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Abstract

A functional central nervous system (CNS) is composed of numerous types of 

neurons. Neurons are derived from a limited number of multipotent neural stem 

cells. Previous studies have suggested three major strategies nature uses to 

diversify neurons: lineage identity specification that gives an individual neural 

stem cell distinct identity based on its position in the developing CNS; temporal 

identity specification that gives neurons derived from a neural stem cell distinct 

identities based on their birth-order within the lineage; and binary cell fate 

specification that gives different identities to the two sister postmitotic neurons 

derived from the terminal division of a common precursor. Through the 

combination of the three strategies, almost unlimited neuron types can be 

generated. To understand neuronal diversification, we have to understand the 

underlying molecular mechanisms of each of the three strategies.

The fruit fly Drosophila melanogaster, has been an excellent model for 

studying neuronal diversity, mainly due to its easily traceable nervous system and 

an impressive collection of genetic tools. Studies in fly have provided us 

fundamental insights into lineage identity, temporal identity, and binary cell fate 

specifications. Nevertheless, previous studies mostly centered on the embryonic 

ventral nerve cord (VNC) because of its simpler organization. Our understanding 

of the generation of neuronal diversity in the fly brain is still rudimentary. In this
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thesis work, I focused on the mushroom body (MB) and three antennal lobe 

neuronal lineages, studying their neuronal diversification during postembryonic 

brain development. In Chapter I, I reviewed the previous studies that have built 

our current understanding of the neuronal diversification. In Chapter II, I showed 

that MB temporal identity changes are instructed by environmental cues. In 

Chapter III, to search for the potential factors that mediate the environmental 

control of the MB temporal identity changes, I silenced each of the 18 nuclear 

receptors (NRs) in the fly genome using RNA interference. Although I did not 

identify any NR important for the regulation of MB temporal identities, I found that 

unfulfilled is required for regulating axon guidance and for the MB neurons to 

acquire all major subtype-specific identities. In Chapter IV, I demonstrated that 

the Notch pathway and its antagonist Numb mediate binary cell fate 

determination in the three classical antennal lobe neuronal lineages—

anterodorsal projection neuron (adPN), lateral antennal lobe (lAL), and ventral 

projection neuron (vPN)—in a context-dependent manner. Finally, in Chapter V, I 

did detailed lineage analysis for the lAL lineage, and identified four classes of 

local interneurons (LNs) with multiple subtypes innervating only the AL, and 44 

types projection neurons (PNs) contributing to olfactory, gustatory, and auditory 

neural circuits. The PNs and LNs were generated simultaneously but with 

different tempos of temporal identity specification. I also showed that in the lAL 

lineage the Notch pathway not only specifies binary cell fates, but is also involved 

in the temporal identity specification.
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CHAPTER I

Introduction

The central nervous system (CNS) contains numerous types of neurons that 

have distinct cell body positions, axonal and dendritic morphology, neurite 

connectivity, and molecular markers. The CNS neurons are generated from a 

limited population of multipotent neural progenitors. A neural progenitor goes 

through repeated asymmetric cell divisions during development. In each division, 

the progenitor self-renews itself, while producing a postmitotic neuron, or an 

intermediate precursor that can undergo limited rounds of self-renewal divisions 

to produce a series of neurons. But how does a limited number of neural 

progenitors generate a vast number of neuron types?

Previous studies have suggested three major strategies for generating 

neuronal diversity. First, the CNS neural progenitors are heterogeneous and 

produce discrete neuronal lineages. The fate mapping experiments in mice, for 

instance, show that fluorescent-dye-labeled progenitors in medial and lateral 

ganglionic eminences (MGE and LEG), when transplanted into non-labeled host 

brains, give rise to cortical interneurons and striatum plus olfactory bulb neurons, 

respectively (Wichterle et al., 2001). Importantly, it is the original site of the donor 
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tissue but not the site of transplantation that predicts the fate of the transplanted 

tissue, suggesting that progenitors in MGE and LEG are cell-autonomously 

different (Wichterle et al., 2001). This is further supported by in vitro cell culture 

experiments in which, cultured cortical and retina neural progenitors still generate 

neuronal lineages that are indistinguishable from those they produced in vivo 

(Cayouette et al., 2003; Shen et al., 2006).

Second, a given multipotent neural progenitor often produces different 

types of neurons in an invariant order; thus, neurons acquire distinct temporal 

identities according to their birth-order within a lineage. For example, neurons in 

a developing cerebral cortex are formed in an inside-out fashion: the neurons in 

deeper layers are born before the neurons that occupy more superficial layers 

(Angevine and Sidman, 1961; Shimada and Langman, 1970; Rakic, 1974; Luskin 

and Shatz, 1985). Retrovirus-based tracing experiments showed that a young 

cortical neural progenitor can produce neurons distributed across all the cortical 

layers, suggesting that the cortical neurons migrating to the different layers are 

generated in the same lineage and are specified in a birth-order-dependent 

manner (Shimada and Langman, 1970; Luskin et al., 1988; Price and Thurlow, 

1988; Rakic, 1988; Walsh and Cepko, 1988; Reid et al., 1995). Such birth-order-

dependent temporal identities are likely to be predetermined before the neurons 

were born. The cortical neurons shortly after their final mitotic division migrate to 

the layer typical of their birthday, even when they are transplanted into an 

environment in which host neurons are destined for other layers (McConnell and 
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Kaznowski, 1991; Frantz and McConnell, 1996; Desai and McConnell, 2000). 

Moreover, cultured cortical neural progenitors still produce layer-specific neurons 

in appropriate order and timings (Shen et al., 2006). This further suggests that 

the specification of the temporal identity largely relies on cell-intrinsic cues, 

although environmental cues have also been suggested to modulate the 

temporal identity of cortical neurons (Frantz and McConnell, 1996).

Third, at its final division, a neural progenitor or intermediate precursor can 

produce two sibling postmitotic cells with distinct cell fates, a process called 

binary cell fate specification. Binary cell fate specification has been well 

documented in invertebrates, including Caenorhabditis elegans and Drosophila 

melanogaster. Recently, it has also been observed in zebrafish and in cultured 

mammalian cortical progenitors and their progeny neurons (Shen et al., 2002; 

Kawaguchi et al., 2004; Kimura et al., 2008).

Taken together, in the process of neuronal diversification, a neuron 

acquires a specific lineage identity depending on its lineage origin, a unique 

temporal identity according to its birth-order within the lineage, and a distinct 

binary fate during the terminal mitosis. Through the combination of lineage 

identity, temporal identity, and binary cell fate, a large number of neuron types 

are generated from a relatively small number of neural progenitors.

To understand the mechanisms underlying lineage identity, temporal 

identity, and binary cell fate specifications, one has to be able to identify 

individual neural progenitors, and follow the developmental history of individual 
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neuron types. Such detailed lineage analysis is extremely challenging in the 

vertebrate CNS, owing to the relatively large pool of neural progenitors and lack 

of proper genetic tools for targeting the same progenitor repeatedly.

In contrast, the fruit fly Drosophila melanogaster has a relatively simple 

CNS, and thus is an appealing model for studying neuronal diversity. The fly CNS 

contains diverse neuron types generated by a small number of neural progenitors  

called neuroblasts (NBs). The NBs are individually identifiable based on their 

positions and molecular markers (Hartenstein, 1984; Doe, 1992; Urbach et al., 

2003; Urbach and Technau, 2003a). During the CNS development, the fly NBs 

undergo asymmetric cell divisions to each time generate one intermediate 

precursor called a ganglion mother cell (GMC) while self-renewing themselves. 

The GMCs typically do not proliferate or self-renew, but divide once to produce 

two daughter cells (Lee et al., 1999; Pearson and Doe, 2003). Recently, some 

NBs were found to also produce transit-amplifying precursors that behave more 

like the vertebrate intermediate precursors, generating series of neurons through 

limited rounds of self-renewal cell divisions (Bello et al., 2008; Boone and Doe, 

2008; Bowman et al., 2008). In the fly, the neurons produced by a given NB form 

a cluster with the younger neurons close to and older neurons distal to the NB. 

Such structure makes it easier to trace the developmental history of a neuron 

back to its parental NB. Furthermore, several recently developed genetic mosaic 

techniques that can label single neurons generated at specific times within a 

lineage, allow extensive lineage analysis up to single cell level (Lee, 2009).
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The neuronal diversity in the fly CNS also results from the combination of 

lineage identity, temporal identity, and binary fate specifications (Fig. 1.1). Many 

findings made in the fly in the past few decades have contributed enormously to 

our general understanding of these three underlying mechanisms of neuronal 

diversification. In this chapter, I will review those important work, examining the 

molecular machinery controlling the specification of lineage identity, temporal 

identity, and binary cell fates, as well as how they work together to determine 

diverse cell types in the developing Drosophila CNS. I will also discuss how 

lessons learned from Drosophila can help us understand the neuronal 

diversification in the vertebrate CNS.

Specification of distinct Neuroblasts

The Drosophila central nervous system (CNS), including the brain and ventral 

nerve cord (VNC), is developed from a handful of neural stem cells called 

neuroblasts (NBs). The NBs are delaminated from the bilaterally symmetrical 

neuroectoderm during early embryonic development (Urbach and Technau, 

2004; Technau et al., 2006). The delamination of NBs follows a stereotyped 

spatial and temporal pattern, and therefore the NBs are individually identifiable 

based on their positions (Doe, 1992; Urbach et al., 2003). After delamination, 

each NB typically undergoes asymmetric self-renewal divisions to bud-off GMCs, 

each of which divides once to produce a pair of post-mitotic cells that differentiate 

into neurons, glia, or even apoptotic cells (Bossing et al., 1996; Schmidt et al., 
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1997; Karcavich and Doe, 2005; Kumar et al., 2009; Lin et al., 2010; Truman et 

al., 2010).

Along with the unique position, an individual NB acquires a distinct identity 

while it is specified on the neuroectoderm. The distinct NB identities are evident 

because each NB expresses a particular combination of molecular markers, 

including many genes as well as enhancer-trap reporters (Doe, 1992; Broadus et 

al., 1995; Urbach and Technau, 2003a). Also, each NB produces a nearly 

invariant and unique neuronal lineage (Bossing et al., 1996; Schmidt et al., 1997; 

Lee et al., 1999; Yu et al., 2010). For some genes that are specifically expressed 

by certain NBs, loss-of-function analysis has revealed defects in the NB 

proliferation and neuronal morphogenesis (Hassan et al., 2000; Noveen et al., 

2000; Lichtneckert et al., 2007; Lichtneckert et al., 2008; Kurusu et al., 2009). 

Thus, the specific identity that each NB acquires determines the number and 

types of its progeny.

How is NB identity specified? Compared to the brain, the VNC has a 

simpler organization, and has been the main focus for investigation. VNC is 

composed of repeated segmental units each of which consists of a pair of left-

right-mirrored hemisegments. A hemisegment contains about 30 NBs. The NBs 

at corresponding positions in different segments, called serially homologous NBs, 

have relatively similar identities (Doe, 1992). The 30 NBs in a hemisegment are 

delaminated at specific times and places from the neuroectoderm (Doe, 1992). A 

transplantation experiment done in the Drosophila embryo has demonstrated that 
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the ventral NBs are specified by inductive positional signals before they are 

delaminated from the neuroectoderm (Udolph et al., 1995). The NB identities 

therefore are determined based on where the NBs are positioned on the 

neuroectoderm. A huge body of work suggests that the patterning genes along 

both anterior-posterior (AP) and dorsal-ventral (DV) axes are important for 

specifying the NB identities. On the AP axis, the classical genetic cascades of 

gap and pair-rule genes pattern the regional-specific expression of segment-

polarity genes, such as wingless, hedgehog, patched, gooseberry, engrailed, 

mirror, and invected (Akam, 1987; Skeath and Thor, 2003; Technau et al., 2006). 

The combination of segment-polarity genes subdivides each hemisegment into 

four parallel rows (Bhat, 1999; Skeath, 1999; Technau et al., 2006). On the DV 

axis, nuclear factor NF-kB, bone morphogenetic protein (BMP) and epidermal 

growth factor receptor (EGFR) signaling pathways pattern the expression of 

columnar genes, including ventral nervous system defective (vnd), intermediate 

neuroblasts defective (ind), muscle segment homeobox (msh), and Drosophila 

EGF receptor (DER), which divide the neuroectoderm into three longitudinal 

columns (Skeath, 1998; Bhat, 1999; von Ohlen and Doe, 2000; Skeath and Thor, 

2003; Technau et al., 2006). The superimposition of the segment-polarity genes 

and columnar genes creates a Cartesian coordinate map in every hemisegment. 

On each coordinate, a specific combination of the segment-polarity and the 

columnar genes activates a unique set of downstream genes and determines the 
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identity of the NB at that position (Fig. 1.1A; Bhat, 1999; Skeath, 1999; Technau 

et al., 2006).

Another set of genes that regulate the NB identity along the AP axis of the 

VNC is the homeotic genes (also called Hox genes). Hox genes are well known 

for their roles in patterning segmental identities of the entire body plan (Gehring 

and Hiromi, 1986; Carroll, 1995). They are also expressed in a segment-specific 

manner along the AP axis of the Drosophila embryonic CNS, and play important 

roles in diversifying the serially homologous NB lineages in different 

hemisegments in the VNC (Fig. 1.1A; Hirth et al., 1998; Rogulja-Ortmann and 

Technau, 2008).

Like the NBs in the VNC, NBs in the fly brain are developed in a 

stereotyped spatial and temporal pattern (Urbach et al., 2003). An ndividual brain 

NB also acquires a unique identity and expresses a distinct combination of genes 

(Urbach and Technau, 2003a). Lacking clear segmental boundaries, however, 

makes the NB specification in the brain much more difficult to investigate. A study 

examined the expression of segment-polarity and columnar genes in the early 

embryonic brain. Although with less obvious boundary, those genes are 

expressed in particular domains of the procephalic neuroectoderm, where the 

brain NBs are derived (Urbach and Technau, 2003b). Such observation implies 

that the same set of genes used to specify the NB identity in the VNC is also 

used to specify the brain NBs. Indeed, the columnar gene vnd is expressed in the 

ventral domain of both the VNC and brain neuroectoderm (Urbach et al., 2006). 
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When the activity of vnd is removed from the embryo, the ventral brain NBs are 

improperly specified, similar to the phenotype observed in the VNC (Urbach et 

al., 2006). However, the specification of the brain NBs is apparently more 

complex. The dorsal columnar gene msh, which has been shown to be important 

for specifying the dorsal NBs in the VNC, is only required for specifying the 

dorsal NBs in the posterior brain (deuto- and tritocerebrum), and is not even 

expressed in the anterior brain (protocerebrum) (Urbach et al., 2006). 

Furthermore, more than 50% of the brain regions do not express any of the three 

columnar genes vnd, ind, and msh (Urbach and Technau, 2003b; Urbach et al., 

2006). And in the embryos homozygous for the fourth columnar gene DER, the 

number and the pattern of the brain NBs are unaffected (Dumstrei et al., 1998). 

Thus, additional factors are needed for the proper specification of the brain NBs 

along the DV axis. On the AP axis, the function of the segment-polarity genes in 

specifying the brain NBs is less clear, but two Hox genes of the Antennapedia-

Complex, proboscipedia (pb) and labial (lab) have been shown to be required for 

the patterning of the posterior brain (Hirth et al., 1998).

The mechanisms that pattern the Drosophila CNS are at least partly 

conserved in the vertebrate. The vertebrate homologues of the Drosophila 

columnar genes are expressed in the vertebrate neural tube in a pattern similar 

to that in the fly VNC. The Nkx2 family genes, the vertebrate homologues of vnd, 

are expressed in the ventral portion, and the ind and msh homologues Gsh-1/2 

and Msx-1/2/3 are expressed in the intermediate and the dorsal portion of the 
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neural tube, respectively (Arendt and Nübler-Jung, 1999; Cornell and Ohlen, 

2000; Urbach and Technau, 2004). Although more detailed analyses are needed 

for the functions of Gsh and Msx, in mouse mutants of nkx2.2 and nkx6.1, the 

ventral neural progenitors in the spinal cord are improperly specified and produce 

cell types normally generated by more dorsally located progenitors (Briscoe et 

al., 1999; Sander et al., 2000). Therefore, besides having similar expression 

patterns, these genes are likely functionally conserved. Similarly, the vertebrate 

counterparts of the fly Hox genes are expressed in a conserved nested pattern 

along the rostrocaudal axis, and have been shown to be important for patterning 

neuronal identities (Hirth et al., 1998; Hirth and Reichert, 1999; Guthrie, 2007; 

Dasen and Jessell, 2009).

Specification of neuronal temporal identity

After being specified from the neuroectoderm, each Drosophila NB generally 

produces a lineage of diverse types of neuron. But how can a NB generate many 

neuron types? Lineage tracing and birth-dating studies using DiI-labeling, genetic 

mosaic analysis, and various imaging techniques have shown that the different 

types of neuron in a NB lineage are born in an invariant birth order (Lee et al., 

1999; Schmid et al., 1999; Isshiki et al., 2001; Jefferis et al., 2001; Karcavich and 

Doe, 2005; Yu et al., 2009; Yu et al., 2010). For example, in the NB7-1 lineage of 

the embryonic VNC, the first five motoneurons (U1-U5) that each have distinct 

morphology and express different molecular markers, are always generated 
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sequentially in U1 to U5 order (Schmid et al., 1999; Isshiki et al., 2001). Also, 

detailed lineage analysis showed that the NB of the anterodorsal projection 

neuron (adPN) lineage in the brain produces 40 types of olfactory projection 

neurons in a stereotyped order (Jefferis et al., 2001; Yu et al., 2010). These 

observations suggest the existence of an accurate and robust mechanism for 

monitoring the birth order of each neuron within a lineage and giving the neurons 

specific temporal identities based on their birth order.

The most well-characterized temporal identity regulation comes from 

studies of the Drosophila embryonic VNC. After the embryonic VNC NBs are 

specified and delaminated from the neuroectoderm, they successively express 

four transcription factors in the order of Hunchback (Hb)  Kruppel (Kr)  Pdm 

 Castor (Cas) (Fig. 1.1B,C; Brody and Odenwald, 2000; Isshiki et al., 2001). 

Each transcription factor is transiently expressed in the NBs for just one or a few 

cell cycles (Brody and Odenwald, 2000; Isshiki et al., 2001). The same 

expression pattern is observed in virtually all the NB lineages in the embryonic 

VNC (Brody and Odenwald, 2000; Isshiki et al., 2001). Loss- and gain-of-function 

studies have shown that these transcription factors are necessary and sufficient 

to specify neuronal temporal identity in many NB lineages (Isshiki et al., 2001; 

Novotny et al., 2002; Pearson and Doe, 2003; Grosskortenhaus et al., 2005; 

Grosskortenhaus et al., 2006). Although these transiently expressed transcription 

factors are inherited by the postmitotic neurons, they primarily function in the 

NBs, given that ectopic expression of these factors in the postmitotic neurons is 
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insufficient to confer temporal identity (Pearson and Doe, 2003). Such 

transcription factors, expressed in NBs and sufficient to dictate temporal 

identities, are called temporal identity factors (TIFs) (Fig. 1.1B,C; Jacob et al., 

2008).

How is the transient and orderly expression of the TIFs regulated in the 

NBs? The mechanism appears to be mainly cell-intrinsic, because the NBs can 

still express the TIFs in the correct order and timing when cultured in vitro (Brody 

and Odenwald, 2000; Grosskortenhaus et al., 2005). The misexpression 

experiments suggest that the expression of a TIF can activate the next TIF and 

repress the expression of the previous TIF, and thus the progression of the TIF 

switches can be self-sustained (Kambadur et al., 1998; Isshiki et al., 2001; 

Grosskortenhaus et al., 2006). However, removing the activity of Hh, Kr, or Pdm 

only causes one temporal identity to be skipped without affecting the subsequent 

temporal identity progression (Kambadur et al., 1998; Brody and Odenwald, 

2000; Isshiki et al., 2001; Grosskortenhaus et al., 2006). Therefore other factors 

must exist to actively regulate the TIF switches. The orphan nuclear receptor 

Seven-up (Svp) and two pipsqueak-domain proteins Distal antenna (Dan) and 

Distal antenna-related (Danr) have been shown to be required to timely terminate 

the expression of Hb (Kanai et al., 2005; Kohwi et al., 2011). In svp or Dan Danr 

double mutant embryos, the Hb expression window is prolonged for several NB 

divisions resulting in additional first-born neurons (Kanai et al., 2005; Kohwi et 

al., 2011). An additive phenotype was observed in svp Dan Danr triple mutant 
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embryos, putting svp and Dan/Danr in two independent pathways (Kohwi et al., 

2011). The function of svp, Dan, and Danr in terminating the Hb expression is 

thought to be mitosis dependent, given that the Hb to Kr transition requires 

cytokinesis (Grosskortenhaus et al., 2005). How cytokinesis regulates the activity 

of Svp, Dan, and Danr is unclear. Contrary to the Hb to Kr transition, the Kr  

Pdm  Cas transitions occurs properly in G2-arrested NBs and thus are mitosis-

independent (Grosskortenhaus et al., 2005). The factors promoting these 

transitions remain to be identified.

With only four TIFs identified to date, two mechanisms have been 

proposed to further diversify neuron types within a lineage using the limited 

number of TIFs. The first possible mechanism is to combine the same set of TIFs  

with different competence windows of a NB (Cleary and Doe, 2006). In the NB 

7-1 lineage, the NB only responds to Hb, Kr, Pdm, and Cas to specify U1-U5 

motoneurons in a competence window covering the NB’s first five divisions 

(Pearson and Doe, 2003; Cleary and Doe, 2006). Misexpressing early TIFs in the 

later part of the competence window causes overproduction of the early neuron 

types at the expense of the later neuron types (Pearson and Doe, 2003; 

Grosskortenhaus et al., 2005; Cleary and Doe, 2006). When the misexpression is  

outside the competence window, the NB ignores the ectopically expressed TIFs 

and continues to generate interneurons that the NB normally generates at that 

time (Pearson and Doe, 2003; Cleary and Doe, 2006). The competence window 

is progressively restricted, meaning the NB is most responsive to the TIFs in the 
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beginning of the competence window and the response is gradually diminished 

as the development progresses (Pearson and Doe, 2003). Downregulation of Hb 

has been shown to be critical to initiate the progressive restriction of the U1-U5 

competence window, and persistent ectopic expression of Hb and Kr after the 

downregulation of Hb partially extends the competence (Pearson and Doe, 2003; 

Grosskortenhaus et al., 2005; Cleary and Doe, 2006). The loss of competence in 

generating U1-U5 motoneurons after the first five cell cycles may allow the NB to 

reuse the same TIFs in other competence windows to specify the temporal 

identities of different sets of neurons during later development. This model is 

partially supported by observing a second round of Kr and Cas expression in late 

embryos (Cleary and Doe, 2006). However, more direct evidence is needed to 

verify this model. 

The second mechanism is for a given TIF to trigger multiple transcriptional 

cascades to further diversify neuron types (Fig. 1.2). Such a mechanism has 

been elegantly demonstrated in the NB5-6T lineage (Baumgardt et al., 2009). In 

a Cas-expressing window at the end of its lineage, the NB 5-6T NB sequentially 

produces four Ap neurons, Ap1-Ap4, that specifically express the LIM-HD 

transcription factors Apterous (Ap) and the Eyes absent (Eya) cofactor (Lundgren 

et al., 1995; Miguel-Aliaga et al., 2004; Baumgardt et al., 2009). The Ap neurons 

can be categorized into three subtypes—Ap1, Ap2/3, and Ap4—based on their 

gene expression profiles. Ap1 expresses the neuropeptide Nplp1; Ap4 expresses 

the neuropeptide FMRFamide (FMRFa); Ap2 and Ap3 express neither of the two 
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neuropeptides and are considered as generic Ap neurons (Benveniste et al., 

1998; Park et al., 2004; Baumgardt et al., 2007). The specification of the three 

types of Ap neurons in a single Cas temporal identity window is initiated by Cas’s  

simultaneously activating three independent transcriptional cascades (Fig. 1.2; 

Baumgardt et al., 2009). First, Cas upregulates the Ap determinant Col. Col in 

turn activates the expression of Ap and Eya to make the four neurons adopt the 

generic Ap neuron fate. In the first-born neuron, the cascade proceeds further to 

activate the expression of Nplp1 through the cooperation of Col, Ap, and Eya. In 

a second cascade, Cas first upregulates Squeeze (Sqz), and later Cas and Sqz 

work together to activate the expression of Nab, which then forms a complex with 

Sqz to downregulate Col after the activation of Ap/Eya in the postmitotic neurons. 

Although the upregulation of Sqz begins at the time when Ap1 is produced, the 

delayed activation of Nab makes the Sqz/Nab complex only exist in the later 

three postmitotic neurons and consequently shut down the expression of Nplp1 

in these neurons. In a third cascade, Cas gradually upregulates the transcription 

factor Grainyhead (Grh), which accumulates to a functional concentration only in 

the last-born Ap neuron. High level of Grh activates the expression of FMRFa in 

the last-born neuron to specify the Ap4 identity (Baumgardt et al., 2009). This 

mechanism provides a satisfactory explanation for how the limited number of 

TIFs generates diverse neuron types (Fig. 1.2). However, more studies are 

needed to determine whether such mechanism is commonly used in other 

neuronal lineages.
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A new mechanism for one factor to generate multiple temporal identities 

was recently discovered in the mushroom body (MB) lineage during 

postembryonic brain development (Zhu et al., 2006). The MB lineage consists of 

neurons important for olfactory learning and memory in the fly (Heisenberg, 

2003). The MB NB sequentially generates three types of neuron— , ’/ ’, and 

pioneer / —during larval development (Lee et al., 1999; Zhu et al., 2003). 

Interestingly, compared to the temporal identity specification in the embryonic 

VNC, the tempo of temporal identity changes in the postembryonic MB lineage is 

considerably slow. In the five days of larval life, a MB NB first produces ~160  

neurons, and then switches to produce ~ 90 ’/ ’ neurons, and subsequently ~15 

pioneer / . Chronologically inappropriate morphogenesis (Chinmo), a BTB-zinc 

finger protein, has been identified to control the temporal identity of the MB 

neurons (Zhu et al., 2006). During larval development, Chinmo protein forms a 

temporal concentration gradient in the postmitotic MB neurons: high in the early-

born neurons and low in the later-born neurons (Zhu et al., 2006). Chinmo level 

governs the temporal identity of MB neurons: high Chinmo level specifies  

neuron; medium Chinmo level specifies ’/ ’; and at low Chinmo level or in the 

absence of Chinmo, the neurons adopt the pioneer /  fate (Zhu et al., 2006). 

The MB neurons can be transformed toward earlier or later temporal fates by 

reducing or increasing Chinmo level (Zhu et al., 2006). Chinmo is broadly 

expressed in the Drosophila CNS, and has been shown to regulate the 

postembryonic temporal identity in other neuronal lineages (Zhu et al., 2006; Yu 

16



et al., 2009). It is unclear if Chinmo also play a role in regulating temporal identity 

during embryonic development. However, some other proteins have been shown 

to exhibit a temporal concentration gradient in embryonic NB lineages. The levels  

of Grh and the Hox cofactor Homothorax (Hth), for example, gradually increase 

in certain developmental windows in the NB 5-6T lineage and only become 

functional when reaching a critical concentration (Baumgardt et al., 2009; 

Karlsson et al., 2010). Thus, a temporal protein gradient may be a general timing 

mechanism for controlling neuronal temporal identity.

The Chinmo temporal gradient is established mainly by posttranscriptional 

control through the 5’-UTR of the chinmo mRNA (Zhu et al., 2006). Since Chinmo 

protein is not detected in the MB NB, it is more likely downstream of a temporal 

identity specification pathway (Zhu et al., 2006). However, none of the TIFs that 

control neuronal temporal identity in the embryonic VNC play a significant role in 

regulating the MB temporal identities (Chih-Fei Kao unpublished data). 

Identifying the factors that bind to the chinmo 5’-UTR should shed light on the 

upstream regulatory machinery of neuronal temporal identity in the 

postembryonic brain lineages.

The regulation of temporal identity in the fly and the vertebrate CNS 

shares similarities. Like in the fly CNS, cell-intrinsic mechanisms play important 

roles in determining neuronal temporal identity in the vertebrate CNS. For 

example, the progenitors of rat and Xenopus retina cultured with an excess of 

older retinal cells do not generate rod photoreceptors until they reach the right 
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age (Watanabe and Raff, 1990; Rapaport et al., 2001). More strikingly, the 

embryonic day 16-17 rat retinal progenitors develop similarly in serum-free clonal 

density cultures and in serum-containing retinal explants for every aspect of 

retinal development, including the number of division, cell types, and the order of 

the cell types being generated (Cayouette et al., 2003). This proper cell 

diversification is not regulated by instructive intra-clonal signals, given that no 

particular cell type is required for the development of any other cell types within a 

clone (Cayouette et al., 2003). Similar findings were made on the progenitors of 

mouse cortical neurons: in low-density cultures, cortical progenitor cells are still 

able to produce cortical neuron types in appropriate order and timing (Shen et al., 

2006). Also like the progressively restricted competence window in the fly 

embryonic NBs, the competence of cortical progenitors in making early neuron 

types is gradually lost during development (McConnell and Kaznowski, 1991; 

Frantz and McConnell, 1996; Desai and McConnell, 2000). Finally, the vertebrate 

homologues of Hb and Svp also regulate neuronal temporal identity in the 

vertebrate CNS (Elliott et al., 2008; Naka et al., 2008). Ikaros, the mouse 

homologue of Drosophila Hb, is only expressed in the early multipotent retinal 

progenitors and is necessary for specifying the early-born retinal cell identities 

(Elliott et al., 2008). During later development, retinal progenitors become Ikaros-

negative; misexpressing Ikaros at this stage is sufficient for the progenitors to 

regain the ability to generate early-born neurons (Elliott et al., 2008). Chicken 

ovalbumin upstream promoter-transcription factor I and II (COUP-TFI and II), the 
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mouse homologues of Svp, are transiently expressed in the early embryonic 

CNS neural progenitors (Naka et al., 2008). The double knockdown of Coup-tfI/II 

caused the prolonged generation of early-born neurons (Naka et al., 2008). In 

both cases, the molecular functions of the temporal identity regulators are highly 

conserved between the fly and the vertebrate.

Specification of binary cell fate

During Drosophila CNS development, the GMCs generated by the NBs typically 

divide once to produce two postmitotic cells that differentiate into neurons or glia 

or cells that eventually disappear through programmed cell death (Skeath and 

Doe, 1998; Lee et al., 1999; Isshiki et al., 2001; Karcavich and Doe, 2005; Kumar 

et al., 2009; Lin et al., 2010; Truman et al., 2010). Although having the same 

lineage and temporal origin, the two sibling cells often acquire distinct cell fates 

through the mechanism of binary cell fate specification (Fig. 1.1B,C). The core of 

binary cell fate specification lies in the Notch signaling pathway and its repressor 

Numb. The basic components of the Notch pathway include the transmembrane 

receptor Notch, its ligands Delta and Serrate and positive regulators -secretase, 

Sanpodo (Spdo), Suppressor of hairless (Su(H)), and Mastermind (Mam) (Cau 

and Blader, 2009; Artavanis-Tsakonas and Muskavitch, 2010; Pierfelice et al., 

2011). When Delta or Serrate binds to Notch, -secretase, with the help of Spdo, 

cleaves the intracellular domain of Notch (NICD) to release it from the 

membrane. NICD then forms a complex with Su(H) and Mam and enters the cell 
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nucleus to turn on downstream genes (Cau and Blader, 2009; Artavanis-

Tsakonas and Muskavitch, 2010; Pierfelice et al., 2011). These components are 

highly conserved among different animals and have been shown to play 

important roles in many developmental processes (Cau and Blader, 2009; 

Artavanis-Tsakonas and Muskavitch, 2010; Pierfelice et al., 2011). 

The role of Notch and Numb in binary cell fate specification was originally 

discovered in the Drosophila peripheral nervous system (Uemura et al., 1989; 

Hartenstein and Posakony, 1990; Parks and Muskavitch, 1993; Rhyu et al., 

1994). In the Drosophila CNS, the first demonstration of Notch and Numb in 

determining binary cell fates came from studies on the development of the 

embryonic-born MP2 neurons (Spana et al., 1995; Spana and Doe, 1996). The 

MP2 precursor is morphologically identical to other embryonic CNS NBs, but it 

behaves more like a GMC, because instead of budding off a series of GMCs, it 

only divides once to produce two MP2 neurons: vMP2 and dMP2 (Spana et al., 

1995). The cell body of vMP2 is smaller than that of dMP2, and the two MP 

neurons project their axons in opposite directions (Spana et al., 1995). During the 

mitosis of a MP2 precursor, Numb is separated into dMP2 and excluded from 

vMP2. Loss of numb transforms dMP2 into vMP2, while misexpressed Numb in 

vMP2 transforms it into dMP2 (Spana et al., 1995). Numb specifies the dMP2 

fate by blocking the activity of the Notch pathway (Spana and Doe, 1996). Notch 

is ubiquitously expressed in both dMP2 and vMP2 (Spana and Doe, 1996). 

Although Notch is activated in both MP2 neurons by ligands coming from the 
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adjacent tissues, the Notch signaling pathway is only actived in the vMP2 and, in 

consequence, specifies the vMP2 fate (Spana and Doe, 1996). This mechanism

—asymmetrically segregating Numb into one of the two daughter cells to repress 

Notch activity and specify one cell fate while letting active Notch signal in the 

sibling cell to specify another cell fate—was later shown in various additional 

embryonic neuronal lineages to produce daughter cells with different fates 

(Buescher et al., 1998; Skeath and Doe, 1998; Lundell et al., 2003; Karcavich 

and Doe, 2005).

Recently, Notch/Numb-mediated binary cell fate determination was also 

observed in the vertebrate. In the zebrafish ventral spinal cord, the p2 progenitor 

divides once to produce V2a/V2b neuron pairs. The V2a/V2b binary cell fate 

decision requires Notch activity; upon forced activation of Notch signaling, both 

p2 daughter cells adopt the V2b fate, whereas loss of Notch activity makes both 

cells adopt the V2a fate (Batista et al., 2008; Kimura et al., 2008). A similar 

finding is made in the final division of the zebrafish pMN precursors that give rise 

to a primary motoneuron and a KA’ interneuron (Shin et al., 2007). The 

involvement of Numb in both cases, however, remains to be determined. 

Interplay between lineage identity, temporal identity, and binary cell fate 

specifications

A final neural fate is an integrated outcome of lineage identity, temporal identity, 

and binary cell fate specifications. During neurogenesis, the underlying 
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mechanisms of each of the three aspects of neural fate specification have to 

integrate with, and sometimes even affect each other in a complex way to ensure 

a precise output.

As discussed earlier, four TIFs—Hb, Kr, Pdm, and Cas—are expressed in 

most, if not all, embryonic NB lineages to specify the temporal identities of the 

first several progeny (Brody and Odenwald, 2000; Isshiki et al., 2001). However, 

none of these TIFs are linked to any specific final cell types. For example, Hb in 

the NB 7-1 lineage specifies the first-born cell as motoneuron, but in the NB 7-4 

and NB 6-4T lineages it specifies the first-born cell as interneuron and glia, 

respectively (Isshiki et al., 2001). Therefore, the final outcome of the activities of 

TIFs is lineage dependent (Fig. 1.1B,C). The lineage-dependent functions and 

outcomes of TIFs are likely due to the intrinsic property each NB acquires when it 

is specified in the neuroectoderm. The intrinsic property can be some lineage-

specific factors that interact with the TIFs, or lineage-specific epigenetic 

modifications that make the genome respond to the TIFs differently. Although 

there is no evidence for the lineage-specific epigenetic modifications in the fly, it 

remains an interesting possibility since several chromatin-remodeling proteins 

have been shown to be important for neurogenesis in both mouse and 

Drosophila (Yoo and Crabtree, 2009).

On the other hand, the interaction between lineage-specific factors and 

TIFs has been demonstrated in the thoracic NB 5-6 lineage (NB5-6T) by 

Karlesson and his colleagues (Karlsson et al., 2010). At the end of the NB 5-6T 
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lineage, four Ap neurons, Ap1-Ap4, are sequentially specified. Several genes 

have been shown to be critical for the formation of Ap neurons, including the 

temporal identity gene cas and the Hox gene antennapeida (Antp) (Baumgardt et 

al., 2009; Karlsson et al., 2010). In cas mutant embryos, the Ap neuron 

determinant collier (col) is not expressed and the Ap neurons are not properly 

specified (Baumgardt et al., 2009). The same phenotype is also observed in the 

Antp mutant embryo (Karlsson et al., 2010). Importantly, the homologous 

lineages of the NB 5-6T in the anterior segments lack antp expression and do not 

produce Ap neurons, despite having a similar cas-expressing window (Karlsson 

et al., 2010). Misexpressing antp in the anterior segments is sufficient to specify 

ectopic anterior Ap neurons (Karlsson et al., 2010). These observations suggest 

that the specification of Ap neurons requires the integration of the temporal 

identity gene cas and the lineage-specific Hox gene antp.

Besides working together with TIFs to determine a final neural fate, 

lineage-specific factors might also affect the process of temporal identity 

specification. As described earlier, the Cas temporal window in the NB5-6T 

lineage is subdivided into three smaller temporal windows by three independent 

transcriptional cascades simultaneously activated by Cas (Fig. 1.2; Baumgardt et 

al., 2009). Some of the factors in the transcriptional cascades are likely lineage-

specific. For example, while sqz, the first factor in one of the three transcriptional 

cascades, continues to be expressed in the Ap2/3 and Ap4 neurons in the 

NB5-6T lineage, there is no evidence that sqz is expressed in the glia and 
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motoneurons produced in the Cas window of some other neuronal lineages 

(Allan et al., 2003; Baumgardt et al., 2009). Therefore, the number of temporal 

windows in a lineage might be determined by the integration of TIFs and lineage-

specific factors. During postembryonic development, the MB lineage and the 

adPN lineage show different tempos of temporal identity changes: in the five 

days of larval life, a MB NB produces only five neuron types, whereas the adPN 

NB produces 38 neuron types (Lee et al., 1999; Zhu et al., 2003; Aso et al., 2009; 

Yu et al., 2010). The different number of temporal identities between the MB and 

the adPN lineages might also be explained by the combination of a similar set of 

TIFs with different lineage-specific factors. However, to date no NB-expressed 

TIF has been identified in the postembryonic NBs. Whether the MB and the 

adPN lineages share the same TIFs is still an open question.

Similar to TIFs, Notch/Numb does not specify particular final cell fate. It 

promotes one fate versus another in a context-dependent manner (Fig. 1.1B,C). 

Notch specifies different cell types in different neuronal lineages. For example, 

Notch specifies the vMP2 interneuron fate in the MP2 lineage whereas it 

specifies the motoneurons in the NB7-1 lineage (Skeath and Doe, 1998). Thus, 

the Notch/Numb pathway mediates binary cell fates by integrating lineage-

specific information. Notch/Numb signaling might integrate temporal information 

as well (Fig. 1.1B). In the embryonic NB 7-3 lineage, the active Notch specifies 

one daughter cell of the first GMC as a GW neuron, but specifies one daughter 
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cell of the second GMC as an apoptotic cell that die prematurely through 

programmed cell death (Lundell et al., 2003; Karcavich and Doe, 2005). 

Lineage identity specification, temporal identity specification, and binary 

cell fate specification are not three independent mechanisms. They interact with 

each other to determine a final cell fate. Only by identifying more molecular 

factors involved in these three mechanisms and studying how they interact, can 

one gradually approach a complete understanding of neuronal diversification.

The neuronal diversification in the Drosophila brain

Most of our understanding of the molecular mechanisms of neuronal 

diversification comes from studies on the embryonic VNC NBs, owing to their 

simpler organization. In contrast, we know very little about how neuronal diversity 

is generated in the brain neuronal lineages. Some genes, such as the Hox gene 

lab and the columnar genes vnd and msh, have been shown to be required for 

patterning part of the brain NBs, but additional genes are apparently required to 

fully specify the NB identity in the entire brain (Urbach and Technau, 2003b; 

Urbach et al., 2006). Furthermore, it remains unclear whether the Notch/Numb 

pathway and the classical TIFs—Hb, Kr, Pdm, and Cas—also function in the 

brain to specify binary cell fates and temporal identities, respectively.

Recent studies using sophisticated genetic mosaic techniques and 

imaging tools reveal amazing diversity among different brain NB lineages during 

postembryonic development. Most brain NBs follow the general pattern of 

25



neurogenesis by each self-renewal division producing one GMC that divides 

once to produce two postmitotic neurons, whereas eight posterior-asense-

negative (PAN) NBs, in each self-renewal division, produce an intermediate 

precursor that can give rise to multiple GMCs through limited rounds of 

asymmetric divisions, and each GMC then divides once to produce two neurons 

(Bello et al., 2008; Boone and Doe, 2008; Bowman et al., 2008). Some lineages 

produce two identical neurons, some lineages produce two different neurons, 

and some lineages only produce one neuron with an unidentified sibling in each 

GMC division (Lee et al., 1999; Lai et al., 2008; Yu et al., 2009). Also, neuronal 

temporal identities are specified with different tempos in different lineages (Lee et 

al., 1999; Yu et al., 2009; Yu et al., 2010). Such diversity implies different 

lineages might use slightly different ways to generate neuronal diversity. Thus, 

studying different brain lineages might allow us to uncover novel mechanisms of 

neuronal diversification. 

Compared to the much shorter (1 day) embryonic development, larval 

development is long (5 days) and more easily affected by the environment. In a 

starvation condition, for example, the larval stage can be prolonged for many 

days. Since the neuronal temporal identity specification in the MB and the adPN 

lineages during postembryonic brain development have been shown to be under 

precise regulation (Yu et al., 2010), mechanisms allowing the NBs in the 

postembryonic brain to monitor extrinsic cues and adjust the temporal identity 

changes according to the overall body growth might be essential. Environmental 
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cues have been shown to modulate the neuronal temporal identity specification 

in vertebrates (Okano and Temple, 2009). For example, when cortical progenitors 

of ferrets are transplanted from younger donors to older host brains, the neurons 

generated by the transplanted progenitors adopt an older cell fate and occupy 

the more superficial laminar layers (McConnell and Kaznowski, 1991; Desai and 

McConnell, 2000). This transplantation experiment suggests that extrinsic signals  

can sometimes overcome the intrinsic program and instruct neuronal temporal 

identity specification. Yet, no environmental regulation of neuronal temporal 

identity has been identified in the fly. Studying neuronal temporal identity in the 

postembryonic fly brain might give us a chance to uncover such a mechanism.

Taken together, neuronal diversification in the Drosophila brain is complex 

and full of novel features to be explored. In this thesis work, I identified some new 

features by studying the postembryonic development of the MB lineage and three 

antennal lobe (AL) neuronal lineages—adPN, ventral projection neuron (vPN), 

and lateral antennal lobe (lAL). I found that the temporal identity changes of the 

MB neurons are indeed regulated by extrinsic signals that are triggered when 

larvae reach a specific developmental stage (Chapter II). We also found that 

Notch and Numb are used in all three AL neuronal lineages to specify binary cell 

fates (Chapter IV). Moreover, along with the detailed lineage analysis for the 

complex lAL lineage, the Notch pathway was identified to have additional 

functions in modulating the neuronal temporal identity specification (Chapter V). 

Our work here lays foundations for the future studies of the environmental control 
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of neuronal temporal identity in Drosophila, and the sophisticated mechanisms of 

neuronal diversification in the lAL lineage.
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Figure 1.1. Mechanisms underlying Drosophila neuronal diversity. 

(A) In the early embryonic stage, NBs at stereotyped positions are specified and 

delaminated from the neuroectoderm. NBs in each hemisegment are patterned 

by segment-polarity genes on the AP axis and columnar genes on the DV axis. 

NBs exposed to different combinations of the patterning genes acquire different 

identities. Hox factors, such as Antp, Ubx, Abd-A, and Abd-B, are expressed 

segment-specifically along the AP axis. The combinations of the Hox factors 

further diversify the NBs at the same relative positions in different hemisegments. 

(B, C) After delamination, each NB undergoes multiple rounds of self-renewal 

divisions to deposit GMCs, each of which divides once to yield two postmitotic 

cells. Each NB sequentially expresses four TIFs in the order Hb  Kr  Pdm  

Cas. The TIFs determine temporal identities (represented by different colors) of 

the GMCs and their progeny. When a GMC divides, Numb is asymmetrically 

segregated into one of the two progeny, resulting in one Notch-on and one 

Notch-off cell that adopt distinct fates (represented by different shapes). Notch 

and Numb are repeatedly used in every GMC division. Together with different 

temporal factors, Notch and Numb can promote different fates. As showing here 

in the hypothetical lineage B, Notch signal specifies a surviving cell fate in a 

progeny of the first GMC, but promotes cell death in progeny of the second and 

third GMC. The same set of TIFs is also broadly used in most, if not all, neuronal 

lineages. With different lineage origins, the final cell types specified by same TIFs 

are different, as shown here in hypothetical lineages B and C.
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Figure 1.2. Subdividing a Castor temporal window.

At the end of the NB 5-6T lineage, four Apterous (Ap) neurons are sequentially 

produced in a Castor (Cas)-expressing temporal window. The subdivision of the 

Cas-expressing window begins with the activation of Collior (Col) by Cas. In the 

first-born Ap neuron, Collior subsequently activates Ap and Eyes Absent (Eya), 

and these three proteins work together to activate the expression of Nplp1 to 

specify the Ap1 fate. At the same time, Cas also upregulates Squeeze (Sqz) in 

the neuroblast (NB; represented here by black ovals). In the second- and third-

born Ap neurons, Cas again activates Col, Ap, and Eya. However, the delayed 

upregulation of Nab by Cas and Sqz works together with Sqz to downregulate 

Col. Without Col, Ap and Eya are not sufficient to upregulate Nplp. Therefore, the 

second- and third-born Ap neurons adopt a generic Ap2/3 fate. During the 

production of the first three Ap neurons, Cas gradually upregulates Grainyhead 

(Grh) in the NB. When the fourth Ap neuron is produced, Grh reaches the 

functional level and, together with Ap and Eya, activates the expression of 

FMRFa to specify the Ap4 fate. Taken together, the Cas window is subdivided by 

the simultaneously activation of three transcriptional cascades: Col  Ap/Eya  

Nplp1 (blue), Sqz  Nab (red), Grh  FMRFa (green). The figure is modified 

from Kohwi and Doe (2009). 
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Figure 1.2. Subdividing a Castor temporal window.
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CHAPTER II

ENVIRONMENTAL CONTROL OF MUSHROOM 

BODY NEURONAL TEMPORAL IDENTITY

1) This chapter is unpublished. Likely authors: Suewei Lin & Tzumin Lee.

2) Suewei Lin & Tzumin Lee designed the experiments.

3) Suewei Lin conducts the experiments.

Introduction

To generate neuronal diversity, a multipotent neural progenitor often produces 

distinct types of neurons in an invariant temporal sequence. This phenomenon of 

temporal identity specification has been observed in a wide range of animals 

(Pearson and Doe, 2004; Jacob et al., 2008). Several studies suggest that the 

temporal identity specification is originated from temporal changes of the 

molecular content in the neural progenitor (Pearson and Doe, 2004; Jacob et al., 

2008). In a developing Drosophila embryonic central nervous system (CNS), the 

neural progenitors called neuroblasts (NBs) sequentially express four temporal 

identity transcription factors (TIFs) in the order of Hunchback (Hb), Krupple (Kr), 
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Pdm, and Castor (Cas) (Brody and Odenwald, 2000; Isshiki et al., 2001). These 

factors are necessary and sufficient to specify temporal identities of the first few 

neurons in many different NB lineages (Isshiki et al., 2001; Pearson and Doe, 

2003; Grosskortenhaus et al., 2005). The regulation of temporal identity is mainly 

cell-intrinsic, given that NBs cultured in vitro still transiently express Hb, Kr, Pdm, 

and Cas in correct sequence and with appropriate timing (Brody and Odenwald, 

2000; Grosskortenhaus et al., 2005).

The temporal identity specification in the vertebrate is less characterized; 

however, the underlying mechanisms are similar to that in the fly. For example, 

Ikaros, the mouse homologue of Drosophila Hb, is expressed in the early retinal 

progenitors, and is necessary and sufficient to promote the early-born retinal 

neuronal identities (Elliott et al., 2008). Cell-intrinsic mechanisms have also been 

shown to be important for regulating neuronal temporal identity in the vertebrate. 

In culture, the retinal and cortical progenitors still generate neurons in correct 

temporal order and timings (Cayouette et al., 2003; Shen et al., 2006). The 

neuronal temporal identity specification in the vertebrate, however, is apparently 

affected by environmental cues. In the developing mammalian cerebral cortex, 

cortical neurons born at different times acquire specific cell fates and have 

distinct laminar destinations and projection patterns (Angevine and Sidman, 

1961; Luskin et al., 1988; Rakic, 1988). When young cortical progenitors are 

transplanted into older cerebral cortexes, they adopt older progenitor identities 

and produce neurons with later-born cell fates, suggesting the extrinsic cues 
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provided by the old environment are potent to alter the temporal identity of the 

transplanted progenitors (McConnell and Kaznowski, 1991). After all the cortical 

neurons are produced, the cortical progenitors switch to produce glia (Bayer and 

Altman, 1991). Compelling evidence suggested that this neurogenic to gliogenic 

transition is also regulated by both intrinsic and extrinsic signals (Miller and 

Gauthier, 2007). Interestingly, although Drosophila has been an important model 

organism for studying neuronal temporal identity specification, no environmental 

regulation of the neuronal temporal identity has been observed in the fly.

The Drosophila mushroom body (MB), the olfactory learning and memory 

center, has recently been used to study temporal identity specification 

(Heisenberg, 2003; Zhu et al., 2006). Throughout larval and pupal stages, the 

MB NBs go through three temporal identity changes to sequentially produce four 

major types of neurons— , ’/ ’, pioneer / , and / —that have distinct axonal 

morphology and project axons to different MB lobes (Lee et al., 1999; Zhu et al., 

2003). The  to ’/ ’ transition occurs at mid-3rd instar, the ’/ ’ to pioneer /  

transition occurs at 6 hrs before pupariation, and the onset of /  occurs at the 

timing of pupariation (Lee et al., 1999; Zhu et al., 2003). The MB neuron fates are 

specified by the temporal concentration gradient of a BTB-zinc finger protein 

Chronological inappropriate morphogenesis (Chinmo; Zhu et al., 2006). The 

Chinmo protein, however, is only detected in the postmitotic neurons, not in the 

NBs, suggesting Chinmo is a downstream factor of a temporal identity 

specification pathway (Zhu et al., 2006). What the upstream factors of Chinmo 
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are and how the timing of the MB temporal identity changes are regulated remain 

to be identified. 

Some of the MB temporal identity transitions are correlated with hormonal 

changes that regulate the overall body growth, and therefore are potentially 

controlled by hormonal signals. The  to ’/ ’ transition, for example, occurs 

roughly at the same time as the prothoracicotropic hormone (PTTH) release at 

around the mid-3rd instar larval stage (Warren et al., 2006; Mirth and Riddiford, 

2007). Also, the onset of /  neuron production coincides with the prepupal 

ecdysone release that induces pupariation (Mirth and Riddiford, 2007). Both 

PTTH and ecdysone release are triggered by the larvae reaching a critical 

weight, which is defined as a minimal mass at which additional nutrition is no 

longer necessary for the time course of the later developmental events (Mirth and 

Riddiford, 2007). It typically occurs at around 60 hrs after larval hatching (ALH) in 

a normal food condition (Mirth and Riddiford, 2007). The molecular nature of the 

critical weight signals is not entirely clear, but it has been suggested that once 

larvae reach critical weight, the synthesis of juvenile hormone (JH) is shut off. 

The high level of JH esterase (JHE) quickly degrades JH to a basal level, which 

leads to the secretion of PTTH by the prothoracic gland (PG) neurons that were 

originally inhibited by JH (McBrayer et al., 2007; Mirth and Riddiford, 2007).  

PTTH triggers the prepupal ecdysone release that eventually induces pupariation 

(Mirth and Riddiford, 2007). Besides controlling pupariation, some hormones 

have been shown to be required for timing CNS development. The prepupal 
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ecdysone release and several pupal ecdysone pulses have been shown to be 

important for the timely regulation of neuronal remodeling and apoptosis 

(Robinow et al., 1993; Truman, 1996; Schubiger et al., 1998; Lee et al., 2000; 

Choi et al., 2006). Futhermore, the genetic ablation of the corpora allata (CA), the 

gland that produces JH in larvae, causes precocious maturation of the optic 

lobes (Riddiford et al., 2010). Nevertheless, the hormonal effect on neural 

temporal identity regulation has not been investigated.

Here, I monitored the  to ’/ ’ and pioneer /  to /  temporal identity 

transitions under different genetic and environmental manipulations. I 

demonstrated that, like the cortical neuronal temporal identities in the vertebrate, 

the MB temporal identities are regulated by environmental cues. I further showed 

that achieving critical weight is required for the MB temporal identity transitions. 

However, PTTH and ecdysone, two downstream hormones triggered by the 

critical weight are dispensable for both  to ’/ ’ and pioneer /  to /  

transitions.
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Results

MB temporal identity changes are delayed when larval growth is prolonged

To investigate whether MB temporal identity changes are regulated according to 

overall body growth, we examined the MB development in Insulin receptor (InR) 

mutant larvae. The InR[E19], a hypomorphic allele, mutant larvae grow more 

slowly than wild-type larvae (Brogiolo et al., 2001). Compared to the 

development of the wild-type larvae, the first molt and second molt of the InR 

mutant larvae were delayed for about one day; however, the third instar stage 

(L3) was prolonged from 2.5 days to 6.5 days. We examined the proliferation rate 

of the MB neuroblasts (NBs) by incubating larval brains dissected at different 

days after second ecdysis in BrdU-containing solutions for 2 hrs and counted 

how many BrdU-positive cells produced by a MB NB were labeled. The MB NBs 

of the InR mutant larvae proliferated slower than that of the wild-type larvae. 

However, the proliferation speed of the MB NBs of the InR mutant larvae 

gradually increased during the late L3 stage and became less different from the 

proliferation speed of the wild-type MB NBs around the time of pupariation (Fig. 

2.1A). We examined the  to ’/ ’ transition of the MB neurons in the slow-

growing InR mutant larvae by monitoring the expression of the UAS-mCD8GFP 

reporter driven by GAL4-c305a (Krashes et al., 2007), which is weakly expressed 

in the  neurons and strongly expressed in the ’/ ’ neurons during larval 

development (data not shown). In the wild-type larvae, the strong GAL4-c305a 
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expression was observed at 4.5 days after larval hatching (ALH) (Fig. 2.1B,C). 

By contrast, in the InR larvae, the GAL4-c305a remained barely detectable at 5 

days ALH (Fig. 2.1E). The strong GAL4-c305a expression in the ’/ ’ neurons 

which was comparable to that of the 4.5-day-old wild-type larvae was detected at 

10 days ALH in the InR mutant larvae (Fig. 2.1F). Therefore, the  to ’/ ’ 

transition is apparently delayed in the slow-growing InR mutant larvae. We next 

followed the timing of the production of /  neurons in the InR mutant larvae by 

examining the size of FasII-positive nascent /  axonal bundles at 24 hrs after 

puparium formation (APF), when the FasII-positive  axons surrounding the 

nascent /  axons were completely pruned by glia (Lee et al., 2000; Awasaki and 

Ito, 2004). Because the proliferation speed of the MB NBs in the InR mutant 

larvae is only slightly slower during early pupal stage (Fig. 2.1A), we reasoned 

that if the production of /  neurons in the InR mutant larvae started around 

pupariation (10.5 days ALH), the size of the nascent /  bundles should be 

slightly thinner to that in the wild-type larvae at 24 hrs APF. Otherwise, if the /  

neuron production was not delayed in the InR mutant larvae and still started at 

around 4.5 days ALH as did in the wild-type larvae, we should observe thicker 

nascent /  bundles. As expected, the size of the nascent /  bundles in the InR 

mutant larvae was slightly thinner than that in the wild-type larvae (Fig. 2.1D,G), 

suggesting that the production of the /  neuron is delayed together with the 

timing of pupariation in the InR mutant larvae. Taken together, the MB temporal 

identity changes are adjusted accordingly when the overall body growth is 
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delayed. Similar results were observed in slow-growing larvae in low temperature 

environments (data not shown).

MB temporal identity changes are regulated by environmental cues

We next examined whether the delayed MB temporal identity transitions in the 

InR larvae was due to the slow proliferation speed of the MB NBs or due to the 

slow development of the environment extrinsic to the MB. We used MARCM 

(Mosaic Analysis with A Repressible Cell Marker; Lee and Luo, 1999) to create 

InR homozygous MB clones in otherwise InR heterozygous larvae that grew 

similar to wild-type larvae and reached adult stage around 10 days ALH. The 

clones were induced in newly hatched larvae and observed at various 

developmental stages. In contrast to the much delayed production of ’/ ’ 

neurons in the InR homozygous larvae, the ’/ ’ neurons in the InR MB clones of 

normal-growing larvae were clearly labeled by GAL4-c305a at 4 days ALH (Fig. 

2.2A,B). Moreover, the mature InR MB clones in the adult brain still had all the 

MB lobes (Fig. 2.2C,D). The total neuron number was much reduced, but it 

seemed to reduce proportionally for all the MB lobes (Fig. 2.2C,D). These results 

suggest that InR functions cell-autonomously to control cell proliferation, but not 

MB temporal identity switches. It also implies that the timing of the MB temporal 

identity changes are not cell-cycle dependent. Because although fewer early 

types of neuron were generated, the MB NBs still switched to produces the later 

types of neuron. The idea of cell-cycle-independent MB temporal identity 
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changes is further supported by the observations made in the slender lobe (sle) 

homozygous mutant flies. The sle gene is required for the MB NBs to gradually 

accelerate their proliferation rate during brain development, while having minor 

effect on the overall body growth (Orihara-Ono et al., 2005). The adult MBs in the 

sle homozygous flies were small but with all the major MB lobes (Fig. 2.3A,B). 

Although less than half of the ’/ ’ and pioneer /  neurons were generated (Fig. 

2.3C-F), the size of the nascent /  axons at 24 hrs APF was only slightly thinner 

in the sle mutant (Fig. 2.3G,H). These results again suggest that the MB 

neuronal temporal identity changes are independent of the proliferation speed of 

the NBs and the number of neurons that have been made.

Critical weight gates MB temporal identity transitions

The  to ’/ ’ and pioneer /  to /  temporal identity transitions coincide with 

physiological events, such as PTTH release and pupariation (Warren et al., 2006; 

Mirth and Riddiford, 2007). Because both PTTH release and pupariation are 

gated by the critical weight (Mirth and Riddiford, 2007), we examined whether 

larvae reaching critical weight is essential for the MB temporal identity transitions. 

We first tested when larvae reach critical weight and no long require additional 

nutrition to finish later development in our culture condition. We starved larvae at 

various developmental stages by moving them from normal fly food to 20% 

sucrose solution, in which larvae floated on the surface (Britton and Edgar, 

1998). Consistent with previous findings that larvae typically reach critical weight 
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at 60 hrs ALH (Mirth et al., 2005; Mirth and Riddiford, 2007), when larvae were 

starved from 60 hrs ALH, they formed pupae around two days later, just slightly 

delayed compared to the non-starved larvae (Fig. 2.4A). By contrast, when 

larvae were starved from 12 hrs before reaching the critical weight, none of them 

formed pupae even after six days (Fig. 2.4A; data not shown). Larvae starved 

from between 48 hrs and 60 hrs ALH always had a small portion eventually 

reaching pupariation, and therefore were not chosen for further analysis (data not 

shown). Although with a slower speed, the MB NBs in the larvae starved from 48 

hrs ALH continued to proliferate during starvation, whereas the MB NBs divided 

at a nearly normal speed in the larvae starved from 60 hrs ALH (Fig. 2.4B). To 

determine the temporal identity transitions, we used the larvae with a MARCM-

ready genotype (see Materials and Methods) for the food withdrawal 

experiments. We transferred the starved larvae back to normal food at different 

days after starvation, and induced MB MARCM clones to label the newly-born 

neurons by applying heat shock at 37  for 1 hr. In both non-starved larvae and 

larvae starved from 60 hrs ALH, the ’/ ’ neurons started to be produced at 

around 82 hrs ALH. At 96 hrs ALH, the majority of newly-born MB neurons were 

’/ ’ neurons, while at 120 hrs ALH when majority of the larvae had already gone 

through pupariation, most of the newly-born MB neurons were /  neurons (Fig. 

2.4C). Therefore, the MB temporal identity transitions are not affected by the 

post-critical weight starvation. In contrast, the  neurons continued to be 

generated in the larvae starved from 48 hrs ALH, even at six days ALH (Fig. 
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2.4C). Since the MB temporal identity transitions are cell-cycle independent 

(Figs. 2.2, 2.3), we reason that the continued production of the  neurons in the 

larvae starved from 48 hrs ALH was not due to the slow proliferation of the MB 

NBs, but instead was due to the larvae not reaching the critical weight. Taken 

together, achieving the critical weight is not only required for the correct time 

course of the overall body development, but also crucial for the MB temporal 

identity transitions.

PTTH and ecdysone are not required for the MB temporal identity 

transitions

Critical weight stimulates the PG neurons to secrete PTTH, which in turn triggers 

the release of prepupal ecdysone that induces pupariation (McBrayer et al., 

2007; Mirth and Riddiford, 2007). Since the MB temporal identity transitions are 

gated by the critical weight, and the  to ’/ ’ and the pioneer /  to /  

transitions roughly coincide with the PTTH release and the pupariation (Warren 

et al., 2006; Mirth and Riddiford, 2007), we investigated the possibility that the 

MB temporal identity transitions are regulated by PTTH and ecdysone. To block 

the secretion of PTTH, we ablated the PG neurons by ectopically expressing the 

cell death gene grim using a PG neuron specific driver PTTH-GAL4 (McBrayer et 

al., 2007). In the PG-neuron-ablated flies, the prepupal ecdysone release and 

pupariation were delayed by 6 days, as reported by McBrayer and colleagues 

(McBrayer et al., 2007). Because the larvae continue to grow during the delayed 
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period, the PG-neuron-ablated flies are larger than wild-type flies (McBrayer et 

al., 2007). We examined the MB morphology in PG-neuron-ablated flies and 

found that the MBs had much thicker /  axonal bundles (Fig. 2.5A,B), whereas 

the thickness of the  and ’/ ’ axonal bundles labeled by anti-Trio antibody 

(Awasaki et al., 2000) was not significantly changed (Fig. 2.5C-F). To investigate 

whether the additional /  neurons were generated during the delayed larval 

period, we examined the nascent /  axonal bundles at 24 hrs APF. In the PG-

neurons-ablated flies, the nascent /  axonal bundles were surprisingly thick and 

sometimes had mild axonal guidance defects (Fig. 2.5H,I). The thick nascent /  

bundles were not due to an increase in cell proliferation at early pupal stage, 

because BrdU assay did not detect an increase in neuron production during that 

period (Fig. 2.5J). Therefore it must be due to earlier production of the /  

neurons prior to pupariation. Taken together, the pioneer /  to /  temporal 

identity transition is not regulated by PTTH or ecdysone. Moreover, because the 

thickness of  and ’/ ’ axonal bundles in the PG-neuron-ablated flies were 

normal, the release of PTTH, although occuring coincidentally, is also not 

required for the  to ’/ ’ temporal identity switch (Fig. 2.5C-F).
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Discussion

In this study, we demonstrated the environmental regulation of neuronal temporal 

identity in Drosophila. The definitive evidence came from the experiment on the 

InR mutant. In the InR homozygous larvae, the overall body growth was slow, 

and the MB temporal identity transitions were also delayed to correlate with the 

body growth (Fig. 2.1). When only the MB was homozygous for InR, in a normal-

growing InR heterozygous body, the MB temporal transitions occurred normally 

despite the MB NBs divided in a slower speed and did not produce enough 

neurons for each neuron type (Fig. 2.2). These results suggest the temporal 

identity delay in the InR homozygous larvae was due to the delay of extrinsic 

cues. 

Drosophila has been an important model organism for studying the 

regulation of neuronal temporal identity (Pearson and Doe, 2004; Jacob et al., 

2008). Because of its simpler and easily traceable nervous system, previous 

studies in Drosophila have provided unambiguous insights into the molecular 

mechanisms underlying the regulation of neuronal temporal identity. However, to 

date, only intrinsic regulation has been studied. Little is known how extrinsic cues 

control neuronal temporal identity in the fly (Jacob et al., 2008). By contrast, 

studies in vertebrates have shown compelling evidence for the importance of 

extrinsic cues in regulating neuronal temporal identity (McConnell and 

Kaznowski, 1991; Miller and Gauthier, 2007). Therefore, our discovery of 
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environmental regulation of the MB temporal identity provides a starting point for 

the future investigation of this important control that has until now, been missing 

in the fly.

What are the environmental cues that regulate the MB temporal identities? 

The MB temporal identity transitions are regulated by the insulin signal indirectly. 

There are seven Insulin-like peptides in the fly. Each of them is expressed in a 

tissue- and stage- specific manner (Brogiolo et al., 2001). However, there is only 

one insulin receptor gene in the fly genome. It is broadly expressed in the 

developing brain (Garofalo et al., 1988). It is therefore not easy to locate the 

upstream cells responsible for the delay of the MB temporal identity transition in 

the InR homozygous larvae. All the MB temporal identity transitions occur after 

larvae reach the critical weight. The larvae starved prior to the critical weight 

never formed pupae and continued to produce  neurons (Fig. 2.4). Therefore, 

the critical weight signals apparently gate both overall body development and the 

MB temporal identity transitions. Delaying the secretion of PTTH and ecdysone, 

two downstream components of the critical weight signals (Mirth and Riddiford, 

2007), however, did not postpone the MB temporal identity transitions (Fig. 2.5). 

Another candidate hormone for controlling the MB temporal identity transitions is 

JH. JH is present in the early larval instars, and starts to decline after the 2nd-

to-3rd instar molt (Sliter et al., 1987; Mirth and Riddiford, 2007). After the critical 

weight, the synthesis of JH by the CA cells stops, and JHE quickly degraded the 

remaining JH to an undetectable level; the JH level returns transiently around the 
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time of pupariation (Sliter et al., 1987; Mirth and Riddiford, 2007). The decline of 

JH after critical weight and the return of JH correlate with the  to ’/ ’ and 

pioneer /  temporal identity transitions. JH has been shown to be important for 

the development of nervous system. When the CA cells were killed by the ectopic 

expression of the cell death gene grim, the larvae showed precocious expression 

of EcR-B1 in the photoreceptors and in the optic lobe (Riddiford et al., 2010). A 

similar phenotype was observed in the null mutant of Methoprene-tolerant (Met), 

which encodes a JH receptor (Miura et al., 2005; Riddiford et al., 2010). It will be 

interesting to investigate if removing the Met activity in the MB affects its 

temporal identity transitions.

During the development of the mammalian neocortex, the cortical 

progenitors sequentially generate neurons migrating to different cortical layers in 

an inside-out fashion, with the latest-born neurons going to the most superficial 

layer (Angevine and Sidman, 1961; Shimada and Langman, 1970). After the 

cortical neurons are generated, the same cortical progenitors switch to produce 

glia (Miller and Gauthier, 2007). The signals instruct the temporal identity 

changes of the cortical neurons have not been identified, but cardiotrophin-1 

(CT-1), a cytokine of the IL-6 family, has been shown to be expressed by the 

previous-born cortical neurons and activates the JAK-STAT pathway in the 

cortical progenitors to induce the switch from neurogenic to gliogenic (Barnabe-

Heider et al., 2005). All the components of the JAK-STAT pathway have been 

identified in the fly, including three cytokines of the Unpaired (UNP) family, one 

47



cytokine receptor Domeless (DOME), one JAK kinase Hopscotch (HOP), and 

one STAT called STAT92E (Arbouzova and Zeidler, 2006). In Drosophila, the 

JAK/STAT pathway plays important roles in many different developmental 

processes, such as organ development, hematopoiesis, stem cell self-renewal, 

and neuroblasts specification in the optic lobe (Arbouzova and Zeidler, 2006; 

Yasugi et al., 2008). Interestingly, the MB temporal identity regulator Chinmo has 

been shown as a downstream effector of the JAK/STAT pathway (Flaherty et al., 

2010). In the eye-antennal imaginal disc, the activity of JAK/STAT pathway 

directly affects the expression of the chinmo mRNA, and chinmo and Stat92E 

shares similar loss-of-function phenotypes (Flaherty et al., 2010). The MB clones 

homozygous for Stat92E, however, developed normally without obvious temporal 

identity defects, and thus ruled out the role of the cytokine/JAK/STAT signal as a 

necessary extrinsic cue to regulate the MB temporal identity (Chih-Fei Kao 

unpublished data).

Nuclear receptors (NRs) are potential hormone binding transcription 

factors, and therefore are also candidates for mediating the extrinsic regulation of 

the MB temporal identity. There are 18 NRs in the fly (King-Jones and Thummel, 

2005). Four fly NRs have been shown to regulate various aspects of neural 

development (Robinow et al., 1993; Truman, 1996; Schubiger et al., 1998; Lee et 

al., 2000; Schubiger and Truman, 2000; Kanai et al., 2005; Schubiger et al., 

2005; Choi et al., 2006; Brown and Truman, 2009; Kurusu et al., 2009). 

Particularly, Seven-up (svp) plays an important role in regulating the Hb to Kr 
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temporal identity transition of the embryonic NBs (Kanai et al., 2005). 

Furthermore, like the MB NBs, most of the postembryonic NBs produce neurons 

with high level of Chinmo during early larval development. The Chinmo 

expression in the neurons gradually decreases, and is replaced by the strong 

expression of Broad Complex (Br-C) in many neuronal lineages during later 

larval development (Zhu et al., 2006; Maurange et al., 2008). The Chinmo to Br-

C transition is also regulated by Svp, which is transiently expressed at around 

mid-3rd instar (Maurange et al., 2008). It is not clear if the Chinmo to Br-C 

transition also occurs in the MB lineage; however, the Svp expression at mid-3rd 

instar correlates well with the  to ’/ ’ temporal identity transition, making Svp an 

excellent candidate regulator for the MB temporal identity. Beside Svp, no other 

NRs have been tested for the role of regulating neuronal temporal identities. It is 

of great interest to examine in detail their functions in controlling the MB temporal 

identity.
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Materials and Methods

Fly strains

The Drosophila strains used in this study includes: (1) UAS-grim;PTTH-GAL4 

(McBrayer et al., 2007); (2) FRT82B,InR[E19]/TM6B (Brogiolo et al., 2001); (3) 

G13,sle[057]/CyO (Orihara-Ono 2005); (4) hs-FLP[1];FRT40A,UAS-

rCD2::RFP,UAS-GFPmiRNA; (5) FRT40A,UAS-mCD8::GFP,UAS-

rCD2miRNA;nSyb-GAL4 (nSyb-GAL4 is a gift from J. Simpson, Howard Hughes 

Medical Institute, Janelia Farm Research Campus); (6) GAL4-c305a (Krashes et 

al., 2007); (7) GAL4-OK107 (Connolly et al., 1996); (8) hs-FLP,UAS-

mCD8::GFP;FRT82B,tubp-GAL80.

MARCM clonal analysis

Larvae with proper genotype were collected within 2 hrs after hatching, heat-

shocked at 37°C for 1 hr to induce clones, and then cultured at 25°C until 

dissection at desired stages.

Larval starvation and MARCM

0-2 hrs old larvae (with a MARCM-ready genotype: hs-FLP[1];FRT40A,UAS-

rCD2::RFP,UAS-GFPmiRNA/FRT40A,UAS-mCD8::GFP,UASrCD2miRNA;nSyb-

GAL4/+) were collected and raised on standard fly food at 25 . Larvae were 

starved by transferred into 20% sucrose solution at various ages. To induce 
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MARCM, larvae were transferred back into standard food vials after different 

lengths of starvation at 25 . The vials were put into a 25  incubator for 2 hrs 

before heat-shock was applied at 37  for 1 hr. 

BrdU incorporation assay

The brains of various developmental stages were dissected in 1X Phosphate 

buffered saline (PBS) and transfered immediately into Schneider culture medium 

(Sigma) at room temperature. After six brains were collected, the medium was 

replaced with fresh BrdU solution (Schneider culture medium with 75 mg/ml BrdU 

(Sigma)). The brains were incubated in BrdU solution at 25°C for 2 hrs. After 

incubation, the brains were treated with 2N NaCl for 30 min, and fixed by 

incubating in 1X PBS with 4% formaldehyde for 20 min. The BrdU positive cells 

were detected by immunohistochemistry (see next section) using rat anti-BrdU 

BU1/75 mAb (1:200; Abcam Limited), and the MB cell bodies were immuno-

labeled by mouse anti-Dac2-3 mAb (1:100; DSHB). Average number of BrdU 

positive cells produced by one NB was calculated under fluorescent microscope.

Immunohistochemistry and confocal microscopy

Fly brains were dissected in 1X PBS, fixed in 1X PBS with 4% formaldehyde 

(Fisher Scientific) at room temperature for 20 min, washed by 1X PBS with 

0.75% Triton X-100 (0.75% PBT; Fisher Scientific) three times for 15 min each, 

and incubated in 1X PBS with 0.5% goat normal serum (Jackson 
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ImmunoResearch) before incubated with primary antibodies at 4  overnight. 

Next day, the brains were washed in 0.75% PBT three times for 15 min each 

before incubated with secondary antibodies at 4  overnight. Next day, the brains 

were then washed in 0.75% PBT three times for 15 min each and mounted using 

SlowFade gold anti-fade reagent (Invitrogen). The immunofluorescent signals 

were collected by Zeiss LSM confocal microscope and processed using Fiji and 

Adobe Photoshop. The primary antibodies were mouse anti-FasII mAb (1:100; 

DSHB), rat anti-BrdU BU1/75 mAb (1:200; Abcam Limited), mouse anti-Dac2-3 

mAb (1:100; DSHB), and rabbit anti-trio polyclonal Ab (Awasaki et al., 2000); the 

secondary antibodies were FITC conjugated goat anti-rat Ab (1:200; Jackson 

ImmunoResearch), and cy3 conjugated goat anti-mouse Ab (1:200; Jackson 

ImmunoResearch).
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Figure 2.1. The MB temporal identity transitions were delayed in slow-

growing InR homozygous larvae.

(A) The plot shows the proliferation speed of the MB NBs at different times after 

larval hatching for the wild-type (blue line) and the InR mutant (green line) larvae. 

The y-axis indicates the number of BrdU-positive progeny of the MB NBs after 

the larval brains dissected at different times (shown on the x-axis) were 

incubated in BrdU containing culture medium for 2 hrs at 25°C. The error bars 

are standard deviation with n  6. The arrows indicate the times of pupariation for 

the wild-type (blue) and InR[E19] (green) larvae. Compare the first four time 

points of the InR[E19] homozygous larvae with the first time point of the wild-type 

larvae, the two time points before pupariation and the two time points after 

pupariation between the InR[E19] homozygous and the wild-type larvae, the MB 

proliferation is slower in the InR[E19] homozygous larvae (two asterisks indicate 

P < 0.005, and one asterisk indicates P < 0.05; Student T-test). However, the 

difference in the MB proliferation rate became less distinctive around the timing 

of pupariation.

(B,C,E,F) The MBs of the wild-type (B,C) and InR homozygous (E,F) larvae at 

different development times. The ’/ ’ neurons were labeled by GAL4-c305a 

(green), and the  neurons were immunostained with anti-FasII Ab (magenta). 

Scale bars: 20 µm.

(D,G) The MBs of the wild-type (D) and the InR homozygous (G) flies at 24 hrs 

after puparium formation (APF). The partially pruned  neurons (indicated by the 
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arrowheads) and the nascent /  neurons (indicated by the arrows) were 

immunostained with anti-FasII Ab (gray). Scale bars: 20 µm.
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Figure 2.1 The MB temporal identity transitions were delayed in slow-

growing InR homozygous larvae.
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Figure 2.2. The temporal identity changes in the InR mutant MB clone were 

not delayed.

(A,B) The ’/ ’ neurons labeled by GAL4-c305a at 4 days ALH in a wild-type (A) 

and a InR homozygous mutant (B) MB clone. The clones were induced at newly 

hatched larvae. Scale bars: 20 µm.

(C,D) A wild-type (C) and a InR homozygous (D) adult MB clone labeled by 

GAL4-OK107. The clones were induced at newly hatched larvae. Note the InR 

MB, although had much fewer neurons (based on the smaller cell body cluster, 

indicated by the asterisks), still contained all the major MB lobes. Scale bars: 20 

µm.
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Figure 2.2. The temporal identity changes in the InR mutant MB clone were 

not delayed. 
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Figure 2.3. The MB temporal identity transitions are cell-cycle independent.

(A,B) The adult MB in a wild-type (A) and a slender lobe (B) homozygous fly. The 

’/ ’ neurons were labeled by GAL4-c305a (green), and the  and /  neurons 

were immunostained with anti-FasII Ab (magenta). Scale bars: 20 µm.

(C-F) The cell bodies of the ’/ ’ neurons labeled by GAL4-c305a (C,D) and the 

cell bodies of the pioneer /  neurons labeled by GAL4-c708a (E,F) in wild-type 

(C,E) and slender lobe homozygous (D,F) adult flies. The number in each figure 

is the average cell count ± STD (n = 6). The c305a-positive ’/ ’ neurons in the 

slender lobe larvae are significantly less than that in the wild-type larvae (P < 

0.0005, Student T-test), and the c708a-positive pioneer /  neurons in the 

slender lobe larvae are also significantly less than that in the wild-type larvae (P 

< 0.0005, Student T-test). Scale bars: 20 µm.

(G,H) The MBs of a wild-type (G) and a slender lobe homozygous (H) fly at 24 

hrs APF. The partially pruned  neurons and the nascent ’/ ’ neurons were 

immunostained with anti-FasII Ab. Scale bars: 20 µm.
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Figure 2.3. The MB temporal identity transitions are cell-cycle independent.
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Figure 2.4. The critical weight gates the MB temporal identity transitions.

(A) The plot shows the percentage of pupariation at different hours after larval 

hatching for non-starved larvae (green line), and larvae starved from 48 hrs 

(orange line) and 60 hrs (blue line) ALH in 20% sucrose solution. Note the timing 

of pupariation (defined as the time that 50% of the population has gone through 

pupariation) of the larvae starved from 60 hrs is only 5 hrs delayed, compared to 

that of the non-starved larvae. However, the larvae starved from 48 hrs never 

formed pupae.

(B) The plot shows the proliferation speed of the MB NBs at different times after 

the 2nd-to-3rd instar molt (2nd ecdysis) for non-starved larvae (green line), and 

larvae starved from 48 hrs (red line) and 60 hrs (blue line) ALH in 20% sucrose 

solution. The y-axis indicates the number of BrdU-positive progeny of the MB 

NBs after the larval brains dissected at different times (shown on the x-axis) were 

incubated in BrdU containing culture medium for 2 hrs at 25°C. The error bars 

are standard deviation with n = 6. The double asterisks indicate the number of 

BrdU-positive progeny per NB is significantly less (P < 0.005, Student T-test) in 

the starved larvae when compared with that in the non-starved larvae at a given 

time point. 

(C) The bar graph indicates the percentage of clones induced at different 

developmental times (48, 72, 96, 120, and 144 hrs ALH) for each type of the MB 

neurons. The three bars at each developmental time represent non-starved 

larvae (indicated by the green triangles), and larvae starved from 48 hrs 
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(indicated by the orange triangles) and 60 hrs (indicated by the blue triangles) 

ALH in 20% sucrose. The colored areas in each bar represent the percentage of 

clones for the  (blue), ’/ ’ (magenta), pioneer /  (yellow), and /  (green) 

neurons. The number inside each bar indicates how many clones were analyzed 

for each condition. The empty bars with dashed outlines mean the particular 

larval conditions were not assayed.
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Figure 2.4. The critical weight gates the MB temporal identity transitions.
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Figure 2.5. The MB temporal identity transitions are not regulated by PTTH 

and prepupal ecdysone release.

(A-F) The MBs of a wild-type (A,C,E) and a PG-neuron-ablated (B,D,F) adult fly. 

The PG neurons were ablated by overexpressing the death gene grim in the PG 

neurons using PTTH-GAL4; the pupariation of such flies was delayed for 6 days. 

The MBs were co-labeled with anti-FasII (A,B,E,F) and anti-Trio (C,D,E,F) 

antibodies. The anti-FasII Ab labeled  and /  neurons, and the anti-Trio Ab 

labeled  and ’/ ’ neurons (Crittenden et al., 1998). [E] and [F] are merged 

images of [A]/[C] and [B]/[D], respectively. Scale bars: 20 µm.

(G-I) The pruned  neurons (indicated by the arrowheads) and the nascent /  

neurons (indicated by the arrows) at 24 hrs APF were immunostained with anti-

FasII Ab, for a wild-type (G) and PG-neuron-ablated (H,I) flies. Note the 

unusually thick nascent /  axonal bundles for the PG-neuron-ablated flies (H,I). 

The thick nascent /  axons sometimes showed guidance defects (I).

(J) The plot shows the proliferation speed of the MB NBs at different times after 

the 2nd-to-3rd instar molt (2nd ecdysis) for wild-type (blue line), and PG-neuron-

ablated (red line) flies. The y-axis indicates the number of BrdU-positive progeny 

of the MB NBs after the larval brains dissected at different times (shown on the x-

axis) were incubated in BrdU containing culture medium for 2 hrs at 25°C. The 

error bars are standard deviation with n = 6. Note the MB NBs in the PG-neuron-

ablated larvae continue to divide during the prolonged third instar stage.
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Figure 2.5. The MB temporal identity transitions are not regulated by PTTH 

and prepupal ecdysone release.
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CHAPTER III

NUCLEAR RECEPTOR UNFULFILLED 

REGULATES AXONAL GUIDANCE AND CELL 

IDENTITY OF MUSHROOM BODY NEURONS

1) The experiments in this chapter have been published: Suewei Lin, Yaling 

Huang, and Tzumin Lee. PLoS One 2009, Dec 22;4(12):e8392. 

2) This chapter has been modified to fit the style of the thesis.

3) Suewei Lin and Tzumin Lee designed the experiments

4) Yaling Huang made all the transgenic constructs.

5) Suewei Lin did the rest of the experiments

Introduction

The brain consists of neurons that are wired in specific patterns. Establishing a 

complex brain involves multiple tightly regulated developmental processes. In 

Drosophila, it starts from the birth of neuroblasts (NBs) with specific fates that are 
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largely acquired through spatial patterning (Urbach and Technau, 2003b). The 

NBs then proliferate to produce multiple neuron types in an invariant sequence, a 

process called neuronal temporal identity specification (Pearson and Doe, 2004; 

Yu and Lee, 2007). Post-mitotic neurons subsequently undergo extensive 

morphogenesis and some neurons remodel to form the mature neuronal circuit 

(Truman, 1990; Luo and O'Leary, 2005). 

The Drosophila mushroom body (MB), the olfactory learning and memory 

center, has been shown as an excellent model for studying gene functions in 

neural development (Lee et al., 2000; Heisenberg, 2003; Wang et al., 2004; 

Boyle et al., 2006; Zhu et al., 2006). The adult MB consists of four major types of 

neurons— , ’/ ’, pioneer / , and /  (Lee et al., 1999; Zhu et al., 2003). These 

neuron types are specified according to their date of birth. The  neurons are 

born before the mid-3rd instar larval stage; their axons initially form bifurcated 

branches in the larval brain. Later, these axons are pruned through fragmentation 

and glia engulfment at early pupal stage, followed by the re-extension of adult-

specific axons that only elaborate horizontally toward the midline of the adult 

brain (Lee et al., 1999; Awasaki and Ito, 2004). The ’/ ’ neurons are born 

between the mid-3rd instar and 6 hours before pupariation (Zhu et al., 2003). The 

pioneer /  neurons are born during the final 6-hour of the larval stage, and /  

neurons are born at the pupal stage (Lee et al., 1999). The ’/ ’, pioneer / , and 

/  axons form bifurcated branches without remodeling during development, and 

thus may only be functional in the adult brain (Lee et al., 1999; Zhu et al., 2003). 
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By forward genetic screens, chronologically inappropriate morphogenesis 

(chinmo) has been identified to govern the temporal identity changes of the MB 

neurons from  to ’/ ’ to pioneer /  (Zhu et al., 2006). Because Chinmo protein 

is only detected in the postmitotic neurons, not in the MB NBs, Chinmo is more 

likely a downstream factor of an unidentified temporal identity regulatory 

pathway. In the previous chapter, we have shown that the MB temporal identity 

changes were regulated by unknown environmental signals gated by the critical 

weight. The factors that mediate these environmental signals might be on the 

upstream of chinmo. 

Nuclear receptors (NRs) are ligand-regulated transcription factors that 

play important roles in key metabolic and developmental pathways, including lipid 

and glucose homeostasis, aging, and cell fate determination (Zetterström et al., 

1997; Chawla et al., 2001; Milam et al., 2002; Francis et al., 2003; Pardee et al., 

2004; Kanai et al., 2005; Luo et al., 2008). NRs have also been shown to govern 

diverse aspects of neural development, such as the maintenance of neuronal 

precursors (Shi et al., 2004; Liu et al., 2008; Kurusu et al., 2009), neuronal cell 

death (Robinow et al., 1993), axon guidance (Much et al., 2000; Ponnio and 

Conneely, 2004; Armentano et al., 2006), and neuronal remodeling (Truman, 

1996; Lee et al., 2000). Hormones are potential ligands for NRs, and the critical 

weight, which is essential for the Drosophila MB temporal identity changes 

(Chapter II), has been shown to trigger multiple hormonal changes in the fly to 

regulate the course of development (Mirth and Riddiford, 2007). Therefore, NRs 
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are good candidates for mediating the extrinsic signals that regulate the MB 

temporal identity changes.

NR genes are highly conserved across the animal kingdom. The 48 NR 

genes identified in mammals can be categorized into six subfamilies according to 

their protein structure similarity (King-Jones and Thummel, 2005). The neural 

functions of most NRs have not been explored at all. Compared to the 48 NR 

genes in mammals, the Drosophila genome contains only 18 NR genes, though 

all six NR subfamilies are represented (King-Jones and Thummel, 2005). The 

smaller number of NR genes makes it easy to survey NR functions in brain 

development. Four fly NRs have been shown to regulate various aspects of 

neural development. Seven-up (svp), which encodes a homolog of human 

COUP-TF orphan NR, represses the expression of a temporal identity gene 

hunchback (hb) in embryonic neuroblasts after the first mitosis to ensure the 

subsequently produced neurons acquire proper cell fates (Kanai et al., 2005). 

Moreover, in the larval stage, a burst svp expression is required for neuroblasts 

to exit the cell cycle or undergo apoptosis (Maurange et al., 2008). Tailless (tll), 

the Drosophila homolog of human Tlx orphan NR, is robustly expressed in the 

larval brain in certain neuroblasts and ganglion mother cells (GMCs) and 

promotes cell cycling and prevents apoptosis (Kurusu et al., 2009). Ecdysone 

receptor (EcR) and its heterodimeric partner ultraspiracle (usp) work together to 

regulate axonal and dendritic remodeling during metamorphosis (Truman, 1996; 

Schubiger et al., 1998; Lee et al., 2000; Schubiger and Truman, 2000; Schubiger 
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et al., 2005). EcR has also been shown to regulate programmed neuronal cell 

death (Robinow et al., 1993; Choi et al., 2006) and secondary arbors of adult-

specific neurons (Brown and Truman, 2009). The functions of the remaining 14 

NRs in neural development have not been studied.

In this chapter, we systematically silenced each of the 18 Drosophila NR 

genes in MBs using miRNA-based RNA interference (Chen et al., 2007; Shi et 

al., 2007b). Although we did not identify any NRs that regulate the MB temporal 

identities, we isolated unfulfilled (unf), the fly NR2E3 subfamily ortholog of C. 

elegans fax-1 and human photoreceptor-specific nuclear receptor (PNR) (de 

Rosny et al., 2008; Sung et al., 2009) to have novel functions in MB 

development. Silencing unf caused a severe MB lobe extension defect. Further 

analysis revealed that unf is required for proper axonal guidance of three major 

types of the MB neurons— , ’/ ’, and / . Without unf, the MB axons were 

misguided and wandered around at the end of the peduncle. Interestingly, unf is 

mainly required for adult-specific axonogenesis. In later-born adult-specific ’/ ’ 

and /  neurons, unf plays a critical role in initial neurite extension; in contrast, 

for early-born  neurons, unf is largely dispensable for the establishment of larval 

projections, but is absolutely required for the axonal re-elongation during early 

metamorphosis. 

We also found that the expression of Trio, a guanine nucleotide exchange 

factor important for MB axonal guidance (Awasaki et al., 2000), as well as 

several subtype-specific markers were significantly reduced in the unf 
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knockdown adult MB. This result implies that instead of regulating neuronal 

temporal identities, unf is a more like a lineage identity factor that works with the 

temporal identity factors to specify a particular subtype neuronal identity. The 

improper expression of multiple guidance molecules resulting from the loss of 

neuronal identities might underlie the axonal defects induced by unf knockdown.
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Results

Silencing individual NRs by miRNA unveils a role of nuclear receptor unf in 

MB development

To study NR functions in MB development, we generated UAS-miRNA transgenic 

fly lines against each of the 18 nuclear receptor (NR) genes so far identified in 

the fly genome. We drove the miRNA transgenes using GAL4-OK107 (Connolly 

et al., 1996) to knock down individual NRs throughout development of the MBs. 

Each miRNA transgene contains only two 21-nucleotide (nt) targeting sequences 

(Table 3.1), which has minimal or no sequence homology with other genes in the 

fly genome. This miRNA-based RNAi approach has been shown to have high 

efficiency and good specificity (Chen et al., 2007; Shi et al., 2007b). We detected 

MB abnormalities when the miRNAs against ecdysone receptor (EcR), 

ultraspiracle (usp), tailless (tll), ftz transcription factor 1 (ftz-f1) or unfulfilled (unf) 

were induced (Table 3.1). 

EcR and its heterodimeric partner usp have been shown to regulate the 

axonal pruning of MB  neurons (Lee et al., 2000), and tll was recently 

demonstrated to promote the efficient proliferation of the MB neuroblasts and 

ganglion mother cells (Kurusu et al., 2009). Our miRNA screening results were 

consistent with the previous studies. Knocking down EcR or usp blocked pruning 

of MB  neurons, which maintained larval-type projections in the adult brain (Fig. 

3.1A-C). In contrast, silencing tll affected MB proliferation, resulting in a tiny MB 
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purely consisting of early-type MB neurons (Fig. 3.1D,E). This recapitulates the tll 

mutant MB phenotype (Kurusu et al., 2009). The consistency between the 

miRNA results and published data suggests that our miRNA approach worked 

efficiently in knocking down the endogenous nuclear receptors.

In addition to the nuclear receptors known to be required for MB 

development, we found that silencing ftz-f1 and unf caused abnormal MB 

morphology. In the MB, distinct sets of MB axon bundles show different levels of 

FasII expression (Crittenden et al., 1998), but silencing ftz-f1 elicited ectopic 

FasII-positive bundles in about 30% of MBs (Table 3.1; data not shown). Ectopic 

FasII bundles could result from axon guidance defects, misregulation of cell fate, 

or incomplete  axon pruning. Since the phenotype was subtle and the 

penetrance was low, we did not pursue analysis of ftz-f1 in this study. In contrast, 

silencing unf caused a much stronger MB phenotype (Table 3.1; Fig. 3.1F); the 

five MB-characteristic axon lobes were missing in all unf knockdown MBs (Fig. 

3.1F). While most axons might extend across the brain through the peduncle, 

they failed to form the lobes that normally project on the anterior surface of the 

brain hemisphere. Instead, the stereotyped MB lobes were replaced with a ball-

like structure around the end of the peduncle (Fig. 3.1F).

The unf miRNA-a used in the initial screening targets two sites on the unf 

coding sequence, one at 289-310 nt and the other at 1130-1151 nt (Fig. 3.2A). To 

confirm the above phenotype was due to loss of unf, we first learned that the 

induction of this miRNA by GAL4-OK107 did effectively deplete unf protein in MB 
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neurons (see below). We then tried to rule out off-target effects by generating unf 

miRNA-b to target an independent site at 1001-1022 nt (Fig. 3.2A). GAL4-

OK107-dependent induction of unf miRNA-b also led to a similar MB lobe 

extension defect, though the phenotype was weaker with some axons fully 

extended (Fig. 3.2B). To confirm that these phenotypes are indeed due to unf 

knockdown, we induced unf miRNA-b in flies heterozygous for a deficiency [Df

(2R)ED2426] that covers the unf locus, and found that the MB axonal lobe defect 

became as severe as that caused by unf miRNA-a (Fig. 3.2C,D). When the unf 

miRNA-a was induced in the deficiency heterozygous background, the lobe 

phenotype was not enhanced (data not shown), suggesting that the abnormality 

caused by unf miRNA-a was a very strong unf loss-of-function phenotype. Taken 

together, these results show that unf is essential for the extension of the MB 

axonal lobes.

unf is mainly required for the formation of adult-specific MB lobes

To determine the mechanisms underlying the lobe defects, we followed unf 

knockdown MBs throughout development. We found that most unf knockdown 

MBs (88%, n=75) were grossly normal at mid-3rd instar larval stage when the MB 

primarily consists of  neurons (Fig. 3.3A,F), although 12% of unf knockdown 

MBs had thinner dorsal lobes (n=75; inset in Fig. 3.3F). This is in great contrast 

to the 100% lobe extension defect of unf knockdown adult MBs (e.g. Fig. 3.1F). 

This result was not due to the insufficient RNAi knockdown in the early larval 

73



stage, because GAL4-OK107 induced unf miRNA can knockdown UNF protein 

completely within 6 hrs ALH (after larval hatching; See below). These 

observations suggest that unf is mainly involved in the formation of the adult 

MBs.

The adult MBs develop through remodeling of  neurons plus de novo 

elaboration of both ’/ ’ and /  neurons (Lee et al., 1999). These dynamic 

changes in the MB structure can be closely examined during early pupal 

development. In wild-type MBs, the bifurcated larval  lobes were completely 

pruned around 18 hrs APF, and at the same time the ’/ ’ lobes that were initially 

wrapped by the larval  lobes can be clearly seen (Fig. 3.3B,C). Around 24 hrs 

APF when the adult-specific  lobes started to extend, the nascent /  axonal 

bundles derived from the pupal-born /  neurons can be detected with anti-FasII 

Ab (Fig. 3.3D). By 48 hrs APF, the adult-specific  lobe is fully extended and the 

/  bundles become much thicker (Fig. 3.3E).

Examination of unf knockdown MBs through early pupal development 

revealed multiple abnormalities. First, mutant MBs at 6 hrs APF displayed no 

obvious morphological defect (Fig. 3.3G). By contrast, at 18 hrs APF when the 

larval  lobes were largely pruned, there did not exist ’/ ’ lobes (Fig. 3.3H). 

Second, no axon has extended beyond the peduncle end at 24 hrs APF, 

indicating defects in both  axon re-extension and /  bundle formation (Fig. 

3.3I). Third, by 48 hrs APF, instead of seeing all five MB lobes, we detected a 

ball-like structure bulging around the terminus of the peduncle (Fig. 3.3J). It 
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appears that MB axons were lost at the end of the peduncle. They elaborated 

locally, but failed to project to correct positions. These observations reveal that 1) 

unf is largely dispensable for the initial larval-specific axonal morphogenesis of 

the  neurons, but is absolutely essential for the extension of the adult-specific  

axons during remodeling; 2) unf is necessary for the de novo formation of ’/ ’ 

and /  lobes.

unf acts in mature  neurons to govern axon re-extension, while supporting 

initial axonal morphogenesis in later types of MB neurons

Given its pleiotropic functions in MB morphogenesis, we sought to determine the 

role of unf in  neuron remodeling independent of its effects on other MB 

neuronal morphogenetic processes. We selectively knocked down unf in mature 

larval  neurons using GAL4-201Y (Yang et al., 1995), resulting in missing adult  

lobes despite the presence of other MB lobes (Fig. 3.4C,G). Phenotypic analysis 

throughout development of such unf knocked-down flies revealed normal pruning 

of the larval-specific  lobes (Fig. 3.4A-B,E-F) but no formation of the adult  lobe 

(Fig. 3.4C,G). This result suggests that unf acts in mature  neurons to promote 

axon re-extension during MB remodeling. In addition, lacking the  lobe did not 

affect formation of MB /  lobes (Fig. 3.4G).

Notably, the selective loss of the adult  lobe was evident even when unf 

was silenced in most, if not all, post-mitotic MB neurons via induction of unf 

miRNA-a using GAL4-MB247 (Fig. 3.4D,H). GAL4-MB247 drives UAS-transgene 
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expression in MB neurons that have undergone extensive morphogenesis (Zhu 

et al., 2006). This again indicates the requirement for unf in mature  neurons, 

and further suggests that ’/ ’ and /  neurons need unf during their initial 

development. Consistent with these notions, silencing unf in newborn neurons 

using asense-GAL4 (Zhu et al., 2006) did not affect larval  axon projections (Fig. 

3.5A,D) but drastically arrested the nascent ’/ ’ (Fig. 3.5B,E) or /  axon 

bundles (Fig. 3.5C,F) around the peduncle. Taken together, unf acts in mature  

neurons to govern axon re-extension while supporting axonal morphogenesis in 

the newly derived ’/ ’ and /  neurons.

Direct involvement of unf in later MB morphogenetic processes

The serially derived MB neurons, made concurrently by four MB progenitors, 

have undergone morphogenesis in sequence. It has been shown that the 

projections of specific MBs could be affected by the trajectories of others 

(Awasaki et al., 2000). Notably, all MB axons stalled around the peduncle end 

when unf was depleted throughout development of the MBs, raising the 

possibility that some later morphogenetic defects may occur as a consequence 

of earlier axons’ failings. The above observation that the /  lobes could form 

normally without the adult  lobe (Fig. 3.4G) partially rules out such a possibility. 

However, the ’/ ’ lobes remained in those -lobe-missing MBs and might play 

an essential role in guiding the later derived /  axons at the peduncle end, a 

critical choice point to all MB axons.
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To demonstrate that unf is directly involved in the axonogenesis of /  

neurons, we knocked down unf after morphogenesis of  and ’/ ’ neurons to 

selectively deplete unf from newborn /  neurons. We controlled the timing of the 

expression of the targeted RNAi using a temperature-sensitive GAL4 repressor, 

GAL80[ts] (McGuire et al., 2003). Organisms with the genotype of tubp-GAL80

[ts],UAS-mCD8GFP/UAS-unf-miRNA-a;tubp-GAL80[ts]/+;GAL4-OK107/+ were 

initially cultured at a permissive temperature (18 ) and shifted to a restrictive 

temperature (29 ) to induce the expression of unf miRNA-a at desired 

developmental stages. Besides labeling all five MB lobes by GAL4-OK107, we 

counterstained MB with anti-Trio Ab that strongly labels /  lobes and weakly 

labels  lobe (Crittenden et al., 1998) to make the five MB lobes distinguishable. 

Induction of unf RNAi from mid-3rd instar before the birth of most ’/ ’ neurons 

disrupted all MB lobes (Fig. 3.6A,B). In contrast, shifting the temperature after 

adult eclosion left the gross MB morphology intact (Fig. 3.6E,F). Intriguingly, 

when the temperature was shifted around puparium formation after the 

production of ’/ ’ neurons, the ’/ ’ lobes were grossly normal but the FasII-

positive /  lobes were malformed (Fig. 3.6C,D). These results demonstrate that 

the unf knockdown phenotype in /  neurons was not due to the defects in ’/ ’ 

lobes. Thus, unf directly governs axonal morphogenesis in all three major types 

of MB neurons.
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unf regulates axon pathfinding of MB neurons

MB axons uniformly stalled around the end of the peduncle, a common choice 

point for the migrating axons, raising the possibility that unf may regulate axon 

pathfinding rather than simply promoting axon extension. To elucidate the 

mechanism underlying the axonal lobe defect of the unf knockdown MBs, we 

followed single axons to determine their trajectories in the lobe defective MBs. 

Single MB neurons were labeled using a flip-out strategy (Wong et al., 2002). In 

wild-type MBs, the flip-out clones consistently projected their axons directly into 

the MB lobes (Fig. 3.7A). In contrast, the axonal processes of flip-out clones in 

the unf knockdown MBs wandered around in the ball-like truncated lobes (Fig 

3.7B). These wandering axons were apparently misguided, and often made 

unusual back turns or loops (Fig. 3.7C-F). These phenomena suggest the lobe 

defect of the unf knockdown MB was due to misrouting of axons.

We further determined if unf is cell-autonomously required in individual MB 

neurons for proper axon guidance, by knocking down unf in single MB neurons. 

We generated isolated single-cell clones of  neurons by MARCM (Mosaic 

Analysis with a Repressible Cell Marker) (Lee and Luo, 1999). Such uniquely 

labeled cells were the only MB neurons that lack the GAL4 repressor, GAL80, 

and thus actively expressed unf miRNA-a. This allowed us to knock down unf in 

single MB neurons within otherwise unperturbed MBs. Notably, the lone unf 

knockdown neurons in the grossly normal MBs exhibited abnormal axon 

trajectories, which instead of extending to a single MB lobe, wandered around 
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and innervated multiple MB lobes (Fig. 3.7G,H). The misguided axons were not 

stalled at the peduncle end, possibly because their surrounding wild-type axons 

may somehow steer the unf knockdown axons into the lobes. Additional evidence 

for the involvement of unf in axon guidance came from the observation that about 

10% of the strongest unf knockdown MBs showed ectopic FasII-positive axon 

bundles extending through the calyx into abnormal targets rather than migrating 

along the peduncle (Fig. 3.7I,J). Taken together, these observations suggest that 

unf acts cell-autonomously to regulate individual axons’ pathfinding (Fig. 3.7K,L).

unf is expressed in MB neurons continuously to regulate neuron subtype 

identity

In the MB  neurons, unf is required in a stage-specific manner. Genes required 

for remodeling of MBs may dynamically express in response to ecdysone 

signaling. To determine the expression of unf, we generated a rabbit polyclonal 

Ab against a short peptide (DVTNDNEEPHA) characteristic of unf. The Ab 

recognized abundant unf expression in the MB neuronal cell bodies (Fig. 3.8). 

Depleting unf by targeted RNAi greatly suppressed the immunostaining signal 

(Fig. 3.8A-D), confirming the specificity of the Ab. Notably, unf is enriched in MB 

neurons through different developmental stages (Fig. 3.8). No dynamic changes 

in its expression could be detected during MB remodeling, and high-level 

expression continues in adult MB neurons (Fig. 3.8). This expression pattern 

provides no clue regarding why unf is essential for  neuron remodeling but 
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largely dispensable for their initial morphogenesis. However, its enrichment in the 

MBs strongly supports our observations that unf controls some MB-characteristic 

aspects of neural development.

Human PNR and C. elegans fax-1, the orthologs of fly unf, have been 

shown to regulate neuronal identity (Much et al., 2000; Milam et al., 2002; Chen 

et al., 2005; Wightman et al., 2005). To investigate if unf controls MB neuronal 

identity and subsequently governs the subtype-specific axon projections, we 

examined the neuronal cell fate in unf knockdown MBs. We achieved this by 

knocking down unf using asense-GAL4 in combination with different Pan-MB or 

MB subtype-specific markers, including several GAL4s. Given that asense-GAL4 

expresses in MB precursors and developing young MB neurons (Zhu et al., 

2006), it allows us to knock down unf throughout MB development; and because 

ansense-GAL4 does not express in adult MB, it will not interfere with the 

expression of the other MB-specific GAL4s in the adult brain. None of the pan-

MB markers, including dachshund (dac) (Martini et al., 2000; Martini and Davis, 

2005), GAL4-OK107 (Connolly et al., 1996) and GAL4-MB247 (McGuire et al., 

2001), was affected by unf knockdown (data not shown), suggesting that the MB 

lineage identity was not regulated by unf. However, all the subtype-specific 

markers we examined lost their expression in the unf knockdown adult MBs. 

These include the  and ’/ ’-specific marker Trio in MB cell bodies (some Trio 

protein can be detected in MB lobes, which might be the residual product of 

earlier trio expression; see below) (Awasaki et al., 2000) (Fig. 3.9A,B), the -
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specific maker GAL4-NP21 (Tanaka et al., 2004) (Fig. 3.9C,D), the ’/ ’-specific 

marker GAL4-c305a (Krashes et al., 2007) (Fig. 3.9E,F), the pioneer / -specific 

marker GAL4-c708 (Zhu et al., 2006)(data not shown) and the / -specific 

marker GAL4-c739 (Yang et al., 1995) (Fig. 3.9G,H). Thus, MB neurons require 

unf to acquire eventually all of their subtype identities.

Notably, at the wandering larval stage, when the morphology of the unf 

knockdown  neurons was mostly normal, the expression of the -specific genes 

such as trio or EcR-B1 (Awasaki et al., 2000; Lee et al., 2000) was unaffected 

(Fig. 3.9I-L). The loss of the -specific markers during metamorphosis suggests 

that there is a second wave of cell fate specification and/or consolidation 

occurring at the larva-to-pupa transition for the  neurons to acquire their final 

fate, and unf is possibly required for this process. In sum, loss of neuron subtype 

identity may underlie misguidance of axons in the unf knockdown MBs.
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Discussion

Silencing individual NRs throughout development of the MBs by transgenic 

miRNAs has allowed us to identify unf as another NR, in addition to EcR, usp, 

and tll, that regulates MB development. Previously, unf was shown to be 

essential for the wing expansion and fertility of adult flies, and abundantly 

expressed in the developing MBs (Sung et al., 2009). Here we studied the 

function of unf in further detail and learned that unf acts in all three major types of 

MB neurons to promote proper neuron subtype identity and axon guidance. 

Comparable axon stalling defects of adult MB neurons, as well as missing larval 

MB dorsal axonal branches were observed in unf mutant organisms (Bates et al., 

2010), validating our study of unf’s mechanism of action by targeted RNAi.

The initial motivation for us to study NRs in the MB development was to 

search for potential factors mediating the environmental signals that regulate the 

MB neuronal temporal identities (Chapter II). unf is not such factor; instead, unf 

has a more general role in the MB development for promoting virtually all the 

subtype neuronal identities. In such sense, unf is more like a lineage identity 

factor that acts together with temporal identity factors to determine final MB 

neuronal fate. 

The involvement of unf in neuronal fate determination is evident by the 

loss of subtype-specific markers in the unf knockdown MB. Similar mechanisms 

have been shown in C. elegans and human. In human, the unf ortholog PNR is 
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specifically expressed in rod photoreceptor cells to promote the rod-cell identity 

by repressing the expression of S-cone cell specific genes (Milam et al., 2002; 

Chen et al., 2005). Mutations in PNR leads to enhanced S-cone syndrome 

(ESCS) which is an inherited disease causing hypersensitivity to short-wave 

length light due to increased numbers of S-cone cells at the expense of rod 

photoreceptor cells (Milam et al., 2002; Chen et al., 2005). However, in the 

present study, we did not observe obvious reciprocal cell number change in unf 

knockdown MBs. Thus, unlike PNR in human, unf in flies is not used to repress a 

default cell fate.

Loss of proper identity might underlie the axon guidance defect observed 

in the unf knockdown MB. The C. elegans ortholog of unf, fax-1, has been 

suggested to regulate cell identities of 18 neurons, including both motorneurons 

and interneurons; in fax-1 mutant, some neurotransmitters and synaptic proteins 

are not properly expressed in the neurons normally expressing fax-1 (Wightman 

et al., 1997; Much et al., 2000; Wightman et al., 2005). Notably, like unf in fly MB 

neurons, fax-1 is also required for axonal pathfinding for several C. elegans 

neurons, indicating a functional conservation among unf orthologs in different 

species (Wightman et al., 1997; Much et al., 2000; Wightman et al., 2005).

unf has been hypothesized to act as a transcriptional repressor, because 

its ligand-binding domain (LDB) failed to activate gene expression (Palanker et 

al., 2006). The function of the human ortholog PNR to repress S-cone specific 

genes supports this hypothesis (Chen et al., 2005). Contrary to the human PNR, 
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in both flies and worms, loss of unf or fax-1 leads to the down-regulation of many 

neural genes (Much et al., 2000; Wightman et al., 2005). However, since there is 

no evidence for gene activation by direct binding of unf or fax-1, it is possible that 

unf and fax-1 regulate these neural genes indirectly by repressing other 

repressors.

In the MBs, unf primarily governs axonal morphogenesis during later larval 

and pupal development when different MB neuron types need to make distinct 

projections. For instance, in early pupae, /  neurons undergo de novo 

axonogenesis to form the /  lobes while  axons regenerate to make up the 

adult-specific  lobe. Given the notion that unf promotes MB axonogenesis 

possibly through regulating neuron subtype identity, its selective involvement in 

late MB morphogenesis could simply reflect the importance of neuron subtype 

identity in ensuring diverse subtype-specific axonal morphogenesis. However, 

the larval  neurons of unf knockdown MBs show normal cell fate as evidenced 

by proper expression of EcR-B1. This argues for a stage-specific function of unf 

in MB development. Notably, despite its stage-specific requirement, unf is 

enriched in the MBs through different developmental stages and into the adult, 

raising the possibility that its dynamic activity is patterned through temporal 

control of ligand availability. Recently, an in vitro study suggested that UNF is a 

heme binding protein (de Rosny et al., 2008). Given the known relationship 

between heme and lipid metabolism (Lorenz and Parks, 1991; Chawla et al., 

2001; Bauer et al., 2004; Pardee et al., 2004), heme levels can serve as an 
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indicator for energy resource and developmental progress. Perhaps by detecting 

heme levels, unf may potentially coordinate the timing of the unf-mediated adult-

specific cell fate determination and axonogenesis. However, in vivo evidence for 

the interaction between heme and unf remains lacking.

In conclusion, patterned NR activities govern various temporally regulated 

neural developmental processes. UNF and its orthologs probably promote 

subtype neuronal differentiation in temporally controlled manners. Elucidating the 

regulation of NR activities and their control of neuron subtype identity should 

shed additional light on how diverse neuron types undergo differential 

morphogenesis and acquire different subtype-specific projections to construct the 

complex brain.
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Materials and Methods

Generation of miRNA fly lines

The UAS-miRNA constructs were generated as described in the previous study 

(Chen et al., 2007). The miRNA target sequences of 18 NR genes were shown in 

Table 3.1. The transgenic flies were generated by inserting UAS-miRNA 

constructs into the attp-16 site on the second chromosome using the integration 

system as previous described (Markstein et al., 2008).

Fly strains

Beside the UAS-miRNA transgenic fly lines, the fly strains used in this study 

includes: (1) asense-GAL4 (Zhu et al., 2006); (2) GAL4-OK107 (Connolly et al., 

1996); (3) GAL4-MB247 (McGuire et al., 2001); (4) GAL4-201Y (Yang et al., 

1995); (5) GAL4-NP21 (Tanaka et al., 2004); (6) GAL4-c305a (Krashes et al., 

2007); (7) GAL4-c708 (Zhu et al., 2006); (8) GAL4-c739 (Yang et al., 1995); (9) 

tubp-GAL80[ts];tubp-GAL80[ts],UAS-mCD8::GFP;OK107 (Shi et al., 2007a); (5) 

Df(2R)ED2426/SM6a (stock#9064, Bloomington stock center); (6) hs-FLP,UAS-

mCD8::GFP,FRTG13,tubp-GAL80/CyO;OK107; (7) hs-FLP[122];Sp/

CyO;UAS>rCD2,y+>mCD8::GFP (Wong et al., 2002; Zhu et al., 2003).

Induction of Flip-out clones and MARCM analysis
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To generate flip-out clones, the newly hatched larvae with proper genotype were 

applied 30 min heat-shock in 32°C water bath. For MARCM studies, larvae with 

proper genotype were collected in 2 hours after hatching, and cultured at the 

density of 100 larvae per food vial at 25°C. MARCM clones were induced by 

applying 1 hour heat-shock in 38°C water bath at various developmental stages.

Making anti-UNF antibody

A short peptide (DVTNDNEEPHA) of UNF was synthesized and used to generate 

a rabbit polyclonal antibody. The peptide shows no sequence homology with 

other fly proteins when it was compared against the Drosophila annotated 

proteins database using BLASTp. The UNF peptide and the UNF antibody were 

made by UIUC Immunological Resource Center.

Immunohistochemistry and confocal microscopy

Fly brains were dissected in 1X Phosphate buffered saline (PBS), fixed in 1X 

PBS with 4% formaldehyde (Fisher Scientific) at room temperature for 20 min, 

washed by 1X PBS with 0.75% Triton X-100 (0.75% PBT; Fisher Scientific) three 

times for 15 min each, and incubated in 1X PBS with 0.5% goat normal serum 

(Jackson ImmunoResearch) before incubated with primary antibodies at 4  

overnight. Next day, the brains were washed by 0.75% PBT three times for 15 

min each before incubated with secondary antibodies at 4  overnight. The 

brains were then washed by 0.75% PBT three times for 15 min each and 
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mounted using SlowFade gold anti-fade reagent (Invitrogen). The 

immunofluorescent signals were collected by Zeiss LSM confocal microscope 

and processed using Fiji and Adobe Photoshop. Primary antibodies used in this 

study include rabbit anti-UNF Ab (1:4000); rat anti-mCD8 mAb (1:100; Caltag), 

mouse anti-FasII mAb (1:100; DSHB), mouse anti-Dac2-3 mAb (1:200; DSHB), 

mouse anti-EcRB1 mAb (1:50; DSHB), and rabbit anti-Trio Ab (1:2000). FITC- 

and Cy3-conjugated secondary antibodies (Jackson ImmunoResearch) were 

used at the dilution of 1:200 and 1:400, respectively. 
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Table 3.1. Complete survey of 18 nuclear receptors’ function in mushroom 

body neurogenesis by miRNA knockdown.
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Figure 3.1. unf is required for the proper axonogenesis of the MB neurons. 

(A-C) Anti-FasII Ab staining (magenta) revealed the  and /  lobe morphology of 

wild-type (A), EcR- (B) and usp- (C) knockdown adult MBs. The knockdown was 

induced by GAL4-OK107 dependent induction of miRNAs. Note the EcR- and 

usp-knockdown MBs contained unpruned  processes (arrows in [B] and [C]) and 

lacked a normal-looking  lobe (e.g. arrowhead in [A]). Scale bar: 20 µm.

(D-F) Adult wild-type (D), tll- (E) and unf- (F) knockdown MB, labeled by GAL4-

OK107 (green). The knockdown was induced by GAL4-OK107 dependent 

induction of miRNAs. Note the tll-knockdown MB contained only few early-born 

MB neurons (E), and the axon lobes of unf-knockdown MB failed to extend along 

the correct paths (F).
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Figure 3.1. unf is required for the proper axonogenesis of the MB neurons.
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Figure 3.2. The MB lobe phenotype was caused by specific knockdown of 

unf by miRNA. 

(A) Illustration of the unf cDNA that contains a 5’ region encoding a putative DNA 

binding domain (DBD) and a 3’ region encoding a putative ligand binding domain 

(LBD). *The miRNA target sites for unf miRNA-a. #The miRNA target site for unf 

miRNA-b.

(B-C) unf in MB was knocked down by the GAL4-OK107 induced unf miRNA-b in 

a wild-type fly (B), or a fly heterozygous for a deficiency Df(2R)ED2426 that 

covers unf gene (C). Note some MB axons can still project to their correct 

positions when the unf miRNA-b was induced in the wild-type background 

(indicated by arrowheads in [B]). Scale bar: 20 µm.

(D) Statistic results of the percentage of MB lacking dorsal projection in flies 

heterozygous for Df(2R)ED2426 (Df), or in flies with OK107-dependent induction 

of unf miRNA-a(unfi-a), unf miRNA-b (unfi-b), or unf miRNA-b plus one allele of 

Df(2R)ED2426 (unfi-b/Df).
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Figure 3.2. The MB lobe phenotype was caused by specific knockdown of 

unf by miRNA.
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Figure 3.3. unf is mainly required for the formation of adult-specific MB 

lobes.

Wild-type (A-E) and unf knockdown (F-J) MB at the indicated developmental 

stages were labeled by GAL4-OK107 (A-J). The insect in [F] is an example of a 

small portion (12%; n=75) of the unf -knockdown larval MB that displayed a 

thinner dorsal lobe phenotype. Brains in [D], [E], [I] and [J] were counterstained 

with anti-FasII Ab to label  and /  neurons. unf was knocked down by GAL4-

OK107 induced unf miRNA-a. Scale bars: 20 µm.
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Figure 3.3. unf is mainly required for the formation of adult-specific MB 

lobes.

95



Figure 3.4. unf acts in mature  neurons to govern axon re-extension.

Wild-type (A-D) and unf knockdown (E-H) MB at the indicated developmental 

stages, labeled by GAL4-201Y (A-C, E-G) or GAL4-MB247 (D,H). Brains in [C], 

[D], [G] and [H] were counterstained with anti-FasII Ab to label  and /  

neurons. unf was silenced by GAL4-201Y (E-G) or GAL4-MB247 (H) induced unf 

miRNA-a. The arrows indicate the position of normal (C) and truncated  lobes 

(G-H). Scale bars: 20 µm.
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Figure 3.4. unf acts in mature  neurons to govern axon re-extension.
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Figure 3.5. unf is required for the initial axonal morphogenesis in later 

types of MB neurons.

Newly generated neurons of wild-type (A-C) and unf knockdown (D-F) MB 

labeled by asense-GAL4 (green) at the indicated developmental stages. unf was 

knocked down by asense-GAL4 dependent induction of unf miRNA-a. The 

arrows in [E] and [F] indicate the axonal bundles that failed to extend beyond the 

MB peduncle. Scale bar: 20 µm.
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Figure 3.5. unf is required for the initial axonal morphogenesis in later 

types of MB neurons.
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Figure 3.6. Direct involvement of unf in later MB morphogenesis.

GAL80[ts] was used to control the timing of GAL4-OK107 dependent induction of 

unf miRNA-a to knock down unf in MB after mid-3rd instar (A-B), after puparium 

formation (C-D) or after adult eclosion (E-F). MBs were labeled by GAL4-OK107 

(green; A,C,E), anti-FasII (magenta; A-F) and anti-Dac (magenta; B-D) 

antibodies. Scale bar: 20 µm.
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Figure 3.6. Direct involvement of unf in later MB morphogenesis.
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Figure 3.7. unf regulates axon pathfinding of MB neurons.

(A-F) GAL4-OK107 labeled flip-out clones (green in [A] and [B]; black in [C]-[F]) 

induced in a wild-type (A) or a unf knockdown (B-F) MB. Brains in [A] and [B] 

were counterstained with anti-FasII Ab (magenta). [C]-[F] are high magnification 

views of some axons in the MB lobe in [B]. The arrows in [C] and [E] mark the 

axons with an unusual back turn(C), or a loop (E). [D] and [F] are duplicate 

images of [C] and [E] with the abnormal axonal paths highlighted by black lines 

for better visualization. Scale bars: 20 µm.

(G-H) Wild-type (G) and unf knockdown (H) MARCM clones labeled by GAL4-

OK107 (green). unf was knocked down by GAL4-OK107 induced unf miRNA-a. 

Brains were counterstained with anti-FasII Ab (magenta) to mark MB  and /  

lobes. The arrow in [F] indicates a misrouted axon. Scale bar: 20 µm.

(I-J) The calyx region of a unf knockdown adult MB labeled by GAL4-OK107 

(green; I) and anti-FasII Ab (magenta; I-J). unf was knockdown by GAL4-OK107 

induced unf miRNA-a. The arrows indicate a misrouted FasII-positive axonal 

bundle. Scale bar: 20 µm.

(K-L) A illustration of the axonal projections in wild-type (K) and unf knockdown 

(L) MB.
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Figure 3.7. unf regulates axon pathfinding of MB neurons.
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Figure 3.8. unf is continuously expressed in the MB neurons throughout 

development.

Wild-type brains (A,B,E-P) at the indicated developmental stages and a 6hr-old 

larval brain with GAL4-OK107 dependent induction of unf miRNA-a (C-D) were 

labeled with GAL4-OK107 (green; A, C, E, G, I, K, M and O) and anti-UNF Ab 

(magenta; A-P). Scale bars: 20 µm.
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Figure 3.8. unf is continuously expressed in the MB neurons throughout 

development.
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Figure 3.9. Subtype-specific markers were lost in unf knockdown adult 

MBs.

The cell body region of wild-type (A, C, E, G, I and K) or unf knockdown (B, D, F, 

H, J and L) adult (A-H) or wandering larval (I-L) MBs labeled with various MB 

specific markers, including Trio (A, B, I and J; magenta), GAL4-NP21 (C and D; 

green), GAL4-c305a (E and F; green), GAL4-c739 (G and H; green) and EcR-B1 

(K and L; magenta). Brains in [A], [B], [I] and [J] were co-labeled with GAL4-

OK107. The unf miRNA knockdown in [A], [B] and [I]-[L] was induced by GAL4-

OK107, and the unf knockdown in [C]-[H] was induced by asense-GAL4 together 

with GAL4-NP21 (C and D), GAL4-c305a (E and F), or GAL4-c739 (G and H). 

Note the Trio expression was normal in unf knockdown larval MB cell bodies (J), 

but became detectable in unf knockdown adult MB cell bodies (B). Scale bar: 20 

µm.
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Figure 3.9. Subtype-specific markers were lost in unf knockdown adult 

MBs.
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CHAPTER IV

LINEAGE-SPECIFIC EFFECTS OF NOTCH/NUMB 

SIGNALING IN POSTEMBRYONIC DEVELOPMENT 

OF ANTENNAL LOBE NEURONS

1) The experiments in this paper, except the Fig. 4.6A-D have been published: 

Suewei Lin, Sen-Lin Lai, Huang-Hsiang Yu, Takahiro Chihara, Liqun Luo, and 

Tzumin Lee. Development 2010, Jan;137(1):34-51.

2) The chapter has been modified to fit the style of the thesis.

3) Fig. 4.6A-D are unpublished data.

4) Suewei Lin, Sen-Lin Lai, Huang-Hsiang Yu, Takahiro Chihara, Liqun Luo and 

Tzumin Lee designed the experiments.

5) Huang-Hsiang Yu did the experiments for Fig. 4.2B-G.

6) Sen-Lin Lai did the experiments for Figs. 4.1B-D, 4.4C-D, and 4.6E-F. 

7) Suewei Lin did the rest of the experiments.
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Introduction

One strategy for generating neuronal diversity is for the sister neurons from a 

common precursor to obtain different cell fates. Such diversification process, 

called binary cell fate determination, has been observed in different organisms 

(Cau and Blader, 2009; Artavanis-Tsakonas and Muskavitch, 2010; Bertrand and 

Hobert, 2010; Sawa, 2010; Pierfelice et al., 2011). The binary cell fate 

determination is achieved by asymmetric segregation of the fate-determining 

molecules into the two sister cells (Bardin et al., 2004; Sawa, 2010). This step 

involves coordination between the localization of cell fate determinants and the 

orientation of the plane of cell division (Knoblich, 2008). 

A conserved mechanism has been shown to underlie binary cell fate 

determination in diverse contexts (Bardin et al., 2004). It involves asymmetric 

localization of the membrane-associated protein, Numb, during mitosis, resulting 

in inheritance of Numb by only one of the two daughter cells (Rhyu et al., 1994; 

Knoblich et al., 1995; Spana et al., 1995; Spana and Doe, 1996). Numb silences 

Notch signaling, which otherwise takes place in both siblings, since Notch and its 

ligand Delta exist broadly (Guo et al., 1996; Zeng et al., 1998). Numb 

antagonizes Notch through promoting endocytosis of Sanpodo, a four-pass 

transmembrane protein whose expression on the cell surface is essential for 
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activation of Notch by Delta (O'Connor-Giles and Skeath, 2003; Hutterer and 

Knoblich, 2005). Asymmetric cell division thus leads to one Notch-on and one 

Notch-off cell. Notch is a large transmembrane receptor, which is proteolytically 

cleaved after binding with Delta (Schweisguth, 2004). After cleavage, the Notch 

intracellular domain (NICD) translocates into the nucleus, where it can modulate 

gene expression to dictate cell fate (Bailey and Posakony, 1995; Lecourtois and 

Schweisguth, 1998; Struhl and Adachi, 1998). Consistent with this mechanism, 

loss of Notch versus Numb causes reciprocal cell fate transformation in sister 

cells derived after asymmetric cell division (Spana and Doe, 1996; Skeath and 

Doe, 1998; Kimura et al., 2008).

In Drosophila, Notch/Numb-mediated binary neuronal fate specification 

has been observed in the development of various neural structures, including the 

embryonic ventral nerve cord (VNC) (Spana and Doe, 1996; Skeath and Doe, 

1998; Karcavich and Doe, 2005; Wheeler et al., 2008), the external sensory 

organs (Jan and Jan, 2001), and the ORN lineages (Endo et al., 2007). However, 

non-self-renewing asymmetric cell division has not been shown in the developing 

Drosophila brain; and the roles of Notch and Numb in the derivation of the 

enormous cell diversity in the Drosophila central brain remain undetermined.

During the development of a Drosophila brain, each neural stem cell, 

called a neuroblast, goes through multiple round of self-renewal divisions to 

deposit a series of intermediate precursors called ganglion mother cells (GMCs), 

each of which generally divide once to produce two neurons (Lee et al., 1999; 
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Pearson and Doe, 2003). However, a quick survey on Drosophila central brain 

indicates that the pattern of neurogenesis can varies among different neuronal 

lineages (Yu et al., 2009). Around 40% of the brain lineages, including the 

mushroom body (MB) lineage, produce two neurons in each GMC division (Lee 

et al., 1999; Yu et al., 2009). By contrast, around 50% of the brain lineages 

contain GMCs that only generate one neuron (Yu et al., 2009). Additionally, a 

study in the Drosophila lateral antennal lobe (lAL) lineage, one of the three 

classical olfactory neuron lineages (Marin et al., 2002), suggests that the lAL NB 

may produce projection neurons (PNs) and local interneurons (LNs) 

simultaneously (Lai et al., 2008). In the Drosophila embryonic VNC, GMCs can 

produce two different neurons, or one neuron and one apoptotic cells in each 

Notch/Numb-mediated binary cell fate decision (Spana et al., 1995; Karcavich 

and Doe, 2005). It is possible that Notch and Numb are also involved in the brain 

lineages to allow some GMCs to produce lone neurons and some GMCs, like 

those in the lAL lineage, to produce two distinct neurons. However, detailed 

studies are needed to test this possibility.

Here we studied the three classical AL PN lineages—anterodorsal 

projection neuron (adPN), ventral projection neuron (vPN), and lAL lineages—

and showed that Notch/Numb-mediated binary cell fate decision governs the 

development of all three lineages in the Drosophila central brain. Paired sister 

cells acquire different fates. Notably, only one in each pair of post-mitotic neurons 

survives into the adult stage in adPN and vPN lineages. However, Notch 
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signaling promotes PN fate in the vPN lineage but specifies apoptotic cells that 

die immaturely in the adPN lineage. In contrast, Notch/Numb-mediated binary 

cell fate decision underlies the derivation of PNs and LNs from common 

precursors in the lAL lineage. Furthermore, Numb is needed in certain lineages 

(e.g. lAL but not adPN or vPN) for preventing appearance of ectopic NBs to 

ensure proper self-renewal of neural progenitors. A universal Notch/Numb-

dependent mechanism of binary fate decision may govern diverse neural sibling 

differentiations based on the lineage origins.
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Results

Production of adult adPNs occurs one by one, rather than in pairs 

To determine if fate diversification through asymmetric cell division occurs during 

the final neuron-producing mitoses in the Drosophila brain, we have to identify 

the sister neurons derived from a GMC. Using MARCM (Mosaic Analysis with a 

Repressible Cell Marker), we can label the progeny of a GMC, typically two cells 

as a two-cell clone, following mitotic recombination in a dividing NB and loss of 

the GAL4 repressor, GAL80, in the derived GMC (Lee and Luo, 1999). 

Alternatively, loss of GAL80 from the regenerated NB would lead to labeling of 

the remaining lineage as a multi-cellular NB clone. Because the loss of GAL80 in 

NB or GMC is stochastic, the chance of getting NB clones and GMC clones is 

equal. In the case of GAL4-GH146-labeled adPN clones in the adult brain, we 

readily obtained adPN NB clones following mitotic recombination induced in 

newly hatched larvae. But, instead of a two-cell clone, we consistently observe a 

single DL-1 neuron (n>100). Many adPNs are negative for GAL4-GH146 (Lai et 

al., 2008) and so it is possible that the single DL-1 neuron has an unlabeled 

sister adPN.

However, when adPN clones were marked with acj6-GAL4 (Bourbon et 

al., 2002; Komiyama et al., 2003), a GAL4 driver known to label all the progeny 

of the adPN lineage (Fig. 4.1) (Lai et al., 2008), we did not obtain two-cell clones 

either (n > 100). This raised the possibility that mature adPNs arise one by one, 
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rather than in pairs as do the well-characterized MB neurons (Lee et al., 1999). 

Direct demonstration of this requires confirmation of the sisterhood between NB 

clones and the lone adPNs. A new version of MARCM, called twin-spot MARCM 

(ts-MARCM), allows one to label paired sister clones differentially with two 

reporters UAS-mCD8::GFP and UAS-rCD2::RFP simultaneously (Yu et al., 

2009). For clones derived from NBs, ts-MARCM allows direct identification of the 

GMC progeny that associates with a particular NB clone (Fig. 4.2A).

We induced low-frequency mitotic recombination via mild heat shock at 

different larval stages to obtain adPN ts-MARCM clones labeled with acj6-GAL4. 

Every adPN NB clone we obtained was accompanied by a single adPN that was 

labeled differentially and should represent the GMC side of the twin spots (Fig. 

4.2B-G; n=20). The pairing of multi-cellular NB clones of various sizes with 

apparently single-cell clones prove that every self-renewing asymmetric NB 

division generates one adult PN.

Each adPN GMC makes an adPN and a cell eliminated by programmed cell 

death

Besides the NB plus lone PN twin-spot clones, we often obtained unpaired 

single-cell clones in the ts-MARCM experiment (data not shown). The ts-MARCM 

only labels progeny from the precursor cells that are actively dividing when the 

recombination is induced (Lee and Luo, 1999; Yu et al., 2009). These solitary 

adPNs therefore were probably derived from ts-MARCM clones induced in GMCs 
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during their terminal mitosis. This is in great contrast with the progeny of MB 

GMCs, which consistently exist in pairs when marked by ts-MARCM (Yu et al., 

2009). To further demonstrate these GMCs make only one mature adPN despite 

active cell division, we sought to visualize mitotic GMCs in the adPN lineage 

during development.

Two independent approaches were used to identify the adPN lineage in 

developing larval brains. First, in the larval brains doubly labeled with asense-

GAL4, a neural precursor driver (Zhu et al., 2006) and LexA::GAD-GH146 (Lai et 

al., 2008), we located adPN precursors by identifying the asense-GAL4-positive 

clusters whose nascent projections merged into the bundle of GAL4-GH146-

positive adPN neurites (data not shown). Second, we labeled precursors as well 

as post-mitotic neurons in any given MARCM clone using a ubiquitous GAL4 

driver, and determined the adPN NB clones based on cell body positions and 

their characteristic neurite trajectories (Fig. 4.3A). Cells undergoing mitosis can 

be identified by Phospho-Histone H3 (pH3) antibody staining (Hendzel et al., 

1997). In both cases, we detected pH3-positive small cells that lie next to the big 

NB in about 70% of the adPN lineages (Fig. 4.3A). About 70% of adPN NBs were 

positive for pH3 as well. These observations demonstrate that the GMCs in the 

adPN lineage were mitotically active.

Only one adPN persists from each pair of post-mitotic cells into the adult 

stage (Fig. 4.2E-G), raising the possibility that the other sibling may die during 

development. Most neuronal lineages, including the adPN lineage, complete their 
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proliferation by puparium formation (Truman and Bate, 1988; Ito and Hotta, 

1992). Notably, the adPN NB clones examined at the wandering larval stage 

carried a similar number of cells as did the mature adPN NB clones (Fig. 4.3C, 

compared to Fig. 4.3B). This result suggests that the siblings of adPNs have 

largely disappeared before pupariation, possibly through apoptosis. To locate 

such mysterious sibs, we first examined if one could detect apoptotic cells in 

developing adPN clones. Cleavage of caspases triggers apoptosis, and the pre-

apoptotic cells can be identified with antibodies that specifically recognize 

cleaved forms of caspases (Yu et al., 2002). Using anti-cleaved-caspase-3 

antibodies, we readily found a small number of cells that exhibit high levels of 

cleaved caspase in the developing adPN NB clones (100%, n=3; Fig. 4.3D). 

Mutations in dronc, which encodes the Drosophila initiator caspase, can 

effectively block apoptosis in diverse developmental contexts (Dorstyn et al., 

1999; Chew et al., 2004; Kondo et al, 2006). To rescue the apoptotic cells in the 

adPN lineage, we generated dronc mutant adPN NB clones. Entire adPN NB 

clones labeled with actin-GAL4 (Bloomington stock #4414; Y. Hiromi, 

unpublished) were identified at the wandering larval stage based on their Acj6-

positive progeny beside the larval antennal lobe (Fig. 4.3C,E) as well as their 

neurite trajectories projecting through the inner antennocerebral tract (iACT) to 

the dorsal posterior brain region (Jefferis et al., 2001; Jefferis et al., 2004). 

Intriguingly, dronc mutant adPN NB clones carried many more cells than their 

wild-type controls (102±6.4 in Fig. 4.3E versus 60±7.2 in Fig. 4.3C). About one-
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third of the dronc mutant offspring are negative for Acj6 (Fig. 4.3F). In contrast, 

only the newborn situated around the NBs are negative for Acj6 in wild-type 

adPN clones (Fig. 4.3G). Mutant clones further acquired an ectopic bundle of 

neurites that project ventrally, while the normal bundle turns dorsally into the 

iACT (Fig. 4.3E). Blocking apoptosis apparently rescued the adPN mysterious 

sibs that, in contrast with adPNs, are mostly negative for Acj6 and may acquire a 

different PN fate judging from their ectopic neurite trajectory.

These results indicate that each GMC of the adPN lineage makes an 

adPN and a apoptotic cell, potentially through asymmetric cell division. Before 

adult eclosion, half of the adPN lineage is eliminated by programmed cell death 

(Fig. 4.3H). 

Numb antagonizes Notch to specify PNs in the adPN lineage while Notch 

activity promotes PN fate in the vPN lineage

Numb antagonizes Notch signaling to specify binary cell fates of the sister cells in 

diverse cases of asymmetric cell division (Bardin et al., 2004). If adPN GMCs 

had undergone asymmetric cell division to make progeny with distinct fates, 

knocking out notch or numb would transform adPNs to their apoptotic sibs or vice 

versa. Consistent with these predictions, adPN NB clones that were made 

homozygous for a notch mutation carried twice as many adPNs, which were 

otherwise grossly normal (Fig. 4.4A,B). We also regained typical two-cell clones 

of adPNs in notch mutant mosaic brains (16%, n=100; comparable to the 18% 
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chance of getting NB clones), as opposed to those single-cell-containing GMC 

clones in wild-type mosaic brains (Fig. 4.4C,D). The doubling of cell numbers in 

both NB and GMC clones supports involvement of Notch-dependent binary cell 

fate determination in the derivation of only one mature neuron from each GMC of 

the adPN lineage.

In contrast, comparable induction of mitotic recombination failed to yield 

numb mutant NB clones of adPNs (n=103). In a wild-type brain, bilaterally 

symmetric clusters of Acj6-positive cells exist around the antennal lobes (Fig. 

4.4E). Many Acj6-positive cells in the dorsal cluster are larval adPNs (Komiyama 

et al., 2003; Lai et al., 2008). Notably, unilateral reduction of the Acj6-positive 

dorsal clusters occurred in the numb mutant mosaic brains at a frequency 

(13.3%) comparable to the frequency of adPN NB clones in controls (Fig. 

4.4F,E). This observation suggests that while adPNs double in notch mutant NB 

clones, adPNs are transformed to their apoptotic sibs in numb mutant NB clones. 

To further show that numb mutant adPNs had been transformed to their apoptotic 

sibs and thus vanished, we repeated the mosaic experiment with ts-MARCM to 

locate the wild-type sister clones of those missing numb mutant clones in the 

brains where the dorsal cluster of Acj6-positive cells were largely gone. Clone 

induction in newly hatched larvae consistently led to production of NB clones 

paired with single-cell-containing GMC clones in wild-type mosaic brains (100%, 

n=13; Fig. 4.4G). In contrast, we obtained wild-type GMC clones at a comparable 

frequency but they were unpaired in numb mutant mosaic brains. Furthermore, 
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those unpaired GMC clones are present exclusively in the brain lobes that have 

lost most of the dorsally located Acj6-postive cells (100%, n=22; Fig. 4.4H). 

Taken together, while adPNs double in notch mutant NB clones, adPNs are 

transformed to their apoptotic sibs in numb mutant NB clones. These results 

indicate that suppression of Notch signaling by Numb specifies the PN cell fate in 

the adPN lineage.

Interestingly, opposite results were obtained in the vPN lineage. GAL4-

GH146 labels six vPNs in wild-type vPN NB clones (Fig. 4.5A) (Jefferis et al., 

2001). The GAL4-GH146-positive vPNs were doubled in numb mutant NB 

clones, but disappeared in notch mutant mosaic brains (Fig. 4.5). Loss of vPNs 

upon removing Notch from their precursors was evident when we located vPNs 

with GAL4-MZ699 (Lai et al., 2008), in the absence of tubP-GAL80, in notch 

mutant mosaic brains (Fig. 4.5C,D). These phenotypes suggest that the vPN 

lineage, like the adPN lineage, normally exists as a lone hemilineage. But instead 

of promoting the apoptotic cell fate as in the adPN lineage, Notch signal specifies 

the PN fate in the vPN lineage.

Notch on-or-off specifies non-PNs versus PNs in the lAL lineage

How about Notch/Numb in regulating sibling neuron fates in the more 

heterogeneous lAL lineage? Unlike the adPN or vPN lineage that 

homogeneously consists of PNs with similar trajectories, the lAL lineage yields 

diverse types of neurons, including a subset of GAL4-GH146-positive PNs, 
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atypical PNs, AL local interneurons (LNs), and even non-AL neurons (Lai et al., 

2008). The lAL NB, as in many other lineages, makes specific neuron types at 

specific developmental times (Lai et al., 2008). However, different types of lAL 

progeny, such as AL PNs and LNs, may be co-produced (Lai et al., 2008). Such 

results raise the possibility that distinct lAL neurons are derived in pair through 

asymmetric cell divisions. This possibility is nicely supported by the observation 

that loss of Spdo, a downstream activator of Notch pathway, resulted in twice as 

many GAL4-GH146-positive PNs in the lAL lineage (Fig. 4.6A,C). When the 

entire spdo mutant lAL was labeled by the pan-neuronal driver nSyb-GAL4, the 

number of lAL neurons did not change significantly (Fig. 4.6B,D). All the PN 

trajectories were still observed in the spdo clones labeled by nSyb-GAL4. 

However, most of LNs in the clones were missing as evidenced by that several 

AL regions normally covered by LNs were no longer covered (Fig. 4.6B,D). 

Conversely, no GAL4-GH146-positive lAL PNs could be detected in numb mutant 

lAL clones in more than 100 brains. Instead, the GAL4-GH298- and GAL4-

KL107-labeled LNs (Lai et al., 2008) were largely increased in the numb clones 

(Fig. 4.6E,F). These results suggest that the Notch/Numb-dependent binary cell 

fate determination underlie the co-production of PNs and LNs in the lAL lineage. 

Active Notch pathway specifies the LN fate in one of the sister cell from a lAL 

GMC, while it sibling cell, in which the Notch signal is blocked by Numb, adopts 

the PN fate.
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Lineage- and stage-specific effects of Numb on neuronal precursors

While PNs largely decreased in the numb mutant lAL clones, the number of LNs 

in the clones increased to more than double (Fig. 4.6E,F). Also, when a numb 

lAL clone was labeled by the ubiquitous driver tubp-GAL4, the total cell number in 

the clone increased to multiple folds compared to that in the wild-type clone. The 

over-proliferation phenotype suggested the involvement of Numb in regulating 

other aspects of neurogenesis, potentially through an action in GMCs that 

exclusively inherit Numb proteins during the self-renewal division of NBs (Doe, 

2008; Knoblich, 2008). Two basally located proteins, Brain tumor (Brat) and 

Prospero, as well as the mechanisms that govern segregation of the basal 

complex into GMCs have been shown to confer proper GMC cell fate 

(Betschinger et al., 2006; Lee et al., 2006b). Besides, Numb and Brat are 

essential for the maturation of the transit amplifying neuronal precursors in the 

Posterior Asense-negative (PAN) lineages (Bello et al., 2008; Boone and Doe, 

2008; Bowman et al., 2008). PAN NB clones lacking Numb or Brat yield many 

transit-amplifying precursors that proliferate without maturation and fail to make 

any post-mitotic neuron (Bowman et al., 2008). In contrast, numb mutant lAL 

clones carried numerous differentiated neurons (Fig. 4.6E,F). This possibly 

reflected roles of Numb in regulating typical neurogenesis (Lee et al., 2006a; 

Wang et al., 2006).

To probe such lineage-specific Numb functions in neurogenesis, we 

examined developing NB clones in larval brains, and detected three types of 
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numb mutant NB clones. The clones were induced at the newly hatched larval 

stage, and examined at the mid-3rd instar larval stage when NBs were still 

actively dividing. We obtained comparable numbers of clones between wild-type 

and numb mutant mosaic brains (Fig. 4.7A). However, in contrast with the control 

that consistently exhibits one NB per clone, numb mutant NB clones may carry 

multiple large cells or many more intermediate precursors. We first noticed the 

presence of mutant PAN NB clones that carried numerous immature transit-

amplifying precursors possessing small cell bodies positive for Deadpan and 

negative for Elav (Fig. 4.7C). Close inspection of the less prominent non-PAN NB 

clones further allowed us to reveal numb mutant NB clones with two distinct 

phenotypes. About 50% of the collected non-PAN NB clones, including all numb 

mutant MB NB clones, were grossly normal (Fig. 4.7B,D,E). In contrast, we 

observed multiple Deadpan-positive NBs per clone in the other 50% of the numb 

mutant non-PAN NB clones (Fig. 4.7A,B,F-H). Unlike brat or lgl mutant NB clones 

that are packed with NB-like cells (Betschinger et al., 2006; Lee et al., 2006b), 

the numb mutant multi-NB clones mostly carried two or three NBs and 

consistently made normal-looking GMCs, as well as Elav-positive post-mitotic 

neurons (Fig. 4.7F-H). It appeared that loss of Numb in certain lineages caused 

mild or transient defects in the specification of GMC versus NB. This was 

consistent with a recent publication that mutations in protein phosphatase 2A, a 

Numb regulator, cause mild NB over-proliferation in non-PAN lineages (Wang et 

al., 2009). Having one or two ectopic NBs could nicely explain why numb mutant 
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lAL NB clones can produce two to three fold more neurons with the Notch-on 

sibling cell fates (Fig. 4.6E,F). These observations suggested lineage-dependent 

Notch/Numb functions in the regulation of neural precursor self-renewal as well 

as the specification of sibling cell fates.
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Discussion

In contrast to MB lineages where GMCs divide to make two indistinguishable 

neurons (Lee et al., 1999), the three classical AL neuronal lineages produce 

GMCs that consistently undergo asymmetric cell division and yield daughter cells  

with distinct fates. This mechanism allows doubling of neuron types, as observed 

in the lAL lineage. However, in the adPN and vPN lineages, only one from each 

pair of daughter cells persists to the adult stage. They are both present as lone 

hemilineages. Notably, about 50% of central brain lineages exist as lone 

hemilineages as revealed by clonal analysis with ts-MARCM using a pan-

neuronal driver (Yu et al., 2009). The lone hemilineages has also been 

discovered in the Drosophila ventral ganglion (Truman et al., 2010). Recovery of 

the missing hemilineages in the Drosophila ventral ganglion has implicated that 

the binary fate specification mediated by asymmetric cell division is a mechanism 

for divergent configuration of distinct insect brains (Truman et al., 2010). In sum, 

asymmetric cell division is broadly used in the Drosophila nervous system; 

depending on the lineages, a GMC may divide to make two identical neurons, 

two distinct neurons, or only one mature neuron.

Notch and Numb underlie binary cell fate specification in diverse contexts, 

including the three classical AL PN lineages. Notably, the output of Notch 

signaling is grossly opposite in the adPN versus vPN lineage. Each GMC in both 

lineages makes one PN and one apoptotic cell. Interestingly, active Notch signal 
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specifies the PN fate in the vPN lineage but antagonizes the PN fate in the adPN 

lineage. These lineage-dependent outputs of Notch signaling argue for its 

involvement in modulating cell differentiation, rather than specifying a specific cell 

fate. Lineage origin and the birth-order of neurons have been shown as two 

important factors for determining a final neuron fate (Pearson and Doe, 2004). In 

the neurons inherited Numb from their precursors, lineage origin and birth-order 

are probably the major neuron fate determinants, although extrinsic signals might 

play modulatory roles in some lineages (Chapter II). However, in the neurons 

where the Notch pathway is active, the final fates are determined by the 

integration of lineage origin, birth order, and Notch signal. It has been shown that 

lineage-specific fate determining factors and temporal identity factors that 

mediate the birth-order dependent fate specification do not function in parallel. 

Instead, lineage-specific factors also modulate the process of temporal fate 

specification. For example, in the NB5-6T neuronal lineage in the Drosophila 

embryonic VNC, a single temporal identity factor can specify three sequentially 

generated neuron types by interacting with lineage-specific factors (Baumgardt et 

al., 2007).  Therefore, It is of great interest to know how Notch signal modifies the 

neuronal specification processes dictated by the lineage origin and neuronal birth 

order. The opposite outcome of Notch signal in adPN versus vPN suggests 

Notch-mediated binary fate specification is modulated by lineage-specific factors. 

Studies in the Drosophila embryonic NB7-3 lineage showed that Notch signal 

promotes a neuron fate in the progeny of the first-born GMC, but promotes 
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apoptosis in the progeny of the second-born GMC (Lundell et al., 2003; 

Karcavich and Doe, 2005), suggesting the temporal identity factors can also 

modulate Notch-mediated binary fate specification. On the other hand, Notch-

mediated lateral inhibition helps to specify NBs from the neuroectordem 

(Cabrera, 1990). However, there is no evidence that Notch is involved in the 

process of the temporal identity specification.

Notch/Numb-dependent binary cell fate determination underlies the 

derivation of two lAL hemilineages that both persist into the adult stage. Distinct 

PN types are made along the Notch-off hemilineage, while diverse types of LNs 

are differentiated from Numb-negative daughter cells. As in other neuronal 

lineages, specific neuron types of the lAL lineage are made at specific times of 

development (Lai et al., 2008). However, it needs further investigation to 

determine if specific PN types consistently pair with specific LN types through the 

production of the sister hemilineages.

Besides governing neuronal cell fates following asymmetric cell division of 

GMCs, Numb, together with other basal complex proteins including Brat and 

Prospero, is selectively segregated into GMCs during self-renewal of NBs (Doe, 

2008; Knoblich, 2008). However, in contrast with its essential role for preventing 

the transit-amplifying precursors from tumor-like over-proliferation in PAN 

lineages (Bowman et al., 2008), the function of Numb in restraining the basally 

situated NB offspring from adopting NB fate varies among non-PAN lineages. 

Notably, Numb is required in certain non-PAN neuronal lineages, including the 
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lAL lineage, for preventing production of ectopic NBs (Fig. 4.7). Though Notch is 

dispensable for maintaining the stem cell fate in lAL NBs, it remains likely that 

loss of Numb leads to ectopic Notch signaling which in turn promotes stem cell 

fate in GMCs. The differential requirement of Numb for proper specification of 

GMCs of different origins could be due to lineage-dependent variations in the 

abundance of Notch signaling components. 

Taken together, most neuron types in the Drosophila central brain are 

specified not only according to their lineage origin and birth order, but also 

depending on whether Numb exists to suppress Notch signaling in newly derived 

post-mitotic neurons. In addition, in certain neuronal lineages, Numb plays a 

subtle role in ensuring production of GMCs while NBs undergo self-renewal.
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Materials and Methods

Fly strains

The fly strains used in this study include: (1) acj6-GAL4 (Bourbon et al., 2002); 

(2) nSyb-GAL4 (gift from J. Simpson, Janelia Farm Research Campus, Howard 

Hughes Medical Institute); (3) FRTG13,hs-FLP,tubP-GAL80/CyO,Y; (4) hs-

FLP;FRT40A,UAS-rCD2::RFP,UAS-GFPi; (5) FRT40A,UAS-mCD8::GFP,UAS-

rCD2i;TM3/TM6B; (6) actin-GAL4 (Bloomington stock #4414) ; (7) 

y,w;FRT2A,FRT82B,96Ey+; (8) FRT2A,dronc[ A8]/TM6,Tb (Kondo, 2006); (9) hs-

FLP,UAS-mCD8::GFP;FRT2A,GAL80;OK107; (10) FRT19A,hs-FLP,tubP-

GAL80;Pin/CyO; (11) FRT19A,UAS-mCD8::GFP; (12) FRT19A,UAS-

mCD8::GFP,N[55e11]/FM7C; (13) FRT19A,hs-FLP,tubP-GAL80;Pin/CyO; (14) 

hs-FLP;FRT40A,numb[1]/CyO; (15) y,w;FRT40A/CyO,Y; (16) hs-

FLP;FRT40A,tubP-GAL80/CyO; (17) FRT40A,GAL4-GH146,UAS-mCD8::GFP/

CyO,Y; (18) FRT40A,numb[1],GAL4-GH146,UAS-mCD8::GFP/CyO,Y; (19) 

FRT40A,UAS-mCD8::GFP,UAS-rCD2i,numb[1],GAL4-GH146/CyO; (20) GAL4-

MZ699/TM6B (Ito et al., 1997); (21) hs-FLP/CyO; (22) FRT19A; (23) tubP-GAL4/

TM3; (24) FRT19A,N[55e11],GAL4-NP6115,UAS-mCD8::GFP/FM7C; (25) GAL4-

GH298 (Stocker et al., 1990); (26) GAL4-KL107 (Connolly et al., 1996); (27) 

asense-GAL4 (Zhu et al., 2006); (28) FRT82B,spdo[27]/TM6B.

MARCM clonal analysis
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Larvae with proper genotype were collected within 2 hrs after hatching, heat-

shocked at 37°C for 1 hr to induce clones, and then cultured at 25°C until 

dissection at desired stages. For ts-MARCM experiments, larvae were heat-

shocked at various stages at 37°C for 1 hr. When a widely expressed driver, such 

as asense-GAL4, nSyb-GAL4, actin-GAL4, tubP-GAL4 or tubP-LexA::GAD, was 

used to label MARCM clones, the duration of heat-shock was shortened to 15 

min to reduce unwanted background clones.

Immunohistochemistry and microscopy

Fly brains were dissected in 1X Phosphate buffered saline (PBS), fixed in 1X 

PBS with 4% formaldehyde (Fisher Scientific) at room temperature for 20 min, 

washed by 1X PBS with 0.75% Triton X-100 (0.75% PBT; Fisher Scientific) three 

times for 15 min each, and incubated in 1X PBS with 0.5% goat normal serum 

(Jackson ImmunoResearch) before incubated with primary antibodies at 4  

overnight. Next day, the brains were washed in 0.75% PBT three times for 15 min 

each before incubated with secondary antibodies at 4  overnight. The brains 

were then washed in 0.75% PBT three times for 15 min each and mounted using 

SlowFade gold anti-fade reagent (Invitrogen). The immunofluorescent signals 

were collected by Zeiss LSM confocal microscope and processed using Fiji and 

Adobe Photoshop. Primary antibodies used in this study include rat anti-mCD8 

mAb (1:100; Caltag), rabbit anti-GFP Ab (1:1000; Molecular Probes), mouse anti-

Acj6 mAb (1:100; DSHB), mouse anti-nc82 mAb (1:100; DSHB), mouse anti-Elav 

129



(1:200; DSHB), mouse anti-rCD2 mAb (1:100; Serotec), rat anti-Dpn mAb (1:2; 

(Boone and Doe, 2008)), rabbit anti-pH3 Ab (1:200; Upstate), rabbit anti-Dsred 

Ab (1:500; Clontech), and rabbit anti-cleaved caspase-3 Ab (1:200; Cell 

Signaling). FITC-, Cy3- and Cy5-conjugated secondary antibodies (Jackson 

ImmunoResearch) were used at the dilution of 1:200, 1:400 and 1:400, 

respectively. 
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Figure 4.1. acj6-GAL4 labels the entire post-embryonic adPN lineage.

(A) The principle of dual-expression control MARCM. Loss of GAL80, following 

mitotic recombination, de-represses GAL4 and LexA::GAD such that GAL80-

minus progeny positive for GAL4, LexA::GAD, or both can be differentially 

marked, as shown here in green, magenta, or green plus magenta.

(B-D) A GAL80-minus adPN NB clone co-labeled with tubP-LexA::GAD 

(magenta) and acj6-GAL4 (green). Note, on a single focal plane, the entire clone, 

as revealed by tubP-LexA::GAD, was labeled in full with acj6-GAL4. The adult 

antennal lobe was counterstained with nc82 mAb (blue). Scale bar: 20 µm.
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Figure 4.1. acj6-GAL4 labels the entire post-embryonic adPN lineage.
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Figure 4.2. The adPN NB makes one PN at one time.

(A) The principle of ts-MARCM. Following mitotic recombination, one 

homozygous daughter cell loses repressor 1 (miRNA against rCD2) and 

becomes specifically labeled with reporter 1 (UAS-rCD2::RFP) while the other 

daughter cell loses repressor 2 (miRNA against GFP) and expresses reporter 2 

(UAS-mCD8::GFP). As to clones derived from a self-renewing NB, one can label 

the GMC clone and the remaining lineage in different colors at the same time 

using ts-MARCM.

(B-G) Merged confocal images of adult adPN ts-MARCM clones generated at 

early (B, E), middle (C, F), or late (D, G) larval stages. NB clones of different 

sizes (green) were consistently accompanied by lone adPNs (magenta). Brain 

neuropils were counterstained with nc82 mAb (blue). Scale bar: 20 µm. 
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Figure 4.2. The adPN NB makes one PN at one time.
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Figure 4.3. Each adPN is born with a mysterious sib that dies through 

apoptosis.

(A) Presence of a pH3-positive GMC (blue) in a developing adPN NB clone 

(green). The adPN clone was labeled with actin-GAL4, and the larval brain was 

counterstained with anti-pH3 Ab (blue) and nc82 mAb (magenta). (B-C) adPN NB 

clones (green), induced around larval hatching, carried similar numbers of cells 

between adults (B) and the wandering larval stage (C). (D) Pro-apoptotic cells 

(arrows) were detected by antibody to cleaved caspase-3 Ab (magenta) in a 

larval adPN NB clone (green). (E) Over 100 cells exist in dronc mutant adPN NB 

clones that normally carry about 60 cells (P<0.0005, Student T-test). The mutant 

clones also extend an ectopic bundle of neurites (arrow) that projects downward 

away from the iACT. (F-G) Four different confocal sections of dronc mutant larval 

adPN clones (F) or wild-type (G) were labeled with actin-GAL4 (green), and the 

larval brains were co-stained with anti-Acj6 Ab (magenta). z = how deep each 

confocal section was relative to the positions of the NBs that locate close to the 

brain surface. Compared to wild-type adPN clones where Acj6- cells could only 

be found near the NBs, dronc mutant clones carry many more Acj6- cells that 

distribute through the clones. Acj6- cells are indicated with white dots inside cell 

bodies. (H) A model of adPN neurogenesis. The NB repeatedly generates GMCs 

that make one PN and a mysterious sib through each asymmetric cell division. 
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The mysterious sibs are eliminated during development by apoptosis. Scale bars: 

20 µm.
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Figure 4.3. Each adPN is born with a mysterious sib that dies through 

apoptosis.
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Figure 4.4. Suppression of Notch by Numb promotes the PN fate in the 

adPN lineage.

(A-D) Adult wild-type (A, C) and notch mutant (B, D) adPN NB (A, B) and GMC 

(C, D) clones, generated around larval hatching, were labeled by GAL4-GH146 

(green). Note doubling of the NB cell numbers in the notch clone (88±8.3, n=6, 

compared to wild-type: 46±6.7, n=6; P<0.005, Student T-test) as well as 

appearance of two-cell clones in the absence of Notch (B, D). The antennal lobe 

glomeruli were revealed by counterstained with nc82 mAb (magenta). Scale bar: 

20 µm.

(E-F) Adult brains carrying wild-type (E) or numb mutant (F) adPN clones that 

were generated around larval hatching. Note the asymmetric loss of Acj6-positive 

adPNs in some numb mutant mosaic brains, as indicated by the arrow in [F] 

where a numb adPN NB clone presumably exists in the right brain lobe. The 

dashed circles outline the antennal lobes. Scale bar: 20 µm.

 (G-H) Adult brains carrying wild-type (G) or numb mutant (H) adPN ts-MARCM 

clones that were generated around larval hatching. Note that in wild-type clones, 

magenta single-cell clones were always associated with green NB clones (e.g. 

[G]; 100%, n=13). Acj6 staining labeled adPN neurons asymmetrically on the 

dorsal side of the antennal lobes (outlined by dashed circles). In contrast, the 

green numb mutant NB clones were missing in the brain lobes carrying magenta 

wild-type GMC clones (e.g. [H]; 100%, n=22). The asymmetric loss of Acj6-
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positive adPNs was consistently detected on the same side as those unpaired 

GMC clones. Scale bar: 20 µm.
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Figure 4.4. Suppression of Notch by Numb promotes the PN fate in the 

adPN lineage.
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Figure 4.5. Contrary to the adPN lineage, the vPN lineage requires Notch for 

specification of PNs via asymmetric cell division.

(A-B) Adult wild-type (A) and numb mutant (B) vPN NB clones, generated around 

larval hatching and labeled by GAL4-GH146. Note duplication of vPNs (indicated 

by arrows in [B]; 100% in 8 clones) in the numb mutant clone. Scale bar: 20 µm.

(C-D) Adult brains carrying wild-type (C) or notch mutant (D) vPN clones that 

were generated around larval hatching. The vPN lineages (long arrow: cell body 

region; short arrow: neurite trajectory) were revealed by GAL4-MZ699-dependent 

expression of UAS-mCD8::GFP. Note the unilateral missing of the vPN lineage in 

the notch mutant mosaic brain (D; 12% in 50 brains).
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Figure 4.5. Contrary to the adPN lineage, the vPN lineage requires Notch for 

specification of PNs via asymmetric cell division .
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Figure 4.6. Notch and Numb specify the non-PNs and the PNs respectively 

in the lAL lineage.

(A-D) Adult Wild-type (A,B) and spdo mutant (C,D) clones (green) labeled by 

GAL4-GH146 (A,C) or nSyb-GAL4 (B,D). The brains were counterstained with 

anti-nc82 Ab (magenta). The numbers indicate the average cell count for each 

genotype (number ± STD). Note that in spdo mutant clones, the number of 

GH146-positive PNs is doubled (P<0.0005, Student T-test; A,D). Conversely, LNs 

are largely missing in the spdo clones, evident by several empty regions in the 

AL (indicated by arrowheads in [D]) when the clones were labeled with nSyb-

GAL4 (B,D). The major PN trajectories were not affected by loss of spdo, as 

indicated by arrows in [B] and [D]. Scale bars: 20 µm.

(E-F) Adult numb mutant clones (green) labeled by GAL4-GH298 (E) and GAL4-

KL107 (F) to reveal some subtypes of LNs. The brains were counterstained with 

anti-nc82 Ab (magenta) and anti-Acj6 Ab (cyan). The insects show the cell body 

regions of wild-type clones labeled by the same GAL4s and antibodies. Note the 

cell number was largely increased in both GH298- and KL107-labeled numb 

clones. Scale bar: 20 µm.

143



Figure 4.6. Notch and Numb specify the non-PNs and the PNs respectively 

in the lAL lineage.

144



Figure 4.7. Presence of ectopic NBs in certain numb NB clones.

(A) The average number of wild-type (WT) or numb mutant (numb) NB clones 

that were obtained per brain of the mid-3rd instar larvae, following a 15-min heat 

shock at 37ºC at the newly hatched larval stage.

(B) The percentage of wild-type (WT), numb mutant (numb), or numb mutant 

mushroom body (numb MB) NB clones that contain multiple NBs.

(C) A numb mutant NB clone contains only Dpn-positive precursors without 

mature neurons. The mosaic brain was triply labeled with tubP-GAL4-dependent 

expression of UAS-mCD8::GFP (green), anti-Dpn Ab (magenta), and anti-Elav 

Ab (cyan); the inset is the same image without showing tubP-GAL4 expression.

(D-E) A numb mutant mushroom body clone (D) and a numb mutant non-MB NB 

clone (E) that both carry only one NB per clone, as revealed by presence of only 

one big cell (arrows) in the entire clones marked by tubP-GAL4 (green).

(F-H) Single confocal images of a multi-NB numb mutant NB clone that was 

labeled with tubP-GAL4 to outline the entire clone (green) and immunostained 

with anti-Dpn and anti-Elav Abs to highlight NBs (magenta) and post-mitotic 

neurons (cyan), respectively. Note presence of multiple Dpn-positive big cells 

(arrows) in the clone.
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Figure 4.7. Presence of ectopic NBs in certain numb NB clones.
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CHAPTER V

LINEAGE ANALYSIS OF LATERAL ANTENNAL 

LOBE NEURONS USING TS-MARCM REVEALS 

NOVEL NOTCH FUNCTIONS IN NEURONAL 

DIVERSIFICATION

1) This chapter is unpublished. Likely authors: Suewei Lin and Tzumin Lee.

2) Suewei Lin & Tzumin Lee designed the experiments.

3) Suewei Lin did the experiments.

Introduction

The Drosophila central nervous system consists of complex neuron types that 

are derived from a stereotyped set of neural progenitors called neuroblasts (NBs) 

(Doe, 1992; Urbach and Technau, 2003a). Each NB generates a lineage of 

neurons through multiple rounds of cell divisions. In every division, the NB 
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deposits a ganglion mother cell (GMC) that typically divides once to produce two 

neurons (Lee et al., 1999; Pearson and Doe, 2003). Multiple neuron types can be 

produced in one lineage (Lee et al., 1999; Isshiki et al., 2001; Jefferis et al., 

2001). Previous studies have shown the fate of a neuron is directly linked with its 

birth order within the lineage (Lee et al., 1999; Isshiki et al., 2001; Jefferis et al., 

2001; Yu et al., 2009; Yu et al., 2010). Also, the sister neurons from a GMC often 

acquire different cell fates (Chapter IV; Spana et al., 1995; Lundell et al., 2003; 

Karcavich and Doe, 2005; Das et al., 2010; Lin et al., 2010; Truman et al., 2010). 

Therefore, detailed lineage analysis that uncovers the neuron types and their 

relative positions in the lineage is crucial for studying the molecular mechanisms 

underlying neuronal diversification within a lineage. 

MARCM (Mosaic Analysis with A Repressible Cell Marker) is a positive 

labeling technique (Lee and Luo, 1999), which allows labeling isolated neurons 

with specific lineage and temporal origins, and thus has been an important tool 

for studying the development of Drosophila neuronal lineages (Yu and Lee, 

2007). More importantly, the neurons labeled by MARCM can be made 

homozygous mutant for particular genes in the context of a normally developed 

heterozygous environment (Lee and Luo, 1999). Therefore, MARCM not only 

allows detailed lineage analysis, but also permits study of gene functions in 

regulating neural development. Recently, an advanced version of MARCM called 

twin-spot MARCM (ts-MARCM) was developed (Yu et al., 2009). Unlike MARCM 

that only labels one of the two sister cells derived from a common precursor, ts-
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MARCM labels both sister cells in different colors (Yu et al., 2009). The ts-

MARCM, therefore, provides addition information that original MARCM cannot 

unveil, such as the relationship between the twin neurons from a GMC, or the 

relationship between a pair of twin neurons and the rest of their sibling neurons in 

the same lineage (Yu et al., 2009). With these advantages, ts-MARCM has 

recently been used to resolve the entire anterodorsal projection neuron (adPN) 

lineage up to single cell level (Yu et al., 2010). The adPNs are important relay 

neurons in the olfactory circuit (Brochtrup and Hummel, 2011). Each adPN 

innervates distinct glomeruli of the antennal lobe (AL), where the adPN forms 

synapse with specific types of olfactory receptor neurons (Brochtrup and 

Hummel, 2011). Therefore, besides providing a comprehensive model lineage for 

studying neuronal diversification, the complete collection of single-cell adPN 

morphology established by ts-MARCM is also valuable for future study of 

olfactory processing. 

Lineage analysis in different Drosophila brain lineages has revealed 

interesting developmental complexities. The NBs of mushroom body (MB), the 

Drosophila olfactory learning and memory center (Heisenberg, 2003), 

sequentially produce four types of MB neurons in around 250 rounds of self-

renewal divisions (Lee et al., 1999; Zhu et al., 2003). In each division, a MB GMC 

generates two identical neurons (Lee et al., 1999). By contrast, the NB of the 

adPN lineage, sequentially makes 40 types of adPNs in just 80 rounds of self-

renewal divisions (Yu et al., 2010). In each GMC division, only one adPN is 
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produced; its sibling cell dies immaturely through programmed cell death 

(Chapter IV; Das et al., 2008; Lin et al., 2010; Yu et al., 2010). Such differences 

in the consequence of asymmetric GMC division and the tempo of temporal cell 

fate specification suggest that individual neuronal lineages might use distinct 

strategies to create neuronal diversity. 

Lateral antennal lobe (lAL) lineage is one of the three classical antennal 

lobe projection neuron lineages labeled by GAL4-GH146 (Stocker et al., 1997; 

Jefferis et al., 2001; Wong et al., 2002). Several previous studies suggest that 

besides the GH146-positive PNs, the lAL lineage also contains other neuron 

types, including AL local interneurons (LNs), atypical PNs, and even non-AL PNs 

(Das et al., 2008; Lai et al., 2008; Stocker et al., 1997). But the complete scope 

of the neuronal diversity in the lAL lineage remains to be determined. Earlier 

lineage analysis of the lAL neurons has shown that, like neurons in many other 

lineages (Lee et al., 1999; Isshiki et al., 2001; Jefferis et al., 2001; Karcavich and 

Doe, 2005; Yu et al., 2010), different types of lAL neurons are produced at 

different times during development (Jefferis et al., 2001; Lai et al., 2008). In 

addition to birth-order dependent neuronal temporal identity specification, genetic 

studies have suggested that a PN and a LN are simultaneously derived from a 

lAL GMC through the Notch/Numb-mediated binary fate determination (Chapter 

IV; Lai et al., 2008; Lin et al., 2010). With distinct Notch-on and Notch-off cells 

surviving throughout development, the lAL lineage is unique comparing to the 

adPN and the MB lineages. Detailed lineage analysis of the lAL lineage provides 
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an opportunity to study how the final neural fates are shaped by the integration of 

birth-order information and binary fate specification. 

Besides mediating binary cell fate specification, Notch pathway is involved 

in many biological processes, such as embryogenesis, tissue pattern formation, 

lateral inhibition, and stem cell maintenance (Hartenstein and Posakony, 1990; 

Cau and Blader, 2009; Artavanis-Tsakonas and Muskavitch, 2010; Pierfelice et 

al., 2011). Notch is a transmembrane receptor; upon binding to its ligand Delta, 

the Notch intracellular domain (NICD) is cleaved by -secretase, which then 

forms a protein complex with Suppressor of Hairless (Su(H)) and Mastermind 

(Mam) to turn on downstream genes in the nucleus (Artavanis-Tsakonas and 

Muskavitch, 2010). Notch pathway is negatively regulated by Numb (Guo et al., 

1996; Spana and Doe, 1996). During binary cell fate determination, Numb is 

segregated asymmetrically to repress the Notch activity in one of the two 

daughter cells (Rhyu et al., 1994; Guo et al., 1996; Spana and Doe, 1996). The 

differential Notch signal thus makes the two cells to adopt different fates (Guo et 

al., 1996; Spana and Doe, 1996). Sanpodo (Spdo), on the other hand, has been 

shown as a positive regulator of the Notch pathway (Skeath and Doe, 1998). 

Interestingly, Spdo is only essential for activating Notch during binary cell fate 

specification, but is dispensable in some other Notch-mediated biological events, 

such as lateral inhibition (Skeath and Doe, 1998). Although Notch has been 

studied for more than thirty years, its novel functions continue to be discovered. 

For instance, Notch has been demonstrated to promote axonal growth through 
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an Su(H)-independent non-canonical pathway (Giniger, 1998; Crowner et al., 

2003; Le Gall et al., 2008). In the Drosophila optic lobe, Notch was recently 

discovered to control the switch from symmetric to asymmetric NB division 

(Egger et al., 2010). Even more striking is the finding that Notch pathway has 

been shown to regulate sleep homeostasis, learning and memory, and neural 

plasticity in the mature brain (Lieber et al., 2011; Seugnet et al., 2011).

In this chapter, I applied detailed lineage analysis to the lAL lineage using 

ts-MARCM. I first confirmed that a LN and a PN are born as a pair during most of 

the lineage development. In the final day of the lineage development, however, 

only PNs are produced in each division with their siblings likely eliminated by 

programmed cell death. Forty-four types of PN and four classes of LN with 

multiple subtypes were identified. Besides having the olfactory PNs whose 

dendrites innervate the antennal lobes and axons project to other brain regions, 

the lAL lineage also contains at least 16 types of antennal mechanosensory and 

motor center (AMMC) PNs and three types of suboesophageal ganglion (SOG) 

PNs involving in the auditory and the gustatory neural circuit, respectively. The 

different types of PNs and LNs are produced in an invariant order; however, 

although PNs and LNs are born in pairs, their temporal identities are often 

switched independently. The differential temporal identity switches between PNs 

and LNs are likely mediated by the Notch pathway, given that in the spdo mutant 

lAL clones the number of PNs was perfectly doubled. Moreover, we uncovered a 

novel Notch function for regulating the PN temporal identities. 
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Results

The lAL PN and LN pairs were unveiled by ts-MARCM

The lAL lineage is a complex lineage, consisting of around 200 neurons (Lai et 

al., 2008). When the entire lineage was labeled by conventional MARCM using a 

pan-neural nSyb-GAL4, we observed dense neurite innervation in the antennal 

lobe (AL), and antennal mechanosensory and motor center (AMMC) (Fig. 5.1A). 

We also observed multiple axonal bundles projecting to inferior ventrolateral 

protocerebrum (IVLP), lateral horn (LH), superior medial protocerebrum (SMP), 

and some other brain regions (Fig. 5.1A). To reveal the single-cell morphology of 

the lAL neurons and their birth order, we performed detailed lineage analysis 

using ts-MARCM with nSyb-GAL4. The 0-2hr-old larvae were collected and 

applied heat-shock to induce two-cell twin-spot clones at different developmental 

times with 2-4hr intervals. We identified lAL clones based on their cell body 

position and neurite projections. The lAL neurons should locate on the lateral AL 

region, and the PNs should have axonal projections that match the axonal 

pattern of the entire lAL clone (Fig. 5.1A), while the LNs should locally innervate 

the AL. Through such detailed lineage analysis, we found that a LN and a PN 

labeled by different colors were mostly born in pairs (Fig. 5.1B). This is consistent 

with our earlier hypothesis that the lAL lineage consists of a PN hemilineage and 

a LN hemilineage (Chapter IV; Lai et al., 2008; Lin et al., 2010).
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The lAL PNs contribute in olfactory, auditory, and gustatory neural circuits

The lAL PNs identified using ts-MARCM can be categorized into five classes 

based on their morphology: monoglomerulus PN (mPN), unilateral PN (unPN), 

bilateral PN (biPN), AMMC PN, and suboesophageal ganglion (SOG) PN (Fig. 

5.2). 14 types of the mPNs were identified in this analysis (each type was 

observed more than three times in the analysis; Fig. 5.2). The dendrites of each 

mPN innervated a single glomerulus in the AL; the axons of the mPNs project to 

the mushroom body (MB) calyx and LH through inner or outer antennocerebral 

tract (iACT or oACT; Fig. 5.1A). 12 types of the mPNs that innervate VA4, VC2, 

VC1, DM1, DM2, VA5, VA7m, DA1, DL3, VM1, DA2, and DM5 glomerulus have 

been identified using GAL4-GH146 in previous studies (Fig. 5.2; Jefferis et al., 

2001; Wong et al., 2002). These mPNs have been suggested as part of the 

primary relay neurons for mediating odor information sent from the olfactory 

receptor neurons (ORNs) residing in the antennae (Stocker, 1994; Couto et al., 

2005). Besides the 12 types of GAL4-GH146-positive mPNs, we identified two 

additional putative mPNs, mPN-1 and mPN-2, innervating discrete regions in the 

AL (Fig. 5.2). The regions targeted by these two PNs are located at the posterior 

part of AL, where no clear structures were labeled by nc82 Ab. Unlike the GAL4-

GH146-positive mPNs whose axons project through iACT to the MB and LH, the 

mPN-1 and mPN-2 project their axons through oACT to different brain regions 

(Fig. 5.2). The mPN-1 axon projects to MB and posteriorlateral protocerebrum 

(PLP), and the mPN-2 axon projects to PLP and IVLP (Figs. 5.2; 5.3). The 
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posterior part of AL harbors the VP1-VP3 glomeruli innervated by the afferents 

from the arista (Stocker et al., 1983). Recently, temperature-sensing neurons in 

the arista were identified (Gallio et al., 2011). These neurons target their axons to 

specific regions in the posterior AL (Gallio et al., 2011). It is of great interest to 

determine whether the two putative mPNs are the downstream neurons in the 

temperature sensing circuits. 

Five types of unPNs and six types of biPNs were identified to innervate 

larger areas across multiple glomeruli in the AL (each type was observed more 

than three times in the analysis; Fig. 5.2). The dendrites of the unPNs only 

innervate the ipsilateral AL, whereas the dendrites of the biPNs innervate both 

the ipsilateral and the contralateral AL. While most of the biPNs have 

symmetrical dendritic arborization in the two ALs, biPN-1 and biPN-2 have much 

more dense dendritic arborization in the ipsilateral AL (Fig. 5.2). The axons of the 

unPNs and the biPNs mostly project to PLP and/or IVLP, except for biPN-1 that 

also innervates SMP (Figs. 5.2; 5.3).

In addition to the neurons that innervate the AL, we also identified 16 

types of AMMC neurons and three types of SOG neurons (each type was 

observed more than three times in the analysis; Fig. 5.2). The SOG neurons are 

a minority in the lAL lineage, and their axons mostly target the brain regions the 

are not innervated by other lAL neurons. The three SOG neurons all have 

dendrite-like innervation in the SOG (Fig. 5.2). The SOG-1 PN projects its axon 

to PLP (Figs. 5.2, 5.3). The SOG-2 PN projects its axon to both contralateral and 
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ipsilateral capello (CAP) surrounding the MB peduncles (Figs. 5.2, 5.3). The 

SOG-3 projects its axon to ipsilateral CAP and inferior bridge (IB) close to the 

midline (Figs. 5.2, 5.3). Besides SOG, the dendrites of the SOG-3 PN also 

arborizes in the cuirass (CUI), which is posterior to the AL (Figs. 5.2, 5.3).

Among the AMMC neurons, AMMC-1 to 11 have dendrites elaborating in 

various regions of the AMMC, and axons projecting only to the contralateral 

IVLP (AMMC-9 to 11) or both ipsilateral and contralateral IVLPs (AMMC-1 to 8) 

(Fig. 5.2). Such morphology implicates that these neurons receive information 

from AMMC and send it to IVLP for further processing. By contrast, AMMC-14 to 

16 have dendrite-like arborization in IVLP and axon-like innervations in the 

AMMC (Fig. 5.2), and therefore are likely to relay feedback signals from the IVLP 

back to the AMMC. The AMMC-12 and AMMC-13 also have dendritic arborization 

in the AMMC, but their axons instead of targeting IVLP, innervate both ipsilateral 

and contralateral sides of the AMMC (AMMC-12) or only the contralateral side of 

the AMMC (AMMC-13) (Fig. 5.2). These two neurons therefore can be 

considered as the AMMC intrinsic neurons. The AMMC receives neural inputs 

from the Johnston’s organ (JO), the primary hearing and gravity-sensing organ of 

the fly (Kamikouchi et al., 2006; Kamikouchi et al., 2009). The sound- and 

gravity-sensing neurons in JO project axons into different zones of the AMMC 

(Kamikouchi et al., 2009). The AMMC neurons we identified in this study primarily 

elaborated their dendrites in the more superficial regions of the AMMC, the 

regions where the sound-sensing neurons innervate (Kamikouchi et al., 2009). 
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Therefore, the AMMC neurons produced in the lAL lineage are likely the 

secondary neurons in the auditory neural circuit. The diverse but stereotyped 

dendritic patterns of the AMMC neurons reveal the complexity of the auditory 

processing in the fly brain.

In summary, the lAL neurons mainly contribute in the olfactory (green in 

Fig. 5.3) and the auditory (blue in Fig. 5.3) neural circuits. Three types of lAL 

neurons and also involved in the gustatory neural circuit (gray in Fig. 5.3).The 

olfactory and auditory circuits converge on the IVLP, making it a potential 

integration site for the olfactory and the auditory inputs (Fig. 5.3). Moreover, 

besides the classical GAL4-GH146-positive mPNs that project their axons to MB 

and LH, we identified many additional types of olfactory PNs projecting the axons 

to the PLP. Therefore the PLP might be another odor information processing 

center in the fly brain (Fig. 5.3).

The PN and LN pairs are born in a specific order

Because ts-MARCM labels the progeny of the cells that are dividing when 

heat shock is applied, ts-MARCM not only reveals the single-cell morphology of 

the lAL neurons, but also their birthdate (Yu et al., 2009). Earlier lineage studies 

focused on subtype lAL neurons and showed different neurons are born at 

specific times during development (Jefferis et al., 2001; Lai et al., 2008; Das et 

al., 2010). Here we expanded the birth-dating to all the lAL neurons using ts-

MARCM with nSyb-GAL4. We found that the lAL twin-cell clones induced at 
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different developmental times labeled different types of PNs (Figs. 5.1B, 5.4). 

The only exceptions were DA1 and DL3 mPNs; they were produced in two 

separate windows (Fig. 5.4). Two different dendritic innervation patterns have 

been reported for DA1 mPNs: one that occupies the entire DA1 glomerulus, and 

the other that occupies only partial DA1 glomerulus (Marin et al., 2002). The 

axonal morphology between the DA1 mPNs with different dendritic morphology is  

indistinguishable (Marin et al., 2002). We found that the DA1 mPNs born in either 

of the two windows have both dendritic innervation patterns (data not shown). 

Thus, the two dendritic innervation patterns might be due to individual variations, 

and there is only one type of the DA1 mPN. Interestingly, although both DA1 and 

DL3 mPNs born in the first window were indistinguishable from those born in the 

second window, the mPNs born in the two different windows were associated 

with different types of LNs, and therefore can be considered as different pairs 

(Fig. 5.4). These observations, consistent with earlier studies (Jefferis et al., 

2001; Lai et al., 2008; Das et al., 2010), suggests that different types of the lAL 

neurons are not randomly specified, but instead are specified based on their birth 

order. Such neuronal temporal identity specification has been observed in many 

Drosophila neuronal lineages (Lee et al., 1999; Isshiki et al., 2001; Jefferis et al., 

2001; Karcavich and Doe, 2005; Yu et al., 2010), and therefore is a fundamental 

mechanism for generating neuronal diversity in the fly.

When the lAL ts-MARCM clones were arranged according to their birth 

dates, we found that the lAL NB produced PN/LN pairs exclusively in the early 
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large part of the lineage, but produced lone PNs at the final day of the lineage 

development (Figs. 5.4, 5.5). Because ts-MARCM only labels dividing cells, the 

labeling of the lone PNs suggests that they are not directly differentiated from the 

GMCs as are the Ap neurons in the embryonic NB5-6T lineages (Baumgardt et 

al., 2009). Instead, the lone PNs are likely generated with siblings that die 

through apoptosis before the brain matures, similar to what we observed in the 

adPN and vPN lineages (Chapter IV). The lAL PN hemilineage, therefore, is 

slightly longer than the lAL LN hemilineage.

Compared to the PN types that each has apparently different axonal or 

dendritic arborization, the LN types are less distinctive (Fig. 5.5). We identified 

four obvious classes of the lAL LNs: pan-antennal-lobe (pan), lavish, patchy, and 

sparse (Fig. 5.6A-D). The pan LNs densely innervate all the glomeruli in the AL; 

the lavish LNs densely innervate all but some glomeruli; the patchy LNs densely 

innervate multiple glomeruli in a patchy pattern; the sparse LNs sparsely 

innervate a few glomeruli (Fig. 5.6A-D). The four LN classes were generated 

roughly in the order of pan/lavish patchy sparse, with only two exceptions of 

the lavish LNs born in between patchy and sparse LNs (Figs. 5.5, 5.7). By 

contrast, the PN types were produced in a more random fashion. The 12 types of 

GH146-positive mPNs, for instance, were generated widely spread across the 

entire lAL lineage (Figure 5.5). The orderly production of the LNs and the random 

production of the PNs might suggest different strategies of temporal identity 

specification in the lAL LN and lAL PN hemilineages.
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To further classify the LNs, we analyzed their glomerular innervation 

patterns in the AL. Although their innervation patterns are highly plastic, the LNs 

associated with a same type of PN (thus born at the same developmental time) 

tended to innervate or avoid the same set of glomeruli (Fig. 5.7). By such 

analysis, the lavish LNs and the sparse LNs can be subdivided into multiple 

types (Fig. 5.6E). However, we cannot rule out the possibility that these types 

can be further divided into subtypes if more detailed analysis is applied. The 

preferred glomerular innervation patterns for each lavish and sparse LN type 

might indicate the regional computation of odor information in the AL. The 

glomeruli innervation pattern of the patchy LNs, by contrast, is almost random 

(therefore the average glomeruli innervation pattern showed that almost every 

glomerulus is lightly innervated; pink columns in Fig. 5.7). Every individual patchy 

LN has its own pattern, although they are born in a narrow window and only 

paired with three PN types (pink columns in Fig. 5.7). The random innervation 

patterns of the patchy LNs has been proposed by Chou and her colleagues to tile 

the entire AL (Chou et al., 2010), and might function as a group to regulate 

neuronal activity across the entire AL in response to odors.

The temporal identity changes in the PN and LN hemilineages are 

independent

Although the PNs and LNs are co-produced in the lAL lineage, their temporal 

identity changes are not always synchronized. Because multiple sequentially 
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generated PN types are often paired with a single LN type, the temporal identity 

changes on the LN side seem to be slower than on the PN side (A region in Fig. 

5.7). Because the LN types are more difficult to classify, it remains possible that 

some LNs that have a similar AL innervation pattern belong to different types. 

However, there were developmental periods when we also observed the 

temporal identity changes on the PN side but not on the LN side (B region in Fig. 

5.7). The PNs have simpler morphology and are easier to classify. Also, many 

mPNs that innervate the same AL regions not only have the same morphology, 

but also have identical electrophysiological property (Wilson et al., 2004; Datta et 

al., 2008), and therefore are generally considered as the same neuron type. 

Thus, the observation that the same type PNs can be associated with different 

types of LNs strongly argues the independent temporal identity switches between 

the PNs and the LNs.

The differential regulation of the temporal identity changes are most 

obvious at 48 to 65 hrs ALH (Fig. 5.8). During this period, four different lAL 

neuron pairs with three PN types and two LN types are sequentially produced 

(Fig. 5.8). The first pair is a DA1 mPN and a lavish type LN. Slightly later, the lAL 

NB continues to produce the DA1 mPN on the PN side but switches to produce 

the patchy type LN on the LN side (Fig. 5.8). It is morphologically 

indistinguishable in both dendritic and axonal arborizations between the DA1 

mPNs associated with the lavish LNs and the patchy LNs. (Fig. 5.8A-A’’,B-B”). 

Later, the patchy LNs are continuously produced, while the PNs go through two 
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temporal identity changes from the DA1 to the DL3 to the AMMC-1 PNs (Fig. 

5.8C-C”,D-D’). Furthermore, when the DA1 and the DL3 PNs are generated 

again at later larval stages, they are paired with the sparse type LNs (Fig. 5.8E-

E”,F-F”). The duplication of temporal identities on the PN side but not the LN side 

strongly supports the idea that the temporal identities of the twin LN and PN 

produced by a GMC can be independently regulated (Fig. 5.8G).

The differential regulation of the temporal identities in PNs and LNs was 

not only observed on the morphological level, but also on the molecular level. 

The temporal identity gene chinmo, which is originally identified as a key player 

in regulating the temporal identity of the MB neurons (Zhu et al., 2006), has 

recently been shown to also function in the lAL lineage (Kao et al., submitted). 

Specifically, when chinmo activity was removed from a postmitotic cell that 

normally should differentiate into VC2 mPN, the cell adopted the later-born VA5 

mPN temporal fate instead (Fig. 5.9A; Kao et al., submitted). To test whether 

chinmo also affects the LN temporal identities, we used ts-MARCM to create lAL 

twin-cell clones with a wild-type neuron labeled by red fluorescent protein (RFP) 

and a chinmo homozygous neuron labeled by green fluorescent protein (GFP) 

(Fig. 5.9B). In clones where both sister cells were wild-type, the VC2 mPN was 

always paired with a LN that has exuberant neurite arborization in the AL (Fig. 

5.9C). When the LN was homozygous for chinmo, however, it showed more 

restricted neurite arborization, looked more like the later-born LN normally paired 

with VC1 mPN (Fig. 5.9D,E). The transformed LN did not resemble the LN that 
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was normally paired with VA5 mPN (Fig. 5.9F), although the chinmo mutant VC2 

mPN has been shown to adopt the VA5 mPN fate. The uncoupled temporal 

identity transformation between VC2 mPN and its LN sibling in the chinmo 

mutant background provides a molecular evidence for the differential temporal 

identity specification between the two lAL hemilineages.

The independent temporal identity changes in the PN and LN hemilineages 

might result from differential interpretation of a single temporal identity 

code

There are two possible mechanisms that can result in the independent temporal 

identity changes in the PN and LN hemilineages. The first possibility is that there 

are two sets of temporal identity codes in the GMC; when the GMC divides, the 

two sets of temporal identity code are differentially segregated into the PN and 

LN, leading to different temporal identity specification programs in the two 

neurons. Alternatively, there is only one set of temporal identity code, but the PN 

and LN respond to, or interpret, the same code differently, and therefore show 

unsynchronized temporal identity changes. To test these possibilities, we blocked 

the Notch pathway in the lAL lineage by creating spdo mutant clones. In such 

clones, most of the LNs were transformed to the PNs as evidenced by that many 

regions in the AL normally innervated by the LNs were no longer covered, while 

the total neuron number and the main PN bundles were unaffected (Fig. 

5.10A,C). More important, in the spdo mutant clones, the cell number of the 
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mPNs labeled by GAL4-GH146 was almost exactly doubled (Fig. 5.10B,D; P < 

0.0005, Student T-test). We reason that such perfect duplication is nearly 

impossible if there are two independent sets of temporal code, because in such 

case the transformed hemilineage should still be regulated by the LN temporal 

code and hence was unlikely to have the same number of the GAL4-GH146-

positive mPNs. We therefore conclude that the independent temporal identity 

regulation in the two lAL hemilineages results from the Notch-dependent 

differential interpretation of a same temporal code.

Notch promotes the AMMC PN fates through a spdo-independent pathway

Although Spdo is a downstream activator of the Notch pathway (Skeath and Doe, 

1998), the spdo and notch mutant lAL clones showed different phenotypes (Fig. 

5.10C,E). The LNs were lacking in both spdo and notch clones, evident by the 

empty areas in the AL that are normally covered by the LNs (Fig. 5.10C,E). 

However, compared to the spdo clone, where all the major PN bundles were 

normal (Fig. 5.10C), the notch lAL clone was apparently missing the AMMC PNs 

(Fig. 5.10E). Given that the total cell number in the notch clone was not different 

from that in the wild-type clone (Fig. 5.10A,E), the missing AMMC PNs must be 

transformed to other PNs, such as the mPNs, whose axonal projections were the 

most prominent in the clone (as indicated by the arrow in Fig. 5.10E). Indeed, the 

number of GAL4-GH146-positive mPNs in the notch clone was similar to the total 

neuron number (Fig. 5.10B,F), suggesting that most of the AMMC PNs were 
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transformed to the GAL4-GH146-positive mPNs. To further verify this idea, we 

checked when the additional GAL4-GH146-positive mPNs were produced in the 

notch lAL clone. In the wild-type fly, the AMMC neurons were only generated 

after 48 hrs ALH (Figs. 5.4, 5.11A). We fed the larvae harboring GAL4-GH146 

labeled wild-type or notch clones 100 µg/ml EdU, a nucleoside analog of 

thymidine that labels proliferating cells, for one day at 0-24, 24-48, or 48-72 hrs 

ALH. For larvae fed EdU at 24-48 hrs ALH, the number of EdU-positive neurons 

in the notch clones was doubled compared to that in the wild-type clones (Fig. 

5.11B). This is easily explained by the transformation of the LNs to the PNs in the 

notch clones. However, when the larvae were fed EdU at 48-72 hrs ALH, during 

which the AMMC neurons are produced, the notch clones contained four times 

more EdU-positive cells than did the wild-type clones (Fig. 5.11B). The increase 

was not due to the acceleration of NB proliferation, because the number of the 

EdU-positive cells on the lateral side of the AL was comparable between the 

hemisphere harboring the notch clone and that without in a same brain. The 

fourfold increase cannot be simply explained by the LN-to-PN transformation, 

and because only mPNs and AMMC neurons are produced during 48-72 hrs ALH 

(Fig. 5.4), the only source for the additional GAL4-GH146-positive mPNs are the 

AMMC neurons. Therefore, in addition to its role in binary cell fate determination, 

Notch also functions to diversify the PN temporal identity through a Spdo-

independent pathway.
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Discussion

To elucidate neuronal diversity in the lAL lineage, and to establish a lineage map 

for the future study of the lAL lineage development, we performed a detailed 

lineage analysis for the lAL lineage using ts-MARCM. We identified 44 PN types 

and four classes of LN with multiple subtypes that were both generated in 

specific birth orders. A PN and a LN are mostly co-produced from a common 

GMC; however at later parts of the lineage, only PNs survive to adult.  The PN 

vs. LN binary fates are determined by differential Notch signal, as demonstrated 

in Chapter IV. Here, we further show that Notch pathway has two additional 

functions in diversifying the lAL neurons. First, the differential Notch signal in the 

PNs and LNs determined how their temporal identities are differentially specified 

by a common set of temporal code. Second, Notch pathway is required for the 

specification of AMMC PN.

Previous studies suggest that the lAL lineage contains both projection 

neurons and local interneurons, two different classes of neurons with distinct 

morphology and functions (Das et al., 2008; Lai et al., 2008; Stocker et al., 1997). 

Indirect genetic experiments have suggested that the PNs and LNs are 

simultaneously produced and their binary fates are specified by Notch pathway 

(Chapter IV; Lai et al., 2008; Das et al., 2010; Lin et al., 2010). In this chapter, 

using ts-MARCM and a pan-neuronal driver nSyb-GAL4, we provided direct 

evidence that a lAL GMC concurrently produced one PN and one LN. The co-
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production of two distinct types of neurons is a unique feature compared to what 

have been observed in the MB and adPN lineages, the only two other brain 

lineages in which the detailed lineage analysis has been done (Lee et al., 1999; 

Jefferis et al., 2001; Yu et al., 2010). In the MB lineage, a GMC always produces 

two neurons with indistinguishable morphology, whereas in the adPN lineage, a 

GMC produces one neurons and one apoptotic cell that disappears before 

adulthood (Chapter IV; Lee et al., 1999; Lin et al., 2010; Yu et al., 2010). The one 

neuron and one apoptotic cell mode of neurogenesis was also observed in the 

end of the lAL lineage, although more evidence is needed to confirm the 

disappearing cells are really eliminated by programmed cell death.

Like in other neuronal lineages, the different neuron types in the lAL 

lineage were born in an invariant order. Such observation was consistent with the 

notion that birth-order-dependent temporal identity specification is a general 

mechanism used in the fly nervous system to increase neuronal diversity. LNs in 

the AL modulate the activity of the ORNs and PNs that form synapses in the AL, 

and therefore are important for processing olfactory information (Stocker, 1994; 

Wilson et al., 2004; Kazama and Wilson, 2008; Huang et al., 2010; Yaksi and 

Wilson, 2010). Recent studies have unveiled the diversity of the AL LNs (Shang 

et al., 2007; Tanaka et al., 2009; Chou et al., 2010; Seki et al., 2010). Although 

majority of the AL LNs are GABAergic, some LNs are also identified as 

cholinergic, dopaminergic, or glutamatergic (Wilson and Laurent, 2005; Shang et 

al., 2007; Tanaka et al., 2009; Chou et al., 2010). More importantly, the LNs are 
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morphologically diverse, and can be classified into subtypes based on their 

dendritic innervations in the AL (Lai et al., 2008; Okada et al., 2009; Tanaka et al., 

2009; Chou et al., 2010; Seki et al., 2010). The LNs with different morphological 

features also exhibits different electrophysiological properties and thus might play 

different roles in odor coding (Tanaka et al., 2009; Chou et al., 2010; Seki et al., 

2010). In this study, we further showed that the LNs with different AL glomerular 

innervation patterns are born in a stereotyped order, suggesting the main frame 

of the LN network in the AL is genetically predetermined.

Although the lAL LNs and PNs are co-produced by common GMCs, we 

often observed independent temporal identity changes between the LNs and the 

PNs. Moreover, the temporal identity transformation in the LNs and the PNs was 

not synchronized in the chinmo loss-of-function background. Thus, the temporal 

identities on the PN and the LN side are differentially regulated. This is sensible, 

given that the LNs and PNs have completely different functions in the nervous 

system and there is no obvious reason they need to have same number of types. 

Without notch, the number of GAL4-GH146-positive mPNs was perfectly 

doubled, suggesting that loss of notch not only transformed the LNs to the PNs, 

but also made the transformed PNs follow the temporal identity changes of the 

normal PNs. However, more GAL4 lines labeling other subtypes of the PNs are 

needed to verify this model. Temporal identity specification in the Drosophila 

embryonic ventral nerve cord (VNC) has been shown to be regulated by a set of 

transcription factors sequentially expressed in the NBs (Isshiki et al., 2001). The 
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temporal code represented by those transcription factors in the precursors dictate 

the temporal identity changes of their progeny (Isshiki et al., 2001). In Drosophila 

embryonic NB5-6T lineage, one transcription factors has been shown to specify 

multiple temporal identities by activating a set of feed-forward transcriptional 

cascades involving some lineage-specific factors (Baumgardt et al., 2009). 

Therefore, the temporal identity changes are regulated by the integration of the 

temporal code in the precursor and the lineage-specific factors. Our finding puts 

an additional component into the temporal identity regulatory machinery by 

showing that Notch pathway modulates temporal identity changes by making two 

lAL neurons from a common GMC differentially respond to a same temporal 

code.

Notch plays important roles in many developmental processes 

(Hartenstein and Posakony, 1990; Cau and Blader, 2009; Artavanis-Tsakonas 

and Muskavitch, 2010; Pierfelice et al., 2011). The basic components in the 

Notch pathway include the transmembrane receptor Notch, the positive 

regulators -secretase, Spdo, Su(H), and Mam (Artavanis-Tsakonas and 

Muskavitch, 2010). However, not all the components are required in every 

developmental process involving Notch. For example, Notch has been shown to 

regulate axonal guidance in a Su(H)-independent manner (Crowner et al., 2003), 

and Spdo is required for Notch’s function in the binary cell fate determination but 

not in the lateral inhibition (Skeath and Doe, 1998). In this and previous chapters, 

we showed that Notch regulated the LN or PN binary fates in the lAL lineage 
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through a Spdo-dependent pathway. Here, we further demonstrated that Notch 

played an additional role in the lAL lineage to promote the AMMC PN temporal 

fates in a Spdo-independent fashion. The later function still required Su(H) since 

the Su(H) mutant clones showed the same phenotype as the Notch mutant 

clones (data not shown). Because Notch activity in the lAL PNs was blocked by 

Numb to prevent the LN fates, Notch might regulate the temporal identity of the 

AMMC PNs in the precursors as part of the temporal code. The role of Notch in 

regulating temporal identity has been suggested in the vertebrate. During the 

development of the vertebrate nervous system, the neural progenitors initially 

only generate neurons but later become gliogenic and only produce glia cells 

(Miller and Gauthier, 2007). It has been shown that the expression of the Notch 

ligand Delta Like 1 (DLL) in the early-born neurons and intermediate precursors 

activate the Notch pathway in the neural progenitors to promote the transition 

from neurogenesis to gliogenesis (Namihira et al., 2009). Our observation that 

later-born AMMC neural fates require Notch activity resonates with the 

gliogenesis in the vertebrate, and suggests that regulating temporal identity might 

be a general function of the Notch pathway.
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Materials and Methods

Fly strains

The fly strains used in this study include: (1) GAL4-GH146 (Stocker et al., 1997); 

(2) FRT19A,notch[55e11],UAS-mCD8::GFP; (3) hs-FLP[1];FRT40A,UAS-

rCD2::RFP,UAS-GFPi; (4) FRT40A,UAS-mCD8::GFP;nSyb-GAL4(2-1); (5) 

FRT82B,spdo[27]/TM6B; (6) FRT19A,hs-FLP[122],tubp-GAL80;GAL4-GH146; 

(7) FRT19A,hs-FLP[1];nSyb-GAL4. (nSyb-GAL4 is a gift from J. Simpson, Janelia 

Farm Research Campus, Howard Hughes Medical Institute) (8) hs-FLP[1];GAL4-

GH146;FRT82B,tubp-GAL80. (9) hs-FLP[1];FRT82B,UAS-rCD2::RFP-UAS-

GFPi. (10) FRT82B,spdo[27],UAS-mCD8::GFP-UAS-rCD2i. 

MARCM and ts-MARCM clonal analysis

0-2hr-old larvae with proper genotype were collected and put into vials (80 

larvae/vial) containing standard fly food. The larvae were raised at 25°C until 

desired stages. To induce clones, the larvae were heat-shocked at 37°C for 

15-40 min. After heat shock, the larvae were put back to 25  until dissection at 

desired stages. For the detailed lineage analysis of the lAL neurons, because 

background olfactory receptor neuron (ORN) clones often interfered with the lAL 

clones in the antennal lobe, we removed antennae one day after adult eclosion, 

and wait for three days for the ORN axons to degenerate before brain dissection. 
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EdU incorporation assay

0-2hr-old larvae with the genotype of FRT19A,notch[1],UAS-mCD8::GFP/hs-FLP

[122],FRT19A,tubp-GAL80;GAL4-GH146,UAS-mCD8::GFP/CyO or 

FRT19A,UAS-mCD8::GFP/hs-FLP[122],FRT19A,tubp-GAL80;GAL4-

GH146,UAS-mCD8::GFP/CyO were heat-shocked at 37  for 1 hr to induce 

MARCM clones. To feed the larvae EdU at 0-24 hrs ALH, the larvae were 

transferred into vials (100 larvae/vial) containing standard fly food with 100µg/ml 

EdU (Invitrogen) for 24 hrs at 25 , and then transferred into vials (100 larvae/

vial) with standard fly food only until adult. To feed the larvae EdU at 24-48 hrs or 

48-72 hrs ALH, the larvae, after heat-shock, were transferred into vials (100 

larvae/vial) containing standard fly food for 24 hrs or 48 hrs at 25 . The larvae 

were then transferred into vials (100 larvae/vial) containing standard fly food with 

100µg/ml EdU for 24 hrs at 25 . After the EdU feeding, the larvae were 

transferred back to the vials with standard fly food and raised at 25  until adult 

eclosion. The adult brains were dissected in 1X Phosphate buffered saline (PBS) 

and stained for EdU using Click-iT EdU Alexa Fluor 555 Imaging Kit (Invitrogen). 

After the EdU staining, the brains were washed three times by 1X PBS with 

0.75% Triton X-100 (0.75% PBT; Fisher Scientific) for 15 min each. The brains 

were then incubated with rabbit anti-GFP Ab (1:1000; invitrogen) and mouse anti-

nc82 Ab (1:50; DSHB) at 4  overnight. Next day, the brains were washed with 

0.75% PBT three time for 15 min each, and incubated with Alexa 488-conjugated 
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goat anti-rabbit (1:200; invitrogen) and Cy5-conjugated goat anti-mouse 

secondary antibodies (1:400; Jackson ImmunoResearch) at 4  overnight. Next 

day, the brains were washed with 0.75% PBT three times for 15 min each before 

mounted using SlowFade gold anti-fade reagent (Invitrogen).

Immunohistochemistry and microscopy

Fly brains were dissected in 1X Phosphate buffered saline (PBS), fixed in 1X 

PBS with 4% formaldehyde (Fisher Scientific) at room temperature for 20 min, 

washed by 1X PBS with 0.75% Triton X-100 (0.75% PBT; Fisher Scientific) three 

times for 15 min each, and incubated in 1X PBS with 0.5% goat normal serum 

(Jackson ImmunoResearch) for 30 min before incubation with primary antibodies 

at 4  overnight. Next day, the brains were washed in 0.75% PBT three times for 

15 min each before incubated with secondary antibodies at 4  overnight. Next 

day, the brains were washed 0.75% PBT for 15 min for three times and mounted 

using SlowFade gold anti-fade reagent (Invitrogen). The immunofluorescent 

signals were collected by Zeiss LSM confocal microscope and processed using 

Fiji and Adobe Photoshop. Primary antibodies used in this study include rat anti-

mCD8 mAb (1:100; Caltag), mouse anti-nc82 mAb (1:100; DSHB), rabbit anti-

Dsred (1:500; Clontech), and rabbit anti-GFP Ab (1:1000; invitrogen). The 

secondary antibodies were Alexa 488-conjugated goat anti-rabbit or goat anti-rat 

(1:200; invitrogen), Cy3-conjugated goat anti-rabbit (1:400; Jackson 
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ImmunoResearch), and Cy5-conjugated goat anti-mouse (1:400; Jackson 

ImmunoResearch).
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Figure 5.1. lAL neurons are born as LN/PN pairs.

(A) An entire lAL conventional MARCM clone (green) labeled by nSyb-GAL4, a 

pan-neural driver, in an adult brain. The brain was counterstained with anti-nc82 

Ab to reveal synaptic neuropiles (blue). The brain regions that densely innervated 

by the lAL neurons were labeled. AL: antennal lobe; IVLP: inferior ventrolateral 

protocerebrum; AMMC: antennal mechanosensory and motor center; LH: lateral 

horn; SMP: superior medial protocerebrum. The inner antennocerebral tract 

(iACT) and outer antennocerebral tract (oACT) were also indicated. The stars 

mark the cell bodies of the lAL neurons. Scale bar: 40 µm.

(B) The illustration shows the proliferation mode of the lAL NB/GMCs and how ts-

MARCM labels the twin-cells born at different times. The ts-MARCM was induced 

in the dividing GMCs by mild heat shock; the two daughter cells from each of the 

dividing GMCs were then labeled by different fluorescent proteins (green and 

magenta). The confocal images showing at the bottom are the examples of the 

ts-MARCM clones induced at 0-2hr, 27-29hr, and 82-84hr ALH. The LNs and 

PNs were pseudo-colored in green and magenta, respectively. Background 

clones were masked for better visualization. Note the sister cells from a GMC 

were one PN and one LN, and the neurons with different birthdate had different 

morphology. Scale bar: 40 µm.
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Figure 5.1. lAL neurons are born as LN/PN pairs.
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Figure 5.2. The lAL PNs can be grouped into five classes based on their 

morphology

Single PNs labeled by ts-MARCM with nSyb-GAL4 (magenta). Their LN siblings 

are not shown. The brains were co-stained with anti-nc82 Ab (blue). Based on 

their morphology, the lAL PNs are grouped into monoglomerular PN (mPN), 

unilateral PN (unPN), bilateral PN (biPN), antennal mechanosensory and motor 

center (AMMC) PN, or suboesophageal ganglion (SOG) PN. The mPNs, unPNs, 

and biPNs have dendritic innervations in the AL, but their innervation patterns are 

different. The dendrites of the mPN innervate densely in a single glomerulus in 

the ipsilateral AL; the dendrites of the unPN innervate loosely in larger areas in 

the ipsilateral AL; and the dendrites of the biPN innervate loosely in large areas 

in both contralateral and ipsilateral ALs. The outer antennaocerebral tracts 

(oACT) are indicated by arrowheads for mPN-1 and mPN-2. The AMMC and 

SOG PNs do not innervate the AL, but instead have proximal dendrite-like 

processes innervating AMMC and SOG, respectively. The brain regions 

innervated by each types of the lAL neurons are marked (arrows). The first 12 

types of mPN are named according to the glomeruli they innervate in the AL, and 

their AL and lateral horn (LH) innervation are shown separately. Background 

clones in these images were masked for better visualization. Scale bars: 40 µm. 

AL: antennal lobe; PLP: posteriorlateral protocerebrum; SOG: suboesophageal 

ganglion; IB: inferior bridge; LH: lateral horn; AMMC: antennal mechanosensory 
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and motor center; IVLP: inferior ventrolateral protocerebrum; CAP: capello; CUI: 

cuirass.
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Figure 5.2. The lAL PNs can be grouped into five classes based on their 

morphology.
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Figure 5.3. The connectome of the lAL PNs.

This illustration shows the lAL PNs (arrows) and the brain regions they are 

connected to. The directions of the arrows indicate putative directions of 

information flow, from dendrites to axonal terminals. The mPNs, unPNs, and 

biPNs are labeled in green. These neurons all have dendritic arborization in the 

AL, and therefore are likely involved in the olfactory neural circuit (green). The 

AMMC PNs are labeled in blue, and are likely involved in the auditory neural 

circuit (blue). The SOG PNs are labeled in gray, and are likely involved in the 

gustatory neural circuit (gray). The PLP receives many inputs from the AL, and 

thus might be another odor information processing center besides MB calyx (Ca) 

and lateral horn (LH). On the other hand, the IVLP receives inputs from both AL 

and AMMC, and thus might be an integration center for olfactory and auditory 

information. AL: antennal lobe; cAL: contralateral AL; PLP: posteriorlateral 

protocerebrum; cPLP: contralateral posteriorlateral protocerebrum; SOG: 

suboesophageal ganglion; IB: inferior bridge; Ca: mushroom body calyx; LH: 

lateral horn; AMMC: antennal mechanosensory and motor center; cAMMC: 

contralateral antennal mechanosensory and motor center; IVLP: inferior 

ventrolateral protocerebrum; cIVLP: contralateral inferior ventrolateral 

protocerebrum; SMP: superior medial protocerebrum. 
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Figure 5.3. The connectome of the lAL PNs.
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Figure 5.4. The lAL PNs are produced in a specific birth order.

The table shows the percentage (numbers in the table body) of clones labeling 

individual PN type (listed in the header column) in all the clones induced at a 

specific developmental time (indicated as hours after larval hatching (hr ALH) in 

the header row). The total number of the clones obtained at each time point is 

indicated in the parentheses in the header row. The blue shades in the table 

body correspond to the percentage of the specific types of the clones obtained at 

a given developmental time; the darker the blue, the higher the ratio in obtaining 

the clones. The PNs paired with different types of LNs are separated and put in 

different rows; for example, “DA1+lavish (LN)” and “DA1+patchy (LN)” are put in 

separate rows.
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Figure 5.5. The lAL PNs and LNs are born in pairs in early part of the 

lineage.

The lAL PN/LN pairs (A-AN) and the lone lAL PNs (AI-AU) arranged according to 

their birth order from early to late. The neurons were labeled by ts-MARCM with 

nSyb-GAL4; the LNs were pseudo-colored in green and the PNs were pseudo-

colored in magenta. The brains were counterstained with anti-nc82 Ab (blue) to 

reveal synaptic neuropil. The LH and AL regions are shown separately for the 12 

types of classical mPNs (K,M,N,P,Q,U,W,Y,Z, A,AF,AI,AJ,AK,AM). Background 

clones were masked for better visualization. Scale bars: 40 µm.
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Figure 5.5. The lAL PNs and LNs are born in pairs in early part of the 

lineage.

Continued next page.

185



Continued next page.
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Figure 5.6. LN has four major classes.

(A-D) Representative images of the four major classes of the lAL LNs: pan-

glomeruli (pan) (A), lavish (B), patchy (C), and sparse (D). The LNs (green) were 

labeled by ts-MARCM with nSyb-GAL4. The PN siblings are not shown. The 

brains were counterstained with anti-nc82 Ab (blue). Scale bar: 20 µm.
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Figure 5.6. LN has four major classes.
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Figure 5.7. The lAL LNs are produced in a specific birth order.

The table shows the glomeruli innervation patterns of the LNs paired with 

different PN types. Each row represents one glomerulus. Each column, 

separated by the dashed-lines, represents the average glomerular innervation 

pattern for the LNs that is paired with the PN type shown on top (n indicates how 

many LNs were averaged). The LNs of different classes are labeled in different 

colors (pan in green, lavish in yellow, patchy in pink, and sparse in blue). The 

chance for the LNs paired with the same PN type to innervate a glomerulus is 

color-coded as shown on the bottom of the figure. The LNs and their associated 

PNs are arranged according to their birth order with early-born on the left and 

later-born on right. We observed several developmental windows where the 

same LN type can be associated with multiple sequentially produced PN types 

(two such examples are marked by “A” on top of the table). On the other hand, 

we also observed one developmental window where one PN type (DA1 mPN) 

can be associated with two sequentially produced LN types (marked by “B” on 

top of the table).
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Figure 5.7. The lAL LNs are produced in a specific birth order.
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Figure 5.8. Independent temporal identity changes in the PN and LN 

hemilineages.

(A-F”) The neuron pairs born at different times after larval hatching (ALH). The 

neurons were labeled by ts-MARCM using nSyb-GAL4. The hours ALH on the 

top indicates the peak production time for each neuron pair. The PNs are 

pseudo-colored in magenta, and the LNs are pseudo-colored in green. The 

brains were counterstained with anti-nc82 Ab (blue). The dashed circles mark the 

position of the DA1 glomerulus in the AL (A’-C’, D, E’-F’). The neurite innervations 

of the DA1 and DL3 pairs in the AL (A’-C’,E’,F’, A’’-C’’,E’’,F’’) and the LH (A-

C,E,F) are shown separately. The background clones were masked for better 

visualization. Scale bars: 20 µm.

(G) The illustration summarizes the results shown in [A]-[F”]. The gray ovals 

represent the lAL ganglion mother cells (GMCs) born at different times. The 

circles with different colors represent different PN types, and triangles with 

different colors represent different LN types.
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Figure 5.8. Independent temporal identity changes in the PN and LN 

hemilineages.
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Figure 5.9. The differential responses between the PN and the LN 

hemilineages to chinmo loss-of-function.

(A) The illustration summarizes the PN and LN temporal fate changes in the 

chinmo loss-of-function background. LN1-5 represent the LNs that are normally 

paired with the corresponding mPNs shown on top. Without chinmo, the cells that 

normally differentiate into VC2 mPNs adopt the much later VA5 mPN fate (Kao et 

al., submitted), whereas the cells that normally differentiate into the LN1 are 

transformed to adopt the next temporal fate.

(B) The illustration shows how ts-MARCM was used to create a two-cell clone 

with one mutant cell labeled by GFP (green) and one wild-type cell labeled by 

RFP (magenta).

(C-F) The ts-MARCM clones of a wild-type (WT) VC2/ WT LN1 pair (C), a WT 

VC2/ chinmo LN pair (D), a WT VC1/ WT LN2 pair, and a WT VA5/ WT LN5 pair 

(D). The PNs and LNs were labeled by RFP (magenta) and GFP (green), 

respectively. The brains were counterstained with anti-nc82 Ab (blue). Note the 

chinmo LN in [D] looked more like the LN2, which innervates about half of the 

glomeruli (E; also Fig. 5.7) than the LN1, which innervates most of the glomeruli 

(C; also Fig. 5.7) (100%, n=3). Scale bar: 40 µm.
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Figure 5.9. The differential responses between the PN and the LN 

hemilineages to chinmo loss-of-function.

195



Figure 5.10. spdo and notch mutant clones showed different phenotypes.

(A-F) Wild-type (A,C), spdo (C,D), and notch (E,F) MARCM clones (green) 

labeled by nSyb-GAL4 (A,C,E) and GAL4-GH146 (B,D,F). The brains were 

counterstained with anti-nc82 Ab (blue). The arrows in [A] and [C] indicate the 

neurites of the AMMC PNs. The arrowheads in [C] and [E] indicate several 

regions in the antennal lobe not covered by the clones. The arrow in [E] indicates 

the thicker than normal inner antennocerebral (iACT) projection from the GH146-

positive lAL mPNs. The numbers in [A]-[F] are the average cell count ± STD. The 

background clones were masked for better visualization. Scale bar: 40 µm.
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Figure 5.10. spdo and notch mutant clones showed different phenotypes.
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Figure 5.11. The additional mPNs in the notch clones are mainly generated 

later than 48 hrs ALH.

Wild-Type (WT) and notch MARCM clones labeled by GAL4-GH146 were 

induced at 0-2 hrs after larval hatching (ALH). After clone induction, the larvae 

were fed EdU for 24 hrs at 0-24, 24-48, or 48-72 hrs ALH. The EdU-positive cell 

numbers in the clones were counted at the adult stage. 

(A) An illustration shows the normal developmental windows for mPNs and 

AMMC PNs, the time of heat-shock (hs) for inducing MARCM clones, and the 

EdU-feeding periods along the larval development.

(B) The bar graph shows the number of the EdU-positive cells in the WT (blue) 

and notch (green) MARCM clones in the flies fed EdU at 0-24, 24-48, and 48-72 

hrs ALH (x-axis). The error bars are standard deviation. P value was calculated 

using Student T-test.

(C-D) An example of the notch-clone (green) containing adult brains from the flies  

fed EdU at 48-72 hrs ALH. The brain was counterstained with anti-EdU 

(magenta) and anti-nc82 (blue) Ab. The image in [D] is the same as that in [C] 

but shows only the EdU staining. Note the numbers of the EdU-positive cells on 

the lateral side of the ALs are similar between the left and the right hemispheres. 

Scale bar: 40 µm.
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Figure 5.11. The additional mPNs in the notch clones are mainly generated 

later than 48 hrs ALH.
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CHAPTER VI

Conclusion

The computing power of a brain is rooted in its complex neural network, 

constituted by numerous types of neurons. How those diverse neuron types are 

generated during brain development has fascinated neurobiologists for decades. 

Now we know a neural fate is determined by the integration of multiple intrinsic 

and extrinsic cues. The detailed underlying mechanisms, however, remain to be 

elucidated.

The fruit fly Drosophila melanogaster has a simple and well-organized 

nervous system, which, together with powerful genetic tools being developed for 

over a century, makes the fly an attractive model animal to study neuronal 

diversity. Indeed, studies in the fly have provided fundamental understanding of 

the processes of neural diversification. However, most of the early studies 

centered on the embryonic ventral nerve cord, and our comprehension of 

neuronal diversity in the fly brain is still limited. My thesis research therefore 

focused on the postembryonic neurogenesis of the Drosophila brain in order to 

provide new insights into the molecular mechanisms that underlie the generation 

of neuronal diversity in the fly brain.
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The extrinsic control of neuronal temporal identity has been identified in 

the vertebrate brain (McConnell and Kaznowski, 1991; Desai and McConnell, 

2000; Miller and Gauthier, 2007) but has never been observed in the fly. In 

Chapter II, I monitored the temporal identity changes of the MB neurons under 

different genetic backgrounds and showed that the MB neuronal temporal 

identities are also under the control of environmental cues. Specifically, the MB 

temporal identities were delayed in the slow-growing larvae homozygous for an 

insulin receptor (InR) mutant, but were not delayed when only the MB was 

homozygous for InR. This finding makes MB an excellent model for studying the 

extrinsic regulation of the neuronal temporal identity since we already have 

comprehensive lineage information about the MB neurons (Lee et al., 1999; Zhu 

et al., 2003). We have not identified the extrinsic signals, but they are likely under 

the control of the critical weight, given that larvae not reaching the critical weight 

continued to produce early-born  neurons. Prothoracicotropic hormone and 

ecdysone releases are triggered by the critical weight (Mirth and Riddiford, 

2007), but neither of them is required for the MB temporal identity changes.

Nuclear receptors (NRs) are potential hormone-regulated transcriptional 

factors, and thus are candidates to mediate the environmental control of the MB 

temporal identity changes. But as shown in Chapter III, after systematic silencing 

each of the 18 NRs in the fly genome, I did not find any of them required for the 

MB temporal identity changes. I, however, discovered a novel function of 

unfulfilled in promoting all the major MB subtype neuron fates and regulating the 
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axonal guidance of the MB neurons. Moreover, the comprehensive miRNA library 

we established for this study can potentially be used to study the role of NRs in 

other biological processes. However, I would like to point out that the miRNA 

efficiency for the lines that did not cause MB phenotype in our study has not 

been tested, although the miRNA library reproduced the MB phenotypes for all 

the previously characterized NRs (EcR, USP, and TLL).

Binary cell fate determination mediated by Notch/Numb signaling pathway 

is a common mechanism for generating neuronal diversity in the Drosophila 

embryonic VNC and peripheral nervous system (PNS) (Guo et al., 1996; Spana 

and Doe, 1996). It, however, has not been shown for the development of the fly 

brain. Also, only recently was binary cell fate determination by Notch was 

observed in the vertebrate in vivo (Shin et al., 2007; Batista et al., 2008; Kimura 

et al., 2008). Therefore, how generally this mechanism is used to diversify 

neurons remains to be determined. In Chapter IV, I demonstrated Notch/Numb-

mediated binary cell fate determination in three antennal lobe neuronal lineages 

in the fly brain. In both anterodorsal projection neuron (adPN) and ventral 

projection neuron (vPN) lineage, Notch and Numb make the two postmitotic cells 

arising from a ganglion mother cell (GMC) one adopt different fates, with one 

becoming a projection neuron fate and the other dying through apoptosis. 

However, Notch activity promotes cell death in the adPN, but specifies the PN 

fate in the vPN. Moreover, Notch and Numb specifies LN versus PN fates in the 

lateral antennal lobe (lAL) lineage. This work together with some recently 
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published studies (Kumar et al., 2009; Das et al., 2010) demonstrates that Notch/

Numb-mediated binary cell fate is also a common mechanism for diversifying 

neurons in the fly brain. In addition, our study shows the neuronal lineages in the 

fly brain are highly diverse: some lineages are composed of lone hemilineages 

with half of their neurons dying through apoptosis, some lineages are composed 

of two distinct hemilineages, and some lineages are composed of two identical 

hemilineages. It is of great interest to investigate how the different patterns of 

neurogenesis among the brain neuronal lineages are established through 

evolution.

While detailed lineage analysis is important for studying neuronal diversity, 

among all the neuronal lineages in the fly brain, only the mushroom body (MB) 

lineage and the adPN lineage have been completely resolved (Lee et al., 1999; 

Jefferis et al., 2001; Yu et al., 2010). In Chapter V, I did detailed lineage analysis 

for the lateral antennal lobe (lAL) lineage. We confirmed that a lAL GMC 

generally makes one LN and one PN simultaneously during the GMC’s terminal 

division. However, during the final 24 hrs of the lAL lineage development, the 

GMCs only produce lone PNs; their LN counterparts likely died through apoptosis  

before adulthood. 44 types of PNs and four classes of LNs with multiple subtypes 

were identified based on their morphology. Both the LN and the PN types are 

generated in an invariant order. Such birth-order-dependent neuronal temporal 

identity specification has been observed in all the fly neuronal lineages that have 

been studied (Lee et al., 1999; Isshiki et al., 2001; Jefferis et al., 2001; Karcavich 
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and Doe, 2005; Baek and Mann, 2009; Baumgardt et al., 2009; Yu et al., 2009; 

Yu et al., 2010), and therefore is a fundamental mechanism for making neuronal 

diversity in the fly. The most intriguing feature of the lAL lineage is the differential 

temporal identity changes between the LN and the PN hemilineages. Studies in 

the Drosophila embryonic VNC have suggested that the neuronal temporal 

identities are governed by the transcription factors that are transiently and 

sequentially expressed in the neural precursors (Isshiki et al., 2001). Since a lAL 

PN and a lAL LN are co-produced by a common GMC, one might expect the two 

neurons to receive instruction from the same transcription factor, and the 

temporal identity changes on the PN and the LN sides should always be coupled. 

This assumption, however, is not supported by our observation that the lAL PNs 

and LNs can change their temporal identities independently. The differential 

temporal identity changes between the PNs and the LNs might be biologically 

relevant, because the PNs and the LNs play different roles in the nervous 

system, and there is no obvious reason why the number of types for the PNs and 

the LNs has to be coupled. In a sanpodo (spdo) mutant background, the lAL LNs 

were transformed into the lAL PNs, and the number of GAL4-GH146-positive 

mPNs became perfectly doubled. Such result suggests that the transformed PNs 

followed the PN temporal identity changes instead of the original LN temporal 

identity changes. Notch pathway therefore not only specifies the LN or PN binary 

cell fates, but also determines how the neurons respond to signals given by the 

temporal identity factors expressed in the precursors. Furthermore, we showed 
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that Notch is required for the specification of the AMMC PNs, majority of which 

are born during the later part of the lAL lineage development. This Notch function 

is Sanpodo-independent, and given that Notch activity is blocked by Numb in 

postmitotic cells which eventually differentiate into lAL PNs, we propose that 

Notch regulates the AMMC neuronal fates by directly modulating the function of 

temporal factors in the NB or the GMCs. Lineage-specific factors have been 

shown to modulate temporal identity specification in the Drosophila embryonic 

VNC (Baumgardt et al., 2009). My finding that Notch modulated the neuronal 

temporal identity in the lAL lineage adds an additional component into the already 

complex neuronal temporal identity regulatory network.

The works presented in this thesis not only provides insights into the 

underlying mechanisms of neuronal diversification, but also lays a foundation for 

the future study of the complex lAL lineage. The lAL lineage has many novel 

features that have not been identified in other Drosophila neuronal lineage. 

Studying the lAL lineage therefore has a great opportunity to give us better 

understanding of how the vast neuronal diversity is generated in the brain.
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