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Abstract
Suboptimal nutrition during development can alter body proportions and have longterm consequences upon adult health and disease. In developing organisms,
growing organs are differentially sensitive to low levels of dietary nutrients. In
mammals, a key survival strategy for coping with nutrient deprivation in utero
involves sparing the growth of the developing brain at the expense of other organs.
Although brain sparing is an important survival response that appears to be highly
conserved during evolution, its underlying mechanisms are still unclear. It has been
previously shown that CNS sparing is present in Drosophila and the first underlying
molecular mechanism for this was identified. Neural stem cell like precursors called
neuroblasts deploy Anaplastic lymphoma kinase (Alk) to functionally replace the
Insulin receptor and therefore to activate the Pi3K pathway in a constitutive manner
even during severe nutrient restriction (NR). In this thesis, I investigate the timing
mechanisms that regulate neuroblast proliferation and the onset of CNS sparing
during larval development. Surprisingly, I find that the onset of NR-resistant
neuroblast proliferation/growth and thus CNS sparing is not temporally coupled with
exit from quiescence. Instead, it appears to be activated in a gradual manner
during the third larval instar. I find that ecdysone receptor (EcR) signalling in glia
regulates neuroblast proliferation specifically during NR. However, in the neuroblast
lineage itself, EcR is required for neuroblast growth/proliferation during both NR
and fed conditions. I demonstrate that the temporal transcription factors Castor and
Seven-Up both regulate the acceleration in neuroblast proliferation that occurs
during larval development. Both factors are also required for neuroblast growth and
proliferation during NR and so are relevant for neural sparing. These findings
support a model where neuroblasts regulate their nutrient sensitivity and
proliferation in response to both systemic and cell-autonomous timing cues.
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Chapter 1 Introduction

Chapter 1.

Introduction

Developing organisms are able to adapt to environmental stress by altering their
metabolism. Sometimes, however, the stress can prove too much and many
studies have found links between nutritional stress during development and
subsequent metabolic disorders during adult life. For instance, undernutrition or
malnutrition during fetal stages can have long-term effects upon adult insulin
secretion and also increase the risk of cardiovascular disease and obesity (Loche
and Ozanne, 2016; Rando and Simmons, 2015). The effects of starvation on the
growth and neuronal functions of the developing human brain are complex and the
underlying molecular mechanisms are still largely unknown (Sharma et al., 2016).
The use of mammalian and insect model organisms has provided some insights
into how neurogenesis and behavioural functions of the malnourished CNS are
altered (Cheng et al. 2011; Pérez-García et al. 2016; Korosi et al. 2012), however a
lot is yet to be discovered. The following Introduction briefly outlines the process of
neurogenesis (the formation of neurons) in mammals before focusing on
Drosophila, the organism used in this thesis.

1.1 Mammalian neurogenesis
The neocortex is composed of 6 layers, and except for layer 1 which is created first,
the other 6 layers are formed in an “inside-out” manner started from layer 6 to layer
2 (Figure 1-1). Layer 1 is formed by the Cajal-Retzius cells, which are the first-born
neurons. The other early born neurons will migrate and create the deeper layer 5-6
and the later born will create the more superficial layer 2 to 4. Neuronal migration
within the developing cortex depends on numerous factors involved in cytoskeleton
dynamics, neuronal mobility, cell-cell interactions, leading process extension and
finally ability to pass older neurons (Tissir & Goffinet 2003; Marín et al. 2010). The
neurons present in the different layers will express transcription factors, depending
on the time of their birth and their regional localisation within the cortex (Shibata et
al., 2015). Hence, when neurons reach their destination layer, they start to
differentiate and to acquire the specific characteristics of their layer identity (axonal
identity, physiological function) (Shibata et al., 2015; Tiberi et al., 2012).
14
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In the mouse, early neural progenitors called neuroepithelial cells are present in the
embryo from around day 8.5 (E8.5). These divide symmetrically in order to
increase the pool of neural progenitors as the embryo grows (Figure 1-2). Later on,
at around E11, neurogenesis starts and neuroepithelial cells divide asymmetrically
into neurons and radial glial cells (RG cells, Figure 1-2). The RG cells are situated
in the ventricular zone (VZ), and are the building blocks of the future central
nervous system (Figure 1-1). They produce the majority of neurons and later the
glial cells. Radial glial cells divide asymmetrically and self renew, to give rise to a
daughter RG cell and a neuron. In order to rapidly create a large amount of
progeny, they also can generate instead of a neuron, a transient amplifying cell
called a basal progenitor (BP, Figure 1-2). BPs are situated above the RG cells in
the subventricular zone (SVZ) and are cellular intermediates in the generation of
neurons (Figure 1-2). In the VZ and SVZ, different tissue-types create a neurogenic
niche for RGs and BPs. They include the choroid plexus (which produces the
cerebrospinal fluid), the blood vessels (they vascularize the VZ/SVZ), the meninges
(which ensheath the CNS), and the microglia (immune cells). A multitude of factors
are secreted by these different structures to promote neurogenesis in the embryo
(reviewed by Bjornsson et al. 2015).

Figure 1-1: Cortical neurogenesis
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Scheme representing cortical neurogenesis in the embryo. In the VZ, cells of the
NE divide to produce RG. RG have long processes that connect the basal and
apical surfaces. The first-born neuron migrate and produce layer 1, then other early
born neurons (in blue) migrate to create layers 5 and layer 6. The later born
neurons (in green) create layers 2 to 4. RG cells can divide and produce
intermediate progenitors that are situated in the Subventricular zone (SVZ).
Permission to reproduce this figure has been granted by Elsevier (adapted from
Shibata et al. 2015).

Figure 1-2: Modes of division in the developing cortex

A. First, neuroepithelial cells (NE) symmetrically divide to increase a progenitor
pool (proliferative division). Then, NE cells asymmetrically divide to produce a
radial glial cell (RG), and a neuron. In turn, RGs self renew and asymmetrically
divide to also produce neurons, which will then migrate to their destination layer in
the developing cortex. At the end of neurogenesis, RG divide a last time
symmetrically and differentiate into two neurons. B. In some cases RG self renew
and produce a basal progenitor (BP), which functions as a transient amplifying
cells. BPs can then divide symmetrically to produce neurons. This strategy allows
the cortex to create quickly a very large number of neurons.
Permission to reproduce this figure has been granted by Nature (adapted from
Götz & Huttner 2005).
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It had for a long time been assumed that there was no new neurogenesis in the
brain during adulthood but work over the past 15 years or so has overturned this
(reviewed in Bergmann et al. 2015). In both the SVZ and hippocampus, a
population of quiescent neural stem cells (qNSC) are present, and these can
remain in a reversible G0 state for long period of time. The qNSCs can become
activated during adulthood but appear to generate a set of neurons and glia that
are more restricted than those produced by embryonic NSCs (Urbán and Guillemot,
2014). The neurogenic niche of the adult comprises similar structures than in the
embryo (e.g choroid plexus, blood vessels and microglia) but also some additional
ones such as neurons and ependymal cells, which play an important role in
regulating intercellular fluid transport (Bjornsson et al., 2015). Recent studies have
shown that the low oxygen tension of the NSC niche permits hypoxic signalling and
glycolytic metabolism to regulate quiescence maintenance versus self-renewal
(reviewed by Cavallucci et al. 2016). A transition from highly glycolytic to more
oxidative phosphorylation metabolism seems to be a prerequisite for qNSC
reactivation (Shin et al., 2015). qNSCs proliferation can also be triggered by task
learning, physical activity, a rich diet, a seizure and is also important for the
formation of new memories (Gage and Temple, 2013; Lim and Alvarez-Buylla,
2016). In the presence of these environmental stimuli, qNSCs become activated
(aNSCs) and then divide to self renew and to produce an intermediate progenitor
that will generate a specific type of lineage. The aNSCs can continue to go through
multiple divisions or they can re-enter quiescence. They do, however, have a
limited neurogenic potential and need the right balance between activation and
quiescence to prevent their premature exhaustion. In case of overfeeding and
metabolic imbalance, the transition from aNSCs to qNSCs can be prevented by
pathways involving mTor (mammalian Target of Rapamycin), IGF-I (Insulin-like
Growth Factor I), CREB (C-AMP Response Element-binding protein), the
production of ROS (Reactive Oxygen Species) and DNA damage accumulation
(Gage and Temple, 2013; Lim and Alvarez-Buylla, 2016).
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1.2 Drosophila development and nutrition
Drosophila melanogaster is a holometabolous insect with a fully sequenced
genome and a long track record of use as a genetic model organism (Adams et al.,
2000; Ashburner and Bergman, 2005). A wide range of sophisticated genetic
methods allow genes to be inactivated or overexpressed in almost any cell type
and at any stage of development (Brand and Perrimon, 1993; Lee and Luo, 1999).
Drosophila has also proved useful for the study of many physiological processes
including growth, differentiation, nutrient utilization, metabolism, behaviour and
longevity (Edgar, 2006; Homem and Knoblich, 2012; Liu and Huang, 2013; Parker
and Shingleton, 2011; Rajan and Perrimon, 2013; Sokolowski, 2001; Tatar et al.,
2014). The life cycle encompasses embryonic, larval, pupal and adult (imaginal)
forms and takes about 10 days (Figure 1-3).

Figure 1-3: The life cycle of Drosophila

Adapted from http://flymove.uni-muenster.de/
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The larval stage comprises 3 different instars (L1, L2, L3) that are separated by a
molt, where the larva shed its old cuticle, and replaces it by a new one. Between L1
and the end of L3 the larva grows of about 200 fold to give rise to a viable adult fly
after metamorphosis (Church and Robertson, 1966). To achieve this it requires
adequate dietary nutrients in the environment and a complex system of metabolic
regulation in the larva. The larva not only needs to grow during perfect nutritional
conditions but, in the wild, also need to adapt to various environmental stresses,
like starvation. The processes and factors that are responsible for larval growth will
now be introduced.
1.2.1 Ecdysone signalling
The Drosophila ring gland is a composite endocrine organ, which comprises the
prothoracic gland (PG), the corpus alatum (CA), and the corpus cardiacum (CC).
The CA is secreting juvenile hormone (JH) a terpenoid, which in many insects
keeps the larva in an immature state. The CC secretes adipokinetic hormone
(AKH), a peptide that is involved in mobilizing lipids from the fat body. The PG is
secreting ecdysone, a steroid hormone that regulates larval and pupal maturation
and the timing of molting. The roles of JH and AKH are beyond the scope of this
introduction so only the role of ecdysone will be described in detail.
The PG secretes the steroid hormone ecdysone into the hemolymph (Yamanaka et
al., 2015). Pulses of ecdysone regulate the timing of the larval molts, the
prepupal/pupal transition, and numerous other processes (Cara and King-Jones,
2013; Riddiford et al., 1993; Tennessen et al., 2011; Thummel, 1995). Ecdysone is
produced from dietary sterols by the action of seven Halloween genes responsible
for

ecdysteroidogenesis

(neverland,

spookier,

shroud,

Cyp6t3,

phantom,

disembodied, and shadow) (Rewitz et al., 2006; Yoshiyama et al., 2006). An eighth
Halloween gene, shade, then converts ecdysone into the biologically active
metabolite 20-hydroxyecdysone (20E)(Petryk et al., 2003). The production and
release of ecdysone is regulated by the receptor Torso and its ligand the
prothoracicotropic hormone (PTTH), which is secreted by neurons. The lack of
PTTH secretion or lack of Torso in PG cells delay metamorphosis. Interestingly, the
release of PTTH is dependent of the photoperiod, regulated by the circadian clock
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(Di Cara and King-Jones, 2016; McBrayer et al., 2007). A complicated mechanism
involving feed-forward and feed-back loops controls the timing, amplitude and
duration of the ecdysone peaks (reviewed by Rewitz et al. 2013). For example, low
levels of 20E promote ecdysone receptor (EcR) expression in PG cells which
stimulates ecdysteroidogenesis, whereas high levels of 20E inhibit EcR expression
and thus decrease ecdysteroidogenesis (Koelle et al., 1991). In addition, other
ecdysone inducible target genes including several transcription factors have roles
in this feed back control (Rewitz and O’Connor, 2011).
1.2.2 Ecdysone mode of action
Following its secretion into the hemolymph, ecdysone is converted into active 20E
in many peripheral tissues as well as in the prothoracic gland via the enzyme
ecdysone-20-monooxygenase, encoded by shade (Gilbert et al., 2002; Petryk et al.,
2003). In peripheral tissues, most of the biological responses to 20E occur via its
binding to a zinc-finger nuclear receptor, Ecdysone receptor (EcR) (King-jones and
Thummel, 2005). EcR heterodimerizes with an other zinc-finger transcription factor
Ultraspiracle (USP) and EcR/USP complexes bind DNA response elements in
target genes called ecdysone response elements (EcRE) (Thomas et al., 1993;
Yao et al., 1993, 1992) (Figure 1-4). It has been shown that in addition to binding to
USP, EcR is likely to recruit other co-factors (Bai et al., 2000; Sedkov et al., 2003).
EcR/USP regulates target genes in a context-dependent manner, both as a
function of the tissue type as well as the developmental stage (Li and White, 2003).
Depending upon the developmental stage and target tissue, ecdysone can either
promote histolysis of larval-specific organs or it can promote the growth and
differentiation of future adult organs (Riddiford et al., 1993). The expression of
some EcR target genes is repressed by unliganded EcR/USP bound to EcREs, but
de-repressed when 20E is present (Schubiger et al., 2005; Schubiger and Truman,
2000). For other EcR targets, unliganded EcR/USP does not appear to affect gene
expression (neither activation nor repression) but 20E binding to EcR/USP
complexes then activates gene expression. Relevant to functional studies of EcR in
this thesis, both the repression and activation modes of EcR action are blocked by
RNAi but only the latter mode is blocked by dominant-negative receptors.
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There are 3 different EcR isoforms, A, B1 and B2. They all share the exons which
encode for the ligand binding and heterodimerization domain (LBD), and the DNA
binding domain (DBD) but differences lie in their A/B and N terminal domains
(Cherbas et al., 2003a; Talbot et al., 1993). It has been shown that the main
differences of activity between these isoforms are in their transcriptional activation
capacity. Indeed EcR B1 and B2 seem to mostly activate transcription whereas
EcR A represses it (Mouillet et al., 2001).

Figure 1-4: Scheme of EcR/USP binding to ecdysone response elements and the
EcR isoforms.

A. Ultraspiracle (USP) and ecdysone receptor (EcR) binding to an ecdysone
response element (EcRE). In absence of 20-hydroxyecdysone (20E), there is
repression or no activation of target genes but in presence of 20E, there is
activation or de-repression of target genes. B. Scheme representing the three EcR
isoforms (B1, B2 and A) and an EcR dominant negative mutation EcR[F645A]. A/B
(green) contains an activation function 1 (AF1), which varies between the isoforms.
AF1 can act in a ligand independent manner. C (blue) contains the DNA binding
domain (DBD), with two zinc finger motifs. D (purple) flexible hinge region that link
the DBD and LBD together. E (brown) Ligand-binding domain (LBD) which is
conserved amongst isoforms and contains an activation function 2 (AF2). AF2 is
often a ligand-dependent activation. F (yellow) domain of unknown function.
(Adpated from King-jones & Thummel 2005)
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1.2.3 Insulin/TOR signalling
In Drosophila, insulin like peptides (Dilps) are ligands of the Insulin-like receptor
(InR), which promotes growth and proliferation in many developing tissues as well
as carbohydrate homeostasis (Kannan and Fridell, 2013). There are 8 annotated
Dilps, the dilp 1, 2, 3, 4, 5 genes are present in the same cluster on the 3rd
chromosome, whereas dilp 6, 7 are on the X chromosome. They all have A and B
amino acid chains connected by disulphide bonds, similar to human Insulin and the
IGFs (Brogiolo et al., 2001). Dilp8 has been discovered more recently, is only
weakly related to the other Dilps and appears to activate a different receptor, Lgr3
(Colombani et al., 2015, 2012, Garelli et al., 2015, 2012; Jaszczak et al., 2016;
Vallejo et al., 2015). Dilp1-7 are expressed in a variety of tissues from embryo to
adult and have complex spatio-temporal regulation (reviewed by Kannan & Fridell
2013). A comprehensive functional study of Dilps has shown that they can act
redundantly, which likely explains the mild phenotypes observed in single mutants
(Grönke et al., 2010). Dilps important for growth are known to be secreted by the
Insulin producing cells (IPCs) of the CNS, glial cells of the CNS and, in the case of
Dilp6, the fat body (Rulifson et al. 2002; Sousa-Nunes et al. 2011; Chell & Brand
2010; Slaidina et al. 2009; Okamoto et al. 2009).
Importantly, Dilps 2,3 and 5 are secreted by the larval IPCs into the hemolymph
and are able to control the growth and proliferation of both diploid (imaginal) and
polyploid (larval-specific) cell types. To finely tune the effect of the insulin signalling,
some circulating factors like Imp-L2, dALS or the Secreted Decoy Receptor (SDR)
can antagonize the effect of circulating Dilps (Alic et al. 2011; Arquier et al. 2008;
Honegger et al. 2008; Okamoto et al. 2013; Sloth Andersen et al. 2000). These
circulating Dilp inhibitors respond differently to nutrient restriction. For instance,
Imp-L2 is increased upon starvation whereas dALS is decreased (Arquier et al.,
2008; Honegger et al., 2008). SDR, however, is secreted independently of nutrient
intake (Okamoto et al., 2013).
In the insulin target tissues, Dilps activate the Insulin Receptor (InR), which
promotes the activation of Pi3K leading to phosphorylation of the AKT kinase and
also its downstream target the transcription factor Forkhead box class O (FOXO)
(Jünger et al., 2003)(Figure 1-5). When Dilp signalling is high during fed conditions,
phosphorylation of FOXO, a negative regulator of the Dilp/InR pathway, promote its
22
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sequestration in the cytoplasm. When Dilp signalling levels are low, such as during
starvation, FOXO is translocated to the nucleus and activates its target genes such
as the translational inhibitor 4E-BP (encoded by the Thor gene), thus inhibiting
growth and proliferation (Puig et al., 2003). Insulin signalling is closely linked to
Target of Rapamycin (TOR) pathway forming an insulin/TOR-signalling network
(Figure 1-5). In response to amino acids, transporters such as Slimfast (Slif)
activate the TOR kinase(Colombani et al. 2003). TOR then promotes growth, at
least in part via the activation of ribosomal S6 kinase (S6K), and the repression of
the translational inhibitor 4E-BP. One of the cross talk between Insulin signalling
and TOR occurs at the level of tuberous sclerosis proteins (TSC1/2), which are
TOR inhibitors, and are themselves inhibited by AKT. The small GTPase Rheb
positively regulates TOR in presence of amino acids and is inhibited by TSC1/2
activity (Zhang et al., 2003).
1.2.4 Insulin producing cells
The IPCs are a cluster of neurosecretory cells present in the median region of the
larval brain and are known to express Dilps 2,3 and 5 (Ikeya et al., 2002; Rulifson
et al., 2002). These neurons are thought to be functionally equivalent to the
pancreatic β-cells in mammals, which produce Insulin. In larvae, partial IPCs
ablation promotes an undergrowth phenotype and developmental delay, which is
linked to decreased Dilps secretion in the hemolymph (Brogiolo et al., 2001). Dilps
secretion/expression from IPCs is coupled to nutrient availability. If food becomes
scarce, a decrease in dilp3/dilp5 expression and Dilp2 secretion shuts down overall
larval body growth, thus prioritizing larval energy stores for survival (Geminard et
al., 2009; Ikeya et al., 2002).
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Figure 1-5: Pi3K/TOR network

For details see text.
Permission to reproduce this figure has been granted by Nature (Adapted from
Edgar 2006).

1.2.5 The fat body is a central sensor of nutritional status
The fat body is analogous to the adipose tissue and liver in mammals and stores
fatty acids as triacylglyceride (TAG) in lipid droplets (Arrese and Soulages, 2010). It
has been proposed that the fat body produces a systemic mitogen signal
depending upon dietary nutrients and, in particular, amino acids (Britton and Edgar,
1998). Furthermore, organs co-culture experiments have shown that adding fat
body tissue from fed but not starved larvae in the medium can help to promote wing
disc or CNS growth and proliferation (Britton and Edgar, 1998; Davis and Shearn,
1977). Further experiments have indicated that production of the systemic mitogen
depends upon amino acid levels in the hemolymph, sensed by TOR signalling in
the fat body (Colombani et al. 2003). Thus, downregulation of the TOR pathway in
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the fat body can delay larval growth and modify the size of the resulting adult. A
similar phenotype is produced by down regulation of Slimfast (Slif), a cationic
amino acid transporter, which stimulates TOR signalling (Colombani et al. 2003).
The fat body mitogen acts to regulate systemic growth of the larval body in
response to dietary nutrients by stimulating the secretion of Dilp2 from the IPCs
(Geminard et al., 2009). So far, 3 different molecules (Eiger, Upd2 and CCHa2)
corresponding to fat body derived mitogens have been described but more may yet
be discovered. The Drosophila TNF-α orthologue Eiger is secreted by the fat body
into the hemolymph when dietary amino acids are scarce (Agrawal et al., 2016). Its
receptor Grindelwald is expressed in the IPCs and, in presence of Eiger, activates
the JNK pathway (Agrawal et al., 2016). Consequently, IPC expression of dilp2 and
dilp5 are decreased, which leads to a general inhibition of body growth. Thus, Eiger
is secreted from the fat body in order to limit systemic growth and thus energy
expenditure during starvation. The cytokine Unpaired 2 (Upd2) is produced by the
fat body in the presence of high levels of dietary fats and sugars (Rajan and
Perrimon, 2012). Upd2 activates its receptor Domeless (Dome) and the
downstream JAK/STAT pathway in GABAergic neurons, which then relieves their
inhibitory signal to IPCs thus derepressing Dilp2/5 secretion (Rajan and Perrimon,
2012). Upd2 secretion by the fat body appears to be independent of dietary amino
acids and the TOR pathway, although it has been proposed that in absence of
dietary amino acids a feed back loop might promote Upd2 dependent utilization of
fatty acids and sugars (Rajan and Perrimon, 2012). The peptide hormone
CCHamid-2 (CCHa2) is produced by the fat body and other tissues in the fed state
but is downregulated upon nutrient restriction (Sano et al., 2015). Following
starvation, its expression increases upon re-feeding with yeast paste, and even
more strongly with sugar. It is suggested that circulating sugars modulate CCHa2
expression at the transcriptional level. The CCHa2 receptor (CCHa2-R; G protein
coupled receptor) is expressed in IPCs and its activation by CCHa2 stimulates
dilp5 expression and the release of both Dilp2 and Dilp5 (Sano et al., 2015).
CCHa2 therefore promotes systemic growth of the larva in response to dietary
sugars. Together, these studies show that the fat body releases multiple systemic
mitogens that target the IPCs to regulate circulating Dilp levels, in turn coordinating
systemic growth of the larva as a function of its nutritional status.
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1.2.6 Coordination of organ growth during development
The precursors of future organs and appendages of the adult fly are already
present in the larva, as imaginal discs (Lawrence, 1992). The growth and
maturation of the different eye, wing, leg imaginal discs and other imaginal tissues
needs to be coordinated with the growth of the larval body. It has been known for
many years that damage to imaginal discs can delay the onset of metamorphosis,
allowing extra developmental time for repair and regeneration (Parker and
Shingleton, 2011; Stieper et al., 2008). Furthermore, damage to discs can
decrease the size of the PG, which is often correlated with a diminution of
ecdysone production (Colombani et al., 2005; Stieper et al., 2008). The factor
secreted by wing discs to regulate disc growth coordination and larval maturation
was recently identified as an insulin-like peptide called Dilp8 (Colombani et al.,
2012; Garelli et al., 2012). Dilp8 is produced by wing discs in response to damage
and signals to PG cells to limit ecdysone production, allowing the future adult
organs to repair and "catch up" before pupariation is triggered (Colombani et al.
2012). The Dilp8 receptor is leucine-rich repeat-containing G protein-coupled
receptor 3 (Lgr3), which is present in a subset of neurons in the central brain
(Colombani et al. 2015; Garelli et al. 2015; Vallejo et al. 2015). Lgr3 neurons seem
to have direct connections to IPCs and also to PTTH neurons (Colombani et al.,
2015; Vallejo et al., 2015). Dilp8 act on PTTH synthesis to delay the larval to pupal
transition, as well as to delay the expression of disembodied (dib) and phantom
(phm), Halloween genes crucial for ecdysteroidogenesis (see 1.2.1 and Garelli et al.
2012). Furthermore, Lgr3 is also expressed in the PG cells, where it promotes the
activation of nitric oxide synthase (NOS) (Jaszczak et al., 2016, 2015). NOS has
been shown to also be responsible for damage-induced growth inhibition upon
Dilp8 secretion (Jaszczak et al., 2015). There is therefore a cross talk between the
CNS and the PG to coordinate the growth of imaginal discs and the larval body.

1.2.7 Critical weight is a nutritional checkpoint for pupariation
An important nutritional checkpoint during development is called critical weight
(CW) (Bakker, 1959; Beadle, 1938; Mirth and Riddiford, 2007; Yamanaka et al.,
2013).Classic experiments define CW in insects as the mass/time at which larval
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development can proceed to adulthood in the absence of all food and without any
delay. Hence, before CW, food withdrawal leads to developmental arrest. However,
after CW, starvation will prevent further growth but it is still compatible with
development into small but viable and fertile adults (Bakker, 1959; Beadle, 1938).
To determine the weight and time of CW, Bakker starved larvae at different times
after hatching, weighing them before the onset of starvation (Bakker, 1959). To
determine the weight and time of CW, Bakker starved larvae at different times after
hatching, weighing them before the onset of starvation (Bakker, 1959). Then he
monitored the number of pupae formed versus chronological time. From his study,
CW is reached early in L3, at ~54h after larval hatching (54h ALH), and coincides
with a body mass of ~1.3 mg (Bakker, 1959). However, the weight and timing of
CW can be altered by genotype, sex, temperature, and diet (Davidowitz et al.,
2003; Testa et al., 2013). In Drosophila melanogaster but not in some other insects,
post-CW starvation of larvae leads to a small but reproducible decrease in time to
pupariation. It is thought that the CW checkpoint ensures that enough nutritional
resources are on-board before the animal commits itself irreversibly to
metamorphosis. It has been proposed that a small peak of ecdysone early in L3 is
accountable for the onset of the CW transition (Mirth and Riddiford, 2007; Mirth and
Shingleton, 2012; Warren et al., 2006).
1.2.8 Molecular mechanisms of critical weight
Recent studies have shown that the prothoracicotropic hormone PTTH and insulin
signalling play essential roles in the attainment of critical weight. PTTH is produced
by neurons and promotes ecdysone production from the PG. It is expressed at the
right time to regulate most if not all of the ecdysone peaks, including the small one
at ≈8h after the L2/L3 molt, which seems to be linked to the onset of CW (Gibbens
et al., 2011; McBrayer et al., 2007; Warren et al., 2006). Insulin signalling has been
shown to promote ecdysteroidogenesis in the PG, and any deregulation can have
dramatic consequences on larval growth and developmental time (Caldwell et al.
2005; Colombani et al. 2005; Koyama et al. 2014; Mirth et al. 2005; Mirth et al.
2009; Nijhout 2003). During fed conditions, Dilps are secreted by IPCs and can
activate the InR in PG cells, leading to translocation of FOXO out of the nucleus,
which derepresses the Halloween ecdysteroidogenesis genes (Koyama et al.,
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2014). If the larva is starved before CW, Dilps expression and secretion from the
IPCs are decreased, FOXO stays in the nucleus, ecdysone biosynthetic gene
expression is reduced and thus the peak of ecdysone that promotes CW is not
produced. After CW, starvation still decreases Dilp secretion but presumably
ecdysone production is no longer inhibited. How insulin signalling regulates
ecdysone biosynthesis differently at this late stage of development is not yet clear,
but there has been speculation that this could result from interactions with alternate
FOXO binding partners (Koyama et al., 2014). PG cells are known to secrete
tyramine, which activates a monoamine G protein-coupled receptor, the β3octopamine receptor (Octβ3R). Monoaminergic signalling then acts in an autocrine
manner on the PG to promote cell-to-cell coordination of the expression of
ecdysone biosynthetic genes (Ohhara et al., 2015). As tyramine secretion is
abolished by starvation before but not after CW, it could contribute to post CW
maintenance of ecdysteroidogenesis during starvation, when Dilps levels are low.
Interestingly, a recent study has shown that the PG is innervated by some
serotonergic neurons, called SE0PG neurons, with synaptic contacts to the SOG, an
important feeding control centre in insects (Shimada-Niwa and Niwa, 2014).
Innervation of SE0PG neurons to the PG is dependent upon nutrients and can be
limited by low yeast food, which alters the serotonergic signal to the PG and
consequently delays development (Shimada-Niwa and Niwa, 2014). Innervation of
the SOG by SE0PG neurons is extremely plastic and is reversible when the larva is
put back on high yeast food. Before CW, knocking down the serotonergic receptor
5-HT7 in the PG, prevents ecdysteroidogenesis and so induces a developmental
delay. It would therefore be interesting to test if nutrient-dependent innervations by
SE0PG neurons become less plastic after CW attainment.

1.2.9 The larval to puparial to pupal transitions
Towards the end of the larval period, feeding ceases and late L3 animals enter a
period of developmental starvation, called wandering. Several hours later, a peak
of ecdysone promotes puparium formation and a further ≈12hr later another much
larger peak promotes the puparial-to-pupal transition and metamorphosis. The
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Halloween gene shade is required in the fat body for the conversion of this large
pre-pupal peak of ecdysone into biologically active 20E (Akagi et al., 2016). The
pre-pupal burst of shade expression in the fat body is regulated by its
transcriptional activator βFtz-f1, after a decline in the expression of the fat body
transcriptional repressor Blimp-1 (Akagi et al., 2016). Importantly, during both the
puparial and pupal periods of non-feeding, it is fundamental to properly manage the
store of nutrients so that the growth of imaginal but not larval-body tissues is
promoted. In order to do so, 20-hydroxyecdysone (20E) produced during this
period by the PG is able to upregulate the expression of Dilp6 by the fat body
(Okamoto et al., 2009; Slaidina et al., 2009). This Dilp6 expression is promoted by
direct binding of EcR/USP to the dilp6 promoter. Mutants lacking dilp6 activity
exhibit a growth deficit only during this post-feeding phase, as wells as decreased
starvation resistance as adults. Interestingly, starvation during earlier larval stages
can also trigger dilp6 fat body expression. This Dilp6 expression, as well as that
during pupal development requires FOXO and so is presumably inhibited by the
"fed" Dilps secreted from IPCs (Slaidina et al., 2009).

1.3 Drosophila neurogenesis
1.3.1 Embryonic neurogenesis
The Drosophila CNS is built by neural stem cell-like progenitors called neuroblasts,
which are self-renewing and multipotent. They will form the different neuronal and
glial subtypes of both the larval and adult CNS (Prokop et al., 1998; Prokop and
Technau, 1991). In the embryo, the formation of neuroblasts and the
characterization of the lineages they generate have been extensively described
(Technau et al., 2006; Urbach et al., 2006, 2003, Urbach and Technau, 2003a,
2003b). Within the ventral neuroectoderm, neuroblasts (NBs) delaminate in a
stereotypical pattern depending upon their location (Doe, 1992; Doe and Technau,
1993). More specifically, the neuroectoderm is divided into rows along the
anteroposterior (AP) axis by segment polarity genes, and in columns along the
dorso-ventral (DV) axis by dorsoventral patterning genes (reviewed by Bhat 1999).
This provides a Cartesian grid of spatial information resulting in the formation of 30
uniquely specified NBs/per hemisegment. Each neuroblast will then express a
specific set of genes and will produce a specific type of progeny (Egger et al.,
29

Chapter 1 Introduction

2008; Skeath and Thor, 2003; Urbach et al., 2003; Urbach and Technau, 2004,
2003a, 2003b). The posterior ventral neuroectoderm will give rise to the larval
ventral nerve chord (VNC), and the anterior procephalic neuroectoderm will give
rise to the larval brain proper (Hartenstein and Campos-Ortega, 1984).
The formation of neuroblasts from the ventral neuroectoderm is triggered by the
expression of proneural genes of the achaete-scute complex (AS-C), which belong
to the basic helix-loop-helix (bHLH) transcription factor family (Hinz et al., 1994;
Skeath and Thor, 2003). The selection of a subset of cells from the ventral
neuroectoderm to form neuroblasts, depends upon a process called lateral
inhibition, which is mediated by the expression of the neurogenic genes Delta and
Notch (reviewed in Bray 1997). If a cell in the ventral neuroectoderm (the
prospective NB) expresses Delta, a ligand for the Notch receptor, at a very slightly
higher level compared to its neighbours, it will then trigger stronger Notch signalling
in those neighbours leading to suppression of AS-C expression and differentiation
into the epidermal cell fate. Higher Delta and AS-C activation in the prospective NB
promotes the neural progenitor fate. Once the NB is selected by lateral inhibition, it
will enlarge, delaminate and begin asymmetric self-renewing divisions (Bray, 1997).
These involve the NB budding off a smaller daughter called the ganglion mother
cell (GMC). The GMC then divides asymmetrically to generate two equal-sized
daughters that can adopt either a neuronal or a glial fate..
The neuroblast is a highly polarized cell that has a cortex with different molecular
complexes attached on its apical and basal sides (Homem and Knoblich, 2012;
Morin and Bellaiche, 2011)(Figure 1-6). The apical complex (Par complex) is
inherited from the epithelial cells of the neuroectoderm after delamination, it
comprises the proteins Par3/Bazooka, Par-6 and atypical PKC (aPKC) (Yoshiura et
al., 2012). It then recruits Pins/Mud/GαI, which orient the mitotic spindle along the
basal/apical axis (Homem and Knoblich, 2012; Yu et al., 2006a)(Figure 1-6). The
basal complex comprises the adaptor proteins Miranda and Partner of Numb (Pon),
which regulate the localization of three important basal proteins Brat, Prospero and
Numb (Figure 1-6). One key role of the basal complex is to keep the homeodomain
transcription factor Prospero inactive by anchoring it at the cortex so it is unable to
enter the nucleus and activate its downstream target genes. After NB division, the
basal complex is inherited by the GMC but Miranda is then degraded, which
releases Prospero from the cortex so that it can enter the GMC nucleus to inhibit
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cell cycle genes and to activate differentiation genes (Choksi et al., 2006; IkeshimaKataoka et al., 1997). That way, nuclear Prospero distinguishes between a NB and
a GMC and diminishes the mitotic potential of GMCs.
The division of the GMC is also asymmetric such that Numb is segregated to only
one of the resulting daughter neurons and/or glia. The NB is thought to secrete
Delta (Notch ligand) in the vicinity of both GMC daughters so that they could
potentially both acquire the NotchON fate (Spana and Doe, 1996). However, the
segregation of Numb into only one of the newly born cells inhibits Notch signalling,
leading to the NotchOFF state in this cell. In this way, the GMC divides
asymmetrically to generate two equal sized daughters, one NotchOFF and the other
NotchON, which can then adopt two distinct neuronal/glial identities.

Figure 1-6: Asymmetric division of the neuroblast

Scheme representing neuroblast delamination from the neuroectoderm, spindle
rotation, followed by asymmetric division. The apical complex localisation is
inherited by the neuroectoderm and orients the mitotic spindle. Due to spindle
rotation, the basal complex is segregated to the GMC daughter.
Permission to reproduce this figure has been granted by Cell (adapted from Yu et
al. 2006b).
Towards the end of embryogenesis, neuroblasts enter a quiescent state, where
they are blocked in a G1-like phase of the cell cycle. The mushroom body
neuroblasts are an interesting exception to this, as they do not enter quiescence
and continue to proliferate throughout the larval and pupal periods. This allows
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them to produce the very large number of adult neurons that are needed for the
mushroom body, a large and important learning and memory centre in the adult
brain. The timing of entry into quiescence in the late embryo is regulated in a
lineage- and segment-specific manner by Hox/homeotic proteins and temporal
transcription factors (Tsuji et al., 2008). In fact, both embryonic and postembryonic
neuroblast divisions are highly modulated in a spatial manner by Hox proteins
(Bello et al., 2003; Cenci and Gould, 2005; Cleary and Doe, 2006; Jacob et al.,
2008; Truman and Bate, 1988). For example, in the embryo, the NB3-3 thoracic
lineage enters quiescence at stage 15 of embryogenesis, whereas the NB3-3
abdominal lineage remains proliferative until the end of embryogenesis. Thoracic
NB3-3 is situated in hemisegments that express Antennapedia (Antp), whereas
abdominal NB3-3 is in hemisegments expressing Abdominal-A (Abd-A) (Tsuji et al.,
2008). Another regulator of the entry to quiescence is the temporal transcription
factor series, as mutations of temporal factors such as Pdm1 or Castor can delay
quiescence (Tsuji et al., 2008). Furthermore, a low-level burst of nuclear Prospero
in the late embryo has been shown to induce NBs to enter quiescence, contrary to
the much later high-level burst in larvae/pupae which induces their terminal
differentiation (Lai and Doe, 2014; Maurange et al., 2008). Hence, nuclear
Prospero plays a key role in promoting cessation of proliferation at multiple times
during neurogenesis and it can do this in both the NB and the GMC. In addition,
recent studies indicate that the Salvador/Yorkie/Hippo pathway is responsible of
maintaining NBs in the quiescence state (Ding et al., 2016).

1.3.2 Postembryonic neurogenesis
Postembryonic (larval, prepupal and pupal) neuroblasts correspond to a large
subset of the original neuroblasts in the embryo (reviewed in Maurange & Gould
2005). In the central brain and thoracic neuromeres, nearly all embryonic
neuroblasts persist into larval stages but, in abdominal neuromeres, all but three of
the neuroblasts undergo programmed cell death in the late embryo. Following exit
from quiescence (reactivation) in the early larva, postembryonic neurons resume
divisions to produce 90% of the neurons and glia present in the adult CNS (Prokop
and Technau, 1991; Truman, 1990; Truman and Bate, 1988). Due to a lack of
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persistent molecular markers, it has been unclear for a long time which embryonic
neuroblasts give rise to which postembryonic counterparts. Recently, however, a
study has bridged embryonic neuroblast lineages to their corresponding larval ones
using the Gal4/UAS system and the FlyLight collection (Birkholz et al., 2015).
The larval CNS is organized in different structures, central brain (CB), optic lobe
(OL), and ventral nerve chord (VNC) (Figure 1-7). Different neuroblast types are
present in these structures, and will be described in the following paragraph. In the
CB, there is a mix of at least three different neuroblast types: type 2 NBs, the MB
NBs and type 1 NBs (Figure 1-7). The VNC is subdivided in two parts, the thoracic
VNC with type 1D neuroblast, and the abdominal VNC with type 1A neuroblasts.
These different types of neuroblast will produce different sized postembryonic
lineages (Figure 1-8). Those in the thorax tend to produce 50-100 postembryonic
neurons but those in the abdomen only 3-12 postembryonic neurons. However,
different neuroblast lineages within the thorax and within the abdomen also show
clear lineage-to-lineage differences in progeny numbers.
The OL is different from the rest of the CNS as it generates more neurons than
other regions and it creates new NBs in the larva from a neuroepithelium (NE),
similar to the one in the early embryo from which the other NBs formed (Figure 1-7).
Optic lobe NE cells divide symmetrically during most of larval development to
expand the amount of progenitors in the outer proliferation centre (OPC) and this
process required the Notch pathway (Wang et al., 2011). Notch is expressed in
Optic lobe NE cells, which promote their expansion and maintenance (Wang et al.,
2011). At a specific stage, early in L3, NE cells start to convert into postembryonic
NBs, which divide asymmetrically to generate various different types of neurons in
the optic lobe (Figure 1-8). These optic lobe neurons process visual information
delivered to the lamina by axons of the photoreceptors located in the eye (derived
from the eye imaginal disc). In postembryonic neuroblasts, Notch promotes the
neuroblast fate and represses neuronal differentiation, although this function
appears to be more important in type 2 than in type 1 neuroblast lineages (Homem
et al., 2013; Wang et al., 2006)
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Figure 1-7: Morphology of the developing CNS.

Scheme of the embryonic, larval, and adult neural system. The different neuroblast
and their localisation within the CNS are depicted. During development the CNS is
subjected to morphological changes. During metamorphosis, the majority of
neurons produced during embryogenesis will undergo apoptosis. VNC: ventral
nerve chord; OL: optic lobe, CB: central brain; Th: thorax; Ab: abdomen; MB NBs:
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mushroom body neuroblast; GPC: glial precursor cells; OPC: outer proliferation
centre. Permission to reproduce this figure has been granted by Elsevier (adapted
from Sousa-Nunes et al. 2010).

Figure 1-8: Neuroblasts mode of proliferation

Scheme representing different NB types and molecular markers to differentiate
them including Deadpan (Dpn), Asense (Ase), Tailless (Tll). Some neuroblast types
like the MB NB and type 2 NB do not require Prospero (Pros) as part of the basal
cell fate determinants. The MB, type 1 and OPC neuroblasts divide asymmetrically
to produce a GMC, which divides only once. However, the type 2 NBs present in
the dorsal central brain, divide to produce an immature intermediate progenitor
(INP) that matures to acquire NB markers (Dpn, Ase). This mature INP divides
several times to generate GMCs that then divide only once. Permission to
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reproduce this figure has been granted by Elsevier (adapted from Sousa-Nunes et
al. 2010).

1.3.3 The temporal transcription factor series
One key regulator of neuronal diversity is a series of temporal transcription factors
(TTFs), which are required in neuroblasts and/or GMCs rather than in the neurons
themselves (Isshiki et al., 2001; Kambadur et al., 1998; Pearson and Doe, 2003).
TTFs have been well characterized during embryonic neurogenesis and consist of
Zn finger proteins (Hunchback, Krüppel, Castor) and a POU-homeodomain protein
1

(Pdm1).

They

are

expressed

in

a

characteristic

sequence

(HbàKràPdm1àCasà) which imparts temporal identity to neurons, thus linking
their birth order to their neuronal/glial fate (Brody and Odenwald, 2000; Cleary and
Doe, 2006; Grosskortenhaus et al., 2006; Isshiki et al., 2001; Kambadur et al.,
1998; Novotny et al., 2002; Pearson and Doe, 2003; Tran and Doe, 2008) (Figure
1-9). The Hb to Kr transition requires cytokinesis but the subsequent switches from
Kr to Pdm1 and from Pdm1 to Cas are cell cycle-independent (Grosskortenhaus et
al., 2005). An additional factor, Seven up (Svp), is required for the embryonic
switch from Hb to Kr (Kanai et al., 2005). In order to promote the expression of only
one TTF at a time, there are several cross regulations among the different TTFs in
the series (reviewed in Jacob et al. 2008). TTFs expression in the neuroblast/GMC
is necessary for proper neuronal and glia specification. However, the same TTF
factor can specify different identities in different lineages since neuronal/glial fate
depends upon the combined action of spatial identity (Hox, segment polarity,
columnar) and temporal identity (TTF) genes (Bhat, 1999; Brody and Odenwald,
2002; Skeath and Thor, 2003).
The temporal transcription factor series continues during larval neurogenesis, after
reactivation from quiescence in both type 1D and type 1A neuroblasts (Maurange
et al., 2008). During larval development, it was demonstrated that bursts of Cas
and Svp in progenitors not only function to regulate the Chinmo-positive to Broadpositive neuronal transition but also to schedule the late bursts of Prospero (type
1D) or Abdominal A (type 1A), thus terminating the proliferation of type 1D and type
1A neuroblasts respectively (Bello et al., 2003; Maurange et al., 2008) (Figure 1-9).
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The expression of Grainyhead (Grh) a DNA-binding protein is triggered in
neuroblasts towards the end of embryogenesis and it persists in larval neuroblasts
(Almeida and Bray, 2005). It does not appear to be required for the specification of
neuroblast lineage identity, but it is necessary to generate the right number of
progeny (Almeida and Bray, 2005; Cenci and Gould, 2005). The TTF Castor is
required in the late embryo in order to activate persistent Grh expression in larval
neuroblasts, which promotes their proliferation (Cenci and Gould, 2005; Maurange
et al., 2008). In addition, in abdominal neuroblasts (type 1A), Grh has an antiproliferative role because it is required to enable Abdominal-A to trigger their timely
apoptosis in mid-L3 (Cenci and Gould, 2005). For both type 1D and type 1A NBs, it
has been shown that artificial persistent expression or elimination of an
embryonic/larval TTF is sufficient to prevent the late larval switch from Chinmo+ to
Broad+ neurons and also the late neuroblast burst of Prospero or Abdominal A
(Maurange et al., 2008) . For type 1 NBs in the central brain, Hedgehog was found
to be required downstream of Castor to mediate the nuclear localisation of
Prospero and thus cell cycle exit (Chai et al., 2013). In this way, loss of proper TTF
progression fixes neuroblasts in a “young” temporal identity so that they continue
proliferating at a moderate (but not high) rate long into adulthood. For instance, svp
mutant clones, persistent Chinmo and IGF-II binding protein (Imp) expression
promotes continuation of NB proliferation after metamorphosis (Narbonne-Reveau
et al., 2016). imp and the RNA binding protein encoding gene lin28 are direct
targets of Chinmo in type 1 neuroblast (Narbonne-Reveau et al., 2016). In normal
conditions, chinmo, Imp and lin28 are expressed at early stages but silenced in the
NB shortly after the L2/L3 molt. This suggests that the TTF series needs to silence
chinmo/Imp/lin28 in order to terminate proliferation in the neuroblasts, and so limit
its mitotic activity (Narbonne-Reveau et al., 2016).
For the neuroblasts of the outer proliferation centre (OPC), which generate the
medulla neurons of the visual system, recent work shows that a different TTF
series functions to regulate neuronal diversity. The relevant TTF series here
involves the sequence: Homothorax, Eyeless, Sloppy paired 1 and 2, Dichaete and
Tailless (Li et al., 2013). In contrast to the temporal transcription factors in type 1
NBs, it is not yet clear whether those in OPC NBs regulate proliferation/growth as
well as temporal neuronal identity (Li et al., 2013).
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For the Mushroom body (MB) neuroblasts present in the central brain there is a
separate mechanism involving a temporal gradient of Chinmo that is known to
regulate the temporal identity of MB neurons. MB NBs produce γ, α’/β’, α/β neurons
in a specific temporal order (Lee et al., 1999). Chinmo is strongly expressed in
early born γ neurons, then weakly in α’/β’, and absent in α/β neurons (Zhu et al.,
2006). chinmo expression is regulated by an opposite gradient of two proteins, IGFII binding protein (Imp) and Syncrip (Syp) (Liu et al., 2015). Early in the MB
neuroblast Imp is strongly expressed, which promotes chinmo expression. As Syp
expression increases in the MB NB, Imp expression decreases and therefore
chinmo expression. This Imp/Syp gradient regulates the neuronal fate of MB NBs
progeny during development.

Figure 1-9: Effect of TTF genetic manipulations on temporal identity

Scheme representing neuroblasts (circles) expressing temporal transcription
factors (TTFs). The arrow indicates the quiescence phase of type ID neuroblasts
that spans late embryonic and early larval stages. The question mark indicates that
the TTFs expressed by the neuroblast at this time point are unknown. It is
important to note that this scheme represents a generalisation using combined data
from different neuroblast lineages and may not apply to all individual lineages. For
simplification, the embryonic phase where Hunchback and Krüppel are coexpressed is not shown. Hb: Hunchback, Kr: Krüppel, Pdm1: POU domain protein
1, Cas: Castor, Svp: Seven up.
(Adapted from data in Isshiki et al. 2001; Cleary & Doe 2006; Grosskortenhaus et
al. 2006; Maurange et al. 2008; Tsuji et al. 2008; Tran & Doe 2008; Lai & Doe
2014)
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1.3.4 Dietary nutrient dependence of early larval neurogenesis
Neuroblast reactivation after quiescence occurs during L1 and, similarly to entry
into quiescence happens in a precise spatiotemporal pattern (Chell and Brand,
2010; Sousa-Nunes et al., 2011; Truman and Bate, 1988). The NBs present in the
central brain will reactivate earlier than those in the thorax, which themselves
activate earlier than those in the abdomen. It is known that, before the first
postembryonic mitosis, the neuroblast enlarges and this size increase requires
dietary amino acids (Britton and Edgar, 1998; Truman and Bate, 1988). As
introduced above (see Introduction 1.2.5), the fat body is one of the key organs that
links nutritional state to growth and proliferation of cells in the larva. Neuroblast
reactivation requires the fat body to sense amino acids present in the hemolymph
(via the Slimfast amino acid transporter). Amino acids then stimulate TOR
signalling in the fat body, which leads to the secretion of an unknown signal, which
may or may not correspond to the fat body derived signals previously described to
regulate body growth (see Introduction 1.2.5). The fat body secreted factor(s) then
somehow communicate to blood brain barrier (BBB, subperineurial and perineurial)
and cortical glial cells, which constitute the NB niche. These glial cells upregulate
transcription of dilp6 and perhaps also the production of Dilps 2 and 3. Glial-derived
Dilps can then activate the InR/TOR pathway in the neuroblast and trigger its
reactivation and proliferation. The glial cells of the BBB communicate using gap
junctions (Innexins). A recent paper has shown that they produce calcium waves to
facilitate Dilp secretion (Spéder and Brand, 2014). Absence of Innexins in BBB glia
disrupts coordinated calcium waves leading to a delay in the time of reactivation
(Spéder and Brand, 2014).
1.3.5 Dietary nutrient independence of late larval neurogenesis (CNS
sparing)
In mammals, CNS sparing is widely documented and occurs when the growth of
the brain and other critical organs is preserved at the expense of less critical ones.
Brain sparing has long been observed in humans and is associated with
intrauterine growth restriction (IUGR) during pregnancy (Gruenwald, 1963). IUGR
takes place when there is not enough nutrient intake from the mother, or when
there is defective placentation. If IUGR happens during the last trimester, there is a
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tendency for the foetus to undergo what is termed asymmetrical IUGR, such that
growth of the brain is spared at the expense of abdominal visceral organs such as
the liver, intestine and pancreas (Dobbing and Sands, 1971, 1970). Diagnosis of
these cases can be made by in utero ultrasound, revealing an increased
head/abdomen circumference (Campbell and Thoms, 1977). In humans and other
mammals, the molecular mechanisms underlying brain sparing is still largely
unknown.
In Drosophila, a study from our lab demonstrated that selective organ sparing also
occurs in insects. The power of fly genetics was then used to identify a first
signalling pathway for CNS sparing in any organism (Cheng et al., 2011). At
roughly the time when critical weight has been reached (in L3 at ≈60h after larval
hatching), a comparison of the growth rates of tissues from fed larvae and those
subjected to severe nutrient restriction (NR) on a PBS/agar medium was performed.
This showed that neuroblasts and wing epithelial progenitors were able to sustain
growth during NR at 100% and 50% respectively of their fed rates. On the other
hand, larval specific tissues such as the salivary gland and fat body grew 0%
during this severe NR condition. For sparing of the epithelial progenitors in wing
imaginal discs, it has subsequently been proposed that a Ret-like receptor tyrosine
kinase called Stitcher (Stit) acts in parallel to InR to promote PI3K/TOR signalling
and thus growth/proliferation during the non-feeding state (O’Farrell et al., 2013).
Within the CNS, not all regions and cell types are highly spared during NR. For
example, in the optic lobe (OL), the cells of the neuroepithelium (NE) first divide
symmetrically to increase the progenitor pool but, at around ≈60h, they convert into
outer proliferation centre (OPC) neuroblasts, which themselves asymmetrically
divide to produce medulla neurons (see Introduction 1.3.2). During NR, NE
symmetric divisions are not highly spared, leading to a decrease in the number of
OPC NBs (Lanet et al., 2013). Nevertheless, the asymmetric divisions of OPC NBs
are fully spared during NR, thus preserving neuronal diversity at the expense of
overall neuronal numbers (Lanet et al., 2013). This process is thought to preserve
the formation of a functional retinotopic map as the NR decrease in medulla
neurons roughly matches the NR decrease in incoming photoreceptor neurons that
are born in the eye imaginal disc.
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In the thoracic and central brain regions of the CNS, type 1D neuroblasts have
become 100% dietary nutrient independent by ≈60h in L3 (Cheng et al., 2011).
Upon severe NR at 60h, neuroblasts are able to grow and proliferate at the same
rate as in fully fed animals (Cheng et al., 2011). Interestingly, when such 100%
neural sparing is active, neither fed nor NR growth of thoracic NBs requires cell
autonomous inputs from Slif, Rheb, Tor or InR (Cheng et al., 2011). Nevertheless,
PI3K signalling remains essential for neuroblast growth and proliferation. At this
late developmental stage, PI3K signalling is activated by an alternative tyrosine
kinase receptor to InR, called Anaplastic lymphoma kinase (Alk), and its ligand
Jelly belly (Jeb) (Figure 1-10). Alk is known to be expressed in neuroblasts and Jeb
in glia during late L3 (Cheng et al., 2011). At this late stage, expression of both Alk
and Jeb is constitutive, regardless of the presence or absence of dietary nutrients.
Clonal analysis indicates that Alk is required in the neuroblast lineage for its growth
and proliferation during both fed and starvation conditions. Similarly, Jeb is required
in glia for maximal proliferation of neuroblast lineages during both fed and NR
(Cheng et al., 2011).
A recent paper has demonstrated that the Jeb/Alk system is also used in L2 larvae
as part of a positive feedback loop that promotes Dilp5 expression in the IPCs and
thus permits partial larval growth during conditions of suboptimal nutrition, although
not severe NR (Okamoto and Nishimura, 2015). Dilp6 secreted from BBB glia
activates insulin signalling in cholinergic neurons, which in turn may stimulate Jeb
secretion. Alk/Pi3K signalling is then activated in the IPCs, inhibiting FOXO activity
and thus promoting the transcription of dilp5, which is then required to promote
larval growth on a suboptimal diet (Okamoto and Nishimura, 2015).
Interestingly, a recent study shows that type 1D neuroblasts are not only highly
spared from NR but also from oxidative stress as a consequence of hypoxia or
chemical pro-oxidants (Bailey et al., 2015). Again, the glial niche plays a critical
role in sparing the neuroblast, this time from damage caused by reactive oxygen
species (ROS), which can trigger the peroxidation of polyunsaturated fatty acids
(PUFA) and other macromolecules. In the presence of ROS, glial cells are
stimulated to synthesize lipid droplets and these sequester reactive PUFAs (and
other fatty acids) out of harms way. This prevents lipid peroxidation chain reactions
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from occuring not only in glia but also in neighbouring neuroblasts and their
progeny (Bailey et al., 2015).
The metabolism of the dividing neuroblast during larval stages is, like that of
proliferating cells in cancer and other contexts, thought to be highly glycolytic
(Warburg-like)(Grant et al., 2010; Homem et al., 2014). However, at the latelarval/pupal period neuroblasts switch to a more oxidative phosphorylation based
metabolism (Homem et al., 2014). This transition from glycolytic to oxphos
metabolism is mediated by EcR and the mediator complex. It coincides with and
appears to be required for the decrease in NB size, cell cycle speed, and ultimately
terminal differentiation that occurs during the pupal stage (Homem et al., 2014;
Maurange et al., 2008). A possible hypothesis would be that, during its glycolytic
phase, the neuroblast might be fuelled by sugars or other glycolytic precursors
derived from the glial niche. To date, no such metabolic coupling has been
described. However, in a study of the adult CNS, a different type of glial-neuronal
metabolic coupling has been found (Volkenhoff et al., 2015). Perineurial glia of the
BBB take up trehalose from the hemolymph and metabolise it through glycolysis to
lactate and alanine. These two glycolytic products are then taken up by neurons
and used to drive their TCA cycle and oxidative phosphorylation (Volkenhoff et al.,
2015).
Together, the studies in early and late larvae show that neuroblasts can transition
from a mode of growth/proliferation that was NR sensitive, at reactivation in L1, to
one that is 100% NR insensitive, at critical weight in L3 at 60h (Chell and Brand,
2010; Cheng et al., 2011; Sousa-Nunes et al., 2011). This thesis focuses on
identifying the, as yet unknown, mechanisms by which this developmental
transition occurs (Figure 1-10). I will determine the time of onset of CNS sparing,
whether it is an abrupt switch or a gradual process and whether or not it is linked to
reactivation or to critical weight. I will also identify some of the molecular pathways
required for CNS growth and sparing and dissect the relative contributions of the
glial niche versus the neuroblast lineage itself.
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Figure 1-10: From NB reactivation in L1 to NB sparing in L3.

Summary of glial-neuroblast interactions and the roles of TOR and Pi3K signalling
during the exit from quiescence (L1, left panel) and CNS spared growth (late L3,
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right panel). See text for details. Neuroblast lineage growth is promoted by factors
in green and inhibited by factors in red. Factors in grey are not required for the fed
growth of neuroblast lineages in L3. The large arrow and questionmark linking the
left and right panels indicate the central question addressed in this thesis. (Data
collected from Sousa-Nunes et al. 2011; Chell & Brand 2010; Cheng et al. 2011)
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Chapter 2.

Materials & Methods

2.1 Drosophila stocks
The following stocks were used in this study:
w1118;2iso;3iso (iso 31) (Ryder et al., 2004)
repo-Gal4 (Xiong et al., 1994)
nab-Gal4 (NP1316 from GETDB) (Clements et al., 2003)
FRT40, UAS-EcR[F645A] (Cherbas et al., 2003b)
UAS-EcR RNAi 104 (Schubiger et al., 2005)
UAS-myrAKT (Stocker et al., 2002)
UAS-Pdm1 (Maurange et al., 2008)
FRT2A, UAS-cas
FRT82B, cas[24] (Maurange et al., 2008)
FRT82B, svp[e300] (Mlodzik et al., 1990)
OK107-Gal4 (Connolly et al., 1996)
The FRT controls:
y1w1118; neoFRT40A
FRT82B ry506
w;;w+ FRT2A 79 D-F
The M.A.R.C.M stocks used are (Lee and Luo, 1999):
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80/ CyO; tub Gal4/ TM6, Tb, Hu
yw hsFlp122 tub Gal4 UAS-nucGFPmyc;; FRT82B, tub Gal80/TM6, Tb, Hu
yw hsFlp122; tub Gal4, UAS-mCD8::GFP/ Cyo[act-GFP]; FRT2A, tub Gal80/TM6,
Tb, Hu

2.2 Accurate staging of the larvae
The larval phase of Drosophila development includes two molts, which separate
the three larval instars (L1, L2 and L3). During the molting process, larvae duplicate
their cuticle; first there is a parting of the old cuticle and the epithelium, which
leaves a space where new cuticle is secreted. When the new cuticle has totally
surrounded the old, the old cuticle is shed through the spiracular branches (Bate
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and Martinez Arias, 1993). The morphology of the anterior spiracles provides a
reliable way of distinguishing L1, L2 and L3 larvae (Figure 2-1). In L1, there are not
morphologically distinct spiracles at the anterior ends of the dorsal tracheal
branches (Figure 2-1 A). In L2, club shaped anterior spiracles with one papilla start
to be visible (Figure 2-1 A). In L3, anterior spiracles are more complex and
comprise seven to nine spiracular papillae (Figure 2-1 B) (Bodenstein et al., 1950).
At the L2/L3 molt, a “shadow” of the future L3 anterior spiracles becomes visible,
which indicates that the larva is engaged in the molting process.

Figure 2-1: Anterior spiracular morphology in L1, L2, and L3

A. Scheme of the anterior spiracles in L1, at the L1/L2 molt and in L2, the
spiracular papilla (p) is present in L2, but not in L1 where the anterior spiracle are
not visible. B. Scheme of the anterior spiracles in L2, at the L2/L3 molt and in L3. In
L2, there is one spiracular papilla (p), while in L3, there are seven to nine spiracular
papillae. During the L2/L3 molt the “shadow” of the future L3 anterior spiracles are
clearly visible.

2.3 Timed larval collection and nutrient restriction
Egg collection of 30 min were taken from fly cages, using clear plastic 90 mm petri
dish containing our standard cornmeal/yeast/glucose/agar medium for 30 min
(Gutierrez et al., 2007). The plates were then incubated at 25ºC in a humiditycontrolled incubator. Male larvae were timed at the L1/L2 molt or L2/L3 molt
(determined by spiracular morphology), and then weighed on an ultrabalance
(MSE3.6P, Sartorius). For the larval staging in this thesis, 39h (L2) corresponds to
15h after staging larvae at the L1/L2 molt and 84h (L3) corresponds to 36h after
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staging larvae the L2/L3 molt. Larvae were subjected to nutrient restriction (NR,
PBS and 1% low melting point agarose) for 24h, starting at the specified times, and
Fed controls were continuously fed.

2.4 M.A.R.C.M experiments
Neuroblast mosaic analysis with a repressible cell marker (MARCM) clones (Lee
and Luo, 1999) for UAS-EcR DN and UAS-RNAi were generated by heat shocking
L1 larvae in a water bath (≈24h after egg deposition) for 1h at 38.5oC in fly vial or
for 20 min at 37ºC on 50 mm petri dish with standard yeast/cornmeal/agar food. For
temporal factors manipulations using UAS-cas, svp[e300] or cas[24], MARCM
clones, embryos were heat shocked after 12h of egg laying on plates of standard
fly food for 20 min at 37ºC. Following clone induction the plates were kept in a
humidity-controlled incubator at 25ºC.
To quantify CNS sparing in Late L3 in MARCM clones, larvae were individually
weighted on an ultrabalance (MSE3.6P, Sartorius) and selected with a weight
between 0.9-1.3mg (≈68h after larval hatching) and then subjected to NR or fed for
further 24h. Note that, for this mass range, control larvae are ≈68h (ALH) and have
reached critical weight. However a mass of 0-9-1.3mg is not achieved at the same
chronological time for all genotypes. For example, the UAS-EcR RNAi MARCM
larvae take longer to reach a 0.9-1.3 mg.

2.5 Immunofluorescence and EdU incorporation
2.5.1 Immunofluorescence
CNSs were dissected in PBS (1X) (Gibco, life technologies), then fixed for 45 min in
2% formaldehyde in PBL (75 mM lysine, 37 mM sodium phosphate buffer at pH7.4).
After fixation, CNSs were permeabilized in PBST (PBS and 0.1% Triton X-100) for 15
min, and then incubated in a blocking solution (10% normal goat serum in PBST) for 30
min. The CNS were incubated overnight at 4ºC in primary antibody (Table 1), and

then washed 3 times for 20 min with PBST. Incubation with secondary antibodies
was 3h at room temperature. The following secondary antibodies were used from
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Alexa Fluor whole IgG (1/1000, Life technologies): Goat anti-mouse 488 conjugate
(A-11001), Goat anti-mouse 555 conjugate (A-21422), Goat anti-mouse 633
conjugate (A-21126), Goat anti-rabbit 488 conjugate (A-11034), Goat anti-rabbit
555 conjugate (A-21429), Goat anti-rabbit 633 conjugate (A-21070), Goat antichicken 488 conjugate (A-11039), Goat anti-chicken 555 conjugate (A-214370),
Goat anti-guinea pig 488 conjugate (A-11073), Goat anti-guinea pig 555 conjugate
(A-21435), Goat anti-rat 633 conjugate (A-21094), Goat anti-rat 488 conjugate (A21212), Goat anti-rat 555 conjugate (A-21434). DAPI were added to the secondary
antibody solution to detect nucleus at 1mg/mL (1/1000). CNSs were mounted in
Vectashield (Vector technologies) on 21 well slides (Thermo scientific ER-211BCE24). Glass coverslip were added on top (Coverslip 22 x 40mm Glass Menzel),
and sealed with non-colour nail varnish. The slides were then stored at 4ºC.
Antibody

Species

Dilution

GFP

chicken

1/1000

abcam

Broad-core (25E9.D7)

mouse

1/100

DSHB

miranda

mouse

1/50

Deadpan

rabbit

pH3
Jelly belly

rat
guinea
pig

1/1000

Obtained from

F. Matsuzaki
R. Sousa-Nunes

1/500

abcam

1/1000

R. Palmer
R. Palmer

Alk

rabbit

1/1000

DCP1

rabbit

1/300

EcR (Ag10.1)

mouse

1/50

DSHB

Repo (8D12)

mouse

1/10

DSHB

EcR B1 (AD4.4)

mouse

1/50

DSHB

EcR A (15G1a)

mouse

1/50

DSHB

1/2000

abcam

βgalactosidase
(LacZ)

chicken

cell signalling

Table 1: Primary antibodies used in this study.

2.5.2 Sections of the ventral nerve cord.
CNSs were fixed and immunostained as explained (2.5.1) and then embedded in
BSA/gelatin/formaldehyde (Levin, 2004). The embedding medium consists of 22.5
ml of 10X phosphate-buffered saline (PBS), 1.1 g of Gelatin (Sigma Type A,
#G1890), and 225 ml dH2O, 67.5 g of bovine albumin (Sigma #A3912). The
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medium is stored at -20ºC and need to be re-heated at 37ºC before use. CNSs
were first equilibrated for 1h in the embedded medium without the formaldehyde.
After equilibration, the solution of embedded medium and formaldehyde was
prepared in a 2ml eppendorf tube (1.5 ml of embedded medium and 210µL of
formaldehyde (36%)). The solution was gently mixed to avoid bubbles. This newly
made solution was poured in a small petri dish (the size is not important). Then 2 or
3 CNSs were pipetted up and down (2 or 3 times) in the petri dish. 50µL of this
solution with your CNSs was pipetted, put in the sectioning mould, and aligned
quickly using a forceps or needle. After 2h in a humid box at room temperature, the
blocks were dried. The mould was filled with a newly made solution of embedded
medium and formaldehyde (36%). After 12h in a humid box at room temperature it
was set. Some of the experiment required trimming the optic lobes from the VNC,
in order to align L2 and L3 VNC in the sectioning block. They were then between 5
to 6 pairs of VNC per sectioning block. After setting, the mould was then cut away,
and the sample trimmed with a razor blade in any manner, which orient the sample
to the correct cutting plane. The blocks were then fixed using any brand of super
glue on metal chucks. They were then cut in PBS at a thickness of 40µm, at a
speed between 5-7 and frequency between 6-7 using a Leica VT 1000S vibrotome.
Sections were mounted on microscope slides and Glass coverslip were added on
top (Coverslip 22 x 40mm Glass Menzel), and sealed with non-colour nail varnish.
The slides were then stored at 4ºC.

2.5.3 EdU incorporation
CNSs were dissected in PBS (1X), and then incubated in 9-well glass dishes for 1h
with 10mM EdU (5-ethynyl-2´-deoxyuridine) in PBS (1/1000 of 10mM EdU stock
solution from the Click-iT EdU Alexa Fluor 555 imaging Kit, thermo fisher scientific
ref: C10338). After fixation for 45 min with 2% formaldehyde with PBL, CNSs were
then permeabilized for at least 15 min with PBST and then incubated for 30 min in
a blocking solution (10% normal goat serum and PBST). The EdU was detected
using the colour reaction solution for 30 min to 1h (for a 500µL solution: 430µL 1X
Click-iT reaction buffer, 20µL CuSO4, 1.2µL Alexa Fluor azide, 50µL reaction buffer
additive). For co-staining with immunofluorescence, after 3 washes of 20 min with
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PBS, the primary antibody solution was added and the protocol in 2.5.1 were
followed. For co-staining with DAPI, after 3 washes of 20 min with PBST, 1mg/mL
of DAPI was added and then the CNSs were mounted in Vectashield (Vector
technologies) on 21 well slides (Thermo scientific ER-211B-CE24). Glass coverslip
were added on top (Coverslip 22 x 40mm Glass Menzel), and sealed with noncolour nail varnish. The slides were then stored at 4ºC.

2.6 Imaging and analysis
2.6.1 Clonal Volumes and cell numbers
To quantify the volume of a clone, a z-stack of images was recorded as a Leica LiF
file at a resolution of 1024 by 1024 pixels on a Leica SP5 confocal microscope
using the 40x objective with a zoom of 1.7 and a 1µm spacing between each image.
LIF image stacks were then opened in the Amira 3D software for life sciences (FEI),
and a region of interest corresponding to the clone was manually selected for each
image of the stack. Amira then calculates the total volume of interest. To quantify
the number of cells per clone, FiJi (ImageJ) open source software was used with
the cell counter plug-in. To calculate the percentage of CNS sparing (i.e. the growth
occurring during NR, divided by the growth occurring during the fed condition) the
formula

below

was

used

(Cheng

et

al.,

2011):

𝑺𝒕𝒂𝒓𝒕 𝑷𝒐𝐢𝒏𝒕 𝑽𝒐𝒍𝒖𝒎𝒆 − 𝑵𝑹 𝒗𝒐𝒍𝒖𝒎𝒆
× 𝟏𝟎𝟎
𝑺𝒕𝒂𝒓𝒕 𝑷𝒐𝒊𝒏𝒕 𝑽𝒐𝒍𝒖𝒎𝒆 − 𝑭𝒆𝒅 𝒗𝒐𝒍𝒖𝒎𝒆
Equation 1: Formula to calculate the percentage of CNS sparing

2.6.2 EdU and Alk quantification
To quantify EdU staining in the VNC, z-stacks were recorded as a Leica LiF file at a
resolution of 1024 by 1024 pixels on a Leica SP5 confocal microscope using the
40x objective with a zoom of 1.5 and a 1µm spacing between each image. LIF files
were then opened using FiJi (ImageJ) and maximum Z projection performed. Using
the software Volocity (Perkin and Elmer), a thoracic ventral nerve cord region of
interest was selected and the total pixel area of EdU was calculated. The Relative
proliferation (RP %) were determined from multiple fed and NR CNSs using the
formula:
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𝑹𝑷(%) =

𝒎𝒆𝒂𝒏 𝑵𝑹 𝒑𝒊𝒙𝒆𝒍 𝒂𝒓𝒆𝒂
× 𝟏𝟎𝟎
𝒎𝒆𝒂𝒏 𝑭𝒆𝒅 𝒑𝒊𝒙𝒆𝒍 𝒂𝒓𝒆𝒂

Equation 2: Formula to calculate relative proliferation

For the MB EdU quantifications: z-stacks were recorded as a Leica LiF file at a
resolution of 1024 by 1024 pixels on a Leica SP5 confocal microscope using the
40x objective with a zoom of 1.5 and a 1µm spacing between each image. LIF files
were then opened using FiJi (ImageJ) and maximum Z projections performed. The
UAS/GAL4 system were used to detect the entire MB lineage (OK107>CD8::GFP).
The GFP expression was used to manually draw the regions of interest in the
central brain hemispheres using the software Volocity (Perkin and Elmer). The total
pixel area of EdU was calculated.
To quantify Alk expression, L2 and L3 ventral nerve cords were embedded together
in the same block used for sectioning by the protocol in 2.5.2. Using the 40x
objective on the Leica SP5 both VNC sections are visible in the same field of view.
z-stacks were recorded as a Leica LIF file at a resolution of 1024 by 1024 pixels on
a Leica SP5 confocal microscope using the 40x objective with a zoom of 1.5 and a
1µm spacing between each image. The LIF files were opened using FiJi (ImageJ).
For 5 z-stacks per LIF file, regions of interest were manually selected in L2 and L3
VNCs and the mean pixels intensities of Alk staining were calculated.

2.7 Statistical analysis
The software Prism (Graphpad) was used to perform the statistical analysis of the
data presented in this thesis. For the different experiments, an unpaired parametric
t test were performed using two tails and assuming that the two data sets have the
same standard deviation. For some data the NR and Fed data points are
normalized by the mean of the Fed controls.
In order to calculate the SEM of the relative proliferation for each experiment
shown in Figure 3-9, the following formula was used:
𝑺𝑬𝑴 𝑹𝑷 = 𝑹𝑷(%) ×

𝑺𝑬𝑴 𝑭𝒆𝒅
𝒎𝒆𝒂𝒏 𝑭𝒆𝒅

𝟐

+

Equation 3: SEM calculation for relative proliferation
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2.8 Full genotypes shown in figure panels

Figure

Panel

Genotype

Figure 3-2

A/B

repo-Gal4 UAS-CD8::GFP

Figure 3-3

A/B

dnab-Gal4 UAS-CD8::GFP

Figure 3-4

A/B

repo-Gal4 UAS-CD8::GFP

Figure 3-5

A/B/C

dnab-Gal4 UAS-CD8::GFP

Figure 3-6

A/B/C/D

yw; UAS-CD8::GFP;OK107-Gal4

Figure 3-7

C/D

Y/ w[1118]

Figure 3-8

A/B/C/D

yw hsflp122 UAS-CD8::GFP; FRT40A, tub Gal80 /FRT40A;
tub-Gal4/+

Figure 3-9

A/B

repo-Gal4 UAS-CD8::GFP, nLacZ

Figure 4-2
Figure 4-3

Y/ w[1118]

A/B

ctrl: (w1118/ Y)or w1118;+/+; repo-Gal4 UAS-CD8::GFP/+
(Y/+) or +/+; UAS-EcR[F645A]/+ ; repo-Gal4 UAS-CD8::GFP/+

Figure 4-4

w[1118]

Figure 4-5

w[1118]

Figure 4-6

A/B

Figure 4-7

A
B

Figure 4-8

A/B

Figure 4-9

A/B

Figure 4-10

A/B/C/D

Figure 4-11

A

B

yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80/FRT40A;
tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub
Gal80/FRT40A,UAS-EcR[F645A]; tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80/FRT40A;
tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80
/FRT40A,UAS-EcR[F645A]; tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80/FRT40A;
tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub
Gal80/FRT40A,UAS-EcR[F645A]; tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80/FRT40A;
tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub
Gal80/FRT40A,UAS-EcR[F645A]; tub-Gal4/+
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc;; FRT82B, tub Gal80/
FRT82B
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc; UAS-EcR RNAi
104/+; FRT82B, tub Gal80/ FRT82B
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80/FRT40A;
tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80
/FRT40A,UAS-EcR[F645A]; tub-Gal4/+
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc;; FRT82B, tub Gal80/
FRT82B
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Figure 4-12

Figure 4-13

A/B

Figure 5-1

yw hsFlp122 tub-Gal4 UAS-nucGFPmyc; UAS-EcR RNAi
104/+; FRT82B, tub Gal80/ FRT82B
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80/FRT40A;
tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80
/FRT40A,UAS-EcR[F645A]; tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80 /FRT40A;
tub-Gal4/UAS-myrAKT
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80
/FRT40A,UAS-EcR[F645A]; tub-Gal4/UAS-myrAKT
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80 /FRT40A;
tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80
/FRT40A,UAS-EcR[F645A]; tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80 /FRT40A;
tub-Gal4/UAS-myrAKT
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80
/FRT40A,UAS-EcR[F645A]; tub-Gal4/UAS-myrAKT
ctrl: w[1118];+/+; dnab-Gal4/+
+/+; UAS-pdm1/+; dnab-Gal4/+

Figure 5-3

A/B

Figure 5-4

A/B

Figure 5-6

A/B

Figure 5-7

A/B

Figure 5-9

A/B

Figure 5-10

A/B

Figure 5-12

A/B

yw hsFlp122]; tub-Gal4, UAS-mCD8::GFP/+; FRT2A, tub
Gal80/FRT2A
yw hsFlp122; tub-Gal4, UAS-mCD8::GFP/+; FRT2A, tub
Gal80/FRT2A, UAS-cas
yw hsFlp122; tub Gal4, UAS-mCD8::GFP/+; FRT2A, tub
Gal80/FRT2A
yw hsFlp122; tub Gal4, UAS-mCD8::GFP/+; FRT2A, tub
Gal80/FRT2A, UAS-cas
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc;; FRT82B, tub Gal80/
FRT82B
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc;;FRT82B, tub Gal80/
FRT82B, cas[24]
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc;; FRT82B, tub Gal80/
FRT82B
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc;;FRT82B, tub Gal80/
FRT82B, cas[24]
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc;; FRT82B, tub Gal80/
FRT82B
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc;;FRT82B, tub Gal80/
FRT82B, svp[e300]
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc;; FRT82B, tub Gal80/
FRT82B
yw hsFlp122 tub-Gal4 UAS-nucGFPmyc;;FRT82B, tub Gal80/
FRT82B, svp[e300]
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80 /FRT40A;
tub-Gal4/+
yw hsFlp122 UAS-CD8::GFP; FRT40A, tub Gal80
/FRT40A,UAS-EcR[F645A]; tub-Gal4/+
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Chapter 3.

The developmental timing of nutrient

sensitivity in the CNS
Towards the end of embryogenesis, most neuroblast lineages enter in a temporary
quiescence period, where the neuroblast is blocked in the G1 phase of the cell
cycle (Truman and Bate, 1988). Exit from quiescence happens around the L1/L2
molt (≈24 after larval hatching ALH), but its precise timing is dependent upon the
position of the neuroblast localisation in the VNC (Truman and Bate, 1988). For
example thoracic type 1 neuroblasts will enter S-phase around 26h (L2) and then
divide around 30h (L2) (Truman and Bate, 1988). Abdominal type 1 neuroblasts will
enter S phase at a similar time as thoracic neuroblasts, but they will start dividing
much later, at around 50h (early L3), which is suggestive of a second block, at G2,
in the cell cycle (Bello et al., 2003; Truman and Bate, 1988). In the central brain,
however, the four mushroom body neuroblasts (MB neuroblast) do not enter
quiescence and continue to proliferate throughout larval and pupal stage (Ito and
Hotta, 1992). As mentioned in the introduction (see Introduction 1.3.4 and 1.3.5),
the quiescence exit of type 1 thoracic neuroblasts in early L2 is known to be strictly
nutrient dependent but their proliferation has become dietary nutrient independent
and hence spared by mid L3 (Chell and Brand, 2010; Cheng et al., 2011; SousaNunes et al., 2011)(Figure 3-1). The precise developmental stage of the transition
from the dietary nutrient sensitive to insensitive modes of growth/proliferation has
not yet been determined. Neither is it clear whether there is a rapid switch or a
gradual acquisition of CNS sparing. Furthermore, Jeb and Alk expression in glia
and neuroblasts respectively have only been described in late L3 thus far (Cheng
et al., 2011). It therefore remains unclear if Jeb and its receptor Alk are expressed
in glia and neuroblasts respectively during the nutrient dependent CNS growth
phase in L2. Resolving this issue is important to determine whether or not a
temporal switch in receptor/ligand expression might explain the onset of CNS
sparing. For instance Alk could be expressed in neuroblasts in L3 but not before.
Alternatively, Jeb might only be expressed in glia in L3 but not in L2. The lack of
either Alk or of Jeb expression in L1 and L2, could then explain why neuroblast
sparing is not present at this early developmental stage. In this chapter, I conduct a
time course of Alk and Jeb expression during the unspared and spared phases of
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neuroblast growth and also pinpoint the developmental time at which functional
CNS sparing begins.

Figure 3-1: Nutrient sensitivity of neuroblasts changes during development

During L1 the neuroblast is quiescent and does not divide. At the L1/L2 molt it exits
quiescence to resume its proliferation, and this step is nutrient restriction sensitive
(NR sensitive) (Chell and Brand, 2010; Sousa-Nunes et al., 2011). By L3 the
neuroblast proliferation is independent of dietary amino acids or other dietary
nutrients (Cheng et al., 2011). The question mark in grey indicates that nothing is
known about the nutrient dependency of the neuroblast during the intervening
larval period. The larval age in hour is quantified after larval hatching (ALH).

55

Chapter 3 Results

3.1 Alk and Jeb are expressed in both the L2 and L3 CNS
To investigate a possible temporal regulation of Jeb and Alk in the CNS, transverse
sections of VNC were stained at various ages using anti-Jeb and anti-Alk
antibodies. In addition, different transgenic constructs or antibodies were used to
distinguish the various cell types in the CNS. I first examined the expression of Jeb
at 39h (L2) and 84h (L3) using fixed VNC cross sections and observed that Jeb is
expressed in the CNS at both larval stages (Figure 3-2 A) (Figure 3-3 A). Punctate
Jeb staining was detected in the blood-brain barrier glia and cortical glia, both
marked with repo>CD8::GFP (shorthand for repo-Gal4 x UAS-CD8::GFP, Figure
3-2 B), and in the neuroblast and its progeny marked with dnab>CD8::GFP (Figure
3-3 B). Puncta of Jeb expression in neuroblasts, marked with Miranda, have
previously been shown in late L3 (Cheng et al., 2011) and could correspond either
to neuroblast Jeb synthesis or to Jeb made by glia but internalized into neuroblasts
via the Alk receptor or by some other mechanisms. Although not quantifed, the
confocal stainings are at least suggestive that there are more Jeb puncta inside
neuroblasts in L3 than in L2. In both L2 and L3, some cells that are
repo>CD8::GFP negative and dnab>CD8::GFP negative also strongly expressed
Jeb (Figure 3-2 B)(Figure 3-3 B). These cells are likely to be neurons produced
during embryogenesis and it is noticeable that their processes, which form the
large ventral core of neuropile appear to express Jeb more strongly and widely in
L2 than in L3. To conclude, no clear temporal change levels were detected
between L2 and L3 in glia or in postembryonic neuroblasts lineages.
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Figure 3-2: Jeb is expressed in glia during L2 and L3.

A. Confocal images of transverse sections of 39h (L2) and 84h (L3) VNC from
repo>CD8::GFP larvae stained for Jeb, GFP, Miranda (neuroblast marker) and
DAPI. The VNCs were in the same sectioning block. Scale bar: 50µm B.
Magnification images of boxed region shown in A. Arrowheads mark BBB glial cell,
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arrows mark a cortical glial cell, and dotted circles mark neuroblasts that contain
more Jeb puncta in L3 than in L2. Scale bar: 10µm. For the full genotypes of the
larvae in this and subsequent figures see the table in Materials and Methods 2.8.

Figure 3-3: Jeb puncta localize inside neuroblasts.
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A. Confocal images of transverse sections of 39h (L2) and 84h (L3) VNCs from
dnab>CD8::GFP larvae stained for Jeb, GFP and DAPI. VNCs were from different
sectioning blocks. Scale bars: 50µm B. Magnification images of boxed region
shown in A. Asterisks mark neuroblast, dotted circles mark neuroblast lineages.
Scale bar: 10µm.
Next, I examined Alk expression in VNCs dissected from 39h (L2) and 84h (L3)
larvae. VNC cross-sections revealed that Alk protein is expressed in a punctiform
manner in many CNS cells at both the L2 and L3 stages (Figure 3-4 A, B). Using
the construct repo>CD8::GFP as a marker revealed punctate Alk expression in
blood-brain barrier glia and in cortical glia, both known constituents of the stem cell
niche for neuroblasts (Figure 3-4 A, B).
To better compare the intensities of Alk staining between 39h (L2) and 84h (L3)
VNCs, they were superposed in the same sectioning block. At the confocal this
yields two side-by-side VNCs within the same field of view, as shown in (Figure 3-5
A). Consistent with the previous sectioning method, widespread Alk expression is
seen in both the L2 and L3 VNCs (Figure 3-5 A). As observed with Jeb, Alk
expression in the neuropil (largely composed of the neurites of embryonic neurons)
is stronger and more widespread at 39h than at 84h. Within the cortex, marking
postembryonic neuroblast lineages with dnab>CD8::GFP revealed weak but
reproducible expression of Alk in the neuroblast, its postembryonic neuronal
progeny and in the neurite bundle that they project (Figure 3-5 A, B). It is noticeable
in both L2 and L3 that Alk expression is stronger in the deep neurons that are GFPnegative (GFP-), representing the early neuroblast progeny born in the embryo
(Figure 3-5 B). This suggests that as neurons mature and become functional, they
upregulate Alk expression. This may indeed be the case as quantifications of Alk
staining in weak GFP-positive (GFP+) neuronal progeny located far away from the
neuroblast reveal greater expression in L3 than in L2 (Figure 3-5 C). Importantly, I
found that Alk expression levels in the neuroblast itself are not significantly different
between L2 and L3 (Figure 3-5 C). In summary, neither Jeb nor Alk protein
expression levels in glia or in neuroblasts respectively are detectably different
between L2 and L3. Therefore, it is highly unlikely that Jeb protein upregulation in
glia and/or Alk protein upregulation in neuroblasts can account for why brain
sparing is present in L3 but not in L2.
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Figure 3-4: Alk is expressed in glia in L2 and in L3.

A. Confocal image of transverse sections of L2 and L3 VNCs expressing
repo>CD8::GFP and sectioned and stained for Alk, GFP and DAPI. Note that VNCs
were from different sectioning blocks. Scale bars: 50µm. B. Higher magnification
images from boxed region indicated in A. Arrowheads mark a BBB glial cell and
arrows mark a cortical glial cell. Scale bar: 10µm.
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Figure 3-5: Alk expression increases between L2 and L3 in postembryonic
neurons but not in neuroblasts.

A. Confocal image of a single transverse section of 39h (L2) and 84h (L3) ventral
nerve cords from dnab>CD8::GFP larvae sectioned in the same block and stained
for Alk, GFP and DAPI. Different structures are annotated: l, neuroblast lineage; nb,
neuroblast; p, neurite projection; np, neuropil. Scale bar: 50µm. B. High
magnification images of boxed regions in A. Arrowheads mark GFP+ neuroblast
progeny located away from the neuroblast and strongly upregulating Alk (neurons),
dotted circles mark the neuroblast itself. Scale bar: 10µm C. Quantifications of
mean pixels intensity of Alk staining between L2 and L3 and between the
neuroblast and its progeny located away from the neuroblast (GFP+) in arbitrary
unit (a.u.). Error bars S.D. t test performed. (**** p<0.0001, n.s. non significant. For
n numbers, mean and SD see Appendix 7.1.
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3.2 Mushroom body neuroblasts transition from unspared to
spared growth
To address whether or not the transition between NR sensitive and NR resistant
neuroblast modes is linked to quiescence exit, I first focused on the identified
neuroblasts of the mushroom body (MB). Unlike the type 1D thoracic neuroblasts,
the 8 MB neuroblasts (4 in each central brain hemispheres) do not undergo a
period of quiescence (Ito and Hotta, 1992; Truman and Bate, 1988) (Figure 3-6 A).
They therefore represent an interesting context in which to examine whether there
is an obligate link between exit from quiescence (reactivation) and the onset of
sparing. In adult flies, the MB have a large neuropile structure comprising some
2500 neurons, called Kenyon cells which are produced during larval stages
(Kenyon, 1896). During development, each of the 8 MB neuroblasts produces a
similar set of neurons in a characteristic temporal order, respectively γ neurons,
then α’/β’ and finally α/β neurons (Ito et al., 1997). The cell bodies of the newly
formed Kenyon cells lie in the cortex of the posterior side of the central brain, and
their dendritic processes project inwards to form the final lobular structure of the
mushroom body. In order to quantify the fed and NR proliferation of the MB
neuroblast lineages, I used a MB-specific GAL4 driver line (OK107-Gal4) to GFP
label the progeny of all the 8 MB neuroblast lineages. Larvae were staged at 39h
(L2) and at 68h (L3), and then subjected to NR or fed conditions for 24h (Figure 3-6
B)(see Materials and Methods 2.2). At the end of the 24h in vitro EdU incorporation
was performed to assess MB neuroblast proliferation (Sousa-Nunes et al.,
2011)(see Materials and Methods 2.6.2).
Application of NR at the L2 stage substantially decreased EdU incorporation in
GFP+ MB cells relative to fed controls (Figure 3-6 C, D). This shows that the
proliferation of MB neuroblasts is sensitive to nutrient restriction in L2. In contrast,
NR applied in L3 did not significantly decrease the incorporation of EdU below that
of fed controls, indicating that the proliferation of MB neuroblasts has now become
NR-resistant (Figure 3-6 E, F). Thus, although MB neuroblasts do not undergo
early larval quiescence, they nevertheless transition from NR sensitivity to
insensitivity similarly to other neuroblasts that undergo quiescence. This
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demonstrates that the NR sensitivity of neuroblasts is not obligatory linked to their
reactivation from quiescence.

Figure 3-6: MB neuroblast lineages are NR sensitive in L2.

A. Scheme representing the type 1D and Mushroom Body neuroblasts in the larval
CNS. B. Time line of larval development, and the two NR paradigms used in this
figure (see text for details). C. Confocal images of MB neuroblast at the end of 39h
fed and NR expressing OK107>CD8::GFP and labelled with EdU. The dotted line
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surrounds the GFP-positive (GFP+) MB lineage of one of the central brain
hemisphere. Scale bar is 50µm D. Quantification of EdU incorporation in MB
neuroblast lineages that were fed or subjected to NR at 39h (L2). NR and Fed data
points have been normalized relative to the mean of the Fed control. (Individual
data points from 1 experiment) Error bars are S.D. t test performed, (****
p<0.0001). E. Confocal images of MB neuroblast at the end of 68h fed and NR
expressing OK107>CD8::GFP and labelled with EdU. The dotted line surrounds the
GFP+ MB lineage of one of the central brain hemisphere. Scale bar is 50µm. F.
Graph representing the quantity of EdU incorporated in MB neuroblast lineages
when starved at 39h (L2). NR and Fed data points have been normalized by the
mean of the Fed control. (Individual data points combined from 3 independent
experiments) Error bars are S.D. t test performed, (n.s., non significant). For n
numbers, mean and SD see appendix 7.1.

3.3 The onset of NR-resistance in neuroblasts is gradual
The requirement for dietary amino acids in the growth and proliferation of type 1
thoracic neuroblasts was previously demonstrated for exit from quiescence at the
late L1/early L2 stage (Sousa-Nunes et al., 2011). Much later in larval development,
12h after the L2/L3 molt (60h), thoracic neuroblasts have activated sparing and are
able to grow and divide in absence of dietary amino acids or other micronutrients
(Cheng et al., 2011). In order to investigate when neuroblast sparing is kicking in
for type 1 neuroblasts in the VNC, I applied NR at various stages and assessed
neuronal proliferation using an in vitro EdU incorporation assay (see Materials and
Methods 2.5.3; Sousa-Nunes et al. 2011). This assay provides a snap shot of
neuroblast proliferation at the end of the fed or NR period. As larvae do not all
develop with perfect synchrony, I eliminated the confounding effects of sex-specific
growth rates by selecting male larvae and not only measuring their chronological
age but also their precise developmental stage using morphological criteria (see
Materials and Methods 2.2). Initially larvae were subjected to NR for 24h at two
times points: in L2, 15h after the L1/L2 molt (39h) or in L3, 20h after the L2/L3 molt
(68h) (Figure 3-7 B). Quantification of EdU incorporation (see Materials and
Methods 2.6.2) revealed that NR neuroblasts proliferate significantly less than their
fed counterparts in L2 but, by mid L3 there is no significant difference (Figure 3-7
D). Hence, type 1 thoracic neuroblast proliferation is highly sensitive to dietary
nutrients at 39h (L2) but, by 68h (L3), it has become fully nutrient independent. This
is consistent with the previous studies (Chell and Brand, 2010; Cheng et al., 2011;
Sousa-Nunes et al., 2011) and also indicates that neuroblast sparing is not fully
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active in L2, like for MB neuroblast, even though reactivation after quiescence has
long been completed. It is interesting to note that, even in L2, neuroblasts continue
to proliferate during NR at a low level suggesting that the onset of the sparing
process may not be all or none.

Figure 3-7: Neuroblast proliferation is not spared in mid-to-late L2.

A. Scheme representing the thoracic type 1D and mushroom body neuroblasts in
the larval CNS. B. Time line of larval development and the two NR paradigms used
in this figure (see text for details). C. Confocal pictures of in vitro EdU incorporation
in VNCs from larvae subjected to 24h feeding (fed) or nutrient restriction (NR) at
39h (L2) or 68h (L3). Dotted circle shows the thoracic region of interest selected for
EdU quantification in D. D. Quantifications of EdU incorporation in the thoracic
VNCs of Fed and NR larvae as in C. Error bars are S.D. t test performed, (n.s.
p>0.05, **** p<0.0001). For each time point: the NR conditions were normalized by
the mean of the fed conditions. For n numbers, mean and SD see appendix 7.1.
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The in vitro EdU assay provides a snap-shot measure for neural proliferation
equating largely to divisions of the neuroblast (Sousa-Nunes et al., 2011). However,
it does not permit the overall growth of neuroblast lineages to be quantified.
Moreover, in some mutant contexts such as loss of TOR signalling, it is known that
the growth and proliferation of neuroblast lineages are not always coupled (Cheng
et al., 2011). Therefore, I assessed the impact of NR upon the overall growth of
type 1 thoracic neuroblast lineages using MARCM clones induced in L1 (see
Materials and Methods 2.4). In contrast to the in vitro EdU assay, MARCM clones
provide a cumulative measure of the growth of neuroblast lineages. In addition
cumulative proliferation can also be measured by this method via counting the
number of cells within the MARCM neuroblast clone. Using the MARCM method
necessitates measuring clone volume and cell number at both the start and at the
end of the period of NR (Figure 3-8 A). As observed with the EdU assay, MARCM
labelled neuroblast lineages do undergo a small and statistically significant amount
of growth during NR in L2 but this is much less than the fed growth at this stage
(Figure 3-8 B, C). The application of NR at 68h (L3), however, does not significantly
decrease clonal growth below the fed control value (Figure 3-8 D, E). From the
quantification of MARCM clone volumes, it is also possible to quantify the
percentage of sparing by dividing the growth occurring during NR by the growth
during the control fed period (Cheng et al. 2011, see Materials and Methods 2.6.1).
For these experiments, the percentage of sparing is ≈20% at 39h (L2) and ≈80% at
68h (L3). Thus, together with the results of the EdU assay, I conclude that both the
growth and proliferation of neuroblasts remain sensitive to dietary nutrients in mid
L2 but full sparing of both parameters is acquired by mid L3.
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Figure 3-8: Growth of thoracic neuroblast lineages is not spared during L2.
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A. Larval development timeline and Fed/NR regimes: the clones were induced in
L1, and the larvae were starved at 39h (L2) or 68h (L3) for 24h (see Materials and
Methods 2.4). B. Confocal images of MARCM thoracic 1 neuroblast clones at the
start and end of 39h fed and NR regimes shown in panel A. The asterik shows the
neuroblast, and the dotted line surrounds the neuroblast clone. Scale bar: 10µm. C.
Graphs representing measurement of clone volume at the start and end of 39h fed
and NR regimes shown in panel A. Error bars are S.D. t test performed, (**,p<0.01,
***, p<0.001) (Individual data points from 1 experiment) D. Confocal images of
MARCM thoracic 1D neuroblast clones at the start and end of 68h fed and NR
regimes shown in panel A. The asterik shows the neuroblast, and the dotted line
surrounds the neuroblast clone. Scale bar: 10µm. E. Graph representing
quantifications of clone volumes. Error bars are S.D. t test performed (n.s= non
significant). (Individual data points from 1 experiment). For n numbers, mean and
SD see appendix 7.1.
To test whether the onset of neuroblast sparing is a gradual process rather than an
on-off switch, I mapped more precisely how the nutrient-dependency of neuroblast
proliferation changes with developmental age using the EdU assay. For the earliest
time point at 39h, newly molted L2 males were selected using morphological
criteria (see Materials and Methods 2.2) and then they were fed at 25oC for 15h,
before commencing NR for 24h. A similar procedure was followed, for all the later
time points, using newly molted L3 males at 48h (L3) then fed at 25oC for 0h (48h),
3h (51h), 6h (54h), 8h (56h), 12h (60h) or 20h (68h) before transfer to NR medium
for a further 24h. To obtain another indicator of developmental progression
immediately prior to NR, larval weight was also determined. The EdU assay cannot
be used to calculate percentage neuroblast sparing, since it is not a cumulative
measure. I therefore calculated a related proxy for brain sparing, termed relative
proliferation (see Materials and Methods 2.6.2). The results for the thoracic VNC
were plotted in two different ways, one as a function of the larval weight (mg), and
the other as a function of the chronological age (Figure 3-9 A, B). Both plots use
data from multiple independent experiments and show clearly that relative
proliferation in thoracic neuroblast lineages increases with chronological age and
larval weight during L3 in a gradual rather than in an abrupt manner. It is noticeable
that there is some variability in both types of plots, the source of which could be
either biological or technical. Nevertheless, it is possible to conclude that a proxy
for brain sparing, relative proliferation is at moderate levels in late L2 but rises
gradually and substantially after the L2/L3 molt. High relative proliferation (80% and
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above) in the thoracic CNS is attained at 54-60h, when male larvae weigh 0.8-0.9
mg.

Figure 3-9: Thoracic neuroblasts acquire NR-resistance in a gradual manner.

A. Scatter plot of the relative proliferation (%) of thoracic neuroblasts at different
larval weights. The x-axis represents the larval weight when subjected to NR and
colour groups pool the larvae by chronological age at the start of NR. B. Scatter
plot of the relative proliferation (%) of thoracic neuroblasts at different larval time
points. The range of weights of each colour group (mg) are shown. Error bars
indicate SEM. Note that any given data point can be grouped differently and
represented in a different colour in A versus B. For n numbers, mean and SEM see
appendix 7.1.
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Together, the EdU and MARCM assays clearly demonstrate that maximal CNS
sparing does not occur until approximately two days after neuroblast reactivation.
In addition, the EdU assay for relative proliferation demonstrates that type 1
neuroblasts in the thorax are strictly dependent upon dietary amino acids for
reactivation and then they gradually decrease their dependence upon dietary
nutrients during L2 and L3 such that they only become fully NR-resistant (“spared”)
at mid L3 stage.

3.4 Conclusions
In this chapter, I showed that the onset of CNS sparing in L3 is not due to
differential protein expression levels of Alk and/or its ligand Jeb in neuroblasts or
glia respectively. This strongly suggests that another mechanism must be
responsible for timing the gradual onset of neuroblast sparing, perhaps modulating
Alk kinase activity or a more downstream or parallel process needed for growth and
proliferation. Jeb and Alk expression do increase in L3, in early-born neurons
produced by the neuroblast but the significance of this, if any, for the sparing of the
neuroblast is not yet known and would require further functional tests. In principle,
one-way to achieve this is would be to inhibit Alk expression in the neuroblast alone,
or conversely in the lineage alone using various Gal4 and Gal80 driver
combinations. Thus far, all genetic manipulations of Alk have been done in
MARCM clones where gene activity is removed from all neuroblasts GMCs and
neurons within a lineage (Cheng et al., 2011). It is likely that the role of Alk in
neurons is different from its sparing function in neuroblasts. In this regard it is
interesting that Alk expression in neurons of the developing visual system has been
shown to regulate axonal connectivity (Bazigou et al., 2007). Another speculative
possibility is that there is feedback from the maturing neurons expressing Alk to the
neuroblast, in order to induce sparing.
By investigating MB neuroblasts, which do not undergo quiescence, I was able to
demonstrate that the timing of the acquisition of NR resistance by neuroblasts that
do or do not undergo quiescence is very similar. Hence, exit from quiescence is not
always linked to the onset of CNS sparing. Interestingly, a MARCM study also
found that the transitions in the temporal identities of neurons generated by MB
70

Chapter 3 Results

neuroblasts are also sensitive to nutrient availability (Lin et al., 2013). If protein
starvation (a 20% sucrose diet) is applied early (48h, early L3) then the transition
from the early (γ) to the later (α’,β’) temporal identity of neurons is delayed. If,
however, protein starvation occurs later (60h, early/mid L3) then the α’/β’ transition
is not altered. This published protein starvation study is consistent with my own NR
study of clone size and together they indicate that MB neuroblasts, even though
they do not undergo quiescence, still transition between a plastic nutrient sensitive
state and a starvation insensitive mode. This not only has implications for overall
levels of neuroblast sparing but also for the transitions between the neuronal
progeny of different temporal identities.
I used a combination of MARCM clones and an EdU assay to map the
developmental transition between the NR sensitive and insensitive phases of
thoracic neuroblasts. Each assay has its pros and cons and I will now discuss
these. The in vitro EdU incorporation assay quantifies the pixel area of EdU
incoporated to provide a measure of cell proliferation. However, the neuroblast is
usually the proliferative cell with the biggest nucleus in L3 and so the EdU pixel
area detected will be greater than for a smaller GMC. The current EdU assay does
not count the number of cells that incorporate EdU as although this would be a
better measure of cell proliferation, it has proved technically challenging. Perhaps
automatic quantification with an imaging software could be developed. It is also
possible to obtain a different measure of neuroblast proliferation in the VNC using
phospho-Histone H3 (pH3) staining, which detects cells in mitosis (Cenci & Gould
2005 and data not shown). It has been shown that some genetic manipulations
perturb neuroblast proliferation but not growth, so care needs to be taken not to
assume automatically that both parameters change in the same way (Cheng et al.,
2011). For this reason, I also used the lineage tracing method called MARCM (Lee
and Luo, 1999). It is preferable to the EdU assay as it cumulatively quantifies NB
proliferation rather than providing a snap shot. MARCM also provides a cumulative
measure of neuroblast lineage growth but the timescale needed between the clone
induction by heat-shock and the Gal80 dilution in order to detect the clones are too
long to use this technique for a precise timecourse. Thus, for the precise mapping
of the onset of CNS sparing (by the proxy of relative proliferation) the EdU assay
was more appropriate.
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The combined MARCM and EdU approaches revealed that there is a nutrient
sensitive phase in L2, and the CNS sparing gradually increases between 39h (L2)
and 68h (L3) in the neuroblast and its lineage. This increase is observed as gradual
at the level of the overall thoracic VNC. It is highly unlikely that the whole thoracic
CNS becomes spared quite abruptly in mid L3, since I do not observe in the same
experiment a bimodal distribution of VNCs incorporating a lot of EdU and some
incorporating much less. The VNC comprises a number of different thoracic type
1D neuroblast lineages, which are pooled together for EdU or MARCM analysis. It
therefore remains an open question as to whether or not the onset of neuroblast
sparing is a gradual or abrupt process at the level of an individual neuroblast
lineage. For example, it could be possible that the different neuroblast lineages
switch on sparing abruptly but at different developmental times, so at the level of
the overall VNC this would look like a gradual increase. In order to test this
possibility the analysis would have to focus on the same specific identified lineage
each time. Recent studies have described individual VNC lineages using
markers/antibodies (Birkholz et al., 2013) and also using Gal4 lines (FlyLight) (Li et
al. 2014; Birkholz et al. 2015; Harris et al. 2015; Lacin & Truman 2016). Those
analyses are also bridging the gap between embryonic and larval lineages and
between larval lineages and adult neuronal structures (Lacin and Truman, 2016).
To my knowledge, there is not yet a reliable documented antibody combination or
Gal4 line expressed specifically in one entire lineage from embryo to L3. However
a recent paper has found an ingenious way of “immortalizing” the Gal4 expression
in one lineage from embryo to larvae which might now allow me to test the gradual
versus abrupt hypothesis (Harris et al., 2015). To “immortalize” the embryonic Gal4
expression in the neuroblast lineage, a recombinase (UAS-Flippase), is used to
promote irreversible excision of the stop cassette present in the construct Actin5CFRT-stop-FRT-LexA::p65 (Harris et al., 2015). Following GAL4 driven UASFippase excision, the LexA/LexAop system is then permanently activated
specifically in the neuroblast lineage that expressed GAL4 and so will perdure until
adulthood
In summary, in this chapter I have found that the protein expression of Jeb and Alk
are not temporally regulated in glia and neuroblasts in a manner that accounts for
the onset of neuroblast sparing. My data also demonstrate that quiescence entry in
L1 is not an obligation for undergoing a nutrient independent mode of growth and
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proliferation in L3. In fact, I found that most neuroblasts remain dietary nutrient
sensitive long after they exited quiescence. And finally, the as yet unidentified
mechanism that activates neuroblast sparing during development appears to be
turned on gradually throughout L3 rather than in an abrupt manner.
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Chapter 4.

Roles of ecdysone signalling in

neuroblast proliferation
As explained in the introduction (see 1.2.1), several pulses of the steroid hormone
ecdysone and its more bioactive metabolite 20-hydroxyecdysone occur during
larval development (Figure 4-1) (Warren et al., 2006). Ecdysteroids are known to
provide the timing cues for several aspects of larval progression such as molting,
raising the possibility that they could also regulate the onset of sparing. In this
chapter, I first test whether the ecdysone receptor (EcR) is important for neuroblast
proliferation in the glial niche. Then, after studying the expression of EcR in the
neuroblast lineage, I assess its functional role there using MARCM clones. Finally, I
investigate the regulatory relationship between ecdysone signalling and the
Alk/Pi3K pathway in the neuroblast lineage.
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Figure 4-1: Timing of 20-hydroxyecdysone pulses and neuroblast NR sensitivity.

20-hydroxyecdysone/ecdysone pulses trigger larval hatching and subsequent molts
as well as puparium formation and imaginal differentiation. The hypothesis tested in
this chapter is that either the L2 or L3 pulses or the basal level of ecdysone
signalling regulate the transition from NR sensitive to resistant proliferation. 20E is
20-hydroxyecdysone, the active form of ecdysone. NR (Nutrient Restriction).

4.1 Role of the ecdysone signalling in the glial niche
The glial niche secretes growth factors such as Dilps and Jeb during larval
development and these are essential for neuroblast proliferation and growth (Chell
and Brand, 2010; Cheng et al., 2011; Sousa-Nunes et al., 2011; Spéder and Brand,
2014). To test whether a glial response to ecdysone signalling might underlie the
onset of neuroblast sparing, I first assessed EcR expression in glia. CNSs from 84h
(L3) larvae were dissected and immunostained using an EcR antibody common to
all EcR isoforms, and glia were identified by repo>UAS-CD8::GFP,nLacZ. This
experiment revealed that EcR is expressed in the nucleus of numerous glia in the
thoracic neuromeres of L3 larvae (Figure 4-2 A, B). Based on their proximity to
neuroblasts EcR-positive (EcR+) cells in L3 include the cortical glial subtype
(Figure 4-2 A), and based on their superficial location some EcR+ cells are Blood
Brain Barrier glia (Figure 4-2 B). These two cell types form the glial niche.
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Figure 4-2: EcR is expressed in glia during L3.

A. B. Confocal images of a thoracic region of an 84h (L3) VNC from
repo>CD8::GFP,nLacZ larvae stained for EcR and βGalactosidase (LacZ). Glia are
marked by membrane tethered GFP, and nuclear LacZ. Arrowheads show a glial
cell expressing EcR in its nucleus. In A. are glia close to the neuroblast called
cortical glia. In B. are glia located superficially called blood brain barrier glia. Scale
bar is 10 µm.
To determine if EcR functions in glia to regulate neuroblast proliferation, I
overexpressed a dominant negative form of the ecdysone receptor (EcR DN) using
the glial specific driver (repo-Gal4) (Cherbas et al. 2003a; Cherbas et al. 2003b).
The EcR DN used is UAS-EcR[F645A], which has a mutation in helix 12 of the
ligand binding domain (LBD) (Figure 1-4 B). It allows dimerization with USP, and
binds to 20E but it fails to transcriptionally activate or de-repress target genes
(Cherbas et al., 2003b). Larvae carrying repo>EcR DN were then starved or fed at
68h (L3) for 24h and the in vitro EdU assay was then performed. An antibody
against Repo was used to identify glia. EcR DN seems to disrupt the regular
organisation of the Repo+ cells in the NR CNS, when compared to the fed
condition

(Figure

4-3

A).

Regarding

neuroblast

proliferation,

EcR

DN

overexpression in glia decreases EdU incorporation in the VNC during NR, but not
during fed conditions (Figure 4-3 A, B). More specifically, during NR, there is a
significant (p<0.0001) halving of neuroblast proliferation in repo>EcR DN compared
to control larvae. Intriguingly, there also appears to be an increase in EdU
incorporation in repo>EcR DN larvae in the fed state. I cannot explain this at
present but note that it only occurred in one of three independent experiments. The
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main conclusion here, however, is that inhibition of EcR function in glia disrupts the
NR but not the fed CNS and it prevents neuroblast proliferation from attaining the
NR insensitive state in L3.

Figure 4-3: EcR DN in glia decreases neuroblast proliferation during NR.

A. Confocal images of VNCs, from larvae that were fed or starved (NR) for 24h at
68h of development. The control genotype is the driver line repo-Gal4 crossed to a
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control isogenic line w1118 iso[31]. For EcR DN it is the driver line repo-Gal4
crossed to UAS-EcR[F645A]. VNCs were stained with an antibody against Repo
(glial marker) and labelled with EdU and DAPI. Scale bars are 50 µm. B. Graph
representing the quantity of EdU incorporated in the VNC categories shown in A.
NR and Fed data points have been normalized by the mean of the Fed control.
(Data points from 3 independent experiments). Error bars are S.D. t test performed,
(****p<0.0001, n.s. non significant). For n numbers, mean and SD see appendix
7.1.

4.2 EcR is expressed in neuroblasts
In Chapter 3, I showed that the onset of neuroblast sparing is gradual. To test if this
coincides with graded expression of EcR in the neuroblast, larval VNCs at various
stages were stained using antibodies against EcR and Deadpan (Dpn), a
neuroblast marker. In L2, two time points were chosen (30h and 42h), and in L3
three time points were selected (48h, 68h and 90h). This experiment revealed an
absence of detectable EcR staining in the neuroblast at 30h but consistent nuclear
expression was observed in the neuroblast at 42h, 48h, 68h, and 90h (Figure 4-4).
Future experiments will be needed in order to quantitate EcR levels during larval
development and to see whether they increase during L3 or vary with the moulting
cycle. Hence EcR is expressed in the neuroblast in L2, long before the onset of
sparing. Moreover it does not appear that EcR neuroblast expression increases
during L3 in a graded manner that would correlate with the gradual increase in
relative proliferation identified in Chapter 3.
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Figure 4-4: EcR is expressed in the neuroblasts during L2 and L3.

A. Confocal images of thoracic type 1 neuroblast at 30h, 42h, 48h, 68h and 90h.
VNCs from larvae were stained for EcR, Dpn (neuroblast marker) and DAPI. Scale
bars are 5 µm.

To assess if specific EcR isoforms are expressed in the neuroblast at 68h, I stained
VNCs with antibodies against EcR isoform B1 (EcR B1) and EcR isoform A (EcR
A). The immunostaining revealed that only EcR B1 is expressed in the neuroblast
at this point and that EcR A is predominantly expressed in small Dpn-negative cells
close to the neuroblast, which are probably postembryonic neurons (Figure 4-5).
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Figure 4-5: EcR B1 but not EcR A is expressed in neuroblasts

Confocal images of thoracic neuroblasts at 68h (L3). The VNCs were stained for
EcR B1 or EcR A, as well as Dpn (NB marker) and DAPI. Arrowheads show the NB
(EcR B1-positive) and arrows shows small cells (EcR A-positive) that might be
neurons. Scale bar 10 µm.

4.3 Ecdysone signalling stimulates neuroblast growth and
proliferation
To investigate the role of EcR in neuroblast lineages, I used the MARCM clone
technique to overexpress EcR DN (Lee and Luo, 1999) (see Materials and
Methods 2.4). Clones were induced in L1 and at 68h larvae were starved or fed at
68h for a further 24h; VNCs were then dissected at the start and at the end of the
experiment (Figure 4-7 A). I used Miranda localization to test whether EcR DN
expression alters neuroblast asymmetric division. Miranda (Mira) is a basal cell-fate
determinant, which provides a readout for asymmetric localization machinery in
neuroblast. During M-phase it basally segregates with other proteins to promote
neuroblast self-renewal, and daughter cell differentiation (Yu et al., 2006a). I
observed, however, that the Miranda basal crescent is clearly visible in EcR DN
neuroblast clones, indicating a normal asymmetric division process (Figure 4-6).
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Figure 4-6: EcR DN does not alter Miranda localization in neuroblasts.

A. Confocal pictures of fed type 1 neuroblast control, and EcR DN clones marked
with GFP at 84h of larval development. The VNC clones were stained with antiMiranda (Mira), GFP and DAPI. Asterisks mark the neuroblast. Arrowheads show
the Mira basal crescents in control and EcR DN neuroblasts in M phase. The
dotted line surrounds the entire neuroblast clone. Scale bar 10 µm. For the
genotypes of MARCM larvae see Materials and Methods 2.8.
In order to assess neuroblast growth and proliferation, clone volumes and the
number of cells per clone were quantified respectively in control (FRT40A) and EcR
DN clones. Confocal images revealed that clones overexpressing EcR DN appear
smaller than control clones, both during NR and fed conditions (Figure 4-7 B, C). In
agreement with this observation, the measured volumes of EcR DN clones are
significantly less than controls in both fed and NR conditions, and a small
difference here is already apparent at 68h start point (Figure 4-8 A). Similarly, there
is a significant decrease in the number of cells per clone in EcR DN clones
compared to the controls in both fed and NR conditions (Figure 4-8 B). Of interest,
there is also a significant difference in the clone volume and in the number of cells
per clone between EcR DN fed and EcR DN NR conditions, indicating a decreased
value for the percentage of neuroblast sparing (Figure 4-8 A, B). To conclude, EcR
is required for maximal growth of neuroblast lineages during both fed and NR
conditions.
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Figure 4-7: EcR DN decreases the size of thoracic neuroblast clones.

A. Larval developmental timeline and Fed/NR regimes for MARCM clones: the
clones were induced in L1, and the larvae were starved at 68h (L3) for 24h (see
Materials and Methods 2.4). B. Confocal images of MARCM thoracic type 1
neuroblast control clones (GFP) at the start 68h (L3), and end of the 68h fed and
NR regimes show in panel A. The dotted line surrounds the neuroblast clone and
the asterisk marks the neuroblast. Scale bar 10 µm. C. Confocal images of
MARCM thoracic type 1 neuroblast clones overexpressing EcR DN and marked by
GFP at the start 68h (L3) and end of the 68h fed and NR regimes show in panel A.
The dotted line surrounds the entire neuroblast clone and the asterisk marks the
neuroblast. Scale bar 10 µm. For genotypes of MARCM larvae see Materials and
Methods 2.8.
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Figure 4-8: EcR DN decreases both Fed and NR neural growth and proliferation

A. Quantification of MARCM control (FRT40A) and EcR DN clone volumes, at 68h
(start), and after a subsequent 24h of fed or NR. (Individual data points combined
from 3 independent experiments). Error bars are S.D. t test performed, (***,
p<0.001; ****, p<0.0001). B. Quantification of number of cells per MARCM clone for
clone for control (FRT 40A) and EcR DN clones at 68h (start), and after a
subsequent 24h of fed or NR. (Individual data points combined from 3 independent
experiments). Error bars are S.D. t test performed, (*, p<0.05; ****, p<0.0001, n.s.
non significant). For genotypes of MARCM larvae see Materials and Methods 2.8.
For n numbers, mean and SD see appendix 7.1
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To test if the decrease in the cell number and volume of EcR DN clones is due to
apoptosis, I used an antibody that recognises the active cleaved form of the
effector caspase DCP1. The number of DCP1-positive (DCP1+) cells was
quantified in control clones and EcR DN clones but was not significantly different in
either fed or NR conditions (Figure 4-9). This shows that the decrease of cell
number and volume in EcR DN clones is unlikely to be due to apoptosis but is
probably due to a slower cell cycle and thus decreased proliferation.

Figure 4-9: Apoptosis does not significantly change in EcR DN clones.

A. Graph representing the number of DCP1+ cells in control (FRT40A) and EcR
DN clones after a 24h period of NR or fed. Error bars are S.D. t test performed.
(Individual data points from 1 experiment) (n.s. non significant). For genotypes of
MARCM larvae see Materials and Methods 2.8. For n numbers, mean and SD see
appendix 7.1
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As mentioned in the introduction, EcR DN (EcR[F645A]) prevents the activation
function of EcR, but not its repression function. In order to determine the neuroblast
phenotype of eliminating both the activating and the repressive functions of all EcR
isoforms, I used pan-EcR RNAi. This RNAi approach also provides a control for
EcR DN having dominant-negative effects upon other nuclear receptors with
related sequence-specific DNA binding properties. The same experimental regime
shown in Figure 4-7 A was followed for EcR RNAi as for EcR DN, although
dissections at the start point were not performed. Confocal images revealed that
clones overexpressing EcR RNAi appear smaller than the control clones in both fed
and NR conditions (Figure 4-10 A, B). This correlates with a decreased clone
volume, as the EcR RNAi clones are significantly smaller than the control clones
(Figure 4-10 C). The number of cells per clone follows the same tendency and is
significantly reduced in EcR RNAi clones (Figure 4-10 D). As similar decreases in
neuroblast clonal growth and proliferation were observed when using either EcR
DN or EcR RNAi, I conclude that this phenotype is specific to EcR and likely
reflects a failure to activate (rather than to repress) the appropriate ecdysone target
genes.
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Figure 4-10: EcR is required for fed and NR neuroblast growth and proliferation.

A. Confocal images of control thoracic MARCM neuroblast clones (marked with
nuclear GFP) after a 24h period of feeding (fed) or NR. The dotted line surrounds
the entire neuroblast clone and the asterisk marks the neuroblast. Scale bar 10 µm.
B. Confocal images of thoracic MARCM neuroblast clones expressing EcR RNAi
after a 24h period of feeding (fed) or NR. The dotted line surrounds the entire
neuroblast clone and the asterisk marks the neuroblast. Scale bar 10 µm. C.
Quantitation of fed and NR volumes, for control (FRT82B) or EcR RNAi clones.
(Individual data points from 2 independent experiments) Error bars are one S.D. t
test performed. (****, p<0.0001, n.s. non significant). D. Quantifications of the
number of cells per clones for fed and NR control (FRT82B) and EcR RNAi clones.
(Individual data point from independent experiments). Error bars are S.D. t test
performed. (****, p<0.0001, n.s. non significant) For genotypes of MARCM larvae
see Materials and Methods 2.8. For n numbers, mean and SD see appendix 7.1
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4.4 Ecdysone signalling does not regulate neuroblast Alk
expression.
To elucidate how EcR regulates growth and proliferation, I examined the
expression of Alk in neuroblast lineages, which was previously shown to be
required for neural growth and proliferation (Cheng et al., 2011). Thoracic
neuroblast clones expressing EcR DN or EcR RNAi were stained at 84h (late L3)
using an Alk antibody. Confocal images revealed that punctate Alk staining in the
neuroblast was not detectably altered in EcR DN or EcR RNAi. Furthermore, the
characteristically stronger punctate Alk staining in the older neurons of the
postembryonic neuroblast lineage (GFP-positive cells located furthest away from
the neuroblast) is also retained in both EcR DN and EcR RNAi clones. These
results indicate that the stimulatory role of EcR in neural proliferation is not likely to
be mediated by positive regulation of Alk protein levels in the neuroblast or in its
progeny.
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Figure 4-11: EcR is not required for neuroblast or neuronal Alk expression.

A. Confocal images of fed 84h MARCM control (FRT40A) and EcR DN thoracic
neuroblast clones marked with membrane GFP. The dotted line surrounds the
neuroblast and the arrowhead shows Alk staining in GFP+ neurons of the lineage.
Scale bar 10 µm. B. Confocal images of fed 84h MARCM control (FRT82B) and
EcR RNAi thoracic neuroblast clones marked with nuclear GFP. The dotted line
surrounds the neuroblast and the arrowhead shows Alk staining in GFP+ neurons
of the lineage. Scale bar 10 µm. For genotypes of MARCM larvae see Materials
and Methods 2.8.
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4.5 Pi3K signalling is downstream or in parallel to ecdysone
signalling.
I next determined how ecdysone and Pi3K signalling interact to regulate neuroblast
growth

and

proliferation.

Pi3K

is

known

to

phosphorylate

PiP2

(phosphatidylinositol-4,5-bisphosphate) to generate PiP3 (phosphatidylinositol3,4,5-trisphosphate) at the cell membrane. AKT then binds to PiP3, where
activated PDK1 (3-phosphoinositide dependent protein kinase-1) is able to
phosphorylate it (Manning and Cantley, 2007). The MARCM technique was used to
perform an epistasis test with EcR DN and constitutively active Pi3K signalling
pathway. This experiment utilizes myrAKT, a constitutively active form of AKT with
a myristoylation motif to localize it to the cell membrane independently of PiP3,
where it can be phosphorylated by PDK1. This then abrogates the upstream
requirement for Alk or Pi3K in AKT signalling. MARCM thoracic neuroblast clones
overexpressing UAS-EcR DN or UAS-myrAKT or the double combination UAS-EcR
DN;UAS-myrAKT were induced in L1 and larvae at 68hr were then subject to fed or
NR conditions for a further 24h (Figure 4-12 A). At the end of the experiment,
larvae were dissected and the volume and the number of cells per clones were
quantified. Confocal images revealed that the thoracic VNC clones of all three
genotypes contained a single large neuroblast suggesting that asymmetric division
is not disrupted by overactivating AKT signalling. Moreover, the size of EcR DN
clones seemed smaller than that of UAS-myrAKT or UAS-EcR DN;UAS-myrAKT
clones (Figure 4-12 B). Quantification of clone volumes showed that this is indeed
the case (Figure 4-13 A). They also demonstrate that UAS-myrAKT rescues the
decreased volume of EcR DN clones in both fed and NR conditions to a level not
significantly different from controls (Figure 4-13 A). Similarly for the number of cells
per MARCM neuroblast clone, myrAKT provides significant rescue, although not up
to the level of controls (Figure 4-13 B). These epistasis tests demonstrate that
myrAKT can rescue the growth deficit observed in EcR DN neuroblast clones and
also partially rescue their proliferative defect. They also strongly suggest that AKT
signalling lies downstream or in parallel pathway to EcR signalling during
neuroblast lineage growth.
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Figure 4-12: Comparison of EcR DN, myrAKT and EcR DN; myrAKT neuroblast
clones.

A. Larval developmental timeline and Fed/NR regimes used. B. Confocal images of
MARCM thoracic neuroblast clones from 68h larvae, either fed or starved (NR) for
24h. The clone genotypes are: control (FRT40A), UAS-EcR DN, UAS-myrAKT or
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UAS-EcR DN; UAS-myrAKT. Clones are marked with membrane GFP, the dotted
line surrounds the entire neuroblast clone and the asterisk marks the neuroblast.
Scale bar 10 µm. For genotypes of MARCM larvae see Materials and Methods 2.8.

Figure 4-13: AKT activation rescues growth in EcR DN neuroblast clones

A. Quantification of MARCM thoracic neuroblast clone volumes after the 24h NR or
Fed period for control clones (FRT40A), EcR DN, myrAKT or EcR DN; myrAKT
genotypes. (Individual data points from 2 independent experiments). Error bars are
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S.D. t test performed. (*,p<0.05, **,p<0.01, ****, p<0.0001, n.s. non significant) B.
Quantitation of number of cells per MARCM thoracic neuroblast clone (FRT40A),
EcR DN, myrAKT or EcR DN; myrAKT. (Individual data points from 2 independent
experiments). Error bars are S.D. t test performed. (**,p<0.01, ***,p<0.001, ****,
p<0.0001, n.s. non significant). In this and all subsequent graphs, the key indicates
that green dots represent an increase (p < 0.05), red dots a decrease (p < 0.05)
and grey dots no significant change (p > 0.05) in t tests with the control (FRT40A)
Fed. For genotypes of MARCM larvae see Materials and Methods 2.8. For n
numbers, mean and SD see appendix 7.1

4.6 Conclusions
In this chapter, I showed that inhibiting EcR activity in glia prevent neuroblast
proliferation during NR but interestingly, not during Fed conditions. This striking
result suggests that ecdysone signalling in glia is specifically required for the
sparing mode of proliferation in the neuroblast. One possibility that would be
interesting to test in future is whether blocking EcR function in glia prevents Jeb
secretion and/or the appearance of Jeb puncta in neuroblasts during NR but not
fed conditions. These Jeb puncta in neuroblasts may represent internalization of
glial-derived Jeb by the neuroblast. Indeed, Alk staining also shows a punctate
pattern in the neuroblast; leading to the speculation that Jeb ligand and its receptor
might be internalized together.
In the previous chapter I found that Jeb is expressed in glia in L2 and in L3 during
fed conditions. However, it remains possible that glial Jeb expression is nutrient
dependent in L2 but not in L3 and this could be tested using Jeb antibody staining.
To test the hypothesis that glial EcR activity regulates any L2 to L3 change in Jeb
nutrient sensitivity, L2 and L3 VNCs from repo>UAS-EcR DN larvae fed or
subjected to NR could be stained with anti-Jeb. One possible outcome is that in
starved repo>UAS-EcR DN VNCs, Jeb expression is abrogated, which would result
in less Jeb staining in glia. However, it is also possible that it is not Jeb expression
but Jeb secretion that is blocked by EcR DN. To test this alternative idea, the
amount of Jeb puncta present in the neuroblasts of repo>UAS-EcR DN larvae
could be quantified. These experiments could shed light on a possible mechanism
whereby the degree of nutrient-independence of glial Jeb secretion would be the
limiting factor for the onset of CNS sparing.
I also found that EcR is expressed in the neuroblast in both L2 and L3. This finding
is in accord with a previous study (Truman et al., 1994). The fact that EcR is
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already present in the neuroblast in L2 argues against the hypothesis that a burst
of EcR expression triggers the onset of sparing in the neuroblast. Within the
neuroblast lineage, blocking EcR function with either EcR DN or EcR RNAi
decreases growth and proliferation. This important result demonstrates that the
activation of ecdysone target genes is required for neuroblast growth and
proliferation during both fed and NR condition, contrasting with the NR-specific role
of EcR in glia.
A recent study has shown that, later in development, EcR in the neuroblast is
required to allow the late-larval/pupal switch from glycolytic (Warburg-like) to
oxidative phosphorylation-dependent metabolism which is coupled to a decrease in
neuroblast size and, ultimately, to neuroblast differentiation (Homem et al., 2014).
My studies suggest a distinct earlier role for neuroblast EcR to promote growth and
proliferation. It is known that thoracic neuroblasts increase their cell cycle speed
during L2 and L3. Inhibition of neuroblast EcR activity may prevent this increase by
blocking the neuroblast in an immature temporal state, perhaps due to failure to
respond to an ecdysone peak at a particular developmental stage (Truman and
Bate, 1988). Alternatively, the role of EcR in the neuroblast may not be to
transduce the response to a large peak of ecdysone at a particular developmental
transition but could be to mediate continuous low level ecdysone signalling required
for maximal neuroblast growth. A recent paper drew a similar conclusion regarding
EcR promoting growth in imaginal discs (Gokhale et al., 2016). This role would be
opposite to the previously described antagonist role of ecdysone signalling on
insulin-dependent organismal growth but may reflect yet another "non-canonical"
wiring of the Insulin/TOR/PI3K network in neuroblasts relative to larval polyploid
tissues (Cheng et al., 2011; Colombani et al., 2005). A really interesting experiment
with respect to ecdysone signalling would be to examine neuroblast growth and
sparing in a larva where critical weight (CW), which occurs around 60h, is
uncoupled from developmental time. A recent study has shown that, by
manipulating FOXO in the prothoracic gland (PG) and thus ecdysone signalling, it
is possible to change the time and weight at which CW is reached (Koyama et al.,
2014). This manipulation can produce smaller-than-normal larvae that have
reached CW and bigger-than-normal larvae that have not yet reached CW. The
idea behind this would be to test if the timing of the gradual increase in neuroblast
sparing is dependent upon ecdysone levels and when CW is obtained.
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I observed that blocking EcR activity in neuroblast lineages (in EcR DN or EcR
RNAi MARCM clones) decreases fed and NR growth but do not alter Alk
expression. Nevertheless, the fact that myrAKT completely rescued the neuroblast
growth deficit of EcR DN suggests that EcR could promote Pi3K/AKT signalling at a
level downstream of the relevant Alk or InR receptor. It is not yet clear why myrAKT
rescues neuroblast growth completely but proliferation only partially. However, a
previous study in the wing disc also found that overexpressing a constitutively
active form of AKT increased clone volume but not the number of cells (Verdu et al.,
1999). Growth and proliferation can vary separately and, in neuroblasts clones
mutant for TOR or TORC1 components, volume is not altered yet the number of
cells increases (Cheng et al., 2011). More interestingly, in order to distinguish
clearly if AKT signalling is downstream or in parallel to EcR, immunostaining using
phosphorylated AKT antibody could be performed in control and EcR DN clones. If
the phosphorylation of AKT is abrogated in EcR DN clones, it will suggest that AKT
is downstream of EcR, but if it is not AKT and EcR likely act in parallel.
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Chapter 5.

Temporal transcription factors in

neuroblast proliferation
I have shown in Chapter 3 that the onset of sparing appears to be gradual at the
level of the whole thoracic VNC. However, it is possible that it is a rapid switch at
the level of an individual neuroblast. The TTF series has been described to be
responsible for gradual appearance of neuroblast properties, like gradually
increase of cell cycle speed and proliferation (Cenci and Gould, 2005; Maurange et
al., 2008). As well as more abrupt one like switch from generating one neuronal
type to another (Maurange et al., 2008). The hypothesis is that the TTF series is
specifying a competence window where cell cycle speed can gradually increase. In
this Chapter, I describe the role of Pdm1, Castor, and Seven up on neuroblast
proliferation and growth during both fed and NR conditions. Furthermore I will test
whether Cas/Svp and EcR act in series or in parallel to regulate NB proliferation.

5.1 Persistence of Pdm1 does not alter neuroblast proliferation
The Pdm1 TTF is expressed in neuroblasts in the embryo after Krüppel (Kr) and
this expression is inhibited by the next factor in the series Castor (Cas, see
Introduction 1.3.3). In embryos, it has been shown that neuroblasts overexpressing
Pdm1 co-express Cas until they enter quiescence at stage 15 (Grosskortenhaus et
al., 2006) (Figure 1-9). In larvae it has been shown that forcing persistent Pdm1
expression in abdominal neuroblasts (type 1A) using UAS-pdm1 prevents their
normal apoptosis at around 70h (Maurange et al., 2008). It is thought that
prolonging Pdm1 expression during larval stages perturbs temporal transition in the
neuroblast and thus blocks the acquisition of an “old” neuroblast temporal identity.
This also inhibits the competence of the neuroblast to undergo timely Abdominal-A
dependent apoptosis (see Introduction 1.3.3). To test the effects on proliferation of
blocking late TTF functions via persistent Pdm1 expression, I used dnab Gal4 to
express Pdm1 (UAS-pdm1) in neuroblast lineages during late embryonic and larval
stages. Larvae at 68h were subjected to fed or NR conditions for 24h and then the
in vitro EdU incorporation was performed (see Materials and Methods 2.5.3.).
Under these conditions EdU incorporation was observed at ≈92h in abdominal type
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1A neuroblast (data not shown), because UAS-pdm1 has blocked temporal
progression such that the type 1A neuroblast is still present and has failed to
undergo timely apoptosis at ≈72hr (Bello et al., 2003; Maurange et al., 2008). In
thoracic type 1D neuroblasts, quantification of EdU incorporation indicates that
UAS-pdm1 does not significantly alter S-phase incorporation during either fed or
NR conditions (Figure 5-1). This data strongly suggests that neuroblast proliferation
is not decreased.

Figure 5-1: Pdm1 overexpression does not significantly alter neuroblast
proliferation.

Quantification of EdU incorporated in the VNC of control larvae (dnab Gal4 x
w[1118]) and persistent Pdm1 (dnab Gal4 x UAS-pdm1) larvae following fed or NR
treatment. EdU incorporation is normalized to the mean of the control Fed
condition. Data points are from the same experiment. Error bars are S.D. t test
performed, (n.s. non significant). For n numbers, mean and SD see appendix 7.1.

5.2 Castor regulates fed and NR neuroblast growth and
proliferation.
To investigate the role of Castor in the regulation of growth and proliferation, I
examined type 1D neuroblast MARCM clones persistently expressing Castor (UASCas, also called Cas OE). As previously explained (see Introduction 1.3.3), it is
known that Cas OE blocks neuroblast expression of the next known TTF in the
series, Seven up (Svp) as well as that of the "terminal differentiation" factor
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Prospero, such that proliferation of the neuroblast continues during adulthood
(Figure 1-9). Castor in neuroblasts also regulates a postembryonic temporal switch
of transcription factors in neurons from Chinmo to Broad in all thoracic type 1D
neuroblast lineages (Maurange et al., 2008). The Chinmo-to-Broad switch is,
however, not inhibited in all neuroblasts expressing UAS-Cas or in Cas mutant
clones and it was found that a higher frequency of blockade was obtained by earlier
clone induction (Maurange et al., 2008). Therefore, MARCM Cas OE clones were
induced in the embryo and then subjected to fed or NR regimes at 68h for 24h
(Figure 5-2). To distinguish between those clones where the Chinmo-to-Broad
switch had occurred, versus those where it had not, an antibody against Broad was
used.

Figure 5-2: Larval development timeline and Fed/NR regimes

MARCM clones were induced in the embryo (E), and then larvae were starved at
68h (L3) for 24h and then analysed (see Materials and Methods 2.4).
Consistent with the previous study (Maurange et al., 2008), confocal image
analysis showed a mix of Cas OE clones where some contain Broad-positive
(Broad+) neurons and others did not (Figure 5-3 B). Cas OE clones and FRT2A
control clones have relatively the same size, although the Cas OE Broad- clones
appeared to be smaller than Cas OE Broad+ or control clones following NR (Figure
5-3 A, B). Consistent with this, quantification of the clone volume from three
independent experiments showed that there is no significant difference in fed or NR
growth between Cas OE and FRT2A control clones where Broad is expressed.
Nevertheless in Broad- clones, the clone volume is slightly yet significant smaller in
Cas OE clones subjected to NR rather than to fed conditions (Figure 5-4 A). The
number of cells per Cas OE clones from the three independent experiments follows
a similar trend as volume after fed and NR treatment (Figure 5-4 B). However, the
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number of cells per clone but not the clone volume is also slightly but significantly
decreased by Cas OE in fed larvae, which is in agreement with data previously
published (Maurange et al., 2008). Cas OE results in a general but small decrease
in the fed and NR proliferation of neuroblast lineages, regardless of whether or not
the Chinmo-to-Broad neuronal transition is blocked. Therefore, it is possible that
this overexpression effect is non-specific and does not reflect disruption of temporal
series functions. Cas OE also results in an additional and more specific decrease in
both the growth and proliferation of neuroblasts, which is restricted to lineages with
blockade of the Chinmo-to-Broad transition and occurs during NR but not fed
conditions. This small NR-specific effect correlates with blockade of late-stage
neuronal temporal identity and therefore likely represents a genuine inhibitory effect
of the persistent Cas+ state upon neuroblast cell cycle speed.
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Figure 5-3: Prolonged Cas expression blocks Broad in some neuroblast lineages

A. Confocal images of control FRT2A MARCM thoracic neuroblast clones
(expressing membrane GFP) after 24h fed or NR. B. Confocal images of FRT2A,
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Cas OE clones (expressing membrane GFP) after 24h fed or NR. In panel A and B,
VNCs were stained using anti-Broad, anti-GFP and DAPI. The dotted line
surrounds the neuroblast clone and the asterisk marks the neuroblast. Scale bar 10
µm. For genotypes of MARCM larvae see Materials and Methods 2.8.

Figure 5-4: Prolonged Cas decreases NR neuroblast growth and proliferation

A. Quantification of fed and NR volumes of control clones (FRT2A) and UAS-Cas
(Cas OE) clones. B. Quantification of fed and NR cells per clones in control clones
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(FRT2A) and UAS-Cas (Cas OE) clones. For panel A and B, control clones
expressed Broad but UAS-Cas clones were separated into those with (Broad+) or
without (Broad-) neuronal progeny expressing the late temporal identity factor
Broad. Data points are combined from 3 independent experiments. Error bars are
S.D. t test performed. (**,p<0.01, ****,p<0.0001, n.s. non significant). In this and all
subsequent graphs, the key indicates that green dots represent an increase (p <
0.01), red dots a decrease (p < 0.01) and grey dots no significant change (p > 0.01)
in t tests with the control Fed condition. For genotypes of MARCM larvae see
Materials and Methods 2.8. For n numbers, mean and SD see Appendix 7.1

Figure 5-5: Effects of Prolonged Cas expression in thoracic neuroblast lineages.

Scheme of results of persistently expressing UAS-Castor in neuroblast clones. Cas
OE Broad- clones have a smaller clone volume and number of cells compared to
Cas OE Broad+ and control clones.
To get more insight into the role of Castor in neuroblast lineage, castor mutant
(cas[24]) clones were induced at an early time point, in the embryo, so as to
maximise the frequency of Broad- clones (Maurange et al., 2008). The dietary
regime in Figure 5-2 was again used, and VNCs were stained for Broad. castor
mutant neuroblasts have delayed entry into quiescence and, in the larva, do not
express the next factor in the series, Svp (Figure 1-9)(Grosskortenhaus et al.,
2006; Lai and Doe, 2014; Maurange et al., 2008).
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Figure 5-6: Some cas[24] neuroblast clones do not contain Broad+ neurons.

A. Confocal images of control (FRT82B) MARCM thoracic neuroblast clones after
24h fed or NR. B. Confocal images of cas[24] (FRT82B, cas[24]) MARCM thoracic
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neuroblast clones after 24h fed or NR. For panel A and B, clones are marked with
nuclear GFP, VNCs were stained using anti-Broad, anti-GFP and DAPI. The dotted
line surrounds the neuroblast clone and the asterisk marks the neuroblast. Scale
bar 10 µm. For genotypes of MARCM larvae see Materials and Methods 2.8.
In agreement with the previous study (Maurange et al., 2008), only ≈16% of cas[24]
clones were Broad- and these seemed to be smaller than controls in both fed and
NR conditions (Figure 5-6 A, B). This conclusion is supported by clone volume and
number of cells per clone quantification. cas[24] broad+ clones may have slightly
fewer cells per clone than control clones but this is not reflected in any significant
decrease in clone volume (Figure 5-7 A, B). Presumably in those cas[24] clones
where growth and Broad expression are apparently unaffected, either some
neuroblast lineages do not require Cas or, alternatively, the timing of clone
induction was not early enough in that lineage to delete the relevant Cas burst.
More importantly, cas[24] Broad- clones have approximately half the volume and
number of cells per clone as their Broad+ counterparts (Figure 5-7 A, B). Moreover,
this strong decrease in both neuroblast growth and proliferation is observed in both
the fed and NR states. These results demonstrate clearly that Castor is required for
growth and proliferation in those thoracic neuroblast lineages in which it is also
required for the acquisition of late Broad+ neuronal identity (Figure 5-8).
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Figure 5-7: Cas is required for neuroblast growth and proliferation.

A. Volume quantification for fed and NR control (FRT82B), and cas[24] clones,
separated into Broad+ and Broad-. Data combined from 5 independent
experiments. B. Number of cells per clone quantification for fed and NR control
(FRT82B), and cas[24] clones, separated into Broad+ and Broad-. Data combined
from 5 independent experiments. Error bars are S.D. t test performed. (**,p<0.01,
***,p<0.001, ****,p<0.0001, n.s. non significant). For genotypes of MARCM larvae
see Materials and Methods 2.8. For n numbers, mean and SD see Appendix 7.1.
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Figure 5-8: Effect of castor mutant in thoracic neuroblast lineages

Scheme of the results obtained in cas[24] mutant clones. cas[24] Broad- clones
have a smaller clone volume and number of cells compared to cas[24] Broad+ and
control clones.

5.3 Svp is required for neuroblast growth and proliferation
I next investigated if a factor in the TTF series expressed after Castor, Seven up
(Svp) is also required for neuroblast growth and proliferation. Previously it was
reported that svp mutant clones induced at 12-36hr and analysed at 96hr have
fewer cells but clonal growth was not analysed and neither was growth during NR
(Maurange et al., 2008). Following a similar protocol to cas clones, I induced svp
mutant (svp[e300]) clones in embryo and analysed them late in L3, after 24h of fed
or NR at 68h (Figure 5-2). Among the svp mutant clones, as with cas clones, I
observed a mix of Broad+ and Broad- lineages suggesting blockade of late
neuronal identity in only some neuroblast lineages (Figure 5-9 A, B). This
heterogeneity in the svp phenotype was not mentioned in the previous study
(Maurange et al., 2008). The confocal images also suggested that svp[e300] clones
that were Broad- may be smaller in size than controls, which is again similar to
what is observed with cas clones (Figure 5-9 A, B). Accordingly, the quantifications
of volume and numbers of cells per clone both showed that svp[e300] mutant
clones are significantly smaller than controls for both the fed and NR regimes
(Figure 5-10 A, B). Surprisingly, svp clones are significantly smaller than controls in
terms of volume and numbers of cells per clone and, unlike cas clones, this is
regardless of whether or not they contain Broad+ neurons. Nevertheless, svp
mutant clones that fail to switch on neuronal Broad expression only contain about
half the number of cells of their Broad+ counterparts. To conclude, although there
are some differences between the functions of svp and cas in neuroblast lineages,
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both TTFs are required for the growth and proliferation of thoracic neuroblasts in
both fed and NR states. Moreover, my results clearly show that the requirements
for Cas and Svp are not specific to NR growth and sparing, but likely represent a
more general role of the TTF series in speeding up the neuroblast cell cycle at later
stages.
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Figure 5-9: Some svp[e300] neuroblast clones do not contain Broad+ neurons.

A. Confocal images of control (FRT82B) MARCM thoracic neuroblast clones after
24h fed or NR. B. Confocal images of svp[e300] (FRT82B, svp[e300]) MARCM
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thoracic neuroblast clones after 24h fed or NR. For Panel A and B, clones are
marked with nuclear GFP, VNCs stained using anti-Broad, anti-GFP and DAPI. The
dotted line surrounds the neuroblast clone and the asterisk marks the neuroblast.
Scale bar 10 µm. For genotypes of MARCM larvae see Materials and Methods 2.8.

Figure 5-10: Svp is required for neuroblast growth and proliferation

A. Volume quantification for fed and NR control (FRT82B), and svp[e300] clones,
separated into Broad+ and Broad-. Data combined from 4 independent
experiments. B. Number of cells per clone quantification for fed and NR control
(FRT82B), and svp[e300] clones, separated into Broad+ and Broad-. Data
combined from 4 independent experiments. Error bars are S.D. t test performed.
(**,p<0.01, ****,p<0.0001, n.s. non significant). For genotypes of MARCM larvae
see Materials and Methods 2.8. For n numbers, mean and SD see Appendix 7.1.
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Figure 5-11: Effect of svp mutant in thoracic neuroblast lineages.

Scheme of the results obtained in svp[e300] mutant clones. svp[e300] Broadclones have a smaller clone volume and number of cells compared to svp[e300]
Broad+ and control clones.

5.4 EcR is not required for late temporal identity of neurons.
In chapter 4, I showed that EcR DN decreases the proliferation of neuroblasts,
preventing them from accelerating towards their maximum cell cycle speed in late
L3. This phenotype is similar to that produced by the genetic manipulations in this
chapter (UAS-Cas, cas or svp mutants), which I have shown block TTF progression
at late stages. I therefore examined whether EcR might regulate TTF functions. As
a readout for TTF-dependent production of late neuronal identity, Broad was used
as a marker (Maurange et al., 2008). EcR DN MARCM clones were induced in L1
and a similar fed/NR protocol was used as before (Figure 4-8 A). Broad+ neurons
were observed during fed and NR in both control and EcR DN clones (Figure 5-12
A, B). Quantifications revealed that the number of Broad+ cells per clone correlates
well with the total number of cells observed in the clones, which is lower for EcR
DN than for controls (Figure 5-12 C). This result indicates that although EcR DN
neuroblasts have decreased proliferation, they retain the ability to generate
neurons of the Broad+ late temporal identity. Therefore, the late neuronal identity
function of the TTF series appears to be independent of any input from neuroblast
EcR activity.
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Figure 5-12: EcR DN does not block neuroblast production of Broad+ neurons

A. Confocal images of control (FRT40A) MARCM thoracic neuroblast clones from
larvae that were fed or subjected to NR at 68h. B. Confocal images of EcR DN
MARCM thoracic neuroblast clones from larvae that were fed or subjected to NR at
68h. For panels A and B, the clone expresses membrane GFP and VNCs were
stained using anti-Broad, anti-GFP and DAPI. The dotted line surrounds the entire
clone and the asterisk shows the neuroblast. Broad+ cells were detected in all
clones (Fractions show the numbers of clones expressing Broad/total number of
clones observed). Scale bar 10 µm. C. Quantification of Broad+ cells per clone,
after the NR or Fed period for control (FRT40A) or EcR DN clones. Data points
combined from 2 independent experiments. Error bars are S.D. t test performed,
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(*,p<0.05, ****,p<0.0001). For genotypes of MARCM larvae see Materials and
Methods 2.8. For n numbers, mean and SD see Appendix 7.1.

5.5 Conclusions
In this chapter, I found that Pdm1 overexpression does not significantly alter fed or
NR neuroblast proliferation. Repeating this experiment using MARCM clones would
allow a better-matched comparison between the cas and svp mutant results.
Nonetheless, two later members of the TTF series have a clear role in the
regulation of neuroblast proliferation. In cas OE, cas[24], and svp[e300] clones,
both growth and, in most cases, proliferation are significantly decreased (Figure
5-13). Stronger decreases tend to be observed in the subset of neuroblast lineages
where the Broad neuronal temporal identity has been blocked but, nevertheless,
significant reductions are also present in Broad+ clones. Note that in some Broadclones proliferation seems more affected than growth, is due to the fact that the
Chinmo+ neurons are bigger than Broad+ neurons. Broad- clones tend to have
more Chinmo+ neurons so it partially counterbalances their smaller number of cells.
Nevertheless, this finding suggests that TTFs such as Cas and Svp may have
distinct targets in neuroblasts and neurons and that this can be genetically
separated, at least in some lineages. One Cas target in neuroblasts, Grh, is already
known to regulate neuroblast cell cycle speed but it is not yet clear whether it is
also required for Broad neuronal expression (Almeida and Bray, 2005; Cenci and
Gould, 2005; Maurange et al., 2008).
Importantly, the results in this chapter demonstrate that TTFs such as Cas and Svp
are essential for neuroblast growth and proliferation during NR. However, their role
also extends to fed conditions, indicating a neuroblast function that is not really
specific to CNS sparing itself but more generally to growth and proliferation. My
finding that the same factors regulate fed and NR growth also extends to Alk and
the PI3K signalling network (Cheng et al., 2011). This makes it difficult to obtain
NR-specific phenotypes by genetic manipulations in neuroblasts. Together with my
EcR data, this also argues that the same TTF, EcR and PI3K network in
neuroblasts drives growth during both the fed and the NR states.
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I have shown that EcR and the TTFs regulate neuroblast proliferation. Indeed, the
peaks of ecdysone occurring during larval development span the stages at which
neuroblasts are going through TTF transitions (Figure 5-14). This raises the
question of how these two inputs are integrated (in series or in parallel), to regulate
neuroblast proliferation. I found that ecdysone signalling via EcR is not required for
the expression of the TTF target Broad in neurons. This result does not, however,
rule in or out the possibility that EcR could be required for another TTF function,
namely the control of neuroblast cell cycle speed. One way to explore further this
latter possibility would be to see if EcR expression levels in the neuroblast are
perturbed in TTF mutant clones and vice versa. Furthermore, it has been shown
that the neuroblast in EcR DN clones does not exit the cell cycle at 24h after
puparium formation but continues to proliferate during adulthood, a phenotype
strikingly similar to that observed in svp, cas and Cas OE clones (Maurange et al
2008, Homem et al. 2014). This paper, together with my own data raise the
possibility that EcR could be required for TTF functions in the neuroblast but not
TTF functions in neurons (such as the acquisition of Broad+ identity). To explore
this hypothesis, it would be interesting to examine the expression of known TTF
downstream targets in neuroblasts such as Dichaete and Grainyhead, to see if they
are misregulated in EcR DN clones, as they are known to be in cas mutant clones.
A burst of Broad is observed in the neuroblast around 60h, which coincides with
when larvae reach CW (see Introduction 1.2.7.) (data not shown). Broad is an
identified ecdysone target gene and its role in neuroblast is unknown (Ashburner et
al., 1974). As well as if its neuroblast expression is abolished when EcR, cas or svp
are misregulated. Neuroblast Broad expression might have a more direct link to
proliferation and growth than neuronal Broad. Thus it would be interesting to test its
requirement using mutant and MARCM analysis. I have demonstrated that Svp
regulates neuroblast growth and proliferation. A study has shown that Svp can bind
USP, thus competing with EcR, and prevent ecdysone-mediated metamorphosis
(Zelhof et al., 1995). It is then likely that a link between the temporal series and
ecdysone signalling exist.
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Figure 5-13: Summary of TTFs effect in neuroblast lineage
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Figure 5-14: Comparison of timing of Ecdysone peaks and TTF expression
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Chapter 6.

Discussion

In this thesis, I have performed a genetic analysis of postembryonic neuroblast
proliferation, identifying factors that regulate this process in both the fed and in the
NR states. The initial stepping-stones of this project have been the observations
that neuroblast divisions require dietary nutrients during reactivation in L1 but not
after critical weight in L3 (Britton and Edgar, 1998; Chell and Brand, 2010; Cheng
et al., 2011; Sousa-Nunes et al., 2011). I have focused on understanding when the
change in neuroblast nutrient sensitivity occurs and on identifying the factors that
regulate it. I now discuss the main conclusions and the wider implications of my
findings.

6.1 The developmental acquisition of NR-resistant neuroblast
proliferation
Contrary to my initial expectations, I found that neuroblasts remain sensitive to NR
long after they have undergone reactivation. Thus, the dietary nutrient sensitive
phase continues throughout L2 and also the beginning of L3 before full sparing is
acquired. I also found that even neuroblasts that do not enter quiescence, like MB
neuroblasts, pass through a similar nutrient sensitive phase before becoming
spared in late L3. These data show that there is no obligate mechanistic link
between quiescence exit and the onset of neuroblast sparing. Instead, these two
processes appear to be regulated by separable mechanisms that are deployed
within different developmental time windows. For the onset of neuroblast sparing, I
demonstrated that this process unfolds in a gradual manner during development,
rather than being activated abruptly throughout the CNS by a global off-on switch.
This gradual onset does not appear to be compatible with one discrete transition in
neuroblast temporal identity of the kind that has thus far been attributed to
individual TTFs such as Castor. Nevertheless, the gradual appearance of sparing
could be the result of multiple stepwise increases, each associated with a different
larval TTF in the series. It is therefore interesting that I found that two TTFs (Cas
and Svp) are required for maximal fed and NR proliferation and it is possible that
other, as yet unknown, larval TTFs could contribute. Alternatively, it does still
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remain possible that individual neuroblasts do switch on sparing in an abrupt
manner as relative proliferation (a proxy for sparing) was measured using the EdU
method, which averages many different lineages across the CNS. In principle,
neuroblast lineage-specific methods could be used to reveal whether or not this is
the case. If so, it would be interesting to investigate whether the onset of sparing is
patterned from lineage-to-lineage along the AP axis by Hox genes, as is known to
be the case for neuroblast quiescence and also apoptosis (Bello et al., 2003;
Peterson et al., 2002; Tan et al., 2011; Truman and Bate, 1988; Tsuji et al., 2008).
My results on the timing of onset of NR-resistant neuroblast proliferation shed light
upon its relationship with the discrete developmental transition known as critical
weight (CW, see Introduction 1.2.7). The EdU experiments using very accurate
larval staging relative to the L2/L3 molt showed clearly that there is a robust
increase in the ability of neuroblasts to divide during NR from ≈54h onwards and
that this ability continues to rise until ≈68h. However, CW is acquired in an off-on
fashion but not until ≈60hr. This strongly suggests that the developmental increase
in neuroblast sparing begins prior to CW and that it continues well after CW was
attained. Importantly, at least some neuroblasts must have increased their relative
proliferation prior to the attainment of CW, regardless of whether or not sparing
turns out to be abrupt or gradual at the level of an individual neuroblast. A few
hours prior to CW, another discrete developmental transition called minimal viable
weight (MVW) has also been described in several insect species (Rewitz et al.,
2013). In Drosophila, MVW is reached very close in developmental time to CW but
given the limits of the temporal accuracy of larval staging, it does remain possible
that neuroblast sparing could be initiated at MVW. Either way, it is clear that
sparing continues to increase during larval development, long after MVW and CW
have passed. Together, the above considerations suggest that the ability of
neuroblasts to divide during NR is not dependent upon the ability of the whole larva
to sustain developmental progression and pupariation during NR. In molecular
terms, this suggests that the sparing process is not regulated by the timer in the PG
that switches on the ability of this endocrine organ to produce a timely pulse of
ecdysone to trigger pupariation (see Introduction 1.2.8). In this regard, it would be
interesting to measure the timing of onset of neuroblast sparing in larvae where
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CW has been advanced or retarded by genetic manipulations of the PG (see
Conclusions 4.6).

6.2 Glial niche factors regulating NR-resistant neuroblast
proliferation
A comparison between the early and late larval studies of neuroblasts suggested a
simple "Dilp to Jeb switch" model for how the onset of NB sparing might be
regulated primarily by the niche (Chell and Brand, 2010; Cheng et al., 2011; SousaNunes et al., 2011). During early larval stages, the glial niche would express Dilps
in an NR-sensitive manner but subsequently it would switch to constitutive NRinsensitive expression of Jeb. This glial switch would then account for the onset of
sparing and the published early versus late proliferation requirements in
neuroblasts for InR and then Alk. My expression analysis of fed larvae provides
evidence against a simple version of this model by showing that Jeb and Alk are
expressed respectively in glia and in neuroblasts well before the onset of sparing
not just after. Jeb and Alk are known to be required at 60h for both fed and NR
neuroblast proliferation (Cheng et al. 2011). Given that I observed that they are
both also expressed much earlier, in L2, it would now be interesting to test whether
or not Jeb and Alk are required for fed neuroblast proliferation at a stage prior to
the onset of sparing. If this is the case, then it might suggest that Jeb and/or Alk
expression/activity can be decreased by NR in L2 but not after maximal sparing
has kicked in at mid L3. I observed puncta of Alk staining inside the neuroblast at
both early and late larval stages, which suggests a similar pattern of Alk receptor
internalization before and after the onset of sparing. Puncta of Jeb were also
observed inside the neuroblast. Future quantification would be required before it is
possible to conclude whether or not Jeb internalization via Alk (perhaps linked to
signalling) increases gradually, in line with the onset of sparing. Another possible
model that could be tested is whether Jeb levels in glia or Jeb puncta in
neuroblasts are decreased by NR in L2 but not in L3.
I found that the Ecdysone receptor (EcR) is expressed in glia and that it is required
in these niche cells for the proliferation of neuroblasts. Importantly, this non-cell
autonomous requirement for the EcR is different in the fed versus the NR states.
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There was some variability from experiment-to-experiment in fed L3 larvae,
suggestive overall of an anti-proliferative input, or more likely no input at all. During
NR in L3, however, there is a clear and reproducible pro-proliferative input of EcR
in glia. The finding that the EcR requirement in glia is specific for the NR state
contrasts to its role in neuroblasts where I found that it plays a pro-proliferative role
in both the fed and NR states. In fact, the glial role of EcR provides the first hint that
glia may utilize a starvation-specific mechanism for neuroblast sparing. This would
contrast with a constitutive maintenance of the fed mechanism during NR, as
appears to be the case for Jeb signalling in L3 (Cheng et al. 2011). A speculative
hypothesis is suggested by considering my observations of Jeb, Alk and EcR
expression as well as the genetic analysis of EcR. Ecdysone signaling in glia
during

L3

would

be

required

specifically

during

NR

to

maintain

Jeb

expression/activity and so to promote neuroblast sparing. To test this possibility,
Jeb expression could be compared in L2 and in L3 in the NR state and also in
larvae expressing EcR DN in glia.

6.3 Neuroblast factors regulating NR-resistant proliferation
I have used two methods in this thesis to measure the growth and proliferation of
neuroblast lineages in the fed and NR states. The pros and cons of the in vitro EdU
assay versus MARCM clone methods have already been highlighted (see
Conclusions 4.6). With each method, useful relative measures of fed divided by NR
proliferation/growth were calculated: relative proliferation for the EdU assay and %
of sparing for MARCM clonal growth. However, it is important to point out that, for
the genetic manipulations of EcR, Cas and Svp, both the fed and the NR
proliferation (and usually growth) are decreased. As both the numerator (NR) and
the denominator (Fed) decrease, the formulae used for relative proliferation or %
sparing often calculate a high value despite the fact that, in absolute terms, there is
actually very little growth/proliferation occuring during fed or NR. Therefore, neither
formula provides a true picture of the most important parameter in neuroblast
sparing: the absolute amount of growth/proliferation during NR. Fortunately, this
parameter can be very clearly assessed using the MARCM method if clone size is
measured before the period of NR begins as well as at the fed and NR end points.
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Such three-way analysis reveals the growth/proliferation rate specifically during
only the NR period and was conducted for EcR DN but not for other genetic
manipulations. In these other cases, a two-way end point analysis was conducted,
which measures clone parameters after a mix of fed and NR periods but is still
sensitive enough to detect EcR, Cas or Svp associated growth/proliferation
decreases due to NR.
I found that Jeb and Alk protein expression does not seem to change between L2
and L3, despite the loss of neuroblast NR sensitivity. However, published genetic
analysis indicates that neuroblast proliferation requires InR during L1/L2 but Alk
during L3, yet PI3K signalling is required at both stages (Sousa-Nunes et al. 2011,
Cheng et al. 2011). One possible molecular mechanism for switching neuroblast
PI3K signalling from a reliance upon InR at early stages to Alk at later stages could
involve a change at the level of receptor tyrosine kinase adaptors (RTK adaptors).
InR is known to activate the Pi3K pathway using the RTK adaptors Chico and Lnk
(Almudi et al., 2013; Bohni et al., 1999; Werz et al., 2009). In absence of Lnk and
Chico, InR is not able to activate Pi3K signalling. Preliminary experiments using
MARCM neuroblast clones suggest that Chico is also required for fed and NR
growth in late L3 (data not shown). Since InR is not required at this stage, it
suggests that Chico is promoting growth independently of InR and likely via Alk.
Thus, Chico probably functions with both the InR and Alk and so may not explain
the developmental change in the neuroblast activities of these receptors. However,
the functions of the other RTK adaptor, Lnk, have yet to be tested in early versus
late MARCM neuroblast clones. Moreover, the requirements of InR and Alk for
neuroblast growth/proliferation during the NR sensitive phase in L2 have not been
tested yet and this would help to distinguish whether neuroblast growth/proliferation
at this stage is driven by InR signalling or by nutrient sensitive Jeb/Alk signalling
(see previous Discussion section about Jeb expression).
The results in this thesis show that EcR is expressed in neuroblasts during L2 and
L3 and that it is required in larval neuroblasts to stimulate their fed and NR
growth/proliferation. These findings suggest that systemic ecdysone, acting via its
receptor in neuroblasts, may be responsible for regulating the developmental
increase in neuroblast cell cycle speed that occurs from L1-L3 (Truman and Bate,
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1988). Two previous papers have described rather different roles for EcR in
neurogenesis but in different developmental contexts. In the optic lobe
neuroepithelium (NE) during L3, EcR is required to promote the timely conversion
of NE cells to OPC neuroblasts (Lanet et al. 2013)(see Introduction 1.3.5). In both
type 1 and 2 neuroblasts, EcR is responsible for timing the pupal shrinkage of
neuroblasts, an increase in their oxidative phosphorylation as well as their terminal
differentiation (Homem et al. 2014)(see Introduction 1.3.5). Interestingly, cultured
type 2 pupal neuroblasts mutant for EcR cycle more quickly than control
neuroblasts, suggesting that neuroblast EcR activity during pupal stages plays an
anti-proliferative role (Homem et al. 2014). This role during pupal stages contrasts
with the pro-proliferative role for neuroblast EcR that I have identified during larval
stages. The stage-specific difference in the function of EcR correlates with a
larval/pupal transition in the wild-type neuroblast, when the cell cycle changes from
a larval accelerating mode to a pupal decelerating mode (Truman and Bate,
Maurange et al. 2008, Homem et al 2014).
As with EcR, my results clearly show that the two TTFs Svp and Cas are required
for maximal fed and NR neuroblast growth/proliferation. Proliferation is substantially
decreased in Cas or Svp mutant neuroblast lineages and this effect is strongest in
those clones where the late Broad neuronal temporal identity has been blocked.
Nevertheless, as reduced proliferation was also observed in Broad+ lineages, I
conclude that TTF functions affecting neuroblasts/GMCs can be genetically
separated from those affecting neurons and so may be mediated by different TTF
target genes. There are already some clues as to the identity of the larval TTF
targets that regulate neuroblast proliferation. For example, the Cas target Grh is
known to be required for maximal proliferation in larval neuroblasts (Almeida and
Bray, 2005; Cenci and Gould, 2005; Maurange et al., 2008). In addition, a recent
paper indicates that Chinmo is expressed in early not late larval neural progenitors
(as well as neurons), and that it is repressed in progenitors by Svp in order to limit
their mitotic potential (Narbonne-Reveau et al., 2016).
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6.4 Towards an integrative model for larval neuroblast
proliferation and sparing
To my knowledge, all the factors identified thus far that are required in neuroblasts
to promote their proliferation during NR also function to drive proliferation in the fed
state. This includes EcR, Svp and Cas (this thesis) as well as Alk (Cheng et al.,
2011). This contrasts with the glial niche, where I found that EcR was specifically
required to promote neuroblast proliferation during the NR but not the fed state. A
possible explanation for these findings is that, once the potential for sparing is
acquired in L3, exposure to NR activates in glia a specific starvation response but,
in neuroblasts, a constitutive proliferation mechanism functions in both the fed and
NR state. An important part of this constitutive proliferation mechanism involves
sustaining the developmental increase in neuroblast cell cycle speed that occurs
from L1 to L3 (Truman and Bate, 1988).
Together, the findings in this thesis clearly demonstrate that the NR-resistant
proliferation of larval neuroblasts, which underlies CNS sparing, is regulated by
positive inputs from EcR in glia and from EcR, Svp and Cas in neuroblasts. My
data also argues that the same TTF/EcR/Pi3K network in neuroblasts drives growth
during both the fed and the NR states. Although I have not pinpointed in detail how
these four glial/neuroblast inputs are integrated together with Alk/Pi3K signalling,
the data do suggest a very speculative model for regulation of neuroblast
proliferation and sparing (Figure 6-1). This model, although not definitive, is at least
consistent with all of the new findings in my thesis and more importantly, provides a
theoretical basis for designing future experiments. Key elements of the speculative
model are that InR not Jeb signalling would be required for the initial reactivation of
neuroblasts. Subsequently, during L2 and L3, it is possible that there is a gradual
or stepwise increase in the reliance of neuroblasts upon Alk rather than InR
activation of Pi3K signalling. From the data shown in this thesis, this developmental
increase in reliance upon Jeb/Alk signalling would be temporally coordinated in glia
and in neuroblasts by EcR and the TTFs (Cas and Svp). In glia, ecdysone
signalling mediated by EcR would regulate a developmental increase (gradual or
stepwise) in the ability to secrete Jeb in an NR-resistant manner. In neuroblasts,
EcR, Cas and Svp would regulate the developmental acceleration of the cell cycle,
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which is thought to be gradual. The precise ways in which EcR, Cas, Svp and Pi3K
signalling are integrated in the regulation of neuroblast cell cycle speed is far from
clear but my data provide three clues. Firstly, I showed that EcR DN (unlike loss of
Cas or Svp activity) does not block Broad neuronal expression in any thoracic
lineages, arguing that EcR in neuroblasts is unlikely to lie upstream of Cas or Svp.
Instead EcR may act downstream or in parallel to Cas/Svp during their specific
functions in NB proliferation, perhaps mediated in part by Grh. Secondly, I found that

myrAKT rescued the EcR DN neuroblast growth deficit, which implies that EcR
does not lie downstream of Pi3K/AKT signalling. This suggests that EcR acts
upstream or in parallel to Pi3K signalling. And thirdly, I also found that Alk
expression was unaltered in EcR DN neuroblast clones, suggesting that EcR acts
downstream or in parallel to the relevant InR or Alk receptor during Pi3K signalling.
The regulatory relationship between Alk/Pi3K signalling and the TTFs still need to
be addressed, and key experiments here would be to attempt to rescue the growth
deficit of cas and svp neuroblast clones using myrAKT or a constitutively activated
form of Alk.
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Figure 6-1: A speculative model for the regulation of neuroblast proliferation and
sparing.

Gene products coloured in green are pro-growth and those in red are anti-growth.
Those in grey have no genetic requirement for neuroblast growth at the stage
indicated. The findings of others are depicted lightened and faded and speculative
links yet to be tested are shaded with a grey background.
L1 NR-sensitive: As described in the introduction, the reactivation of neuroblasts
late in L1 requires a nutritional signal from the fat body, transduced via glial
expression of dilps (Chell and Brand, 2010; Sousa-Nunes et al., 2011; Spéder and
Brand, 2014). Neuroblast reactivation requires Tor, as well as the InR. One
hypothesis proposed in the new model is that, at this early stage, Jeb and Alk may
be expressed by glia and neuroblasts respectively but they are not required for
reactivation.
L2 NR-sensitive: dilps are known to be expressed by the glial niche during L2
(Okamoto and Nishimura, 2015). I have shown in this thesis, that Jeb and Alk are
also expressed in glia and neuroblasts at this stage. Furthermore, I found that EcR
and Cas are required for neuroblast proliferation and likely to lie upstream or in
parallel to Pi3K pathway. The points remaining to be tested are whether Jeb, Alk,
Tor and/or InR are required for neurobast proliferation at this stage.
L3 NR-resistant: During L3, it has been shown that neuroblast lineages do not
require InR or Tor for growth and proliferation (Cheng et al., 2011). Jeb is
expressed by glial cells and Alk is able to activate the Pi3K pathway to promote
neuroblast growth and proliferation (Cheng et al., 2011). The expression of both Alk
and Jeb at this stage are known to be independent of dietary nutrients (Cheng et
al., 2011). In this thesis, I have shown that EcR and Svp are required for growth
and proliferation during both the fed and NR states. I found that EcR most probably
lies upstream or in parallel to the Pi3K pathway. Interestingly, I also found that EcR
signaling is required in the glial niche for neuroblast proliferation specifically during
NR but not fed. An important point remaining to be tested is whether glial EcR is
required to sustain the glial expression of Jeb during NR.
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7.1 Summary of mean, S.D., and n values from experiments
presented
mean pixel intensity
Figure
Figure 3-5

Condition

n

L2 NB
L3 NB
L2 progeny GFP+
L3 progeny GFP+

mean

S.D.

56

a

59.6

20.3

60

a

53.1

16.8

40

b

45

16.8

45

b

84.9

16

a= number of neuroblasts cells
b= number of lineages (group of GFP+ cells)
EdU incorporation
Figure

Condition

na

meanb S.D.

Figure 3-6 A

L2 VNC Fed

5

1

0.2

L2 VNC NR

6

0.2

0.1

L3 VNC Fed

32

1

0.2

L3 VNC NR

33

0.9

0.2

Figure 3-6 B

a= number of VNCs analysed
b= data normalized by the mean of the control Fed
EdU incorporation
Figure

Condition

na

meanb S.D.

Figure 3-7 D

39h L2 Fed

7

1

0.1

39h L2 NR

8

0.3

0.1

L3 VNC Fed

6

1

0.1

L3 VNC NR

5

1

0.1

a= number of VNCs analysed
b= data normalized by the mean of the controls Fed
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Clone Volume
Figure

Condition

na

mean

S.D.

Figure 3-8 B

L2 start

18

709

245.9

39h (L2) Fed

18

1824

574.5

39h (L2) NR

18

933.1

239.1

L3 start

21

2204

683.9

68h (L3) Fed

19

6034

1479

68h (L3) NR

21

5230

5320

Figure 3-8 D

a=number of clones
Experiment

Weighta

RPb (%)

SEMc

39h N=1 exp

exp1

0.32

29.1

2.8

48h N=3 exp

exp1

0.42

41.7

4.8

exp2

0.46

42.1

4.1

exp3

0.47

16.4

2.2

exp1

0.52

52.8

5.9

exp2

0.53

35.6

4.9

exp3

0.55

42.2

8.6

exp1

0.52

41.9

4.7

exp2

0.61

65.9

6.8

exp3

0.61

82.6

3.2

exp1

0.62

61.2

5.3

exp2

0.68

81.9

6.5

exp3

0.77

62.4

4.2

exp1

0.84

102.8

6.3

exp2

0.88

67.7

3.3

exp3

1.21

74.2

1.7

exp1

1.11

119.9

7.5

exp2

1.34

84

0.3

exp3

1.42

81.6

8.6

Figure
Figure 3-9 A/B

51h N=3 exp

54h N=3 exp

56h N=3 exp

60h N=3 exp

68h N=3 exp

a= larvae weight in groups at the start of the experiment (mg)
b= relative proliferation (see materials and methods 2.6.2)
c= SEM calculated using the formula shown in Equation 3.
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EdU incorporation
Figure

Condition

na

meanb S.D.

Figure 4-3 B

control Fed

23

1

0.2

control NR

25

0.9

0.2

repo> EcR DN Fed

21

1.4

0.3

repo> EcR DN NR

25

0.5

0.2

a= number of VNCs analysed
b= data normalized by the mean of the control Fed (repo>w1118)
Clone Volume
Figure

Condition

na

mean

S.D.

Figure 4-8 A

FRT40A start

39

2192

586.9

FRT40A Fed

35

5863

1454

FRT40A NR

35

5704

1951

EcR DN start

47

1554

453.8

EcR DN Fed

35

4055

1474

EcR DN NR

38

2896

1297

Number of cells per clone
Figure

Condition

na

mean

S.D.

Figure 4-8 B

FRT40A start

39

30.1

9.5

FRT40A Fed

38

68.2

20.3

FRT40A NR

35

63

17

EcR DN start

47

25.7

11.2

EcR DN Fed

35

51.4

16

EcR DN NR

38

43.6

16.6

a= number of clones
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number of DCP1+ cells per clone
Figure

Condition

na

mean

S.D.

Figure 4-9

FRT40A Fed

16

1.4

1

EcR DN Fed

9

2.1

1.5

FRT40A NR

16

0.6

0.8

EcR DN NR

10

0.9

0.7

a= number of clones
Clone Volume
Figure

Condition

na

mean

S.D.

Figure 4-10 C

FRT40A Fed

20

4653

1394

FRT40A NR

21

4169

1474

EcR DN Fed

20

2331

808.2

EcR DN NR

18

2059

699.5

Number of cells per clone
Figure

Condition

na

mean

S.D.

Figure 4-10 D

FRT40A Fed

20

62.4

14.3

FRT40A NR

21

61.2

20.4

EcR DN Fed

20

32.4

32.4

EcR DN NR

18

30.1

10.8

a= number of clones
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Clone Volume
Figure

Condition

na

mean

S.D.

Figure 4-13 A

FRT40A Fed

30

4305

1869

FRT40A NR

30

4249

1859

EcR DN Fed

18

2740

1752

EcR DN NR

18

2027

245.2

myrAKT Fed

24

5345

1772

myrAKT NR

24

5040

1647

EcR DN; myrAKT Fed

24

3925

1116

EcR DN; myrAKT NR

23

4281

1715

Number of cells per clone
Figure

Condition

na

mean

S.D.

Figure 4-13 B

FRT40A Fed

31

47.5

13.4

FRT40A NR

31

51.5

13.5

EcR DN Fed

19

26.4

5.4

EcR DN NR

19

22

6.5

myrAKT Fed

25

50

11.6

myrAKT NR

25

51.2

11.6

EcR DN; myrAKT Fed

35

40

8.7

EcR DN; myrAKT NR

24

40

9.8

a= number of clones

EdU incorporation
Figure

Condition

na

meanb S.D.

Figure 5-1

control Fed

5

1

0.4

control NR

4

0.7

0.1

pdm1 OE Fed

6

0.8

0.2

pdm1 OE NR

10

0.7

0.9

a= number of VNCs analysed
b= data normalized by the mean of the control Fed

129

Appendix

Clone Volume
Figure

Condition

na

mean

S.D.

Figure 5-4 A

FRT2A Fed

49

6145

1868

FRT2A NR

41

6287

2149

cas OE b+ Fed

43

5802

1953

cas OE b+ NR

33

5192

1586

cas OE b- Fed

41

5511

2274

cas OE b- NR

33

4246

1639

Number of cells per clone
Figure

Condition

na

mean

S.D.

Figure 5-4 B

FRT2A Fed

49

53

12.2

FRT2A NR

41

52.3

14.3

cas OE b+ Fed

43

38.1

11.6

cas OE b+ NR

33

44

8.8

cas OE b- Fed

43

33.5

10.7

cas OE b- NR

33

23.7

7.7

a= number of clones
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Clone Volume
Figure

Condition

na

mean

S.D.

Figure 5-7 A

FRT82B Fed

13

4104

1470

FRT82B NR

14

3404

1085

cas[24] b+ Fed

14

3033

1267

cas[24] b+ NR

20

3486

1826

cas[24] b- Fed

14

1771

517.7

cas[24] b- NR

21

1102

490.4

Number of cells per clone
Figure

Condition

na

mean

S.D.

Figure 5-7 B

FRT82B Fed

13

57.7

13.8

FRT82B NR

14

48.5

12.8

cas[24] b+ Fed

14

34.3

9.7

cas[24] b+ NR

20

44.3

18.2

cas[24] b- Fed

14

20

7.6

cas[24] b- NR

13

18.6

7.9

a= number of clones
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Clone Volume
Figure

Condition

na

mean

S.D.

Figure 5-10 A

FRT82B Fed

15

5060

1029

FRT82B NR

16

4526

978.8

svp[e300] b+ Fed

12

3283

996.3

svp[e300] b+ NR

9

3463

1406

svp[e300] b- Fed

12

2352

463.8

svp[e300] b- NR

8

2464

1268

Number of cells per clone
Figure

Condition

na

mean

S.D.

Figure 5-10 B

FRT82B Fed

15

60.7

9.1

FRT82B NR

16

63.8

13.2

cas[24] b+ Fed

12

43.8

11

cas[24] b+ NR

9

38.1

12.2

cas[24] b- Fed

12

20

4.5

cas[24] b- NR

8

20.2

6.5

a= number of clones
number of broad+ cells per clone
Figure

Condition

na

mean

S.D.

Figure 5-12 B

FRT40A Fed

32

23.5

9

FRT40A NR

27

29

5.9

EcR DN Fed

36

11.9

5.2

EcR DN NR

34

8.6

6.6

a= number of clones
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