mode of postembryonic glial prolifevatistill remained elusive [27].

The DM originated glial cells were generally foualdstered in the vicinity of the
larval interhemispheric commissure. Moreover, thgiial processes were often
closely associated with the secondary axon tratteDM lineages. Noteworthy that
Repo-positive surface and cortex glia located imatety adjacent to the DM clones
were never GFP-labeled, implying the DM glia werd of the surface (or cortex)

glial type. Thus, our findings suggest that DM gdia neuropil glia.

Two types of adult-specific neuropil glia are knotendate. The first type of neuropil
glial cells has fibrous lamellar morphology andferentially ensheaths the neuropils
or their subcompartments, surrounds neural bundldgese cells were called
ensheathing glia. The other type of neuropil gtls has dendritic morphology and
apparently fills the interior of the neuropils, tefre was called astrocyte-like glia
[27].

DM glial cells are closely associated with the Dkbaal bundle, outlining the larval
neuropil compartments, but never sending proceasete. Based on the morphology
of DM-derived glia we suppose that this is an ea#iiiag subtype. However, more
accurate analysis on a single-cell resolution =ded to make this suggestion a solid

data.
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4.5 DM lineages contribute to the developing centta&omplex

A recently published neuroblast lineage atlas ofettgping adult brain in the late
larva subdivides each brain hemisphere into apprataly 100 clonal lineages, each
represented by a fasciculated neurite bundle tiahd an invariant pattern in the
neuropil [11]. Therefore, the question arises lim&s each family of clonally related

neurons contribute to the formation of the aduliraécircuits?

During the early pupal differentiation period, somiethe neuropil structures that
specifically characterize the adult brain becomsible. Among these are the
principle components of the central complex (CCXhe central complex, one of the
most prominent neuropil structures in the aduliyrs located centrally between the
two hemispheres and consists of four substructuréeese are the protocerebral
bridge, the fan-shaped body, the ellipsoid body, tae noduli [85, 86]. None of these
structures are visible in the developing larvalitraven at the latest stages. We
demonstrated that at the late larv&li@star each DM lineage sends two or more of
their axonal bundles into the DPC1 commissure whbey defasciculate upon
entering and form a specific meshwork-like fascialeangement. In the previous
study this notably big commissure was referred apr@able central complex
primordium (classification of Pereanu and Harteinst2006 [11]). Our data supports
this idea and suggests that the specific meshwiekdrrangements are possibly

developing columnar and tangential elements ofthdt fan-shaped body.

From the first day of pupal development onward, fth& major components of the
central complex, the fan shaped body, the ellipsoatly, the noduli and the
protocerebral bridge, can clearly be recognizeticémtral complex substructures are
interconnected by sets of interneurons that forgulee patterns of projections [78,
79, 86]. Most neurons of the central complex belam@ne of two categories with
respect to their projections. Large-field neuroysidally arborize in only a single
substructure (often sending projections along théole length) and link it to one or
two central brain regions outside the CCX. Smalefineurons, as a rule, connect
small domains of substructures. The majority of I&field cells are intrinsic to the
CCX. Some, however, project to the accessory gig¢asesch, 1989). A remarkable

and common feature of DM lineages is that a subkéte neurons in each lineage
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contributes to the developing central complex npilirdVe demonstrated that DM
lineages project into three of the central compdetbstructures: the protocerebral
bridge, the fan-shaped body and the noduli. Noggt@ns to accessory areas were
observed. We suggest that either DM neurons arergly small-field neurons, or
projections to accessory areas were not yet deedlap the time of experiment (24h

after puparium formation).

Various types of small-field neurons were descrilbledan outstanding study of

Hanesch et al, 1989. Noteworthy are two of thera:fitst is the so-called horizontal

fiber system type (HFS), which interconnects pretebral bridge, and the fan-shaped
body with accessory areas in a specific manner. SBoend type is a vertical fiber

system type (VFS), which interconnects protocelebriaige, fan-shaped body and

noduli (Fig. 4.1).
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Fig. 4.1 Vertical and horizontal fiber systems of lie central complex. Diagrams showing the
arrangement of the set of VFS and HFS neurons.o&sotbral bridge (pb), fan-shaped body (fb),

noduli (no) (modified after Hanesch et al., 1989).

The DM-originated neurons should logically coni$tVFS neurons because DM
lineages form arborisations in protocerebral bridga-shaped body and noduli. But
visually, the projection patterns of central comptentributing fascicles of DM

lineages recapitulate the projection mode of theSHteurons, even though the
connection with accessory areas was not demorsgtirateur study, and HFS neurons

do not project into the noduli. Thus, | think ti¥ lineages partially consist of HFS
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neurons. Further analysis with single-cell resolutwill support or disprove this
notion.

It is generally believed that the neurons of cérdoanplex form arborisations in three
or less substructures of central and lateral coxegléfor example, fan-shaped body,
noduli and bulb) [86]. If DM lineages are indeechsist of the HFS neurons then
another interesting conclusion emerges: either Digalges consist of more than one
subtype of neurons or DM lineage-originated neun@mesent a novel subtype of

cells which arborizes in more than three areanfral and lateral complexes.
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5 EXPERIMENTAL PROCEDURES

5.1 Fly strains and genetics

All Drosophila stocks were reared and maintained on standard-geasneal-agar
medium and all experiments were performed at 28hless otherwise stated fly
stocks carrying transgenes and recombinant chromesavere obtained from the
Bloomington stock center and assembled using stdndanetics. To generate
positively marked MARCM clones:

1) y,w,hsFLP; FRT40A, tubP-GAL8H%CyO,ActGFPVR: tubP-GAL4Y, UAS-
mCD8::GFP"*/TM6,Tb,Hu were mated to w; FRT40A, UAS-mCDS8:GFP
(standard cell lineage labelling with membranegsti GFP) or UASp-cnnGEP,
FRT40A, UAS-cLac?%*?(for additional labeling of centrosomes), or w; A,
UAS-cLacZ%'% UAS-tauGFP??"(gift of A Brand), for live imaging.

2) :FRTG13, tub-Gal80, hs-FIp/(CyO,ActGEBY were mated to ;FRTG13, DII-
Gal4, UAS-mCD8::GFP/(CyO,ActGPP™),

The distal-less Gal4 line: ;DIl-Gal4/ CyO; UAS-m8-GFP, UAS-H2B-mRFP1.
Generation of MARCM clones and larval staging wasfgrmed as previously

described [104] for this sub-section.

5.2 Immunohistochemistry and live imaging

Nervous systems were dissected from larvae and @dh pupae, fixed and
immunostained as previously described [111]. Brymantibodies were as follows:
rabbit anti-PH3 (1:400; Upstate, Charlottesvillargihia, USA), mouse anti-MIRA
(1:50; gift of P Overton), rabbit anti-MIRA (1:200ift of YN Jan), mouse anti-PROS
(2:10; Developmental Study Hybridoma Bank (DSHB)wa City, lowa, USA);
mouse anti-ELAV (1:30; DSHB) rat anti-ELAV (1:30;3piB), mouse anti-CYCE
(2:50; gift of H Richardson),mouse anti-Repo (1:5; Developmental Study
Hybridoma Bank DSHB), rabbit anti-Repo (1:1000Gt ffom V. Rodrigues), mouse
anti-Neurotactin (1:10; DSHB), rabbit anti-GFP (0D; Molecular Probes), mouse
anti-nc82 (1:20; DSHB), Alexa Fluor-conjugated swtary antibodies (Molecular
Probes) were used at 1:200.

For live imaging, larval brains were dissected ami&ider'DrosophilaMedium with

10% fetal bovine serum and mounted in 400-5 minaifglSigma Diagnostic, Inc. St
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Louis, MO, USA) between a glass coverslip and a-pgaseable plastic foil
(bioFOLIE 25, In Vitro System and Services, Gmbhttgen, Germany).

5.3 Microscopy and image processing

Fluorescently stained nervous systems were imaged) @ Leica TCS SP scanning
confocal microscope using 40X and 63X oil-immersminjective. Z stacks were
collected with optical sections at 1 pm intervaicanned pictures were visualized in
ImageJ[111] and analyzed. For the illustrationfioflings the most representative
scans were chosen and processed (not related nohrB&yes were excluded using
the “lasso” tool). Pictures are presented as Kisiection’ merges projected as a flat
image using ImageJ [111]. Figures were assembléug uadobe lllustrator and
Photoshop. Clone/lineage sizes were determined @onfiocal Z stacks of sections,
spaced by Ium. Using ImageJ, cells were marked section-by-gecsind counted.
Typically, 20-50 nervous systems per staining/ggred/larval stages were examined
using 63x oil-immersion objective. Only well is@dtclones were recorded from the
surface-located NB to the earliest born neuronsecko the neuropil. Sample sizes,
means and standard deviations for all histograrasraticated in the text and figure
legends.

For time lapse, Z stacks made ofuin thick slices were collected at 4 minute
intervals. Movies were processed and assembled) lsinse made ImageJ plug-ins.
Briefly, the sample motions were corrected in X anddimensions by manual
reference point tracking. A single slice was adiity selected per time point,
allowing both some Z dimension drifting correctiand the follow up of the most

interesting cells within the sample.
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