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“Science is built up of facts,  
as a house is built of stones;  

but an accumulation of facts  

is no more a science  
than a heap of stones is a house.” 

Henri Poincaré, Science and Hypothesis, 1905 
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ABSTRACT 

The human central nervous system (CNS) contains a daunting number of cells and 
tremendous cellular diversity. A fundamental challenge of developmental 
neurobiology is to address the questions of how so many different types of neurons 
and glia can be generated at the precise time and place, making precisely the right 
connections. Resolving this issue involves dissecting the elaborate genetic networks 
that act within neurons and glia, as well as in the neural progenitor cells that 
generates them, to specify their identities. 
 
My PhD project has involved addressing a number of unresolved issues pertaining to 
how neural progenitor cells are specified to generate different types of neurons and 
glial cells in different temporal and spatial domains, and also how these early 
temporal and spatial cues are integrated to activate late cell fate determinants, which 
act in post-mitotic neural cells to activate distinct batteries of terminal differentiation 
genes. 
 
Analyzing the development of a specific Drosophila melanogaster (Drosophila) CNS 
stem cell – the neuroblast 5-6 (NB5-6) – we have identified several novel 
mechanisms of cell fate specification in the Drosophila CNS. We find that, within this 
lineage, the differential specification of a group of sequentially generated neurons – 
the Ap cluster neurons – is critically dependent upon the simultaneous triggering of 
two opposing feed-forward loops (FFLs) within the neuroblast. The first FFL involves 
cell fate determinants and progresses within the post-mitotic neurons to establish a 
highly specific combinatorial code of regulators, which activates a distinct battery of 
terminal differentiation genes. The second loop, which progresses in the neuroblast, 
involves temporal and sub-temporal genes that together oppose the progression of 
the first FFL. This leads to the establishment of an alternative code of regulators in 
late-born Ap cluster neurons, whereby alternative cell fates are specified. 
Furthermore, we find that the generation and specification of the Ap cluster neurons 
is modulated along the neuraxis by two different mechanisms. In abdominal 
segments, Hox genes of the Bithorax cluster integrates with Pbx/Meis factors to 
instruct NB5-6 to leave the cell cycle before the Ap cluster neurons are generated. In 
brain segments, Ap cluster neuron equivalents are generated, but improperly 
specified due to the absence of the proper Hox and temporal code. Additionally, in 
thoracic segments we find that the specification of the Ap cluster neurons is critically 
dependent upon the integration of the Hox, Pbx/Meis, and the temporal genes, in the 
activation of the critical cell fate determinant FFL. 
 
We speculate that the developmental principles of (i) feed-forward combinatorial 
coding; (ii) simultaneously triggered yet opposing feed-forward loops; and (iii) 
integration of different Hox, Pbx/Meis, and temporal factors, at different axial levels 
to control inter-segmental differences in lineage progression and specification; might 
be used widely throughout the animal kingdom to generate cell type diversity in the 
CNS. 
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INTRODUCTION 

The fundamental questions of developmental 
neurobiology 

Developmental biology is the study of the processes by which a multicellular 

organism develops from one cell, into an adult. However, most multicellular 

organisms continue development, in a sense, even as adults, as old or injured cells 

constantly need to be replaced by new ones, making also these processes an intricate 

part of the field of developmental biology. 

 

In essence developmental biologists aim to answer the same questions, and solve the 

same problems, as nature itself had to solve some 2 billion years ago as true 

multicellularity evolved. This transition posed several challenges for the ancient 

organisms. The most fundamental of these challenges was how the initial cell mass of 

the organism - commonly only one cell, a zygote – could propagate in such a way that 

the cells it generated became differentially specified to perform various specialized 

functions within the organism, while their proliferation and integration was still 

controlled in a precise enough manner to allow for a fully functional final structure. 

 

In no other area of developmental biology are the questions of how cells are precisely 

generated, specified, and integrated, as challenging as in the study of the animal 

central nervous system (CNS). The human CNS is by many considered to be the most 

complex structure known to man. Not only does it contain a vast number of cells (> 

1011) but these cells are also of a great many different types. Estimates hold that there 

are at least 10,000 different types of neurons and glia in the human CNS. Further 

increasing the complexity of the CNS is the fact that both neurons and glia have very 

complex and elaborate processes, and that neurons form highly sophisticated 

networks with each other. These networks are additionally highly plastic and change 

dynamically in response to experiences – a feature that accounts for higher 

behavioral functions such as memory, language and learning. 
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Taken together these points provide the foundation for what can be viewed as a 

fundamental question within developmental neurobiology: 

 

How can so many neurons and glia, of precise cellular identities, be 
generated in precise numbers, at a precise time and place, making 
precisely the right connections? 
 

Over the last century this question (or rather questions) has been approached by 

developmental biologists in different ways. However, it is only during the last two 

decades, as molecular biological and genetic approaches to the study of 

developmental neurobiology has stepped into the limelight, that we have seen 

significant advancements in our understanding of how a functional nervous system is 

built. The explanation for this is simple. As can be seen from the ‘fundamental 

question’ outlined above, a hallmark of nervous system development is precision, and 

this precision is ultimately controlled on the molecular level by genes acting within 

elaborate networks. Thus the understanding of how the nervous systems develop is 

ultimately an understanding of the molecular genetic mechanisms that govern the 

precision of cell generation and specification. 

 

Today the field of developmental neurobiology constitutes a broad and active 

research field investigating the molecular mechanisms behind such principles as 

patterning, progenitor identity transitions, cell cycle regulation, asymmetric division, 

apoptosis, differentiation, cell migration, glial processes, axon and dendritic 

pathfinding, as well as synapse formation and plasticity, the underlying processes of 

which all need to be precisely regulated in order to generate a mature functional 

nervous system. 

 

While the most significant insights into nervous system development have been 

gained from studies on model organisms such as Caenorhabditis elegans 
(nematode), Drosophila melanogaster (fruit fly), Xenopus laevis (frog), zebrafish, 

chicken, and mouse, it is widely accepted that most developmental processes are 

highly conserved across the animal kingdom, making the relevance of these finding 

for the understanding of our own nervous system unquestionable. A major goal in the 

studies of the principles of developmental neurobiology is the prospect of future 

treatments for human CNS related diseases such as Alzheimers, Parkinsons, brain 

cancer, and psychiatric disorders. 
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Evolution, structure and function of the CNS 

A hallmark of all animals is that they are dependent upon feeding on other organisms 

for their survival. While some animals are able to sustain themselves this way while 

leading a sessile life, most animals actively move about in their environment in their 

search for prey, reproductive partners, or shelter from detrimental environmental 

factors. The ability of an animal to lead a mobile life is ultimately dependent upon the 

animal’s ability to ‘sense’ stimuli in their environment, such as visual, chemical or 

mechanical cues, process this information, and subsequently issue an appropriate 

behavioral response. While this type of information processing is seen even in 

unicellular organisms it has only been perfected within the evolutionary line of multi-

cellular animals, through the development of the nervous system. 

The cells of the nervous system: neurons and glia 

A nervous system is in essence a more or less elaborate network of neurons (nerve 

cells) and their support cells, the glia. Neurons are cells specialized at transmitting 

signals between different cell populations within the body almost instantaneously. 

Although the morphology of neurons can differ dramatically, most neurons have in 

common that they consist of a main cell body, one or more dendrites, and an axon. 

Dendrites are structures specialized at receiving signals, either directly from the 

environment as parts of sense organs, or from other neurons that terminate upon 

them. Dendrites are thin and filamentous and typically protrude in great numbers 

from the cell body, forming elaborate networks. Once activated by a stimulus the 

dendrites induce an electrical signal within the neuron that travels down the length of 

a single thin protrusion - the axon. Axons might be very long, and might branch 

several times towards its end. Axons terminate either upon effector organs such as 

muscles or secretory glands, or on other neurons that transport the signal further. 

Neurons that receive signals from sense organs are referred to as sensory neurons, 

while neurons that innervate peripheral structures such as muscles or glands are 

referred to as motorneurons (or motoneurons). Neurons that transmit signals 

between other neurons are called interneurons. 

 

Neurons can differ from each other in many respects. The most obvious differences 

lie in their morphology; the size and shape of the cell body and the length and 

branching pattern of the axon and dendrites (Fig. 1). However, the morphological 
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differences are only a reflection of the underlying molecular differences between 

neurons, which entails the differential expression of genes that govern the distinct 

neuronal subtype characteristics such as expression of neurotransmitters, 

neuropeptides, neurotransmitter/neuropeptide processing enzymes, ion channels, 

receptors, and axon pathfinding genes. While  questions can be raised regarding the 

functional significance of morphological and molecular differences between neurons, 

ample evidence support the notion that structural differences between neurons 

indeed imply a functional difference (Masland, 2004), making the precise control of 

these features a fundamental criteria for the construction of a functionally integrated 

nervous system. 

 

 

Figure 1 
Selected types of neuron in three 
different CNS structures. 
(A) Projection neurons; (B) 
intrinsic neurons. A ‘typical’ 
neuron is composed of four parts; 
a cell body containing the nucleus 
and most other organelles, signal 
receiving dendrites, a signal 
sending axon (that can send out 
many collaterals), and 
neurotransmitter releasing axon 
terminals (Masland, 2004). 
 

 

 

The second major cell type in the CNS are the glia. Glia play several important roles 

in the nervous system, for example, guiding growing axons and dendrites, providing 

insulation to axons and dendrites, controlling extracellular homeostasis and acting as 

nervous system immune cells. 

Nervous system architecture 

In nature a wide array of different nervous system architectures can be found. 

However, a major distinction can be made between those systems that are diffuse, 
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and those that are centralized. While diffuse nervous systems receive and process 

sensory information only locally, a centralized system collects, integrates and 

processes information from the whole body within a centralized agglomeration of 

neural tissue, typically a brain and a nerve cord. 

 

Centralized nervous systems are primarily found within the bilaterian evolutionary 

branch of animals. Bilateral animals are defined as having two body axes: the 

anteroposterior (A-P) axis that runs from the front (anterior) of the organism to its 

back (posterior), and the dorsoventral (D-V) axis that runs from the upside (dorsal) 

of the animal to its downside (ventral). Thus if you cut a bilateral body in half along 

the AP axis, and the cut is made in the plane of the D-V axis, you get two mirrored 

body halves. The vast majority of extant animal phyla – including insects and 

vertebrates – display bilateral body symmetry. 

 

The particularities of the bilateral body plan have greatly influenced the architecture 

of the nervous systems found within these animals. First, in bilateral animals most 

structures, such as the muscles, nerves, and sense organs, are generated in pairs, with 

each member of a pair situated in one mirror-half of the body. Second, bilateral 

animals typically move about in accordance with their anteroposterior body axis, for 

which reason it has been practical to situate the sense organs important for 

navigation, such as sight, smell and hearing, and their corresponding ganglia, within 

the head region. Eventually through evolution these ganglia have come together to 

form a large centralized structure; the brain. As the sense organs have been 

progressively refined during evolution, and more complex behaviors have evolved, 

the brain has grown accordingly in size and become more elaborate.  

 

In most bilateral animals a large portion of the nerve cells are also found within the 

nerve cord (spinal cord in vertebrates), that runs from the brain down along the A-P 

body axis. The nerve cord, like the brain, is centralized, and serves to connect the 

brain with the peripheral nervous system, which entails all sensory and motor 

neurons, as well as the neurons controlling the functions of various body organs. In 

addition, the nerve cord contains circuits that allow the body to respond to various 

stimuli without involving the brain. 
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The evolution of the nervous system 

The bilateral phyla that most clearly adhere to the nervous system architecture 

outlined above – a centralized brain and nerve cord integrated with the body through 

a peripheral nervous system – are the arthropods (spiders, insects, crustaceans, etc), 

annelids (segmented worms), and chordates (vertebrates). Each of these phyla 

represents one of three super-phyla of bilateral animals; Ecdysozoa (arthropods etc), 

Lophotrochozoa (annelids etc), and Deuterostomia (vertebrates etc) (Adoutte et al., 

2000). 

 

A major difference between the nervous systems of arthropods/annelids, and that of 

vertebrates, lies in the position of the nerve cord. In arthropods and annelids the 

nerve cord is positioned on the ventral side of the body, below the heart and the 

alimentary canal, while the nerve cord of vertebrates is positioned on the dorsal side, 

above these structures. For this reason the centralized nervous systems of 

arthropods/annelids and vertebrates were for long thought to have evolved 

independently from a common ancestor, supposedly with a diffuse nerve net similar 

to that found in modern cnidarians and ctenophores (Arendt and Nubler-Jung, 

1994). However, comparative studies on patterning mechanism within the 

neuroectoderm (the tissue that generates the nervous system) in arthropods, annelids 

and vertebrates, have shown that the neurogenic tissue within these animals have a 

very similar molecular anatomy. This implies that the common ancestor of these 

groups already had a nervous system with a considerable degree of centralization, 

and that the dorsal positioning of the spinal cord in vertebrates must be a derived 

characteristic caused by the inversion of the dorsoventral axis early during chordate 

evolution (Arendt et al., 2008; Arendt and Nubler-Jung, 1994, 1999; Denes et al., 

2007). These findings are of great importance since they implicate that the molecular 

mechanisms underlying the generation of neuronal diversity and complexity might be 

more conserved throughout the animal kingdom than previously thought. 

The CNS of Drosophila melanogaster 

The embryonic CNS of Drosophila melanogaster (Drosophila) is subdivided into the 

brain, and the ventral nerve cord (VNC) (Fig. 2). Like the rest of the arthropod body, 

the CNS is segmented, i.e., made up of semi-repetitive subunits that are modified 

along the A-P body axis to perform different functions. The brain is composed of the 
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B1-B3 segments, which correspond to the prospective protocerebrum, 

deutocerebrum, and tritocerebrum, respectively, as well as the three suboesophageal 

(S1-S3) segments. The VNC is composed of three thoracic (T1-T3), and eight 

abdominal (A1-A8) segments. 

 

 

Figure 2 
Late stage Drosophila embryo 
just prior to larval hatching, 
anterior to the left. Drosophila, 
like many other animals, has a 
centralized nervous system 
consisting of a brain and a nerve 
cord. 
 

 

 

Due to its relative simplicity and tractability the VNC has so far been the primary 

model for the studies on the molecular mechanism behind cell fate specification in 

the Drosophila CNS, and henceforth it will also be the primary focus of this thesis. 

 

The cells of each VNC hemisegment (half a segment) is generated by some 30 

ventrally positioned neural progenitor cells, neuroblasts (NBs), that each gives rise to 

a unique and largely invariant lineage of neurons and glia. The same 30 NBs are 

reiterated within each hemisegment (they are said to be ‘serially homologous’), 

although the lineages of several NBs differ between segments. Based on position and 

expression of molecular markers the 30 NBs in each hemisegment can be subdivided 

into seven rows and six columns. This subdivision provides the logic for the NB 

nomenclature in Drosophila; the neuroblast positioned in row 1, and column 1, is 

named NB1-1, while the NB in row 5, and column 6, is given the name NB5-6 (Doe, 

1992). 

 

While all Drosophila neural progenitor cells are generally referred to as neuroblasts, 

they can be subdivided into three different classes depending on if their lineages is 

composed of only neurons (neuroblasts), only glia (glioblasts), or a mix of both 

(neuroglioblasts). In the embryonic VNC there are two glioblasts; NB6-4A and LGB 

(longitudinal glioblast), six neuroglioblasts; NB1-1A, NB1-3, NB2-2T, NB5-6, NB6-

4T, and NB7-4, while the rest of the NBs generate only neurons 

(Beckervordersandforth et al., 2008). 
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Together, the 30 NBs within each hemisegment generate an average of 350 cells 

during embryonic development (~290 interneurons, ~30 motorneurons, and ~30 

glial cells), most, or all, of which are believed to be unique with respect to their 

morphology, pathfinding, and gene expression (Technau et al., 2006). Given these 

numbers, the average lineage size is ~12 cells, however, lineage size varies 

dramatically between different neuroblasts. The largest lineage is believed to be 

composed of ~40 cells (NB7-1), while the smallest is only composed of two cells 

(MP2) (Bossing et al., 1996; Landgraf et al., 1997; Schmid et al., 1999; Schmidt et al., 

1997). 

The development of the CNS 

The generation of a mature functionally integrated central nervous system is a highly 

complex process, the successful outcome of which is ultimately dependent upon the 

precise orchestration of a large number of developmental subroutines, such as cell 

proliferation, migration, pattern formation, and specification. This process can, 

however, be subdivided into several key steps. 

 

The first step in this process is taken already at an early embryonic stage, as the main 

body axes of the embryo are established, and the proliferating cells migrate to 

organize themselves accordingly into regions of different fates, whereby the tissue 

that will generate the nervous system – the neuroectoderm – is also specified. The 

molecular mechanisms downstream of axes specification additionally act to subdivide 

the neuroectoderm into discrete longitudinal and latitudinal compartments of 

differential gene expression, a process referred to as patterning. The patterning genes 

act to confer unique identities upon the neural progenitors born within their 

respective domains, thus providing a framework for the differential specification of 

neurons and glia generated by different progenitors. Following the specification and 

patterning of the neuroectoderm, neurogenesis is initiated as specific subsets of 

neuroectodermal cells become specified as neural progenitor cells, which 

subsequently undergo repeated asymmetric division to renew themselves while 

producing distinct lineages of neurons and glia. As the neural progenitors generate 

progeny they change their competence over time in a step-wise manner, thus  

allowing them to generate different types of cells at different time points. One 

identified mechanism behind such competence transitions is the progenitor-intrinsic 
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sequential expression of so called ‘temporal genes’. Finally, following the generation 

of post-mitotic neurons and glial cells, these cells start to undergo programs of 

terminal cell specification, where distinct cassettes of genes encoding terminal 

differentiation proteins, such as neurotransmitters and their receptors, as well as 

neurotransmitter processing enzymes, are activated within distinct neural cell 

subtypes. In addition, genes encoding proteins involved in establishing the proper 

morphology of each neuronal and glial subtype, i.e., glial, axonal and dendritic 

processes, as well as genes establishing the proper electrophysiological properties, are 

activated. The differential activation of such terminal identity genes within different 

cells is ultimately dependent upon the coordinated activation by early spatial and 

temporal regulators of disparate downstream genetic programs, which results in the 

expression of unique sets of late regulators within each neural cell subtype. These late 

regulators, in their turn, act alone, or in combinatorial codes, to activate and 

maintain the expression of the terminal differentiation genes.  Additionally, for 

neurons, signals derived from the target of innervation might be instructively 

integrated into the regulatory codes that dictate neuronal subtype identity. 

 

In the following introductory section I will highlight these different processes and 

mechanisms one by one in the order of which they occur. While the major focus will 

lie on Drosophila development, parallels to vertebrates will be drawn where possible 

and appropriate. 

Axes formation and the specification of the neuroectoderm 

Although some of the earliest developmental events in animals, such as blastula 

cleavage and gastrulation, look rather different in different animal phyla, the end 

result of these processes in the vast majority of species is the same, namely the 

formation and arrangement of the three germ layers; the endoderm, the ectoderm 

and the mesoderm. The cells within each of these germ layers are destined to give rise 

to a specific subset of the organism’s tissues and organs. While the ectoderm gives 

rise to the nervous system and the epidermis (the outer part of the tissue covering the 

body, such as skin), the endoderm and the mesoderm gives rise to the rest of the 

body’s tissues and organs, such as blood, bone, alimentary canal, muscles etc. 

 

The processes by which the embryo becomes subdivided into these different germ 

layers, and the subsequent specification of the region that will generate the nervous 
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system, is intricately linked to the formation of the primary body axes and the highly 

refined molecular cascades that lie downstream of the initial establishment of 

polarity within the embryo. In the following two sections these mechanisms will be 

shortly outlined for Drosophila and vertebrates. 

Specification of the neuroectoderm in Drosophila 

In Drosophila, the establishment of the anteroposterior and dorsoventral axes are 

initiated already in the unfertilized egg, by processes primarily controlled by the 

Gurken protein (vertebrate Epidermal growth factor [EGF]). Within the oocyte, 

gurken mRNA follows the migrations of the nucleus, sequentially defining the 

posterior and dorsal part of the egg by signaling through the Torpedo receptor (EGF 

receptor [EGFR]). At later developmental stages this signaling is translated through a 

complex cascade involving the proteins Pipe, Nudel, Gastrulation-defective, Snake, 

Easter, Spätzle, Toll (Interleukin-1 receptor [IL-1]), Pelle (IL-1-associated protein 

kinase), Tube, and Gurken, into a ventrodorsal gradient of nuclear Dorsal protein 

within the embryo.  

 

Dorsal (vertebrate Nuclear factor kappa-light-chain-enhancer of activated B cells 

[NF-κB]) is one of the most important players in dorsoventral axis formation in 

Drosophila. By acting both as an activator and repressor of gene expression, Dorsal 

subdivides the embryo into distinct compartments along the dorsoventral axis. One 

of the genes Dorsal represses is decapentaplegic (dpp; vertebrate Bone 
morphogenetic protein 4, BMP4), and since Dorsal also activates the secreted BMP 

inhibitor short gastrulation (sog; vertebrate chordin [chd]) in ventral regions of the 

embryo, this leads to the establishment of a dorsoventral gradient of BMP activity. 

This BMP activity gradient then acts in an opposing manner to NF-κB to subdivide 

the embryo along the D-V axis. 

 

Most ventrally within the embryo, high levels of Dorsal act to specify mesoderm, by 

activating the expression of the mesodermal determinants twist and snail, as well as 

of the fibroblast growth factor (fgf) receptor. The mesoderm will later invaginate to 

the inside of the embryo and form the internal organs. On either side of this region 

moderate levels of Dorsal act to specify mesectoderm by activating rhomboid (rho; 

transmembrane mediator of EGFR signaling) and fibroblast growth factor 8 (fgf8) in 

two narrow stripes. The mesectoderm will later form the neural and glial cells of the 
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CNS midline. Lateral to the thin mesectodermal stripes, a gradient of moderate-to-

low levels of Dorsal activates short gastrulation (sog), as well as rho, in two broader 

stripes (one in each body half). This specifies these regions as ventral and 

intermediate neuroectoderm. On the opposite side of the embryo, around the dorsal 

midline, high levels of Dpp acts to specify the cells that later will generate the 

amnioserosal covering of the embryo. In the dorsolateral regions, flanking the dorsal 

midline, a lower level of Dpp acts to specify the dorsal epidermis. Finally, in the 

region lying between the prospective intermediate neuroectoderm and dorsal 

epidermis, both NF-κB and BMP signaling are weak or absent. This region becomes 

the lateral neuroectoderm. Thus the neuroectoderm in Drosophila is specified by the 

opposing actions of NF-κB and BMP signaling within the early embryo (Fig. 3). 

 

 

Figure 3 
The opposing actions of NF-κB 
and BMP signaling subdivides 
the early embryo into several 
developmental regions (Ohlen 
and Doe, 2000). 
 

 

Primary axis formation and neural plate induction in vertebrates 

Primary axis formation and neuroectoderm specification are historically well-studied 

processes in vertebrates, primarily in the Xenopus (frog) model system. Xenopus eggs 

have an innate polarity in that they are composed of a yolky ‘vegetal’ pole, and a less 

yolky ‘animal’ pole. These constitute the prospective ventral and posterior sides of the 

embryo, respectively. The anterior end of the body is later approximated (but not 

exactly determined) by the site of sperm entry, i.e. the site opposite of where the 

sperm entries marks the future posterior side of the organism. 

 

In what has come to be referred to as the ‘default model’ the ectoderm of vertebrates 

is viewed as having a default neural fate, which on the ventral and lateral sides of the 

embryo is suppressed by BMP signaling. On the dorsal side of the embryo, however, 

molecules secreted from the notochord suppress BMP signaling, thus ‘inducing’ the 

formation of neuroectoderm in this region. In vertebrates the neuroectoderm is 

commonly referred to as the neuroepithelium, or the neural plate. 
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The notochord is derived from the mesodermal tissue of the dorsal lip of the early 

gastrula, the so called Spemann organizer. In striking experiments during the first 

part of the 20th century, Hans Spemann and Hilde Mangold transplanted the 

organizer tissue from one frog embryo into a ventral position of another. The result 

was the formation of a second complete nervous system. Today many of the 

molecules responsible for this induction have been identified. Three of these are the 

BMP signaling inhibitors Noggin, Chordin, and Follistatin. Chordin is the orthologue 

of Drosophila Sog, and like Sog acts to inhibit BMP signaling by binding to BMP 

ligands (BMP2 and BMP4), thereby preventing them from activating BMP receptors. 

Similarly, both Noggin and Follistatin antagonize BMP signaling by binding to BMP 

ligands (Gilbert, 2006). 

 

Thus, similar to Drosophila, BMP signaling and BMP inhibitors interact to subdivide 

the neuroectoderm into a neurogenic and an epidermal region. 

Patterning of the neuroectoderm 

When the region of the ectoderm that will form the nervous system has been 

specified, this region will additionally be subdivided into discrete longitudinal and 

latitudinal expression domains of ‘patterning genes’. The patterning genes are 

involved in specifying the fates of neurons and glia born within their respective 

domains, and can thus be viewed as constituting the first step in the generation of 

neuronal diversity. The molecular mechanisms that initiate the establishment of 

these domains are the same that were involved in establishing the general body plan 

and specifying the neuroectoderm. 

Dorsoventral patterning of the Drosophila neuroectoderm 

As shown above the concerted actions of NF-κB and BMP signaling establishes 

several compartments with different prospective fates along the dorsoventral axis of 

the embryo. A third signaling cascade important in these processes is that of EGF. 

The localized expression of rho (transmembrane mediator of EGFR signaling) and 

vein (EGFR ligand) in the ventral and intermediate neuroectoderm lead to the 

selective activation of Torpedo within this region. The neuroectoderm thus becomes 

subdivided into a ventral high Dorsal/EGFR region, an intermediate low 
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Dorsal/EGFR region, and a lateral non-signaling region (Gabay et al., 1997; Gilbert, 

2006; Schnepp et al., 1996; Skeath, 1998). 

 

Each of these regions, or ‘columns’, express one of the three homeobox genes ventral 
nervous system defective (vnd; ventral column), intermediate neuroblasts defective 

(ind; intermediate columns), and muscle segment homeodomain (msh; lateral 

column) (Fig. 4). These so called ‘columnar genes’ have all been found to be 

important for the generation and/or specification of the neuroblasts born within the 

columns in which they are expressed. In mutants of either of these genes the neurons 

generated are typically erroneously specified into fates belonging to one of the 

adjacent columns. Additionally, for vnd and ind, only 10-20% of the normal 

complement of neuroblasts form (Chu et al., 1998; Isshiki et al., 1997; McDonald et 

al., 1998; Weiss et al., 1998). 

 

How are the columnar gene boundaries established? In the ventrolateral 

neuroectoderm vnd and ind are both activated by Dorsal in a concentration 

dependent manner (von Ohlen and Doe, 2000). The ventral border of ind is 

determined by the repressive action of vnd upon ind (McDonald et al., 1998; Weiss et 

al., 1998). While vnd does not seem to be regulated by either EGFR or BMP signaling, 

loss- and gain-of-function experiments show that EGFR is both necessary and 

sufficient to activate ind, suggesting that EGFR defines the dorsal limit of ind. The 

ventral limit of msh expression within the dorsal neuroectoderm is determined by the 

repression of msh by vnd and ind, and the dorsal limit is determined by high Dpp 

activity (von Ohlen and Doe, 2000). 

 

 
Figure 4 
(A) Diagram indicating the relative positions of opposing BMP and Dorsal gradients 
in a transverse cross-section of a blastoderm stage Drosophila embryo. (B) In situ 
staining of a Drosophila blastoderm stage embryo showing expression of vnd, ind, 
msh, and dpp along the D-V axis. Dorsal is to the top and anterior to the left. (C) 
Cartoon showing the expression domains of Nkx2.2, Gsh, Pax6, Msx as well as the 
BMP and Shh protein gradients in the vertebrate neural tube (Mizutani et al., 2006). 
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Dorsoventral patterning of the vertebrate neuroepithelium 

In the vertebrate neural tube, the orthologues of vnd (NK2 transcription factor 
related locus 2, Nkx2.2), ind (Genomic screen homeobox 1, Gsh-1), and msh (Msx-
1/2/3) are expressed in a highly similar way to that in Drosophila. However, since the 

neural plate folds up over itself to form the ‘neural tube’ the columnar domains of 

Nkx2.2, Gsh-1, and Msx1/2/3 instead come to occupy ventral, intermediate, and 

dorsal positions within the developing CNS, respectively (Fig. 5) (Arendt et al., 2008; 

Arendt and Nubler-Jung, 1999). In addition to these factors, several other factors 

have been shown to be expressed in discrete compartments along the D-V axis have 

in vertebrates. These include two other members of the Nkx family: Nkx6.1 and 

Nkx2.1; members of the paired box (Pax), developing brain homeobox (Dbx), and 

iroquois homeobox (Irx) families of HD transcription factors: Pax6/7, Dbx1/2, Irx3, 

and Dlx2; as well as the bHLH protein Olig2 (Guillemot, 2007; Jessell, 2000; Lupo et 

al., 2006). 

 

While Drosophila and vertebrates appear to share a conserved set of genes involved 

in D-V patterning, the upstream mechanisms controlling the expression of these 

genes are not identical. In Drosophila, BMP signaling is antagonized by NF-kB 

signaling to specify the neuroectoderm and its mediolateral columns. In vertebrates 

dorsally derived BMP signaling is instead counteracted by a ventrally derived 

Hedgehog (Shh) signal, produced by the notochord and the neural tube floor plate, to 

establish the columnar compartments of the neural tube (Jessell, 2000). 

 

In the mouse ventral spinal cord, 2-3 fold progressive changes in Shh signaling 

strength has been found to subdivide the neurogenic region into five distinct 

progenitor domains along the D-V axis. These are from top to bottom: p0-p2 (that 

sequentially generate V0-V2 interneurons, oligodendrocytes, and astrocytes), pMN 

(that sequentially generates motoneurons, oligodendrocytes, and astrocytes, and p3 

(that generates interneurons, oligodendrocytes, and astrocytes). Each of these 

domains is delineated by the expression of D-V patterning genes, the expression of 

which is controlled both by the activating and repressing activity of BMP and Shh 

signaling, as well as by cross-regulatory relationships among the patterning genes 

themselves (similar to the case in Drosophila) (Jessell, 2000). Additionally, retinoic 

acid (RA) and FGF signaling have been implicated in this process (Lupo et al., 2006). 

Experimental manipulation of the expression of the D-V patterning genes in the 

spinal cord has shown that these genes are important for the correct generation and 
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specification of the neurons and glia born within the different progenitor domains. 

For example, Olig2 is selectively expressed within the pMN domain, and in Olig2 

mutants there is a loss of both motoneurons and oligodendrocytes (Guillemot, 2007). 

 

 

Figure 5 
Expression of msh/Msx (blue), ind/Gsh-
1 (brown) vnd/Nkx2.2 (red), 
hedgehog/Shh (violet), gooseberry/Pax-
3/7 (green), patched (yellow), 
orthodenticle/Otx (black bars) and Hox 
homologues (white bars) in the 
neuroectoderm of (A) Drosophila at 
stages of neuroblast delamination and 
(B) mouse at approximately 9 d.p.c. 
(with the neural tube unfolded into a 
neural plate for better comparison) 
(Arendt and Nubler-Jung, 1999). 

Anteroposterior patterning of the Drosophila neuroectoderm 

The maternal effect, gap, pair-rule and segment polarity genes 

As the neuroectoderm is subdivided into longitudinal columns along the D-V axis, it 

is simultaneously subdivided into transverse rows along the A-P axis. Seminal genetic 

screens performed in the early 80’s have addressed the mechanism of this A-P 

patterning, and found it to be highly complex process involving a large number of 

genes. These A-P patterning genes have been found to act at four different 

hierarchical levels in the establishment of the anteroposterior compartments and 

have thus been subdivided into four different classes; the maternal effect genes, the 

gap genes, the pair-rule genes, and the segment polarity genes. 

 

Similar to the process of D-V patterning, the initial steps of A-P patterning 

commences already within the unfertilized oocyte. As described above, the Gurken 

protein acts early within the oocyte to posteriorize one part of the embryo, whereby a 

microtubule network is established along the anteroposterior axis. Along these 

microtubules the maternally derived mRNAs from the ‘maternal effect genes’ bicoid 

and oskar are transported to the anterior and posterior end of the oocyte, 

respectively. In the posterior end Oskar subsequently acts to localize the mRNA of 

nanos to this region. Following fertilization the bicoid and nanos messages are 
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translated into proteins, and each act to repress the translation of one distinct 

messange. In the posterior region Nanos repress the translation of hunchback (hb) 

mRNA, and in the anterior region Bicoid repress translation of caudal mRNA, 

whereby an anteroposterior gradient of Hb, and a posteroanterior gradient of Caudal, 

is established (Gilbert, 2006). 

 

Following the establishment of the maternal effect protein gradients, these genes act 

to subdivide the embryo into broad overlapping stripes of ‘gap gene’ expression. The 

identified gap genes are Krüppel, knirps, hb, giant, tailless, huckebein, buttonhead, 

empty spiracles, and orthodenticle. The gap genes subsequently act together with the 

maternal effect genes to set up the expression domains of the primary ‘pair-rule 

genes’; hairy (h), even-skipped (eve), and runt (run). The primary pair-rule genes in 

their turn set up the expression domains of the secondary pair-rule genes; fushi 
tarazu (ftz), odd paired (opa), odd skipped (odd), sloppy-paired (slp), and paired 

(prd). The pair-rule genes are expressed in several non-overlapping narrow stripes 

along the embryo (Fig. X) , and their reiterative pattern define the subdivision of the 

embryo into several parasegments (Gilbert, 2006). 

 

Together the gap genes and the pair-rule genes activate the fourth class of A-P 

patterning genes; the ‘segment polarity genes’. These genes are, similar to the pair-

rule genes, reiteratively expressed in narrow stripes along the embryo, and their 

expression pattern defines the boundaries of the body segments (Fig. 6). The 

identified segment polarity genes are; engrailed (en), invected (inv), wingless (wg), 

cubitus interruptus (ci), hedgehog (hh), fused (fu), armadillo (arm), patched (ptc), 

gooseberry (gsb), and pangolin (pan).  Several of these genes (such as wg, hh, fu, 

arm, ptc, and pan) are parts of the Hedgehog and Wingless signaling pathways. 

Other segment polarity genes, such as en, inv, ci, and gsb, encode transcription 

factors (Gilbert, 2006). While the gap genes and the pair-rule genes become down-

regulated within the embryo prior to neurogenesis (although some genes, such as ftz, 

odd, and hkb, become reactivated later in subsets of NBs), the segment polarity genes 

are expressed in the neuroectoderm as neurogenesis begins, and their expression is 

retained within the early NBs and their progeny (Skeath, 1999).  
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Figure 6 
Cartoon summarizing the steps of A-
P patterning of the Drosophila 
embryo. A cascade initiated by the 
gradiental expression of maternal 
selector genes activates the 
expression of gap genes in discrete 
compartments within the embryo. 
The gap genes in their turn activate 
the expression of the pair-rule 
genes. The segment polarity genes 
and the Hox genes are activated by 
the pair-rule genes, but a subset of 
gap genes also directly influences 
the Hox genes. While the segment-
polarity genes control the generation 
of neuronal diversity at the level of 
the segment,  the Hox genes control 
the modulation of segment fates 
along the A-P axis (Sanson, 2001). 

 

The most well-studied segment polarity genes are wg, hh, ptc, gsb, en, and inv. All of 

these genes have been found to have row-specific effects on the generation and/or 

specification of NBs and their lineages (Bhat, 1999; Skeath, 1999). For example, gsb 

is expressed in row 5 and 6 NBs, and in gsb mutants the NBs of row 5 often fail to 

form, and in the case they form they are typically miss-specified as row 4 NBs. Since 

several segment polarity genes encode signaling pathway molecules, mutants often 

show phenotypes in other rows than the one(s) where the mutated gene normally is 

expressed. For example, wg is expressed in row 5 NBs, but in wg mutants the NBs of 

row 4 and 6 often fail to form, and in the case they form they are typically miss-

specified (Bhat, 1999; Skeath, 1999). Thus, the actions of the segment polarity genes 

are highly similar to those of the D-V patterning genes, although in another spatial 

dimension. 

The homeotic genes 

As described above, the columnar and segment polarity genes act within each 

segment to generate intrasegmental cell fate diversity. However, the different 

segments of the body do not develop uniformly; rather the fate of each segment is 
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modulated along the A-P axis such that it acquires a distinct function depending on 

where in the animal it is positioned. These intersegmental differences are regulated 

by the Hox homeotic genes, that similar to the segment polarity genes are activated in 

discrete compartments along the A-P axis under the influence of the gap and pair-

rule genes (Fig. 6) (Gilbert, 2006). 

 

The Hox genes encode a set of highly evolutionary conserved homeodomain proteins, 

which in Drosophila are clustered together in two large gene complexes on the third 

chromosome – the so called ‘homeotic complexes’. The ‘Antennapedia complex’ 

contains the genes Antennapedia (Antp), labial (lab), sex combs reduced (scr), 

Deformed (dfd), and proboscipedia (pb), and the ‘bithorax complex’ (Bx-C) contains 

the genes Ultrabithorax (Ubx), abdominal A (abdA), and Abdominal B (AbdB) 

(Gilbert, 2006). 

 

Within the developing fly VNC, the genes of the Bx-C are expressed in the abdominal 

segments (ubx ~A1-A5; abdA ~A2-A7; AbdB ~A5-A8), whereas Antp is expressed 

strongly in ~T1-T3 and weakly in ~A1-A8. The other genes of the Ant-C are expressed 

in the more anterior segments of the suboesophageal ganglion and the brain (Hirth et 

al., 1998). A characteristic feature of the Hox genes is that more posterior Hox genes 

tend to repress the expression and/or function of the more anterior ones, a 

phenomenon referred to as ‘posterior prevalence’ (Lichtneckert and Reichert, 2005). 

 

What is the function of the Hox genes in the developing CNS? A number of studies 

have shown that the Hox genes act within the embryonic and larval VNC to control 

segment specific differences between serially homologous lineages. Notably, several 

of the 30 NBs formed within each VNC hemisegment have been found to generate a 

differently sized lineage in the abdominal segments compared to the thoracic 

(Bossing et al., 1996; Schmidt et al., 1997). These lineage size differences have been 

found to be regulated on several different levels.  

 

First, Hox genes can act to truncate a lineage by making the NB undergo 

programmed cell death (PCD). For instance, in 3rd instar larvae, a pulse of abdA has 

been found to initiate PCD of abdominal post-embryonic NBs, thereby modulating 

lineage sizes along the neuraxis (Bello et al., 2003).  However, a similar mechanism 

for embryonic NBs has not yet been identified.  
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Second, a NB lineage can be retrospectively modified by making post-mitotic cells 

undergo PCD. Although PCD of post-mitotic cells have been shown to occur in almost 

all NB lineages (Rogulja-Ortmann et al., 2007), this is done in a segment specific 

fashion in only a subset of NBs. For example, in the MP2 lineage the dMP2 neuron is 

made in all VNC hemisegments, but it subsequently undergoes cell death specifically 

in segments T1-A5. The survival of the dMP2 neurons in segments A6-A8 has been 

found to be mediated by the expression of AbdB in these neurons (Miguel-Aliaga and 

Thor, 2004). Intriguingly, the dMP2 neurons in the T1-A5 segments are allowed to 

differentiate and carry out their early role in guiding non-pioneering neurons to their 

targets before they undergo PCD, demonstrating that Hox genes can act at very late 

stages in post-mitotic cells to generate neuronal diversity via this mechanism. 

Similarly, within the NB7-3 lineage the GW motoneuron has been found to be 

selectively eliminated in the T3-A8 segments, while high levels of Antp protects the 

GW neuron from undergoing apoptosis in the T1-T2 segments (Rogulja-Ortmann et 

al., 2008).  

 

Third, Hox genes can act within NBs to control their proliferative pattern. NB6-4 

generates 4-6 neurons and 3 glial cells in the thorax, but no neurons, and only 2 glia, 

in the abdomen. This has been found to be regulated by abdA and AbdB, that in their 

respective expression domains act to repress cyclin E, whereby the first NB division is 

transformed from being asymmetrical to being symmetrical, and the lineage is 

truncated (Berger et al., 2005). However, the role of Cyclin E in this instance appears 

to be independent from its role in cell cycle regulation. In fact, even though a few 

studies have shown that the Hox genes can influence the choice of NBs to enter 

quiescence (Prokop et al., 1998; Tsuji et al., 2008), no study has yet been able to show 

an integration of the Hox genes with the cell cycle machinery. 

 

In addition to controlling lineage progression, and modifying lineage size by means of 

programmed cell death, there are indications that Hox genes might also be involved 

in the differential specification of homologous neurons within different segments. For 

example, NB1-1 generates a lineage of 8-14 neurons in the thorax, but 4-6 neurons 

and 3 glia in the abdomen (Bossing et al., 1996), suggesting a homeotic 

transformation of cell fate rather than lineage size in the production of neurons vs. 

glia. However, the mechanisms by which the Hox genes act to confer such cell fate 

differences in Drosophila are so far poorly understood. 
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Anteroposterior patterning of the vertebrate CNS 

In vertebrates, the initial establishment of an A-P polarity is controlled by different 

mechanisms when compared to arthropods. Rather than using a system similar to the 

maternal effect/gap/pair-rule/segment polarity gene sequence, the A-P differences 

within the developing vertebrate embryo is established by the localized activity of 

various paracrine factors, such as Wnt, FGF, BMP, and retinoic acid (RA) signaling 

(Gilbert, 2006).  

 

However, several orthologs of the early Drosophila patterning genes have been 

identified as being involved in neural development also in vertebrates, although not 

always with homologous functions. For example, the orthologs of the segment 

polarity genes hedgehog (vertebrate Shh), gooseberry/paired (pax3/7), and patched, 

are expressed at early stages within the neural tube, but in longitudinal columns 

rather than in transverse rows (Fig. 5) (Arendt and Nubler-Jung, 1999). 

 

Regardless of the differences is the early steps of A-P patterning between vertebrates 

and arthropods, one of the key outcomes of these steps, namely the activation of Hox 

genes in well defined, ordered, partially overlapping compartments along the A-P 

axis, is highly similar. Indeed, the expression patterns of the arthropod Hox genes 

and their vertebrate orthologs have been found to be near identical. Additionally, the 

vertebrate orthologs of the Drosophila head gap genes orthodenticle (otx1/2) and 

empty spiracles (emx1/2), are, like their Drosophila counterparts, anteriorly 

expressed within the CNS, where they act to specify various brain structures (Fig. 5) 

(Arendt and Nubler-Jung, 1999). 

 

The number and distribution of the vertebrate Hox genes within the genome is 

different from that found in Drosophila. First, the Hox complex is not interrupted 

into two separate complexes. Second, as a result of several duplication events, 

mammals have a total of four Hox clusters (Hox-a to Hox-d), spread over four 

chromosomes. Third, the 39 genes within these clusters are subdivided into 13 

paralogue groups based on the homologies between themselves and their Drosophila 

orthologs. This means that in additional to the cluster duplications, individual gene 

duplications must also have occurred. While paralogue groups 9-13 all appear to be 

derived from duplications of abdA, groups 2 and 3 are derived from duplications of 

proboscipedia. Due to the functional redundancy between the members of the 
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different paralogue groups, some genes have been lost from the different clusters, 

giving each cluster a total of only 9-11 Hox genes (Gilbert, 2006) 

 

Similar to the case in Drosophila, the vertebrate Hox genes have been found to be 

critical for the correct specification and positioning of different body parts along the 

A-P axis, and manipulation of Hox gene expression typically lead to homeotic 

transformations (i.e., the transformation of one body part into the likeness of 

another). In the vertebrate spinal cord – that together with the hindbrain is the main 

site of action for the vertebrate Hox genes – the Hox genes have been found to be 

involved in the differential specification of motoneurons along the A-P axis. The 

vertebrates Hox genes have also been found to be involved in the specification of 

different motoneuron subtypes (Dasen et al., 2003; Dasen et al., 2005). 

 

Within the vertebrate spinal cord, motoneurons are generated from a discrete 

longitudinal progenitor domain, pMN, which is defined by the expression of the D-V 

patterning genes Olig2 and Nkx6.1, as well as the lack of Irx3 and Nkx2.2 expression, 

which in neighboring domains (that also express Nkx6.1) act to repress motoneuron 

determinants that are activated by Nkx6.1 (Briscoe and Ericson, 2001). Within this 

longitudinal domain, discrete ‘columns’ of motoneurons can be identified, which each 

innervates distinct muscle groups, and thereby represent different motoneuron 

subclasses. However, different motoneuron columns form at different A-P levels. At 

the brachial (forelimb) and lumbar (hindlimb) levels, a lateral motor column (LMC) 

forms, that in its turn is subdivided into a lateral and medial part (LMCL and LMCM), 

which innervate the dorsal and ventral limb muscles, respectively. At thoracic levels, 

a column called the pre-ganglionic chain (PGC) forms, which innervates the 

sympathetic ganglia. At both limb and thoracic levels a medial motor columns (MMC) 

forms, that is subdivided into a lateral (MMCL) and medial (MMCM) division that 

innervate axial and body wall muscles, respectively (Dasen et al., 2003; Jessell, 

2000). 

 

In a study by Dasen et al. (Dasen et al., 2003) the authors set out to map the 

differential expression of Hox genes within the different spinal cord motor columns 

and to investigate the role of the Hox genes in the formation of these columns. They 

found that while Hoxc6 is exclusively expressed at brachial levels, within the LMC, 

Hoxc9 is expressed exclusively at thoracic levels, within the PGC. Performing 

misexpression experiments (by electroporation in chick embryos), Dasen et al. were 
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able to show that misexpression of Hoxc9 at brachial levels leads to a suppression of 

Hoxc6 expression, and strikingly, using retinaldehyde dehydrogenase-2 (RALDH2) 

and Islet-2/Lim-1 as markers for LMC motoneurons and BMP5 as a marker for PGC 

motoneurons, they were able to see that the Hoxc9 misexpression caused a fate 

transformation of LMC motoneurons into PGC motoneurons. Conversely, 

misexpression of Hoxc6 suppressed expression of Hoxc9 at thoracic levels and caused 

a fate transformation of PGC motoneurons into LMC motoneurons.  

 

In another study by Dasen et al. (Dasen et al., 2005), the authors were able to show 

that besides controlling the generation of different motoneuron subclasses at 

different axial levels, the Hox genes are also involved in specifying different 

motoneuron subtypes within the same segment. Within each motor column the 

motoneuron cell bodies are organized in so called ‘motor pools’, where the members 

of each pool innervate a discrete muscle. Dasen et al. set out to map the expression of 

all 39 vertebrate Hox genes within the chick spinal cord, and were able to identify 

differential expression of Hox genes within distinct motor pools. For example, the 

authors found that, at brachial levels, the pectoralis (Pec) motor pool (marked by 

Pea3 expression) expresses Hoxc6, whereas the flexor carpi ulnaris motor pool (FCU; 

marked by Scip expression) does not. Performing electroporation experiments they 

found that misexpression of Hoxc6 increased the number of Pea3+ motoneurons at 

the expense of Scip+ motoneurons, indicating a fate switch of the FCU pool. 

Conversely, the electroporation of a dsRNA construct directed towards Hoxc6 lead to 

an increase in the number of Scip+ motoneurons at the expense of Pea3+ 

motoneurons, indicating a fate switch of the motoneurons of the Pec motor pool. 

 

Together these two studies show that the vertebrate Hox genes, like their Drosophila 

counterparts, are involved in the generation of neuronal diversity along the A-P axis 

of the nerve cord. However, while in the Drosophila VNC, as described above, the 

Hox genes have primarily been studied in the context of their regulation of lineage 

progression and programmed cell death, in the vertebrate spinal cord, the Hox genes 

have primarily been studied in the context of their role in the differential specification 

of motoneurons, both at the intersegmental and intrasegmental level. However, since 

the lineages that generate the vertebrate motoneurons remains to be resolved it is not 

clear by which mechanisms the Hox genes act to control the generation of 

differentially specified motoneurons in different spatial domains, and how these 

mechanisms relate to the functions of the Hox genes in Drosophila. 
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Lineage in the Drosophila CNS 

Neuroblast formation and delamination – the role of the proneural 
genes 

The first step of neurogenesis in Drosophila is the selection of which cells within the 

neuroectoderm that will become NBs, and which will be committed to a non-neural 

fate and eventually become part of the ventral epidermis. This selection is made 

within discrete clusters of cells - so called proneural clusters.  

 

The CNS proneural clusters are most often defined by their expression of the 

proneural genes of the achaete-scute (ac|sc; vertebrate Ash family) complex: achaete 

(ac), scute (sc), and lethal of scute (l’sc). These genes encode a distinct family of 

bHLH transcription factors that bind as heterodimers with ubiquitous E proteins to 

specific E-box sites within regulatory DNA sequences. Loss- and gain-of-function 

studies both within Drosophila and vertebrates have shown that proneural genes are 

necessary as well as sufficient for the generation of specific subsets of neuronal 

precursors within the neuroectoderm (Jimenez and Campos-Ortega, 1990; Kiefer et 

al., 2005). A major role of the proneural genes in Drosophila is to commit the cells in 

which they are expressed to a neural fate. Microarray studies performed to identify 

genes downstream of achaete-scute in the proneural clusters of the Drosophila PNS 

have shown that proneural genes appear to activate a core set of factors important for 

the neural phenotype, such as metabolic enzymes and cytoskeleton remodeling 

factors (Reeves and Posakony, 2005). 

 

Within the proneural clusters of the neuroectoderm all cells initially express a given 

subset of proneural genes to an equal degree, however, via competitive Notch 

signaling only one cell will become committed to the neural fate. Notch signaling is 

initiated by the binding of the transmembrane Notch ligand Delta to the 

transmembrane Notch receptor of a neighboring cell. This leads to the cleavage and 

subsequent nuclear translocation of the Notch intracellular domain (Notchintra). In 

the nucleus Notchintra interacts with Mastermind and Su(H) to activate the bHLH 

genes of the Enhancer of Split complex. These genes, in turn, act as repressors of the 

proneural genes of the ac|sc complex. Since the ac|sc complex genes also activate 

Delta expression, the repression of the ac|sc genes additionally leads to a repression 

of Delta; hence a positive feedback mechanism is established whereby the cell 
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becomes increasingly committed to a Notch activated non-neural state. Within the 

proneural cluster, either random differences in initial Notch signaling activity, or 

regulated regional differences between the cells in the cluster, cause one cell to have 

the upper hand in activating Notch and repressing Delta within the neighboring cells, 

thereby becoming the sole cell within the cluster expressing the genes of the ac|sc 

complex. This process, whereby a single cell in the proneural cluster becomes 

specified as the neuroblast by inhibiting the expression of proneural genes in its 

neighbors, is referred to as ‘lateral inhibition’ (Fig. 7) (Chitnis, 1995). 

 

The activation of the proneural genes in discrete clusters at precise positions within 

the neuroectoderm has been shown to be regulated by the activating and repressing 

actions of the pair-rule, segment polarity, and columnar genes (see also sections 

above on the effect of D-V and A-P patterning genes on the generation of NBs) 

(Skeath et al., 1992). Together the longitudinal columns defined by the columnar 

genes, and the transverse rows defined by the A-P patterning genes, set up what can 

be viewed as a Cartesian coordinate system of gene expression within each segment, 

within which proneural clusters form at given coordinates in five sequential waves 

(S1-S5) (Fig. 7) (Skeath, 1999). 

 

Following the singling out of committed NBs from the cells of proneural clusters, the 

NBs thus determined delaminate from the neuroectoderm to form a stereotyped 

semi-orthogonal array (of seven rows and six columns) on the basal surface of the 

prospective epidermis. 

 

 

Figure 7 
Formation and patterning of NBs 
within Drosophila embryos. Top: 
CNS during S2 NB delamination, 
labelled for Snail protein which 
marks all NBs. Bottom: 
Schematized embryos (only a 
single hemisegment showed). NBs 
are selected from proneural 
clusters (red) through lateral 
inhibition. The first 10 S1 pro-
neural clusters are formed in four 
AP rows (1, 3/4, 5, 7) and three DV 
columns (medial, intermediate, 
lateral), as defined by the 
expression of columnar genes (red, 
yellow, green) and segment 
polarity genes (light blue, orange, 
purple, green) (Skeath, 1999). 
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The NB identity genes 

As described above, each proneural cluster is specified at a well defined position 

within the Cartesian coordinate system of patterning gene expression. Later, as the 

NBs delaminate, they retain, at least transiently, the expression of the patterning 

genes, as well as of the proneural genes, which were expressed within the proneural 

cluster from which they were derived. Additionally, several other genes (of different 

classes) have been identified that are selectively expressed within different NBs 

during early developmental stages (Broadus et al., 1995; Doe, 1992). Taken together, 

the differential expression of these genes within NBs makes each NB uniquely 

identifiable, not only by its position, size, and time of delamination, but also by its 

expression of molecular markers (Fig. 8). 

 

A large number of studies have shown that the majority of the identified early NB 

genes are important for the correct generation and specification of the NBs in which 

they are expressed, and their lineages. For this reason these factors are commonly 

referred to as ‘NB identity genes’ (such factors have also been referred to as 

‘progenitor proteins’ in vertebrates (Guillemot, 2007)). An intriguing property of the 

NB identity genes is that none of them seem to act singlehandedly to determine all 

the unique features of the NB in which they are expressed. Rather, individual identity 

genes are expressed in several different NBs, but always together with different 

partners. Thus, each NB is provided with a distinct NB identity gene code that acts to 

determine its unique properties, such as lineage size and generation of specific 

subtypes of neurons and glia. However, the exact mechanisms by which these genes 

act to imprint these properties on a given lineage, is not known (Skeath and Thor, 

2003). 
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Figure 8 
The Drosophila VNC is subdivided in 
three thoracic (T) and 8 abdominal (A) 
segments. Each segment is composed of 
two mirrores hemisegments. In each 
hemisegment (T1-A8) a total of 30 NBs 
delaminate from the neuroectoderm in 
five sequential waves. Each neuroblast is 
generated at a stereotyped time and 
position, and displays a unique 
expression profile of molecular markers. 
These markers are important for the 
correct specification of the NB, and 
affects properties such as NB generation, 
lineage size, and cell fates of neurons and 
glia within the NB lineage. Adapted from 
www.neuro.uoregon.edu 
/doelab/nbmap.html and Campos-
Ortega J.A., 1985. 

The generation of NB lineages by asymmetric divisions 

Following delamination, each of the 30 NBs generated within a hemisegment goes on 

to generate a distinct lineage of neurons and glial cells. NBs generate progeny by 

dividing in a self-renewing manner while ‘budding off’ smaller ganglion mother cells 

(GMCs) that subsequently divide only once to produce two neurons or two glial cells, 

or one of each. NBs typically divide with a distinct apicobasal polarity, such that the 

NB after division always remains at the apical position directly under the 

neuroectoderm, while the GMC is generated at the basal end of the NB. As additional 

GMCs are produced by the NB, older GMCs, or their progeny, get pushed inwards 

towards the body cavity, resulting in a lineage clone where the youngest and oldest 

cells occupy the most apical and basal positions, respectively (Fig. 9). There are, 

however, some exceptions to this model. For example, the first division of NB6-4T 

occurs with a mediolateral polarity (parallel to the neuroectoderm) and generates two 

daughter cells of equal size, where one goes on to generate a number of glial cells, and 

the other starts to bud of GMCs in the typical manner (Akiyama-Oda et al., 1999). 



Introduction 

33 

 
Figure 9 
Neuroblasts (NB, pink) are formed from clusters of neuroectodermal cells (NE) expressing 
one or more proneural genes (not shown). The neuroblast enlarges and delaminates toward 
the interior of the embryo. Successive asymmetric divisions of neuroblast stem cells give rise 
to ganglion mother cells (GMCs, orange) , which divide once to produce two neurons and/or 
glial cells (red and yellow)  (Doe et al., 1998). 
 

The ability of the NB to divide in a manner which allows it to retain its proliferative 

potential while generating differentiated progeny is governed by the mechanism of 

asymmetric division, which is a process whereby a cell divides to produce two 

daughter cells that are distinctly different from each other already at birth. The 

mechanism is utilized in a large number of developmental contexts and the molecular 

machinery behind it has been found to be highly conserved throughout the animal 

kingdom (Knoblich, 2008). 

 

The asymmetric division of NBs is ultimately dependent upon the polar distribution 

of different complexes of cell fate determinants, and the proper arrangement of the 

mitotic spindle so that a given protein complex only gets distributed to one of the 

daughter cells (Fig. 10). In Drosophila, a number of proteins that are involved in such 

complexes have been identified. On the apical side of the NB cortex (towards the 

neuroectoderm) one of the protein complexes is constituted by the Par proteins 

Bazooka (Baz/Par3), Par6, and atypical protein kinase C (aPKC). This protein 

complex is located on the apical side of the NB already before it has delaminated and 

is maintained in an apical position following delamination, thus determining NB 

polarity. Following delamination the Par complex recruits the proteins Inscuteable 

(Insc) and Partner of Inscuteable (Pins) to the apical cortex. Pins, in its turn, can 

interact with Gα1, the NuMa related protein Mushroom body defective (Mud), as well 

as Khc-73 that binds to Pins via the adaptor protein Discs large (Dlg). Both Mud and 
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Khc-73 interact with microtubule and have been found to be important for the 

apicobasal orientation of the mitotic spindle. Gα1 is involved in receptor independent 

heterotrimeric G-protein signaling where Pins and Locomotion defects (Loco) act as 

GDP dissociation inhibitors (GDIs) and control the release of Gβγ. Gβγ acts on 

unknown downstream targets to control the size of the daughter cells (Knoblich, 

2008; Wu et al., 2008; Zhong and Chia, 2008). 

 

 

Figure 10 
Asymmetric NB divisions are governed 
by the polar distribution of different 
protein complexes. While the apical 
(towards the body surface) complexes 
include factors that govern cell polarity 
(Baz, Par6, aPKC), cell size (Gα1), and 
spindle alignment (Mud, Khc-73), the 
basal (towards the inside of the 
embryo) complexes include cell fate 
determinants (Brat, Pros, Numb) that 
act to limit the proliferative potential of 
the basal daughter cell – the GMC 
(Zhong and Chia, 2008). 

 

On the basal side of the NB two different complexes of cell fate determinants become 

localized as mitosis is initiated. One of these is composed of the proteins Brain tumor 

(Brat), Prospero (Pros; vertebrate Prox1), and Staufen (Stau; binding pros mRNA), 

held together by the adaptor protein Miranda (Mir). The second complex is composed 

of Numb and its binding partner Partner of Numb (Pon). Both these complexes are 

directed to the basal cortex of the NB by the actions of the Baz/Par6/aPKC complex, 

and following NB division they will become localized to the GMC. Within the GMC 

these proteins play different roles to specify the GMC identity (Wu et al., 2008).  

 

Pros is a homeobox protein with ~700 identified in vivo target genes. Pros has been 

found to be important for the GMC fate both by acting as a repressor of cell cycle 

promoting genes such as E2F, CycE and CycA, and by activating differentiation genes. 

In pros mutants, GMCs commonly fail to down-regulate NB markers such as Mir and 

Deadpan (Dpn), and fail to exit the cell cycle after one division. Additionally, the 

progeny of GMCs in pros mutants commonly fail to express terminal differentiation 
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markers (Choksi et al., 2006). Pros is thus an important player in regulating the 

switch from self-renewal to differentiation. 

 

Similar to pros, brat mutants have been found to display over-proliferation of neural 

progenitors in the larval brain. Additionally, in brat mutants expression of pros is 

greatly reduced, suggesting that brat is upstream of pros in the regulatory pathway. 

In line with this pros over-expression can rescue neural over-proliferation in brat 
mutant brains (Bello et al., 2006).  

 

The role of Numb in asymmetric division of NBs is not well investigated. However, it 

has been found that in numb mutants larval NB clones have ectopic NBs (Lee et al., 

2006). 

Asymmetric division of GMCs 

As noted above, GMCs divide just once to produce two post-mitotic neurons and/or 

glial cells. This division, however, is not symmetrical. As a GMC divides, cell fate 

determinants become unequally distributed to the two daughter cells, causing them 

to adopt different fates. Asymmetric GMC division has been well studied, both in the 

context of external sensory organ development in the PNS, and in several lineages of 

the CNS (Buescher et al., 1998; Rhyu et al., 1994; Skeath and Doe, 1998; Spana and 

Doe, 1996; Uemura et al., 1989). The first VNC NB lineage in which this process was 

studied was in the MP2 lineage. MP2 divides just once to produce the dMP2 and 

vMP2 neurons that have different axonal projections. The correct specification of 

these two neurons is critically dependent upon the asymmetric distribution of the 

protein Numb into the dMP2 neuron upon GMC division. In numb mutants the 

dMP2 neuron is transformed into the vMP2 neuron (Spana et al., 1995). Numb has 

been found to act via the Notch signaling pathway. In Notch; numb double mutants 

both MP2 daughter cells acquire the dMP2 fate, suggesting that the role of Numb lies 

in antagonizing Notch rather acting in an instructive manner (Spana and Doe, 1996). 

Furthermore, Numb has been found to bind and co-localize α-Adaptin, a protein 

associated with receptor-mediated endocytosis, suggesting a model in which 

Numb/α-Adaptin cause an internalization of the Notch receptor within one of the 

sibling cells, thereby specifying a ‘Notch inactive’ fate (Berdnik et al., 2002). Just as 

for NB division, Insc has been found to play an important role in asymmetric GMC 

division. In insc mutants, Notch fails to form a cortical crescent before mitosis and is 
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present in both sibling cells following division, causing a loss of the ‘Notch active’ 

fate. Additionally the mitotic spindle loses its apical-basal polarity (Buescher et al., 

1998). 

 

 

Figure 11 
GMCs can divide to produce daughter cells of different 
fates by asymmetrically distributing Numb (grey) to only 
one of the siblings. The “A” fate is specified by active 
Notch signalling (Numb-negative). The “B” fate is 
specified by inactive Notch signalling (Numb-positive) 
(Karcavich, 2005). 

Lineage in the vertebrate CNS 

The vertebrate proneural genes 

In vertebrates, two classes of proneural genes have been identified. The Ash family is 

homologous to achaete-scute, and contains mouse Mash1. The Ath family contains 

mouse Math1, Neurogenin (Ngn; e.g. Ngn1-3), NeuroD (e.g., Neurod4 [NeuroM] and 

Neurod1 [NeuroD]). The examplified members of these families have all been found 

to play important roles, on several different levels, in the development of the 

vertebrate CNS. First, similar to their Drosophila counterparts, these factors are 

involved in conferring a general neural fate upon the cells in which they are 

expressed, lying upstream of several pan-neural markers. Second, several vertebrate 

proneural genes have been found to promote the exit of neural progenitors from the 

cell cycle, as well as promoting the initiation of neuronal differentiation programmes 

(Guillemot, 2007). Hence, in order to maintain the neural progenitor pool during 

development, these functions must be suppressed within cycling progenitors. Such 

suppressions have been found to involve members of the SoxB family of transcription 

factors (Sox1-3), which act selectively within progenitors to maintain expression of 

progenitor specific proteins, as well as Notch signaling, which via members of the Hes 

class of bHLH factors suppresses the expression of the proneural proteins to a level 

that is compatible with the progenitor identity (Holmberg et al., 2008). Third, the 

vertebrate proneural genes are differentially expressed within the developing CNS, 

and are involved at late stages in neural subtype specification (i.e., the proneural 
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genes do not always function redundantly). For example, the expression of Mash1 

and Ngn2 in telencephalon neuronal progenitors promote the specification of 

GABAergic and glutamatergic neurons, respectively (Fode et al., 2000). Such 

instructive differential proneural gene expression has also been identified in the 

Drosophila PNS, where ac|sc and atonal are involved in specifying external sense 

organs and chordotonal organs, respectively (Jarman and Ahmed, 1998). Fourth, the 

vertebrate proneural genes are expressed in successive waves. While the members of 

the Ash, Ath, and Ngn families are expressed early at low levels in multicompetent 

progenitors, and later act at higher levels to promote cell cycle exit and 

differentiation, the NeuroD family members are exclusively expressed at later stages 

within prospective neurons (Ross et al., 2003). Fifth, the proneural genes are 

involved in the neurogenic to gliogenic switch (see below), where the expression of 

pronerual genes within progenitors inhibit the differentiation of astrocytes 

(Guillemot, 2007). 

The generation of vertebrate neuronal lineages 

Compared to Drosophila, the molecular and cellular resolution of vertebrate neural 

lineages is low. However, recently novel insights into the behaviour of, and 

relationship between, various progenitor cell pools have been gained, especially from 

studies where progenitor cell ablation and lineage tracing experiments have been 

performed. 

 

The neurons and glia of the vertebrate CNS are all derived from the cells of the 

neuroepithelium, which folds up over itself to form the neural tube (see above). The 

neuroepithelial cells are radially elongated and in contact both with the apical surface 

(towards the inside of the neural tube) and with the pial surface (towards the body 

cavity) of the neuroepithelium. During the course of the cell cycle the nuclei of the 

neuroepithelial cells migrate between the two surfaces, initiating cell division only in 

the apical region. At early stages division is symmetrical, leading to an enlargement of 

the neural stem cell pool. At the onset of neurogenesis it is belived that many 

neuroepithelial cells transform into a population of neural progenitors with glial 

characteristics, so called radial glial cells (RGCs) (Merkle and Alvarez-Buylla, 2006). 

RGCs have been shown to be responsible for the generation of the large majority of 

neurons, oligodentrocytes, astrocytes, and ependymal cells of the mammalian CNS, 
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as well as of the subventricular zone (SVZ) astrocytes that act as progenitor cells in 

the adult forebrain (Anthony et al., 2004; Merkle and Alvarez-Buylla, 2006). 

 

Studies in the mammalian cerebral cortex have shown that RGCs in this region are 

capable of dividing both symmetricaly and asymmetricaly. The assymetric divisions 

are of two different types. In the first type (type I in fig. 12) the RGC divides to renew 

itself while also producing a neuron. In the second type (type II in fig. 12) both 

daughter cells become progenitors, however, one progenitor remains in the 

ventricular zone (VZ) while the other migrates to the SVZ where it divides to form 

either two neurons or two new progenitors (Noctor et al., 2004). The former case 

(two post-mitotic cells) closely resembles the division pattern of Drosophila 

embryonic NBs, while the latter case resembles the pattern found in some larval 

Drosophila NB lineages where the NB produces transit-amplifying GMCs (Bello et al., 

2008; Wu et al., 2008; Zhong and Chia, 2008).  

 

In the light of these findings it is not surprising that several homologues of the genes 

involved in regulating asymmetric division in Drosophila have been found to have 

similar functions in vertebrates (Knoblich, 2008). For example the vertebrate 

ortholog of Pros, Prox1, has been found to be important both for cell cycle exit and 

neuronal differentiation in the mouse retina (Dyer et al., 2003). However, the exact 

mechanism of how mitotic spindle alignment and asymmetric distribution of cell fate 

determinanats are involved in assigning a progenitor vs. differentiation fate to the 

daughter cells of asymmetric divisions, in vertebrates, remain enclear (Zhong and 

Chia, 2008). 
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Figure 12 
Neural progenitor cells have been found to undergo at least two different types of asymmetric 
divisions during mammalian neurogenesis. In type-I divisions, an RGC produces another 
RGC and a daughter cell that becomes a neuron. In type-II asymmetric divisions, an RGC 
generates two daughter cells that both re-enter the cell cycle, but one remains as an apical 
progenitor cell in the VZ whereas the other moves to the SVZ to become a basal progenitor 
cell that divides only once to generate two neurons (Zhong and Chia, 2008). 
 

Although well defined examples of single neural lineages are lacking, the 

neurogenesis of variuos parts of the vertebrate CNS has been well studied outside of 

the context of linage relationship between cells, providing examples of lineage 

generation by the prognitor population as a whole. Successful models for such studies 

include the spinal cord, retina, and the cerebral cortex. Below I shortly summarize the 

process of neurogenesis in the cerebral cortex, since this model has recently provided 

interesting insights into the temporal regulation of vertebrate neural progenitors, 

thus coupling cell specification to lineage progression. 

 

The cerebral cortex develops from the lateral regions of the forebrain 

neuroepithelium. After an initial symmetrical amplification of the progenitor pool in 

the VZ, radial glial cells start to undergo asymmetrical divisions producing either 

neurons or progenitor cells that migrate to the SVZ where they later divide to produce 

either neurons or additional SVZ progenitor cells (see above). The neurons thus 

produced migrate radially from the VZ/SVZ and populate the cortical plate layers (II-

VI) in an ‘inside out’ fashion, where younger neurons migrate past older neurons to 

occupy more superficial layers. Following the generation of neurons, glial cells are 

produced. However, the major phase of glia production occurs only after the birth of 

the animal (this birth order, neurons first and glia later, is seen in all regions of the 

vertebrate CNS). As neurogenesis runs towards its end, the radial glia in the VZ 

eventually lose contact with the apical surface and migrate towards the pial surface 
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where they divide symmetrically to produce two astrocytes. Thus the VZ/SVZ 

diminishes, except in the basal forebrain where neurogenic SVZ astrocytes remain 

into adulthood (Merkle and Alvarez-Buylla, 2006; Okano and Temple, 2009). 

Importantly, individual cortical progenitors have been found to be able to generate 

not only neurons of all cortical layers but also glia (Molyneaux et al., 2007; Turner 

and Cepko, 1987). This demonstrates that similar to Drosophila NBs, cortical 

progenitors are multicompetent, and are induced, either by intrinsic or extrinsic cues, 

to generate different types of cells at different time points. 

 

To summarize, the emerging model holds that vertebrate neural progenitors are 

linealy related, and together with the identified progenitor division modes, this 

reveals major similaritites between vertebrate and arthropod neurogenesis, indicative 

of an evolutionary conservation of these mechanisms. However, as examplified above 

in the context of the cerebral cortex, there are also significant differences between 

how arthropods and vertebrates generate neural lineages, in particular concerning 

the migratory behaviour of newly generated neurons, and the subdivision of 

neurogenesis into a distinct neurogenic and gliogenic phase. Additionally, spatial and 

temporal differences in proneural gene expression have been adressed more 

thoroughly in vertebrates than in Drosophila as a mechanism for generating neuronal 

diversity. 

The Drosophila temporal gene cascade 

Neural stem cells in both insects and vertebrates have been found to undergo 

temporal changes in their competence, allowing them to generate different types of 

neurons and glial cells at different time points. In Drosophila NBs, a ‘temporal gene 

cascade’ involving the transcription factors hunchback (hb; vertebrate ikaros), 

Krüppel (Kr; vertebrate B-cell leukemia/lymphoma 6 [Bcl6]), pdm1/2 (henceforth 

pdm; vertebrate oct1/2), castor (cas; human casz1), and grainyhead (grh; 

mammalian grainyhead [mgr]) have been identified. These genes are expressed in a 

step-wise manner in the NB in the order Hb/KrKrPdmCasGrh, and have 

been found to be necessary, as well as sufficient, for the specification of neural and 

glial fates generated within their respective expression window (Fig. 13) (Brody and 

Odenwald, 2000; Grosskortenhaus et al., 2006; Isshiki et al., 2001; Kambadur et al., 

1998; Novotny et al., 2002; Pearson and Doe, 2004). 

 



Introduction 

41 

Many NB lineages have been partially or completely mapped with respect to their 

temporal gene expression. These include NB2-4 and NB6-4 (Isshiki and Doe, 2004), 

NB7-1 (Cleary and Doe, 2006; Grosskortenhaus et al., 2005; Grosskortenhaus et al., 

2006; Isshiki and Doe, 2004; Pearson and Doe, 2003), NB7-3 (Isshiki et al., 2001; 

Novotny et al., 2002), NB3-1 (Tran and Doe, 2008), and NB3-3 (Tsuji et al., 2008). 

Genetic loss- and gain-of-function experiments performed within these lineages, 

using known molecular and morphological characteristics of given sets of progeny as 

a read-out, have provided the basis for the understanding of the temporal 

specification of NBs. 

The control of temporal gene expression progression 

Initially it was believed that the change in temporal gene expression was controlled 

collectively for all NBs by extrinsic factors, since a pulse of expression of each gene 

can be roughly associated with a given embryonic stage. However, it was later 

demonstrated that all NBs undergo the same sequence of temporal gene expression 

regardless of their time of birth (Isshiki et al., 2001). Importantly, some NBs exit the 

cell cycle and die before the whole cascade has run to its end. Furthermore, many 

NBs ‘pause’ the temporal cascade at a given stage as they enter quiescence at the end 

of embryonic development, only to start it again where they left off as they are 

reactivated during larval stages (Maurange et al., 2008). 

 

Further evidence for a lack of extrinsic control of temporal gene cascade progression 

has come from in vitro experiments where NBs have been found to undergo the 

hbKrpdmcasgrh cascade even when isolated in tissue cultures (Brody and 

Odenwald, 2000; Grosskortenhaus et al., 2005). 

 

How then is the progression of the temporal gene cascade controlled? One possible 

model is that the temporal genes themselves regulate the other members of the 

cascade in a feed-forward genetic network, independent of other cues. Another model 

is that the temporal transitions are coupled to the cell cycle. Indeed, both these 

models appear to be true, but only to a given extent. 

 

In the temporal cascade, only the first transition – the down-regulation of Hb – has 

been found to be coupled to the cell cycle. In string mutants, where the cell cycle is 

arrested before the first NB division, NBs fail to down-regulate Hb (Grosskortenhaus 
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et al., 2005; Isshiki et al., 2001; Mettler et al., 2006). However, when Hb expression 

is removed in string mutants (continuous Hb expression blocks activation of 

PdmCasGrh (Isshiki et al., 2001)) the temporal cascade can progress through the 

KrPdmCas windows without mitosis occurring, implicating that these transitions 

are regulated by other mechanisms (Grosskortenhaus et al., 2005).  

 

The mitosis requirement for the first temporal transition has been found to be 

coupled to the activity of the orphan nuclear receptor seven up (svp; vertebrate 

COUP-TF), that act as a repressor of hb. Svp is expressed in most, if not all, NBs at an 

early stage, but for some reason the mRNA is predominantly localized within the 

nucleus and therefore not efficiently translated. However, following mitosis the svp 

mRNA becomes cytoplasmic, and after translation, the Svp protein act to repress hb. 

Hence, the timing of hb down-regulation is regulated both by the cell cycle clock, and 

by the timing of onset of svp expression, which in its turn is regulated by an unknown 

mechanism (Kanai et al., 2005; Mettler et al., 2006). 

 

Following down-regulation of Hb, NBs successively express the genes Kr, Pdm, Cas, 

and Grh. Additionally, many NBs display double expression windows of Kr/Pdm, 

Pdm/Cas, and Cas/Grh. Since these transitions have not been generally found to be 

coupled to cell cycle progression or cytokinesis they need to be regulated by some 

other mechanism, but how? Loss- and gain-of-function experiments have shown that 

these genes follow a regulatory logic whereby a given gene in the cascade activates the 

next gene, and suppresses the next plus one, as well as the previous one. However, 

with the exception of cas, which has been shown to be necessary for the expression of 

grh (Maurange et al., 2008) (Paper II), the other temporal genes are not necessary 

for the expression of the next gene in the cascade, rather they are only modulating the 

timing of their expression. For example, in Kr mutants there is a delay in the onset of 

pdm in some (e.g., NB2-4), but not all NBs (Isshiki et al., 2001), and in pdm mutants 

there is a delay in the onset of cas expression in some (e.g., NB3-1), but not all (e.g., 
NB7-1) NBs (Grosskortenhaus et al., 2006; Tran and Doe, 2008). Conversely, 

misexpression of hb, Kr, and cas, lead to precocious expression of Kr, pdm, and grh, 

respectively, in several NBs (Isshiki et al., 2001; Maurange et al., 2008). 

 

As for the repressive actions of the temporal genes on each other, the most robust 

repressions observed are those of hb and cas upon pdm. Both Hb and Cas have been 

found to bind to, and negatively regulate, cis-regulatory elements within the pdm1/2 
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enhancers (Kambadur et al., 1998). Notably, in hb mutants, the pdm expression, 

which in wild type embryos is only transiently retained within NBs following their 

delamination from the neuroectoderm, is maintained until late stage 11, when the 

expression of cas commences. Similarly, in cas mutants, the late window of pdm 

expression fails to be properly terminated (Grosskortenhaus et al., 2006; Kambadur 

et al., 1998). Together, these findings indicate that the timing of onset and closure of 

the late pdm temporal window is regulated by the repressive actions of Hb and Cas, 

respectively. Another strong repressive action is that of Kr on Cas. In Kr 

misexpression embryos expression of cas is strongly reduced (Cleary and Doe, 2006; 

Isshiki et al., 2001). In line with this, Kr mutants display a precocious activation of 

cas in some (NB2-4, NB5-4) but not all (NB7-1, NB7-3) NBs (Isshiki et al., 2001). 

Another, minor, repressive effect is that of pdm on Kr. In pdm mutants down-

regulation of Kr is delayed in NB3-1, but not in NB7-1 and NB7-3 (Tran and Doe, 

2008). 

 

In the light of the findings described above, that show many exceptions to the 

regulatory relationships proposed for the temporal genes, speculations have been 

made about the existence of unknown factors (factor ‘X’ in Fig. 13). This would 

strengthen the picture of the temporal genes as acting in an autonomous 

transcriptional circuit to control temporal gene cascade progression, rather than 

being controlled by, and modulating, another intrinsic ‘cell clock’ (Tran and Doe, 

2008). In this ‘autonomous model’, while the down-regulation of Hb might be 

explained by svp, and the onset and termination of pdm might be explained by the 

repressive actions of hb and cas, respectively, as well as by activation by Kr; the onset 

of cas, that occurs even in hb and Kr mutants (Isshiki and Doe, 2004), could be 

explained by factor X. Factor X could also explain the down-regulation of Kr (indeed, 

this might be the cue for the onset of cas), that occurs even in pdm mutants (Tran 

and Doe, 2008). Finally, the onset of grh expression has been found to be completely 

dependent upon cas (Maurange et al., 2008) (Paper II), and grh has also been found 

to be involved in the down-regulation of cas (Paper II), thus concluding the 

hypothetical autonomous circuit. The future elucidation of weather the temporal 

genes progress by means of an autonomous intrinsic cascade, or if they are dependent 

upon the integration of other cues, will provide important insights into the 

mechanisms by which neural progenitors change their competence over time. 
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To summarize this section, three major conclusions can be drawn regarding the 

mechanisms behind temporal gene cascade progression within embryonic NBs. First, 
the progression of temporal gene expression occurs independently of cell-extrinsic 

signals. Second, while the first temporal transition (Hb/KrKr) is coupled to the 

progression of the cell cycle, the subsequent transitions (KrPdmCasGrh) occur 

even in cell cycle arrested embryos. Third, while some of the identified genetic 

interactions between the temporal genes imply that the temporal genes modulate, 

rather than being in total control of, temporal cascade progression, one or several as 

of yet unidentified factors could complete the picture of the temporal genes as 

constituting an integrated self-regulatory circuit. 

 
 

 
 

1. GOF: Kr ectopically activated. Isshiki et al., 2001. 
2. LOF: Pdm delayed in some NBs,. Isshiki et al., 2001. 

GOF: Pdm precociously activated in many NBs. Isshiki et al., 2001; Cleary and Doe, 2006. 
3. LOF: Cas delayed in NB3-1, but not in NB7-1. Grosskortenhaus et al., 2006; Tran and Doe, 2008. 

GOF: Cas precociously activated in NB 7-1/NB3-1. Grosskortenhaus et al., 2006; Tran and Doe, 2008. 
4. LOF:  Grh completely lost from CNS. Maurange et al., 2008; Paper II. 

GOF: Grh precociously expressed in many NBs. Maurange et al., 2008. 
5. LOF: Hb window extended in many NBs. Kanai et al., 2005; Mettler et al., 2008. 

GOF: Hb suppressed in many NBs. Kanai et al., 2005. 
6. LOF: Pdm window globally extended. Kambadur et al.,1998; Grosskortenhaus et al., 2006. 

GOF: Pdm globally repressed. Kambadur et al., 1998; Isshiki et al., 2001. 
7. LOF: Cas precociously expressed in NB2-4/NB5-4, but not in NB7-1/NB7-3. Isshiki et al. 2001. 
8. LOF: Kr down-regulation delayed in NB3-1, but not in NB7-1/NB7-3. Tran and Doe, 2008. 

GOF: Kr repressed in NB7-1 and NB3-1. Grosskortenhaus et al., 2006; Tran and Doe, 2008. 

9. LOF: Cas window extended in many NBs. Paper II. 
 

 
Figure 13 
Summary of the known regulatory relationships between the identified temporal genes, 
together with the most relevant references. LOF: Describes the effects seen in loss-of-
function experiments. GOF: Describes the effects seen in gain-of-function experiments. 
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The role of temporal genes in cell fate specification 

The role of the temporal genes in generating neuronal diversity has been studied in 

several lineages. One particularly well studied lineage is that of NB7-1 and in the 

following section this lineage will serve as a model for how the temporal genes are 

involved in cell fate specification.  

 

NB7-1 generates a total of ~20 GMCs. The first five GMCs generate five motoneurons, 

U1-U5, which are easily identifiable by their expression of the gene even skipped 

(eve). Each U motoneuron has a sibling of an unknown fate, which does not express 

Eve. The GMCs that generate the U1-U5 neurons are born in five successive well 

defined temporal windows: high Hb/low Kr (U1); low Hb/low Kr (U2); high Kr (U3); 

Pdm (U4); and Pdm/Cas (U5). Following the generation of the U1-U5 neurons, NB7-1 

enters a Cas only window and start to generate interneurons of various classes, for 

which molecular markers are lacking. 

 

Each U motoneuron can be uniquely identified by a combination of molecular marker 

expression, cell position, and axonal projection. In addition to the expression of the 

temporal genes, which are transiently retained within the neurons after their birth, 

the U2-U5 neurons express Zn finger homeodomain 2 (zfh2) and ventral veins 
lacking (vvl). The U4 and U5 neurons additionally express the gene runt (run). A 

large number of loss- and gain-of-function experiments have showed that the correct 

specification of the U1-U5 neurons, with respect to their axonal projections and 

expression of molecular markers, is dependent upon the unaltered integrity of each 

temporal gene expression window. In the following paragraphs I will briefly 

summarize these experiments. 

 

Since mutants of individual temporal genes typically does not significantly alter the 

progression of the other genes within the cascade (see section above on temporal 

gene cascade progression; Fig. 13), the logic of temporal gene mutants is typically that 

only the cell fates specified within the expression window of the mutated gene is 

affected. In line with this, in hb and Kr mutants the U1/U2 and U3 fates are lost, 

respectively (Isshiki et al., 2001), and in pdm and cas mutants the U4/U5 and U5 

fates are lost, respectively (Grosskortenhaus et al., 2006). Additionally, in cas 

mutants, since pdm is not properly down-regulated, many ectopic U4 neurons are 

observed. Conversely, in hb misexpression embryos up to 15 U1 neurons are specified 

within the NB7-1 lineage (Hb represses pdm and cas, and thereby cascade 
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progression) (Grosskortenhaus et al., 2005; Isshiki et al., 2001; Pearson and Doe, 

2003); in Kr misexpression embryos up to 9 U3 are specified (Kr represses cas, but 

not pdm) (Cleary and Doe, 2006; Isshiki et al., 2001); in pdm misexpression 

embryos, due to a repression of Kr, and thereby a precocious activation of cas within 

the NB, several U5 neurons are specified at the expense of U3/U4 neurons (Tran and 

Doe, 2008); finally, in cas misexpression embryos pdm is repressed within the NB, 

leading to the precocious termination of the U motoneuron window after the 

production of the U1-U3 neurons (Tran and Doe, 2008).  

 

Together these results demonstrate the temporal genes are both necessary and 

sufficient to specify the fates of the cells generated within their respective expression 

domains. Similar results have been obtained from the study of other NB lineages 

(Isshiki et al., 2001; Novotny et al., 2002; Tran and Doe, 2008; Tsuji et al., 2008). 

 

An intriguing property of the temporal genes is that none of them is restricted to 

specify a particular cell type. Many Drosophila NBs are multipotent, generating 

lineages that contain motoneurons and/or interneurons, as well as glia, but there is 

no correlation between temporal gene expression and when in a lineage a particular 

cell type is specified. For example, the generation of motoneurons in NB7-1 takes 

place in windows of Hb, Kr, and Pdm expression, whereas NB7-3 makes interneurons 

in the Kr and Pdm windows. In the NB6-4T lineage glia are born in a Hb/Kr window, 

whereas NB7-4 generates interneurons in the Hb/Kr window and glia in the Kr and 

Pdm windows (Fig. 14) (Isshiki et al., 2001). These findings show that the temporal 

genes can act together with other, for example spatial, determinants to dictate 

neuronal fates in a lineage specific manner. 

 

To summarize, a temporal gene cascade of Hb/KrKrPdmCasGrh has been 

identified that act within Drosophila NBs to generate intra-lineage neuronal 

diversity. Loss- and gain-of-function studies performed within several different 

lineages show that the temporal genes are both necessary and sufficient to specify 

neuronal fates in a birth-order dependent manner. An important conclusion drawn 

from these studies is that a given temporal gene does not specify a given fate, but 

rather integrates with other cues to activate disparate downstream programs. 
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Figure 14 
(A) Neuroblasts transiently express Hb → 

Kr → Pdm → Cas, but their progeny 
maintain the transcription factor profile 
present at their birth (gene expression 
overlaps not shown for clarity). 
(B) Hb and Kr loss of function and 
misexpression phenotypes. GMCs are 
labelled according to birth order, with ‘1’ 
representing all Hb+ GMCs and ‘2, 3, 4’ 
representing the following GMCs in the 
lineage. Dashed circles represent abnormal 
GMC development (GMC death, GMC 
skipped, or GMC transformed to a later-
born fate). 
(C) Hb, Kr, Pdm, and Cas regulate temporal 
identity rather than cell type identity. NB, 
neuroblast; MN, motoneuron; IN, 
interneuron; G, glia (Isshiki et al., 2001). 

Temporal specification of vertebrate neural progenitors 

Similar to Drosophila NBs, vertebrate neural progenitors have been found to 

generate different types of cells at different time points. The mechanisms behind how 

these competence transitions are controlled by intrinsic and/or extrinsic signals have 

primarily been studied in the retina and the cerebral cortex (Miller and Gauthier, 

2007; Okano and Temple, 2009; Pearson and Doe, 2004). 

 

As described above, the neurons of the cerebral cortex are generated in an inside-out 

fashion, where young and old neurons occupy superficial and deep cortical layers, 

respectively. This is followed by the generation of astrocytes and oligodendrocytes, 

primarily during postnatal stages. Since individual cortical progenitors have been 

found to be competent to generate neurons of all cortical layers (Molyneaux et al., 

2007), as well as glia, a model in which separate pools of differentially specified 

progenitors generate distinct cortical cell types has been ruled out, in favour of a 

model in which the progeny of cortical progenitors, like for Drosophila NBs, become 

differentially specified according to birth order. Yet there are some principal 

differences between how different cell types are generated in the vertebrate cerebral 

cortex and in the Drosophila CNS. First, in the cortex the different classes of neurons 
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and glia always appear in the same order. This is different from the case in 

Drosophila where motoneurons, interneurons and glia are generated at different 

times points in different lineages. Second, whereas Drosophila NBs are often ‘out of 

sync’ with each other with respect to the progression of their temporal gene cascades, 

the temporal transitions of cortical progenitors are typically tightly synchronized, 

with little overlap between the generation of different cell types. Together these 

differences begs for speculation on the nature of the cues that induces competence 

transitions in cortical progenitors. While Drosophila NBs appear to exclusively follow 

an intrinsic clock, the synchronized global competence switches of cortical precursors 

might indicate the presence of extrinsic environmental cues, and that these cues 

additionally might be deterministic for a particular cell type. 

 

Indeed, evidence for such extrinsic signals has been found. In heterochronic 

transplantation experiments where H3-thymidine labeled early donor progenitors 

(layer V/VI) were transplanted into older hosts, many progenitors were able to switch 

to making host appropriate neurons (layer II/III), implying that the progenitors 

changed their temporal identity in response to an environmentally derived cue 

(McConnell and Kaznowski, 1991). On the other hand, when older progenitors were 

transplanted into younger hosts, the majority of the labeled neurons migrated to 

superficial layers (although they had to wait for these layers to form), implying that 

cortical progenitors becomes restricted in their competence to respond to early 

environmental cues over time (Frantz and McConnell, 1996). Strikingly, single 

cortical progenitors cultured in vitro generate stereotyped lineages with a birth order 

highly similar to that observed in vivo, with preplate neurons being generated first, 

followed by cortical plate neurons, in a given order, and then glia (Shen et al., 2006). 

While this finding does not separate between the relative contribution of progenitor-

intrinsic and extrinsic cues, it shows that the cues that govern cortical progenitor 

competence transitions are at least lineage-intrinsic. 

 

What are the possible mechanisms behind an extrinsic control of progenitor 

competence transitions? An intriguing mechanism has been identified by which 

cortical progenitors respond to extrinsic cues to initiate the neurogenicgliogenic 

switch. This switch is positively regulated by the JAK-STAT pathway, and 

surprisingly the signal activating this pathway within the cortical progenitors 

(Corticotrophin 1) has been found to be derived from differentiated neurons. Hence, 

the onset of gliogenesis is regulated via a negative feedback loop involving signaling 
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between the progenitors and their progeny. However, Corticotrophin 1 is released 

from neurons even during early stages of neurogenesis without glia appearing. This 

indicates that early progenitors are somehow restricted in their competence to 

respond to proglial cues. One important finding pertaining to the question of how 

early cortical progenitors are kept  refractory to JAK-STAT signaling was that many 

astrocytic genes are epigenetically silenced during early neurogenic stages, only to 

become active at the correct time for astrocyte production. This finding shows that 

histone modifications and DNA methylation are important mechanisms in cortical 

progenitor competence transitions (Okano and Temple, 2009). 

 

Intriguingly, the vertebrate svp orthologue Coup-tfI/II has been found to be involved 

in regulating the neurogenicgliogenic switch. The expression level of COUP-TFI/II 

is high in early progenitors but decreases before onset of gliogenesis. In Coup-tfI/II 

knockout mice the epigenetic silencing of the astrocyte specific gene GFAP is 

prolonged, and the neurogenicgliogenic switch is inhibited, suggesting that COUP-

TFI/II is needed at an early stage to release the restriction of cortical progenitors to 

respond to proglial extrinsic signals (Naka et al., 2008). This is analogous to the 

situation in Drosophila, where svp mutants display an over-proliferation of early 

fates at the expense of later fates. 

 

While the vertebrate orthologue of hb (that is repressed by svp in Drosophila), 

ikaros, has not yet been associated with a function in cortical development, it has 

been found to be expressed in early mouse retinal progenitors, where it is both 

necessary and sufficient to specify early born cell fates (Elliott et al., 2008). 

 

To summarize, vertebrate neural progenitors, similar to Drosophila NBs, have been 

found to generate different types of neurons and glia at different time points. In the 

cerebral cortex neural progenitors can be induced by extrinsic signals to generate a 

particular cell type. However, the competence of the progenitors to respond to these 

signals changes over time in response to cell-intrinsic events, one of which involves 

an orthologue to a gene that regulates temporal gene expression in Drosophila. While 

only one orthologue of the five canonical Drosophila temporal genes have so far been 

identified as being involved in temporal specification of vertebrate neural 

progenitors, further studies will show the extent to which these mechanisms are 

conserved. 
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Terminal cell fate specification 

The ultimate step on the road to the formation of a functionally integrated mature 

nervous system is the terminal differentiation of the post-mitotic neurons and glia. 

This step involves the activation of distinct batteries of terminal differentiation genes 

that act to confer upon each neuron and glia subtype its unique properties, such as 

cell morphology, axon pathfinding, and expression of neurotransmitters, 

neurotransmitter processing enzymes, ion channels, and receptors. 

 

How do all the genes necessary for a given neural subtype become concertedly 

activated within a differentiating cell? Several different models for how one or several 

regulators can achieve this are conceivable.  First, a “one gene – one cell type” model 

can be envisioned, where the activation of a single regulator, a ‘master gene’, within 

the differentiating cell is enough to activate the expression of all the terminal 

differentiation genes that are unique, in themselves or in their combination, to that 

particular cell subtype. Indeed, such ‘master regulators’ have been identified. For 

example, in Caenorhabditis elegans (C.elegans), the transcription factor AST-1 is 

exclusively expressed within dopaminergic neurons, where it acts to activate the 

expression of five dopamine pathway genes that all share a common cis-regulatory 

AST-1 binding motif (see section below on the regulatory logic of terminal selector 

genes). However, there are also examples in C. elegans of heterodimers binding such 

regulatory sequences, leading us onto the second model, which entails that it is a 

unique combination of regulators, rather than a single regulator, which activate the 

expression of a distinct battery of terminal differentiation genes within a particular 

neural cell subtype. The developmental economics of this second model is evident; in 

higher animals the number of cell types greatly surmounts the number of 

transcription factors, making the combinatorial utilization of these factors a logical 

step in the generation of cell type diversity. Indeed, studies in Drosophila and 

vertebrates have identified combinatorial coding as a central mechanism of neuronal 

subtype specification (see section below on the specification of motoneurons in 

Drosophila and vertebrates). However, single regulators controlling the expression of 

several terminal differentiation genes have also been found in Drosophila. The best 

examples of such genes are the glial cell determinant glial cells missing (gcm) 

(Soustelle and Giangrande, 2007), and the neuroendocrine cell determinant dimmed 

(dimm) (Allan et al., 2005; Hewes et al., 2003; Park et al., 2004). However, rather 

than being associated with a distinct neural cell subtype, these master regulators 
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control the expression of a number of genes shared by several different subtypes. For 

example, dimm regulates the expression of a number of neuropeptide processing 

enzymes, which are expressed in all neurosecretory cells, regardless of which 

neuropeptide these express. Given that both the models proposed above have been 

shown to be used in different context in CNS development, a third model can be 

conceived, which holds that the terminal specification of a particular neural cell 

subtype is controlled by master regulators and combinatorial codes acting in parallel 

to control different aspects of cell identity. Indeed, cases supporting this model have 

been identified. In a particular Drosophila neuron, the Ap4/FMRFa neuron, 

regulators acting together in a combinatorial code to activate a specific neuropeptide 

gene, also play individual roles, in for example axon pathfinding (Allan et al., 2005) 

(see section below on Ap cluster specification). Intriguingly, this combinatorial code 

also includes the master regulator Dimm. Thus the Ap4/FMRFa neuron provides a 

striking example of how all the mechanisms outlined above can be employed within a 

single neuron to control different aspects of its terminal identity. 

 

The study of cell specification by combinatorial coding within the CNS was pioneered 

by studies on motoneuron specification in the Drosophila VNC and in the vertebrate 

spinal cord. These studies have later expanded to include the specification of glial and 

interneuron subtypes within these tissues, providing additional detail and insight into 

the generation of neural diversity. Typically, these studies have entailed, first, the 

identification of candidate regulatory genes and proteins that are differentially 

expressed within a selection of neuronal or glial subtypes that are easily distinguished 

by means of other markers than the ones which functions are being investigated; such 

as cell morphology, axon pathfinding, or expression of restricted terminal 

differentiation genes (i.e, neuropeptides); and second, the manipulation of the 

expression of these genes by loss- and gain-of-function experiments, after which the 

change in marker expression is investigated. Such studies, performed in the systems 

mentioned above, have led to the outlining of a general model, albeit rudimentary, of 

how neuronal diversity is generated within the CNS. Put simply, it holds that the 

early developmental events outlined in the previous sections of this introduction, lead 

to the differential expression of early regulators - typically of the HD (patterning 

genes) or bHLH (proneural) family of transcription factors - at different spatial and 

temporal levels, which in turn act to initiate downstream programs of late (often 

post-mitotic) regulators, typically of the LIM-HD or the POU family of transcription 

factors. These late regulators in turn act alone or in combinatorial codes to activate 
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distinct terminal differentiation gene batteries within the post-mitotic cells. However, 

the view that distinct protein families act at distinct levels to control neuronal 

diversity is recently challenged, since members of these families have been found to 

act at several different levels during neural development. 

 

In this section, some of the studies from which a number of important insights into 

terminal cell fate specification within the CNS have been gathered will be outlined, 

focusing first on the studies on the combinatorial coding of motoneurons in 

Drosophila and vertebrates, followed by the studies on ‘terminal selector genes’ in C. 
elegans. In the next section some of the insights gained from the study of interneuron 

subtype specification within the Drosophila CNS will be described in the context of 

Ap neuron specification, the model in which the studies described in paper I-III have 

also been performed. 

Combinatorial coding of motoneuron identity in Drosophila 

In the Drosophila VNC, each hemisegment contains ~30 motoneurons that innervate 

30 distinct muscles. These motoneurons are divided into six subclasses based upon 

their projection into the transverse nerve (TN), the segmental nerve (SN; which is 

subdivided into the two sub-branches SNa and SNb), or the intersegmental nerve 

(ISN), or one of its two sub-branches, ISNb or ISNd. Of these motoneurons only a 

subset (belonging to the ISN subclass) project dorsally (dMNs; also referred to as 

ISNDM), while all other motoneurons project ventrally (vMNs); thus providing a 

further distinction in the classification of motoneurons (Landgraf and Thor, 2006). 

The projection patterns of different motoneurons subclasses provide an excellent 

readout in the study of cell specification, since misspecification events can be easily 

detected. 

 

Over the last decade several transcription factors have been identified as being 

differentially expressed within the different motoneuron classes. Two of the first 

transcription factors to be identified in this context were the LIM-homeodomain 

proteins Islet (Isl; vertebrate Isl1/2) and Lim3 (vertebrate Lhx3/4) (Thor et al., 1999; 

Thor and Thomas, 1997). Isl is expressed in the ISNb, ISNd and TN subclasses, and in 

isl mutants the pathfinding of the motoneurons in these branches is defective. Lim3 

is expressed in the ISNb and TN subclasses, as well as in subsets of neurons of the 

ISN, ISNd, SNa, and SNc subclasses (Broihier and Skeath, 2002). Thus, one of the 
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differences between the ISNb subclass and a subset of the neurons of ISNd, is the 

expression of Lim3. Performing both mutation and misexpression analyses Thor and 

colleagues (Thor et al., 1999) showed that in Lim3 mutants the ISNb neurons 

displayed severe pathfinding defects. Intriguingly, they also found that in Lim3 

mutants ISNb neurons commonly projected through the ISNd nerve instead. 

Conversely, when Lim3 was misexpressed, neurons of the ISNd subclass were found 

to ectopically project through the ISNb nerve. Together these experiments indicate 

that Isl and Lim3 act together in a ‘combinatorial code’ to distinguish between 

subsets of ISNb and ISNd fates. 

 

Additionally, work from the labs of Michael Bate, James Skeath, and Chris Doe have 

identified the expression of the HD transcription factors Eve and Hb9 in non-

overlapping subsets of motoneurons (Broihier and Skeath, 2002; Landgraf et al., 

1999; Odden et al., 2002). Within motoneurons, Eve is expressed exclusively in the 

dorsally projecting neurons of the ISN subclass (ISNDM), and has been found to be 

both necessary and sufficient to direct motoneurons into dorsal projections (Landgraf 

et al., 1999). Hb9, on the other hand, is expressed exclusively in ventrally projecting 

neurons. Hb9+ neurons have been found to project through all main motoneuron 

branches, except TN, and additionally, to be completely overlapping with Lim3 within 

motoneurons (Broihier and Skeath, 2002; Odden et al., 2002). The non-overlapping 

expression pattern of Eve and Hb9 in subsets of neurons with distinct axonal 

projections led the investigators to test if Hb9, like Eve, regulates motoneuron 

pathfinding, and indeed, in Hb9 mutants, pathfinding defects were seen, as 

motoneurons of the ISNb subclass projected ectopically through the ISNDM. 

Conversely, the misexpression of Hb9 in all post-mitotic neurons led to a decrease in 

the number of dorsally projecting motoneurons, and an increase in the number of 

neurons projecting ventrally. Together with the previous findings on Eve, these 

experiments show that Eve and Hb9 act antagonistically to specify dorsally and 

ventrally projecting motoneurons, respectively. In line with this Eve and Hb9 were 

also found to repress each other in a cross-regulatory fashion (Broihier and Skeath, 

2002; Odden et al., 2002). 

 

A study by Garces and Thor (Garces and Thor, 2006) identified an additional 

regulator,  the GATA transcription factor grain (grn), as being expressed exclusively 

within the ISNDM motoneurons. Investigating the role of this regulator in the 

specification of these motoneurons the authors found that grn plays a crucial role in 
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ISNDM motoneuron pathfinding. Furthermore, they found that within a particular 

subtype of the ISNDM motoneurons – the aCC neurons – grn act in a genetic cascade 

together with eve to activate the zinc-finger/HD gene zfh1, which is expressed by 

most, if not all motoneurons. This genetic cascade is exclusive to the aCC neurons, 

implicating that the specification of different motoneuron subtypes, even of the same 

subclass, are dependent upon unique genetic programs. 

 

Further insight into the codes that dictate motoneuron subclass identities was 

achieved as the class III POU protein Drifter (Dfr) was found to be expressed 

exclusively within the ISNb subclass (Certel and Thor, 2004). Previous to this finding 

no factors were known that could explain why the Isl/Lim3 expressing neurons of the 

ISNb and TN subclasses followed different trajectories. However, performing 

mutation and misexpression analyses Certel and Thor showed that in dfr mutants the 

ISNb neurons displayed pathfinding aberrations similar to those observed in isl and 

Lim3 mutants, but most importantly, when dfr was misexpressed the TN 

motoneurons were redirected to ISNb, implicating that Dfr is part of an instructive 

code for ISNb identity. Strikingly, Dfr was able to reroute the TN motoneurons from 

their regular path even when misexpressed after that the TN neurons had started to 

project out of the CNS, showing that Dfr indeed has a late function in cell 

specification in these neurons, perhaps binding directly to pathfinding genes. 

 

In the study by Certel and Thor no regulatory interactions were found between the 

Dfr, Isl, and Lim3 proteins, and together with the finding that the rerouting of TN 

neurons to ISNb in dfr misexpression embryos is Isl dependent, this indicates that 

these factors might all bind a common transcriptional target, possibly even in a 

physically interacting complex. Such complexes have been identified between LIM 

transcription factors through interactions with the LIM domain binding co-factor 

Chip (Drosophila; mice NLI) (Jurata and Gill, 1998; van Meyel et al., 1999). LIM-HD 

proteins have also been found to interact with POU domains proteins, for example in 

C. elegans where UNC-86 (POU) and MEC-3 (LIM-HD) interact physically to specify 

a set of mechanosensory neurons (Xue et al., 1993). Together with a number of 

studies from vertebrates that show similar physical interactions between LIM-HD, 

POU, as well as bHLH proteins (see below), these findings provide a model for how 

combinatorial sets of such factors might act within different neural cells to provide 

selective activation of distinct target differentiation genes. 



Introduction 

55 

Combinatorial coding of motoneuron identity in vertebrates 

In parallel to the discovery of the combinatorial coding of motoneurons in 

Drosophila, similar discoveries were made in vertebrates, and intriguingly, the genes 

involved in motoneuron specification in vertebrates, as well as their mode of action, 

have been found to be remarkably conserved between arthropods and vertebrates. 

Like Drosophila motoneurons, vertebrate motoneuron subclasses have been found to 

express various combinations of the genes Isl (Isl1/2), Lim1, Lim3 (Lhx3/4), and 

Hb9. While Isl1 and Hb9 are expressed by all vertebrate motoneurons, and are 

necessary for the establishment of a ‘generic’ motoneuron fate, Isl2 and Lim1 are 

selectively expressed within the MMC/LMC and LMC columns, respectively. Lhx3/4 

is initially expressed in all ventrally projecting motor columns, but is subsequently 

confined to just the MMCM column (Sharma et al., 1998; Tsuchida et al., 1994). 

 

In an effort to investigate if the differential expression of LIM-HD factors in different 

motoneuron columns indeed were instructive for different motoneuron fates, Sharma 

et al. (Sharma et al., 1998) analyzed and manipulated the expression of the Lhx3 and 

Lhx4 genes in the mouse spinal cord. The authors found that although Lhx3/4 at later 

stages only were expressed within the MMCM columns, both genes displayed an early 

and transient expression pulse within all motoneurons with a future position within 

one of the ventrally projecting motoneuron columns (MMC, LMC, or PGC). However, 

Lhx3/4 expression was not detected within the dorsally projecting spinal accessory 

motor neuron column (SAC), which forms in the C1-C4/5 segments. To investigating 

if the early pulse of Lhx3/4 expression in motoneurons is instructive Sharma and 

colleagues looked at knockout mice and found that although Lhx3 and Lhx4 act in a 

redundant manner, double knockout mice of Lhx3/4 displayed an overpopulation of 

motoneurons in the SAC column, together with a lack of ventral roots, although the 

right complement of motoneurons were born. Conversely, when Lhx3, was 

misexpressed in chick rhombomeres by electroporation, ectopic ventrally projecting 

motoneurons were generated at the expense of dorsally projecting motoneurons. 

Together these findings indicate that Lhx3/4  are involved in the specification of 

motor column identity, intrinsically controlling properties such as cell body 

migration and pathfinding. 

 

In another study by Sharma et al. (Sharma et al., 2000) the authors set out to 

investigate whether the misexpression of Lhx3 in post-mitotic motoneurons (using a 

construct coupling Lhx3 to the promoter of the ubiquitous post-mitotic motoneuron 
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gene Hb9) could induce motoneurons to ectopically migrate to the MMCM columns, 

and innervate axial muscles. Indeed, in Lhx3 misexpression embryos, the MMCM 

column and the axial nerve were overpopulated, while neighboring columns and 

nerves were under-populated with cell bodies and nerves, respectively. This result 

bears a striking resemblance to the case in Drosophila where Lim3 (the Lhx3 

orthologue) determines the choice between motoneuron axon projection through the 

ISNb or ISNd nerves (see above). 

 

Additionally the divergence of motoneuron from the same columns into different 

divisions (e.g., the division of the LMC into the LMCL and LMCM that innervates 

dorsal and ventral limb muscles, respectively) has been found to be controlled by the 

differential expression of LIM-HD genes. For example, the LIM-HD gene Lim1 is 

exclusively expressed by LMCL motoneurons, and in Lim1 mutants these 

motoneurons innervate dorsal and ventral limb muscles to an equal degree, probably 

choosing projection at random. Intriguingly, the expression of Lim1 in LMCL is 

induced by non-cell-autonomous retinoic signaling derived from earlier born LMC 

motoneurons (Sockanathan and Jessell, 1998).  

 

Together these seminal studies on motoneuron specification, both in Drosophila and 

vertebrates, highlight a fundamental principle that later has been observed in several 

other developmental contexts, namely that a limited number of regulators can control 

the specification of a large number of different cell classes/types, by acting together 

in different combinatorial codes. 

The regulatory logic of ‘terminal selector genes’ 

An intriguing concept pertaining to the regulatory logic behind how late transcription 

factors act to confer unique identities on the neurons in which they are expressed, is 

that of ‘terminal selector genes’. This concept was introduced by Oliver Hobert 

(Hobert, 2008) as a result of several studies in C. elegans which showed examples of 

how several distinct terminal differentiation genes activated within a unique neuron 

share a common cis-regulatory transcription factor binding element. The existence of 

such ‘terminal selector motifs’ sheds light on the mechanism by which a limited set of 

late regulators can act to control a large number of terminal differentiation 

properties. 
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Analyzing the cis-regulatory region of five different terminal differentiation markers 

known to be expressed within a particular subtype of C. elegans neurons – the AIY 

neurons – Wenick and Hobert (Wenick and Hobert, 2004) identified a conserved 16 

nucleotide sequence common to all of these genes. They termed this consensus 

sequence the AIY motif. The AIY motif was found to be necessary for the expression 

of the terminal differentiation genes within the AIY neurons. The motif was also 

sufficient to drive reporter gene expression within these neurons. The authors 

furthermore identified two transcription factors that bind cooperatively with high 

specificity to this motif; the Paried-type homeodomain transcription factor CEH-10, 

and the LIM homeodomain transcription factor TTX-3. Both of these regulators are 

essential for the proper expression of AIY neuron terminal differentiation genes, and 

their co-misexpression is sufficient to induce ectopic activation of the AIY motif. 

While both of these regulators are also expressed in additional neurons, they are 

expressed together exclusively within the AIY neurons. 

 

Similar findings were made in a study on the specification of C. elegans dopaminergic 

(DA) neurons, which include four types of lineage-unrelated neurons (Flames and 

Hobert, 2009). These neurons express a common set of proteins used for dopamine 

synthesis and transportation. The authors found that the cis-regulatory region of the 

genes encoding these proteins shared a common conserved consensus sequence, 

which they termed the DA motif. Similar to the AIY motif the DA motif was found to 

be both necessary for the expression of the dopamine pathway genes within the DA 

neurons, and sufficient to drive reporter gene expression in these neurons. The DA 

motif was found to contain a binding site for the ETS class transcription factor AST-1, 

which subsequently was identified as being necessary for expression of the 

dopamine-pathway genes within the DA neurons. Additionally, global misexpression 

of AST-1 was able to trigger expression of one of the dopamine pathway genes in 

~10% of the embryonic neurons. 

 

Together with a number of similar observations in C. elegans (Hobert, 2008), these 

findings show that the expression of several different terminal differentiation genes 

within a subset of cells can be controlled by a single cis-regulatory sequence – a 

terminal selector motif – shared by these genes. Intriguingly, this is also observed for 

lineage-unrelated cells (Flames and Hobert, 2009). This model can be compared to 

an alternative hypothetical scenario where the activation of each terminal 

differentiation gene expressed within a cell is controlled by a different regulatory 
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code. It can also be compared to a hypothetical scenario in which a number of 

lineage-related neurons activate several terminal differentiation via the same motif, 

but the same set of genes are activated by another set of regulators in neurons of 

another lineage, even though these cells are of the same subtype. Another important 

finding from these studies is that the terminal selector genes typically need to be 

maintained within the post-mitotic neurons in order to maintain expression of the 

terminal differentiation genes (Hobert, 2008). Together these findings supports a 

model in which early cell specification genes, such as the A-P and D-V patterning 

genes, as well as the temporal genes, act to establish a discrete set of regulators within 

a subset of neurons. These regulators then auto-regulate themselves, as well as cross-

regulate each other, at the same time as they activate a distinct terminal 

differentiation gene battery. Thus, the terminal selector genes can be viewed as 

straddling the interface between early regulators and late identity genes. However, as 

was noted above, while a given combinatorial code of regulators might act to regulate 

a number of terminal differentiation genes, the members of this code, as well as other 

regulators present in the cell, might play independent functions in controlling other 

aspects of terminal differentiation. 

The Ap neuron model 

The studies presented in paper I-III have all been performed using a specific set of 

Drosophila neurons – the Apterous (Ap) neurons – as a model. The Ap neurons are 

defined by the expression of the LIM-HD protein Apterous. In the embryonic VNC 

(T1-A8) Ap is expressed in three cells within each hemisegment; two ventrally 

positioned cells referred to as the ventral Ap neurons (vAps), and one dorsally 

positioned cell referred to as the dorsal Ap neuron (dAp). Additionally there is a 

cluster if 4 Ap expressing neurons (5 in T1) situated laterally within each thoracic 

hemisegment, which contains the neurons Ap1/Nplp1, Ap2, Ap3, and Ap4/FMRFa 

(Fig. 15) (Lundgren et al., 1995) (nomenclature from paper II). This gives a total of 

~90 Ap neurons, belonging to at least 5 different neuronal sub-classes. Most Ap 

neurons are interneurons and project their axons into a single anteriorly projecting 

Ap fascicle, however, the Ap4/FMRFa neuron projects its axon out of the CNS to 

innervate the neurohemal organs, which are believed to be release sites for the 

neuropeptide FMRFa (Benveniste et al., 1998). 
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The studies on the role of Ap as a cell fate determinant in the Drosophila nervous 

system begun in the lab of John Thomas in the mid 90s, inspired by the finding that 

LIM-HD factors typically are expressed in discrete subsets of differentiating neurons 

within the CNS, thereby being prime candidates for acting as cell fate determinants.  

Indeed, in the first study from the Thomas lab on the role of Ap in CNS development, 

the authors were able to show that in ap mutant embryos, while the Ap neurons are 

generated and positioned as in wild-type, they display aberrant pathfinding. This 

indicates that Ap acts at a late stage to determine Ap neuron identity, perhaps 

binding directly to genes involved in axon guidance (Lundgren et al., 1995). Following 

this seminal study, a number of other studies have identified several other regulators 

that all have been found to play unique and important roles in Ap neuron 

specification. These include the transcriptional co-factors Eyes absent (Eya; 

vertebrate Eya1-4), Dachshund (Dac; vertebrate Dach1-2), and Chip (vertebrate NLI), 

as well as the transcription factors Squeeze (Sqz; zinc finger; vertebrate CIZ), 

Dimmed (Dimm; bHLH; vertebrate Mist1), and Mothers against decapentaplegic 

(Mad; a nuclear effector of TGFß/BMP signaling, denoted Receptor-Smad or R-

Smad; vertebrate Smad1/5) (Allan et al., 2005; Allan et al., 2003; Hewes et al., 2003; 

Marques et al., 2003; Miguel-Aliaga et al., 2004). Additionally the Ap1/Nplp1, dAps 

and Ap4/FMRFa neurons have been found to express neuropeptides (and are hence 

referred to as being ‘peptidergic’). The Ap4/FMRFa neurons express the 

neuropeptide FMRFa (Schneider et al., 1993), whereas the Ap1/Nplp1 and dAp 

neurons express the neuropeptide Nplp1 (Paper I). The Ap1/Nplp1 and dAp neurons 

have additionally been found to express the dopamine D1 receptor (DopR) (Park et 

al., 2004). Importantly, the FMRFa, Nplp1, and DopR genes are exclusively 

expressed within these neurons within the embryonic VNC, thus making them highly 

selective markers (Fig. 15).  
 

The identification of several terminal differentiation genes that are highly selectively 

expressed, in combination with the identification of several late regulators that are 

important for the activation of these genes, as well as controlling other aspects of Ap 

neuron identity, such as pathfinding, have made the Ap neurons a successful model 

in which several important mechanisms of cell specification have been identified. In 

the remainder of this section the details of how the identified regulators act within 

the Ap neurons to control the generation of distinct cell fates will be described. 

Additionally, the conceptual advances in the understanding of cell fate specification 

within the CNS, which has been gained from these studies, will be highlighted. 
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Figure 15 
The Drosophila VNC is organized into the 3 thoracic (T1-T3) and 8 abdominal (A1-A8) 
segments. In the VNC only 90 neurons express the ap gene. Each thoracic hemisegment 
contains a cluster of four Ap neurons. The cells in the Ap cluster are of at least three different 
types; the two peptidergic Ap1/Nplp1 and Ap4/FMRFa neurons that express the 
neuropeptides FMRFa and Nplp1, respectively, as well as the two ‘generic’ Ap2 and Ap3 
neurons that lack known distinguishing characteristics.  

apterous affects Ap neuron pathfinding and regulates dimmed and 
FMRFa 

ap plays a role both in Ap neuron pathfinding as well as in the regulation of the other 

Ap neuron determinants and terminal identity genes. As described above, in ap 

mutants, the Ap neurons fail to fasciculate and display aberrant pathfinding 

(Lundgren et al., 1995), however, the pathfinding of the Ap4/FMRFa neuron is 

unaffected (Allan et al., 2003). Additionally in ap mutants, expression of the 

peptidergic determinant Dimm (see below) is commonly lost from the dAp, 

Ap1/Nplp1 and T1 Ap4/FMRFa neurons, and the expression of FMRFa is commonly 

lost from the T1 Ap4/FMRFa neurons, while the T2/T3 Ap4/FMRFa neurons display 

a lower level of FMRFa expression. The lower level of FMRFa in the T2/T3 

Ap4/FMRFa neurons (that has normal level of Dimm), argues for a separate function 

of ap from dimm on the regulation of FMRFa (Allan et al., 2005). This notion is 

supported by the finding that Ap can interact directly with the FMRFa enhancer, both 

in vitro and in vivo (Benveniste et al., 1998). 
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squeeze affects the composition of the Ap cluster 

In a study aimed at identifying additional factors involved in Ap cluster specification, 

Allan et al. (Allan et al., 2003) characterized the embryonic expression of the Krüppel 

type zinc finger gene sqz, and found that while sqz is expressed in a large subset of 

mostly interneuron within the developing CNS, in the Ap neuron compartment, the 

expression of sqz is limited to the Ap cluster. Analyzing sqz mutants the authors 

found that sqz seems to play a role in the composition of the Ap cluster. Notably, in 

sqz mutants the number of cells in the T1 Ap cluster increases from 5 to ~8, while the 

T2/T3 Ap clusters contain an additional Ap1/Nplp1 neuron at the expense of an 

Ap2/Ap3 neuron. Additionally, in sqz mutants, the expression of FMRFa is typically 

lost from the T1 Ap4/FMRFa neurons, while it remains unaffected in the T2 and T3 

segments. While Allan and colleagues (Allan et al., 2003) were able to show that the 

loss of FMRFa from the T1 segment is due to the aberrant pathfinding of the 

Ap4/FMRFa neurons within this segment, performing misexpression experiments, 

they additionally found that sqz can activate ectopic FMRFa expression in a number 

of neurons, indicating that sqz might also have a direct function upon the FMRFa 

enhancer. 

A target-derived extrinsic signal integrates with intrinsic Ap cluster 
determinants to activate FMRFa expression 

In the same study by Allan et al. (Allan et al., 2003) the authors were able to 

demonstrate that the Ap4/FMRFa neuron is critically dependent upon a target-

derived retrograde signal for the activation of FMRFa expression. Extrinsic signals, 

derived from intermediate or final target structures, had previously been shown to be 

important for neuronal survival, and for motoneuron synaptic size, but this was the 

first case ever demonstrating that a target-derived signal could be integrated with 

intrinsic cues to control a distinct neuronal cell fate. Allan and colleagues found that 

the phosphorylated Receptor-Smad protein Mad (pMad), a downstream effector of 

Drosophila BMP signaling, which previously had been found to be expressed in 

Drosophila motoneurons, was also expressed in the Ap4/FMRFa neuron, as well as 

in a number of other peptidergic neuronal subtypes. To investigate if BMP signaling 

plays an instructive role in Ap4/FMRFa neuron specification, and if the BMP signal is 

target-derived, the authors analyzed several different mutants that affect the 

neurohemal organ, Ap4/FMRFa axon pathfinding, as well as retrograde signaling. 
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They found that in tinman (tin) mutants, in which the neurohemal organs fail to 

form, as well as in wishful thinking (wit; the type-II BMP receptor) and glass bottom 
boat (gbb; BMP ligand) mutants, there is a complete loss of pMad, as well as of 

FMRFa. Additionally, misexpression of the receptor roundabout (robo), which 

mediates axonal repulsion from the VNC midline, as well as of a dominant negative 

version of P150/Glued dynactin complex component, which interferes with 

retrograde axonal transport, specifically within the Ap neurons, also lead to a loss of 

pMad and FMRFa staining within the Ap4/FMRFa neuron. Together these results 

demonstrate that the activation of the terminal differentiation gene FMRFa, in the 

Ap4/FMRFa neuron, is critically dependent on the receiving by the Ap4/FMRFa 

neuron of an extrinsic cue (the gbb ligand) upon innervation of the neurohemal 

organ. Following the retrograde transport of an intermediate cue the phosphorylated 

version of Mad enters the nucleus, where it acts synergistically with intrinsic factors, 

such as Ap, Eya, Dac, Dimm, and Sqz, to activate FMRFa expression. 

eyes absent controls Ap neuron axon pathfinding, BMP signaling, 
and regulates FMRFa 

In a study by Miguel-Aliaga et al. (Miguel-Aliaga et al., 2004) the authors identified 

the transcriptional co-factor Eya (vertebrate Eya family) – a regulator previously 

found to be important for Drosophila eye development – as being exclusively 

expressed within the Ap clusters and the dAps in the late embryonic VNC. This lead 

the authors to investigate a potential role of eya in Ap neuron specification. Analyzing 

eya mutants, they found that while the Ap neurons are still generated at their 

appropriate positions, the dAps and the Ap4/FMRFa neurons display aberrant 

pathfinding. Notably, in eya mutants the Ap4/FMRFa neurons commonly fail to 

innervate the neurohemal organs, thereby failing to receive the retrograde BMP 

signal critical for FMRFa expression (Miguel-Aliaga et al., 2004). In line with this, 

FMRFa expression is severely reduced in eya mutants. However, when trying to 

reintroduce active BMP signaling in the Ap4/FMRFa neuron in an eya mutant by 

misexpressing the BMP ligand Gbb, the expression of pMad is only partly rescued 

back, indicating that Eya plays a role in BMP signaling somewhere between the BMP 

receptor Wit and pMad, possibly regulating the Wit receptor directly. Furthermore, 

even though pMad can be completely rescued back in the Ap4/FMRFa neurons by the 

misexpression of activated BMP type I receptors, FMRFa is only partly rescued back, 

indicating that Eya also is important for events downstream of pMad but upstream of 
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FMRFa. This missing link, of course, might be Eya itself acting directly on the FMRFa 

gene (Miguel-Aliaga et al., 2004). Additionally in eya mutants Dac is commonly lost 

from either the Ap2 or the Ap3 neuron (Miguel-Aliaga et al., 2004). 

dachshund affects the levels of FMRFa expression 

In the same study by Miguel-Aliaga et al. (Miguel-Aliaga et al., 2004), the authors 

additionally found that the transcriptional co-factor Dac – that acts synergistically 

with Eya in the eye to regulate Drosophila eye development – is expressed within a 

large number of neurons (mostly interneurons) within the VNC. However, in the Ap 

compartment dac is selectively expressed within the post-mitotic Ap cluster neurons. 

Dac is initially expressed within all Ap cluster neurons shortly after their birth at 

stage 15, but is subsequently down-regulated from the Ap1/Nplp1 neurons. Miguel-

Aliaga et al. analyzed dac mutants and found that while the Ap neurons are still 

generated, and display appropriate axon pathfinding as well as wild-type expression 

of ap, Eya, and pMad, the level of FMRFa expression within the Ap4/FMRFa neuron 

is reduced. Hence, although Eya and Dac have been found to act together during eye 

development, in the context of Ap neuron specification, Eya and Dac have 

independent functions, where Dac plays a more restricted role in regulating FMRFa 

expression. 

dimmed specifies the neuroendocrine cell fate 

The bHLH (Ato subfamily) transcription factor dimm is expressed in ~200 cells 

within the VNC and has been identified as a master regulator of the peptidergic cell 

fate. As described above ‘master regulators’ in higher animals appear to regulate 

distinct subroutines which control features shared by several different neuronal 

subtypes, rather than dictating a unique neuronal fate. dimm serves as an excellent 

model for this principle as it is expressed exclusively within neurosecretory cells 

within the CNS and PNS, and lies upstream of several factors necessary for the 

neurosecretory phenotype, such as the neuropeptide processing enzymes 

peptidylglycine-α-hydroxylating mono-oxygenase (PHM) and Furin 1 (Fur1) (Hewes 

et al., 2003; Taghert, 1999). In dimm mutants, the expression of PHM and Fur1, as 

well as several different neuropeptides, such as FMRFa and Myomodulin, are 

moderately to severely reduced within the CNS, without affecting other aspect of 

neuron differentiation (Hewes et al., 2003). Additionally, when dimm is 
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misexpressed pan-neuronally within the CNS, the biosynthetic enzyme PHM is 

activated within most if not all VNC neurons (Allan et al., 2005). This shows that 

dimm is important for a common peptidergic feature, rather than dictating a specific 

neuronal subtype. Intriguingly, in the context of the Ap neurons, Dimm has also been 

found to be part of the combinatorial code that activates the expression of the gene 

FMRFa in the Ap4 neuron, possibly in a physically interacting complex together with 

Ap and the LIM-HD co-factor Chip (Allan et al., 2005) (see below). This finding 

reveals an interesting model, where genes that act as master regulators of features 

shared by many different neural cells, can interact with more selectively expressed 

partners to refine a ‘generic’ fate into a distinct subfate. 

Combinatorial misexpression of the identified regulators triggers 
widespread ectopic FMRFa expression within the VNC 

Even though a large number of loss-of-function experiments, as outlined above, have 

shown that the regulators ap, eya, dac, dimm, sqz, as well as BMP/TGFβ signaling, 

all play unique and important roles in the specification of the Ap4/FMRFa neuron, 

and the regulation of FMRFa, gain-of-function experiments (where the UAS/Gal4 

system is used to ‘misexpress’ single, or several, cDNAs in specific spatiotemporal 

compartments within the organism) show that, individually, each regulator has a very 

limited capacity to activate ectopic expression of FMRFa. In contrast, combinatorial 

misexpression of two or more of these regulators can activate FMRFa expression 

ectopically in a large number of cells. Specifically, while single or combinatorial 

misexpression of eya has been shown to have no effect on FMRFa expression (Allan 

et al., 2003; Miguel-Aliaga et al., 2004), combinatorial pan-neuronal misexpression 

of the regulators ap, sqz, and dimm, can activate FMRFa expression ectopically in 

~60 cells within the VNC (Allan et al., 2005). Importantly, the triple misexpression is 

more potent in activating FMRFa expression, than any of the double misexpression 

combinations.  

 

This clearly demonstrates the principle of ‘combinatorial coding’. Even though each 

of these factors is expressed in a broader context they do not broadly trigger FMRFa 

expression within this context. Rather it is only in the intersection of their expression 

patterns – in the Ap4/FMRFa neuron – that their combined action is used to specify 

the FMRFa producing cell fate. 
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Regulators acting together in a combinatorial code can also play 
individual roles in cell specification 

Another intriguing concept derived from the studies on the specification of the Ap 

neurons is that factors that act together in a combinatorial code, can also play 

independent roles within the neurons where this code is present. In the Ap4/FMRFa 

neuron, Ap, Dimm, and Sqz have been found to act together to activate the expression 

of FMRFa. However, each of these factors also act independently in the specification 

of the Ap neurons. For example, ap acts independently from dimm and sqz to control 

Ap neuron pathfinding, while dimm acts independently of ap and sqz as a master 

regulator of the peptidergic cell fate (Allan et al., 2005). sqz, but not ap and dimm, 

acts to control the number of Ap cluster neurons generated (Allan et al., 2005). 

Molecular interactions of the identified regulators 

How are the combinatorial cell specification actions of the identified Ap neuron 

determinants reflected in their molecular actions on the enhancers of their target 

genes? This question has been specifically addressed for the specification of the 

Ap4/FMRFa neuron, and the activation of the FMRFa gene. Within the FMRFa 

enhancer, a 446 bp Ap4/FMRFa specific enhancer fragment has been identified, 

which contains three homeodomain consensus sites to which Ap has been found to be 

able to bind and function, both in vitro and in vivo (Benveniste et al., 1998). This 

enhancer fragment also contains putative binding sites for Dimm and Sqz. Dimm and 

Sqz have both been shown to interact strongly with Ap, however not with each other 

(Allan et al., 2005). Furthermore, the function of Ap in the VNC has been shown to be 

dependent upon the formation of a heterotetramer between Ap and a co-factor, Chip, 

that has also been shown to interact with Dimm, however not as strongly as with Ap 

(Allan et al., 2005; van Meyel et al., 2000). This data supports a model in which Ap, 

Chip, Sqz, and Dimm physically interact in a combinatorial transcriptional complex, 

binding directly to a particular fragment of the FMRFa gene enhancer (Fig. 16). 
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Figure 16 
Model summarizing the identified 
protein-protein, as well as protein-
enhancer, interactions of the identified 
Ap cluster determinants. See text for 
details. 

 
Figure 17  
Model outlining the regulatory relationship 
between the identified Ap neuron determinants 
within the Ap cluster. See text for details. 

Summary 

To summarize, several regulators were previously identified that act to control Ap 

neuron specification. The expression of the neuropeptide FMRFa within the 

Ap4/FMRFa neuron has made this neuron a particularly valuable model in which to 

study how these regulators act to control Ap neuron development. The Ap4/FMRFa 

neuron express ap, eya, dac, sqz, and dimm, as well as having activated BMP 

signaling, and all these regulators have been found to be involved at a late stage to 

activate the expression of FMRFa (Fig. 17). While Ap, Chip, Dimm, and Sqz have 

been found to be able to physically interact with each other, and with a fragment of 

the FMRFa enhancer, the regulatory mechanisms behind the activation of FMRFa by 

Eya/Dac, and pMad, are unknown (Fig. 16). Additionally, the Ap1/Nplp1 and the dAp 

neurons have been found to express ap, eya, and dimm (and are thereby peptidergic), 

but the neuropeptide that these neurons express has not been identified. However, in 

these neurons, ap and dimm have been found to be important for the proper 

expression of the neuropeptide processing enzyme Fur1 (Fig. 17). The Ap2/Ap3 Ap 

cluster neurons – that express ap, eya, and dac – as well as the vAp neurons – that 

express ap – are non-peptidergic, and the only identified phenotypes observed in 

mutants of these identified regulators, are the aberrant pathfinding of these neurons 

in ap mutants, and the miss-specification of one of the Ap2/Ap3 neurons in sqz 

mutants. 
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Together the studies on the specification of the Ap neurons have identified and 

highlighted several important concepts pertaining to the specification of unique 

neuronal subtypes within the CNS. These include the concepts of master regulation 

contra combinatorial coding, the concept of instructive retrograde signaling cues, as 

well as the principle that, within the same neuronal context, regulators acting 

together in instructive combinatorial codes to activate one or several terminal 

differentiation genes, might also have independent functions in controlling other 

aspects of terminal differentiation. 
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AIMS 

My PhD project has involved taking a comprehensive genetic approach aimed at 

understanding lineage progression and neuronal subtype specification in a specific 

Drosophila CNS stem cell, the neuroblast 5-6 (NB5-6), which generates the four Ap 

cluster neurons. Within this project we have addressed several unresolved issues in 

developmental neurobiology: (i) How do neural progenitors change their competence 

over time, thus allowing for the generation of intra-lineage diversity? (ii) How are 

neural stem cells spatially programmed, i.e., how do they integrate anterior-posterior 

and dorsal-ventral cues to generate inter-lineage neuronal diversity? (iii) How are 

early spatial and temporal cues integrated to activate late cell fate determinants? (iv) 

How do these late regulators act in post-mitotic neural cells to activate distinct 

batteries of terminal differentiation genes? 

 

The reasons for choosing the NB5-6 lineage as a model in which to study these 

questions are several. First, NB5-6T has been found to generate a comparably large 

lineage, constituted by several different types of cells. This opens up the possibility to 

study the mechanisms behind how stem cells change their competence over time to 

generate different types of cells at different time points. The large size, and the 

relative complexity, of the NB5-6T lineage also makes it more similar to vertebrate 

neural lineages than many other Drosophila embryonic NB lineages. Second, the 

NB5-6 lineage displays segmental differences, generating a larger lineage in the 

thoracic segments than in the abdominal segments. This allows for the investigation 

of how early spatial cues control lineage size, and perhaps also differential neuronal 

subtype specification. Third, the previous studies on Ap neuron specification, 

together with the studies on the NB identity genes, as well as on the temporal gene 

cascade, have led to the identification of a large number of markers, and the 

development of several genetic tools, which makes NB5-6, its temporal windows, as 

well as several distinct neuronal subtypes within the NB5-6 lineage, uniquely 

identifiable and manipulable. The combination of high lineage complexity and high 

molecular resolution makes the NB5-6 lineage an excellent model in which to study 

the questions outlined above. 
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MATERIALS AND METHODS 

In the studies presented in this thesis, the results have primarily been obtained by 

performing three principal types of genetic experiments; loss-of-function (LOF), 

gain-of-function (GOF), and rescue experiments. 

 

In loss-of-function experiments, the effect of losing the function of one or several 

genes is analyzed. For these experiments we have typically used mutants in which the 

function of a selected gene has been lost due to alterations in the coding sequence of 

the gene. Commonly, stocks carrying such alterations are derived from screens where 

DNA point mutations have been induced by ethyl methanesulfonate (EMS), from 

screens where genes have been disrupted by the insertion of a transposable element, 

or from the imprecise excision of such an element. Additionally, chromosomes with 

deletions in selected regions are valuable tools. Performing LOF experiments, we 

always (where possible) use heteroallelic combinations of mutants alleles, to avoid 

that the observed effect be caused by other random mutations on the same 

chromosome. Another common type of LOF experiment is RNAi, where the 

transcript of a gene is prevented from being translated by the complementary binding 

of a processed version of a short dsRNA sequence which commonly is introduced in 

subsets of cells by a misexpression system such as the Gal4/UAS system (see below). 

A third type of LOF experiment is the misexpression of a dominant negative version 

of a protein in a given spatial and temporal domain. 

 

In gain-of-function experiments the effect of introducing the product of a gene in a 

context where it is normally not present, is analyzed. In the Drosophila system, this is 

commonly achieved using the Gal4/UAS system. Gal4 is a yeast transcription factor 

that binds selectively to the ‘upstream activation sequence’ (UAS). If flies where the 

Gal4 sequence is inserted at an appropriate location in the vicinity of a native 

promoter/enhancer sequence, which is activated in a given context, is crossed with 

flies where the UAS sequence is inserted at an appropriate location in the vicinity of a 

certain gene, this gene will be artificially expressed in the context of the promoter 

controlling the Gal4 gene. Depending of the choice of promoter, a given gene can be 

misexpressed in a wide variety of spatial and temporal compartments. GOF 

experiments can, when carried out appropriately, reveal important aspects of a gene’s 
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function, but the results of such experiments must always be interpreted against the 

backdrop of that the milieu in which a gene is expressed greatly influences its 

function. One very important application of these types of experiments are as proof-

of-principle experiments, where the result of the GOF experiment is used to support a 

result gained in a LOF context. 

 

A rescue experiment is a combination of a LOF and a GOF experiment. The purpose 

of a rescue experiment is to test if the phenotype of a mutant can be ‘rescued’ by 

misexpressing either the mutated gene (a rescue), or another gene (a cross-rescue), in 

a given spatial and temporal context. These types of experiments can be used in a 

variety of contexts to gain information on the function of a gene. First, rescue 

experiments can be performed to confirm that a mutant phenotype is indeed caused 

by the LOF of a gene of interest. If this is not the case, reintroducing this gene by GOF 

will not rescue the phenotype. Second, the re-introduction of the expression of a 

mutated gene at a different (often at a later) time point than when the gene is 

expressed in the wild type can provide valuable information regarding when a gene 

has a certain function. For example, a gene may play different roles at different time 

points within the same cell. This can be demonstrated by re-introducing the gene at a 

later time point than when it is normally expressed, whereby the late function might 

be rescued, but not the early function. Third, cross-rescue experiments are invaluable 

tools in the study of genetic cascades. For example, if a LOF experiments shows that 

the expression of genes b and c is lost in a mutants, and additionally that expression 

of c is lost in b mutants, it is impossible to discern, just with a LOF approach, if gene 

a is involved in the activation of c, or only act on c by activating the expression b. To 

resolve this issue a cross-rescue experiment can be performed where b is 

misexpressed in an a mutant background. If expression of c is not rescued, a might 

also play a role also in the activation of the c gene, perhaps by activating another 

factor upstream of c. 
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RESULTS AND DISCUSSION 

Paper I 

Background 

The studies performed on Ap neuron specification identified several regulators 

important for various aspects of Ap neuron differentiation, as well as a number of 

important mechanisms by which these regulators act. However, these studies left 

several interesting questions pertaining to the specification of these neurons 

unanswered. Much attention had previously been paid to the regulation of FMRFa 

and the specification of the Ap4/FMRFa neuron, which is part of the thoracic cluster 

of four cells referred to as the Ap cluster. However, the lineage relationship between 

the four Ap cluster neurons had not been investigated, although their close proximity 

and similar marker expression suggested that they were generated by the same NB. 

Considering the finding that another neuron of the Ap cluster, the Ap1/Nplp1 neuron, 

also is peptidergic – although the neuropeptide expressed by this neuron at this time 

point was unknown – this presented a unique opportunity to study the mechanisms 

behind how two lineage-related neurons, sharing many of the same regulators, are 

specified to express different terminal differentiation genes. Additionally, previous 

experiments that had aimed at investigating the potency of late regulators in 

activating FMRFa had been limited to the misexpression of the regulators ap, dimm, 

and sqz. These regulators are able to activate FMRFa expression only in a limited set 

of VNC neurons. Given that additional Ap neuron regulators was later identified 

(Miguel-Aliaga et al., 2004), this opened up the possibility to test the potency of 

additional combinations of regulators. The identification of a more potent code would 

shed light on the important question of to what extent late regulators are restricted, 

by spatial and temporal cues, in acting on their target genes. Additionally, since the 

Ap1/Nplp1 neuron shares many regulators with the Ap4/FMRFa neuron, the 

identification of a similar code for the activation of the neuropeptide expressed by the 

Ap1/Nplp1 neuron, would allow for the investigation of how specific ‘overlapping’ 

codes are in their actions. 
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Principal findings 

Led by the characterization of the expression pattern of the neuropeptide IPNa, 

which is cleaved from the protein product of the Neuropeptide like precursor protein 
1 (Nplp1) gene, we were able to show that the neuropeptide gene expressed by the 

Ap1/Nplp1 and dAp neurons, is indeed Nplp1 (Fig. 1). To investigate if the expression 

of Nplp1 is regulated by any of the previously identified Ap neuron regulators, we 

analyzed ap, eya, and dimm mutants, and found that Nplp1, as well as DopR 

(determined for eya), are indeed lost in these mutants (Fig. 2). Since ap, dimm, and 

eya are also important for the regulation of FMRFa, how is the difference between 

these two neurons determined? Looking for additional regulators expressed within 

the Ap1/Nplp1 and dAp neurons, we found that the COE family transcription factor 

collier (col) – which is expressed within ~500 neurons within the embryonic VNC – 

is selectively expressed within this particular subset of the Ap neurons. And indeed, 

analyzing col mutants, we found that col is necessary for the expression of Nplp1 and 

DopR (Fig. 2). 

 

Surprisingly, in col mutants we also observed a complete loss of ap, Eya, and Dimm 

expression from the Ap cluster and the dAps, and of FMRFa from the Ap4/FMRFa 

neuron (Fig. 3). However, the expression of Dac and sqz was unaffected, and the Ap 

cluster neurons were still generated. How can col affect the specification of the whole 

Ap cluster if it is only expressed within the Ap1/Nplp1 neuron? To address this issue 

we analyzed the expression of col at earlier stages. Making use of the indentified NB 

identity genes (see section on NB identity genes above) we were able to identify NB 5-

6T as the neuroblast that generates the Ap cluster, and thus that the Ap cluster 

neurons are, indeed, lineage related (Fig. S3). We found that Col expression is 

initiated within NB5-6T at stage 13. col then stays on in the NB from stage 13 to 15, 

during which time the Ap cluster neurons are generated. col is subsequently down-

regulated from the NB, and from all Ap cluster neurons but the Ap1/Nplp1 neuron, 

where it is continuously expressed until at least late stage L3. 

 

Performing a series of loss- and gain-of-function studies we were able to show that 

col acts at several different levels in the specification of the Ap cluster neurons. First, 

col acts within all Ap cluster neurons to activate the expression of ap and eya (Fig. 5). 

Subsequently, col acts together with ap and eya, in a feed-forward loop (FFL), to 

activate the expression of dimm within the Ap1/Nplp1 and the Ap4/FMRFa neurons 

(Fig. 6 and 7). Following the activation of dimm, col is downregulated from all but the 
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Ap1/Nplp1 neuron, were it acts together with ap, eya, and dimm, in a second FFL 

step, to activate the expression of Nplp1 and DopR (Fig. 7; not shown). The down-

regulation of col is essential for the proper specification of the other Ap cluster 

neurons. We found that when col is misexpressed at a late stage within all Ap cluster 

neurons, Nplp1 is ectopically expressed within the cluster, whereas the expression of 

FMRFa is suppressed (Fig. 4). 

 

The finding that col, ap, eya, and dimm, act together in a feed-forward loop, rather 

than in a serial cascade, to activate the expression of Nplp1, together with the finding 

that the expression of col needs to be maintained in order to maintain Nplp1 

expression, indicate that these regulators constitute a combinatorial code for the 

Ap1/Nplp1 fate. Similarly, in the Ap4/FMRFa neuron, the regulators ap, eya, dimm, 

eya, sqz, and dac, as well as BMP/TGFb signaling, have all been found to play a role 

in the activation of FMRFa. In an attempt to investigate the potency of these 

regulators to activate the expression of Nplp1 and FMRFa, we used the GAL4/UAS 

system to misexpress these factors in various combinations. We found that while 

single, or double, misexpression of these factors only had a low to moderate effect on 

Nplp1 and FMRFa expression, triple or quadruple misexpression led to a striking 

activation of Nplp1 and FMRFa in the VNC (Fig. 7 and 9). We found that the code 

ap/dimm/col was able to activate expression of Nplp1 in ~530 cells in the VNC, while 

FMRFa was only activated in ~15 cells. Intriguingly, simply exchanging col for dac, 

instead lead to widespread ectopic expression of FMRFa, in ~1400 cells in the VNC, 

while Nplp1 was only ectopically activated in ~15 cells (Fig. 9). On the other hand, 

misexpression of the overlapping part of the code, ap/dimm, only lead to a moderate 

ectopic expression of Nplp1 and FMRFa, in 45 and 30 cells, respectively. These 

results demonstrate that the combinatorial codes used to specify the Ap1/Nplp1 and 

Ap4/FMRFa neurons not only are highly potent, but also surprisingly specific, with 

very little activation of the inappropriate target gene. Additionally, the activation of 

FMRFa and Nplp1 within the VNC does not seem to be restricted by any positional or 

temporal boundaries, showing that combinatorial codes acting to determine distinct 

cell fates are able to override earlier instructive cues. 

Conclusions 

Together these findings demonstrate how a regulator can act at two different levels 

during the specification of a number of lineage related neurons. Analyzing the role of 

col in Ap neuron specification we find that col first plays an early role in activating the 

expression of ap and eya in all Ap cluster and dAp neurons. The activation of ap and 
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eya instructs these neurons to adopt a ‘generic’ Ap fate. Subsequently, col is down-

regulated from all Ap cluster neurons but the Ap1/Nplp1 neuron. In the Ap1/Nplp1 

and the dAp neurons, col plays a second important role, namely activating the 

expression of the terminal differentiation genes Nplp1 and DopR. Thus, in addition to 

instructing a number of neurons to adopt a general fate, col is important for the 

specification of a distinct subfate.  

 

Intriguingly, the regulatory mechanism behind the activation of the regulators that 

act together in a combinatorial code to activate the expression of Nplp1 and DopR in 

the Ap1/Nplp1 and the dAp neurons, was found to be a multi-step feed-forward loop 

of colap/eyadimmNplp1/DopR. Thus, the expression of col alone is enough to 

activate all the downstream regulators hitherto known to control Ap1/Nplp1 

specification. However, our misexpression experiments demonstrate that the 

activation by col of the feed-forward loop that ultimately leads to the activation of 

Nplp1, is context dependent. We find that, acting alone, col is limited to activating 

Nplp1 within the row 5 of NBs. This context dependency might be caused either by 

unknown regulators, or by the establishment by early regulators of a restricting 

chromatin landscape. 

 

Furthermore, we find that the activation of Nplp1 and FMRFa, by the combinatorial 

codes ap/dimm/col and ap/dimm/dac, respectively, not only is highly potent, but 

also highly specific. From this finding we draw two major conclusions. First, this 

finding demonstrates that for a number of lineage-related neurons, which share a set 

of common regulators – such as the Ap cluster neurons share the expression of ap 

and eya as a result of the actions of col – individual neurons can achieve a highly 

specific activation of a set of terminal specification genes, unique to that neuron, by 

the addition of just one regulator to this general code. Second, the potency observed 

for these codes, where the ectopic activation of Nplp1 and FMRFa was not obviously 

restricted to particular spatial or temporal domains, demonstrates that an important 

component of the regulatory logic behind the restricted expression of terminal 

differentiation genes in the CNS might lie in restricting where a specific regulatory 

code is activated, rather than restricting in which contexts this code is allowed to act. 
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Paper II 

Background 

The findings presented in Paper I demonstrated that proper specification of Ap 

cluster neurons is critically dependent upon the precise control of col expression. At 

an early stage, col is needed in all Ap cluster neurons to activate the expression of the 

‘generic’ Ap cluster determinants ap and eya. Subsequently, following the activation 

of dimm in the Ap1/Nplp1 and Ap4/FMRFa neurons, col must be specifically 

maintained within the Ap1/Nplp1 neuron – for the activation of the Nplp1 and DopR 
– and specifically down-regulated from the other Ap cluster neurons, to allow for the 

specification of the Ap2, Ap3, and the Ap4/FMRFa fates. How is this dynamic 

expression of col regulated? Furthermore, the Ap cluster neurons had been found to 

be lineage related, to be of at least three different types, and to be generated at a late 

time point within the NB5-6 lineage, raising the intriguing question of how NB5-6 

changes its competence over time to be able to generate different types of cells at 

different time points.  

 

As described above, a temporal gene cascade has been identified that acts to alter the 

competence of Drosophila NBs in a step-wise manner. However, there are several 

unresolved issues pertaining to the mechanisms by which this temporal cascade acts. 

For example, most of the knowledge gained on the mechanisms behind temporal 

identity changes of embryonic NBs has been gained from studies on lineages that 

either does not progress into late temporal windows (Cas and Grh, e.g. NB7-3), or 

lack markers for these late windows (e.g. NB7-1). Hence, detailed studies on the 

properties of late temporal windows have been precluded. Furthermore, while the 

most extensively studied lineages display very narrow temporal windows – 

commonly only one GMC wide – some NBs generate several different types of cells 

within a single large temporal window, raising the question how such large windows 

are temporally subdivided. Additionally, the cell identity markers used in previous 

studies of temporal genes have been restricted, both  in numbers and in the 

regulatory niche they inhabit. The identification of several regulators, acting at 

multiple levels in the specification of the Ap cluster neurons to activate distinct and 

identifiable terminal differentiation genes, provides a high resolution framework for 

investigating in what manner the temporal genes act to determine neural cell 

identity. 
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Principal findings 

To address these issues we first mapped the expression of the temporal genes within 

the NB5-6T lineage. We found that NB5-6T progresses through the typical cascade of 

HbKrPdmCasGrh, as had been observed for other lineages (Fig. S1-S2). The 

Ap cluster is generated at the very end of this lineage, within a large Cas window, 

which additionally expresses Grh during the time frame in which the Ap cluster 

neurons are generated (Fig. S2-S3, S8). The generation of the Ap cluster furthermore 

coincides with a surprising switch in the division mode of the neuroblast, from 

generating a GMC that then divides to produce two neurons or glia, into a mode 

where neurons are generated directly from the neuroblast without a GMC 

intermediate (Fig. S2-S3). The Ap cluster neurons are consecutively generated in this 

direct fashion from stage 13 to 15 with Ap1/Nplp1 generated first, followed by Ap2, 

Ap3, and last Ap4/FMRFa (explaining the current nomenclature) (Fig. S3). 

 

As anticipated from this, cas mutants show a strong effect on several Ap cluster 

determinants, with a complete loss of Col, ap, Dimm, Dac, sqz, Nplp1, and FMRFa 

expression from the Ap cluster neurons (Fig. 2). However, the Ap cluster neurons are 

still generated, and the expression of Eya is not lost. In grh mutants, on the other 

hand, expression of Dimm, pMad, and FMRFa, is specifically lost from the 

Ap4/FMRFa neurons, while all other Ap neuron determinants are unaffected (Fig. 4). 

This phenotype can in part be explained by the common failure of the Ap4/FMRFa 

neuron to innervate the neurohemal organs in grh mutants, but might also reflect a 

direct regulation of FMRFa and/or BMP signaling by grh. The latter notion is 

supported by the finding that grh, when co-misexpressed together with ap and dimm, 

is able to ectopically activate FMRFa in a large number of ectopic neurons when 

misexpressed late within the CNS (Fig. 4). These results demonstrate that while cas 

plays a broad and general role in the specification of the Ap cluster neurons, grh 

plays a more restricted role in specifying the Ap4/FMRFa neuron. But grh is 

expressed by all four Ap cluster neurons, how can it act to specify only the last-born 

neuron? We found that the answer to this question lies in the differential levels of 

Grh expression within the Ap cluster neurons, which goes from being weak in 

Ap1/Nplp1 to being strong in Ap4/FMRFa neuron. To test if the level of expression of 

Grh contra Cas indeed is instructive, we misexpressed grh late within the Ap cluster 

neurons. Indeed, we found that a high level of grh within these neurons triggered the 

expression of FMRFa (Fig. 4). 
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If a high level of Grh within the Ap4/FMRFa neuron explains why this neuron is 

differentially specified from the Ap2/Ap3 neurons, what then explains the differential 

specification of the Ap1/Nplp1 and Ap2/Ap3 neurons? We had previously shown that 

the down-regulation of col is critical to limit the number of Ap1/Nplp1 neurons within 

the Ap cluster. It had also previously been shown that in sqz mutants, Col is 

ectopically expressed within the Ap cluster, suggesting a role of sqz in down-

regulating col. However, sqz is expressed within all four Ap cluster neurons, how can 

it act to down-regulate col in only three of those? The answer to this turned out to be 

the transcriptional co-factor Nab, which had previously been found to be expressed 

within the Ap cluster, and also to be able to physically interact with Sqz (Terriente 

Felix et al., 2007). Furthermore, nab mutants phenocopy sqz mutants. We mapped 

the expression of sqz and Nab within the NB5-6T lineage in greater detail, and found 

that the expression of Nab is activated within NB5-6T only after the Ap1/Nplp1 

neuron has been generated (Fig. S8). To test if Nab acts to down-regulate col we 

analyzed nab mutants, and found that in the absence of nab, Col is ectopically 

expressed within the Ap cluster, and that an extra Ap1/Nplp1 neuron is specified at 

the expense of an Ap2/Ap3 neuron (Fig. 5). Conversely, misexpression of nab leads to 

a loss of the Ap1/Nplp1 fate from the cluster (Fig. 5). 

 

We furthermore analyzed the regulatory relationship between cas, sqz, and nab, and 

found that, as previously reported, nab is completely lost in cas mutants (Fig. 2). We 

also found that there is a complete loss of sqz in cas mutants, and a partial loss of 

Nab in sqz mutants (Fig. 2 and 6). These findings, together with the timing of cas, 

sqz, and nab expression within the NB, suggests that cas and sqz might act in a feed-

forward loop to activate nab. To test this notion we misexpressed cas and sqz, alone 

and together, and found that while both cas and sqz are able to ectopically activate 

Nab when misexpressed alone, their combined misexpression gave an even more 

potent activation of Nab, supporting the idea of a cassqznab feed-forward loop. 

Conclusions 

Together these findings reveal an intriguing mechanism by which several 

consecutively born cells are differentially specified; the simultaneous triggering of 

two different feed-forward loops (FFL:s) by the same temporal gene, cas. The first 

loop, cascolap/eyadimm progresses and acts within the post-mitotic 

Ap1/Nplp1 neuron to establish the correct combinatorial code for the activation of the 

terminal identity genes Nplp1 and DopR. The second FFL involves the genes 

cassqznab and progresses within the NB as it undergoes sequential divisions, 
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and plays out just before the Ap2-Ap4 neurons are generated. sqz and nab 

subsequently act together specifically within the post-mitotic neurons to suppress col. 
This opposes the actions of the first FFL within these neurons and leads to the 

establishment of an alternate code of late regulators that includes some members of 

the first FFL (ap and eya), but not all. Additional regulators are then added to this 

reduced code within the Ap2-Ap4 neurons to determine their differential 

specification. These regulators include dac, which is expressed in the Ap2-Ap4 

neurons, and grh, which is upstream of several distinguishing Ap4/FMRFa 

characteristics. Both of these factors are also dependent upon cas for their activation. 

 

Thus, the cas->sqz->nab FFL serves as a ‘timing device’ that acts to subdivide the 

large Cas window into several smaller windows, in which distinct neuronal subtypes 

are born. Since sqz and nab act to sub-divide the Cas window, and are regulated by 

the temporal genes without themselves feeding back upon those, we have introduced 

the novel concept of ‘sub-temporal’ genes to describe these genes. It is possible that 

such sub-temporal genes are used by many stem cell lineages to generate neuronal 

diversity within a larger temporal context, perhaps also by employing the sub-

temporal genes as modulators of a core code of regulators, activated by the temporal 

gene in which window they are expressed - such as have been observed for the 

Drosophila NB5-6T - thereby creating several highly selective variations on a 

common regulatory theme in a discrete temporal sequence. 

Paper III 

Background 

The NB5-6 lineage had previously been found to generate a larger lineage in the 

thoracic segments, than in the abdominal segments. Additionally, an equivalent of 

the NB5-6 lineage had been shown to be present in the three suboesophageal 

segments, as well as in the three brain segments. However, since the Ap cluster 

neurons are only generated in the thoracic segments, this raised the question of how 

the NB5-6 lineage is differentially specified along the A-P axis to display these 

intersegmental differences. Previous studies of other lineages and cell types, both in 

Drosophila and vertebrates, had found that temporal genes, Hox genes, as well as the 

Pbx/Meis family Hox gene co-factors genes homothorax (hth) and extradenticle 

(exd) may be involved in controlling such segmental differences. The results from 
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these studies led us to envision three different models by which the differential 

development of NB5-6 in different segments could be controlled: (i) The NB5-6 

generates the same number of cells in all segments, but a portion of the lineage – 

there among the Ap cluster neurons – are eliminated by apoptosis in all but the 

thoracic segments; (ii) The Ap cluster neuron equivalents are generated in the other 

segments, but are differently specified; (iii) The non-thoracic NB5-6 lineages are 

truncated by programmed cell death, or cell cycle exit, of the NB, before the Ap 

cluster neurons are generated. 

 

The detailed lineage mapping of the NB5-6 lineage, performed in Paper I, together 

with the development of a NB5-6 specific Gal4 driver which can be used both as a 

reporter and a misexpression tool, as well as the high resolution of the genetic 

pathways acting to specify the Ap cluster neurons obtained from the previous studies 

on Ap neurons specification, presented a unique opportunity to address the question 

of how a distinct NB lineage is modified along the whole A-P axis. 

Principal findings 

To address the roles of the Hox, Pbx/Meis, and temporal genes, in controlling 

segment-specific differences in NB5-6 lineage development, we first mapped the 

expression of important members of these genes families in the lineage. We found 

that NB5-6A initially undergoes the same temporal sequence as NB5-6T (Fig. 2 and 

S4). However, at stage 12, during which time the NB expresses pdm, NB5-6A stops 

dividing (Fig. 2 and S4). Though experimental obstacles prevented from determining 

if the NB undergoes apoptosis, we found that in mutants where the critical cell death 

genes reaper, head involution defective, and grim are removed, the NB still stops 

dividing at stage 12, indicating that NB5-6A is truncated by cell cycle exit at stage 12, 

prior to activating cas, and thus the Ap cluster neurons are never generated (Fig. 5). 

Analyzing the expression of the Hox genes of the Bithorax Complex (Bx-C) factors 

Abd-A, Abd-B, and Ubx, we found that they start to be expressed in their respective 

abdominal domains at stage 11 (Fig. S1 and S2). At the same stage, Hth and Exd start 

to be expressed both in abdominal and thoracic segments (Fig. S1). Hth later 

undergoes a sharp increase in expression strength at stage 13 (Fig. S3). The 

expression of Antp commences at stage 12 in both thoracic and abdominal segments, 

with a strong expression in T1-T3, and a weaker in A1-A8 (Fig. S1 and S2). 

 

To investigate if the onset of expression of abd-A, Abd-B, Ubx, hth, and exd, at stage 

11, is instructive for the cell cycle exit of NB5-6A, we analyzed mutants of these genes. 
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Strikingly, in both Bx-C and Pbx/Meis mutants, the NB5-6A generates a larger 

lineage, comparable to NB5-6T, and also expresses cas and col in a late temporal 

window (Fig. 7). Additionally, in Bx-C mutants, ectopic Ap clusters appear in the 

abdominal segments. Since the Bx-C and Pbx/Meis genes do not regulate each other, 

these findings indicate that the Bx-C and Pbx/Meis genes cooperate to instruct NB5-

6A to exit the cell cycle at stage 12. To further investigate this notion, we 

misexpressed Ubx early in all NB5-6 lineages, and found that, in this genetic 

background, the NB5-6T lineage was truncated to a size comparable to NB5-6A, and 

also lost expression of cas and col (Fig. S7). 

 

Why do not ectopic Ap clusters form in the abdominal segments in hth and exd 

mutants, as they to in Bx-C mutants? The answer to this question came from the 

finding that, in the thoracic segments, expression of the Ap cluster determinants Col, 

ap, Eya, Dimm, and Dac, as well as of the terminal identity markers Nplp1 and 

FMRFa, is commonly lost, or reduced, in hth and exd mutants (although the cells are 

still generated, Fig. S9).  Additionally, these factors are strongly affected in Antp 

mutants (Fig. S9). Since Antp, hth, and exd have been found not to regulate each 

other (not shown), and the expression of ap, Eya, Dimm, and Nplp1 can be rescued 

back in hth, but not in Antp, mutants by the expression of col (Fig. 6 and not shown), 

this shows that hth and Antp act together to activate col and dac, while Antp also 

plays a role downstream of col in activating late Ap cluster determinants. The finding 

that hth regulates col and that the onset of col expression coincides with a sharp 

increase in the level of hth expression, prompted us to investigate whether the 

increase in hth expression during stage 13 is instructive. For this purpose we 

misexpressed hth at a robust level already at an early stage within the lineage, and 

found that the expression Col, indeed, was activated prematurely within the lineage, 

whereupon ectopic Ap cluster neurons were generated (Fig. 4). Together these 

findings demonstrate that hth and exd act at two different levels in the specification 

of the NB5-6 lineage. First, they act together with the Bx-C genes to instruct NB5-6A 

to exit the cell cycle. Later, they act together with Antp in the NB5-6T lineage to 

activate the expression of Ap cluster determinants. To illustrate this dual role of hth 

and exd, we performed a rescue experiment where hth was misexpressed at a late 

stage in a hth mutant background (Fig. 5). This allowed the lineage of NB5-6A to 

progress into the Ap cluster window, in the absence of hth, whereafter the 

commencement of hth expression, at a late stage, triggered the expression of Ap 

cluster determinants, as well as of Nplp1 and FMRFa, both in the thoracic and 
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abdominal segments. In contrast, when hth was rescued back at an early stage, it was 

allowed to play its early role in lineage truncation, and the NB5-6A lineage never 

progressed into the Ap cluster window. 

 

Analyzing the NB5-6 lineage in anterior segments we found that, unlike NB5-6A, 

these lineages contain a late Cas window, suggesting that they might also generate Ap 

neuron equivalents (Fig. S10). Since segments anterior to T1 lack Antp expression, we 

suspected that Antp might be the lacking instructive cue for Ap cluster specification. 

Indeed, misexpression of Antp throughout the CNS, as well as specifically within the 

NB5-6 lineage, triggered ectopic expression of the Ap neuron markers ap, Eya, and 

Nplp1, in the B2-S3 segments (Fig. 6). However, we failed to detect any ectopic 

FMRFa expression. Arguing that the failure to ectopically activate FMRFa in the 

anterior segments might be due to the lack of grh expression in the anterior NB5-6 

lineages (Fig. S10), we misexpressed Antp and grh together. Indeed, this triggered 

the ectopic expression of FMRFa in a number of anterior NB5-6 lineages, in addition 

to the previously observed markers (Fig. 7). Importantly, misexpression of Antp, or of 

Antp/grh, did not change the number of cells generated in the anterior NB5-6 

lineages, something that was also reflected in the different numbers of ‘Ap cluster’ 

neurons triggered ectopically within the different segments in these experiments (Fig. 

7). 

 

As  final proof-of-principle that the abdominal NB5-6 lineages fail to generate Ap 

cluster neurons due to a premature cell cycle exit controlled synergistically by the Bx-

C genes and hth and exd, as well as that Ap cluster neuron equivalents are generated 

in segments anterior of the thorax, but fail to be properly specified due to a lack of 

Antp and grh expression, we misexpressed Antp and grh in a Ubx, abd-A, Abd-B 

triple mutant background. This resulted in the generation of ectopic Ap clusters along 

the whole A-P axis, as seen from the expression of Eya, Nplp1, and FMRFa (Fig. 7). 

Conclusions 

Constituting the first study of its kind to address the differential specification of a 

particular NB lineage along the entire neuraxis, this study reveals an interesting 

scenario in which the modulation of the development of a given neural progenitor 

along the A-P axis is controlled by different mechanisms at different axial levels. At 

thoracic levels the NB5-6 generates the Ap cluster – a stereotypic group of 4-5 cells 

expressing a well-defined set of markers – and the actions of the thoracic Hox gene 

Antp, together with Pbx/Meis factors act to properly specify these cells into bona fide 
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Ap neurons. At abdominal levels the Ap cluster neurons fail to be generated due to a 

premature exit of the progenitor from the cell cycle, controlled synergistically by 

posterior Hox genes, members of Bx-C, and again also by Pbx/Meis co-factors. At 

levels anterior to the thorax, equivalents of the Ap cluster neurons are generated, 

however, they fail to express the typical Ap cluster markers due to the lack of 

expression of both the proper Hox code, and the proper temporal code, within these 

segments.  

 

One unexpected finding pertains to how the Pbx/Meis genes hth and exd together 

play two different roles in the differential specification of the NB5-6 lineage along the 

neuraxis. First, hth and exd act together with Bx-C genes in the abdominal segments 

to trigger the cell cycle exit of NB5-6A. Later, hth and exd, together with Antp, are 

involved in activating the expression of col and dac, as well as of genes downstream 

of col (for Antp). Intriguingly, the timing of the onset of col expression within NB5-

6T, which marks the subdivision of the Cas window into an ‘early’ window, and the 

Ap cluster window, is regulated by a sharp increase in hth expression during stage 13. 

This shows, that in the context of NB5-6, hth plays an important temporal role in 

subdividing a larger temporal window into two sub-windows. Since this increase in 

hth expression is global for the thoracic and the more anterior segments, it is 

tempting to speculate that hth might have this temporal role in several lineages. 

 

The finding that the number of cells generated within the anterior NB5-6 lineage 

upon misexpression of Antp was unaltered, suggests that rather than causing a 

homeotic transformation of the entire lineage, Antp, together with hth and exd, plays 

a late role in the specification of the Ap cluster neurons. We have shown that this role 

entails the activation of col. The activation of col was previously found to be a critical 

step in the specification of the Ap cluster neurons (Paper I). For example, the 

expression of ap, Eya, Dimm, and Nplp1 can be rescued back in a cas mutant by the 

re-expression of col (Fig. 3 in Paper I). Similarly, the expression of Eya, FMRFa, and 

Nplp1 can be rescued back in a hth mutant by the re-expression of col. Together these 

findings show that col is a major point of integration for the Hox, Pbx/Meis and the 

temporal genes. Considering that Ap cluster neurons equivalents are generated also 

in more anterior segments, but that these fail to be specified as Ap cluster neurons 

due to a lack of Antp expression, it is possible that other A-P patterning genes acting 

at these levels integrate in similar ways with the temporal genes to initiate a different 

down-stream terminal differentiation program. While a role of the Hox genes in cell 
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specification has previously been reported for the differential specification of 

motoneurons at different axial levels in vertebrates, this study adds to this concept by 

providing an example of where the major molecular integration points of the Hox and 

Pbx/Meis genes are in a specific multi-layered differentiation program which controls 

the differential specification of several neurons generated by the same neural 

progenitor. 

Paper IV 

Background 

Neuropeptides are excellent markers for terminal differentiation. They are typically 

highly selectively expressed - often only one cell of a given type per hemisegment - 

and are also often expressed at very high levels, making them easy to detect, both at 

the transcript and protein level. In the embryonic VNC ~150 neurons are peptidergic, 

and express one of ~30 identified neuropeptides (Park et al., 2008).  However, only 

in a few cases are the progenitor that generates a particular peptidergic neuron 

known, and even less is known about which regulators are involved in specifying the 

unique neuronal identity of these neurons, and in what manner these regulators act. 

In an effort to increase the repertoire of easily identifiable neurons, expressing 

distinct terminal differentiation markers, for which the progenitor is also known, we 

set out to trace the lineage history of a particular class of peptidergic neurons; the 

abdominal Leucokine (ABLK) neurons. We also aimed at analyzing the expression of 

several different regulators within the ABLK neurons, and to investigate their 

tentative roles in ABLK neuron specification. 

 

Principal findings 

There are 14 leucokinergic neurons in the embryonic VNC, one in each A1-A7 

hemisegment. Making use of the identified NB identity markers, we were able to find 

that the ABLK neurons express wg, hkb, and unplugged (upg), but not engrailed 
(en), mirror (mir), or ladybird early (lbe), which strongly suggests that the ABLK 

neurons are generated by NB5-5 (Fig. 2). 

 

Investigating the expression of temporal genes within NB5-5 we found that when the 

NB delaminates during stage late 11, it expresses Pdm, but neither Hb nor Kr. The 
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expression of Pdm is later attenuated during stage 12 as the NB enters a Cas window 

(Fig. 3). As anticipated from this, the expression of LK was unaffected in hb and Kr 

mutants. On the other hand, LK expression is strongly affected in both cas and grh 

mutants, with a complete loss of LK in cas, and a partial loss of LK in grh (Fig. 4). 

Since expression of Cas was also observed within the post-mitotic ABLK neurons, 

these results suggest that the ABLK neurons are generated in a Cas window, or a 

Cas/Grh co-expression window. In line with this notion we observed an increase in 

the number of LK cells when cas was misexpressed from the late pan-neural driver 

elav-GAL4 (Fig. 4). 

 

Notch signaling is well known to control the differential specification of cells born 

from the same GMC. Investigating the role of Notch signaling in the specification of 

the ABLK cells, we analyzed sanpodo (spdo) and mastermind (mam) mutants, both 

of which affects Notch signaling. We found that in this genetic background the ABLK 

fate is commonly lost (Fig. 5). Conversely, when misexpressing the constitutively 

active Notch intracellular domain, NotchINTRA, we commonly observed ectopic ABLK 

cells (Fig. 5). To analyze if the Notch-inactive state specifies a second cell fate, or 

apoptosis, in the ABLK sibling, we misexpressed the caspase inhibitor p35 within all 

neurons, whereupon we observed a duplication of the ABLK fate (Fig. 5). Performing 

the same experiment in a mam mutant background, we observed the same ABLK fate 

duplication (Fig. 5). Together these findings show that rather than controlling the 

ABLK cell fate, Notch signaling ‘rescues’ the ABLK cell from undergoing programmed 

cell death, which is the ‘default’ fate of both siblings, after GMC division. 

 

To identify additional regulators important for the specification of the ABLK cells, we 

analyzed several different mutants of regulators with a known role in CNS 

development. We found that LK expression was completely abolished in mutants of 

the genes nab and klumpfuss (klu) (Fig. 7). Since nab has previously been shown to 

act downstream of cas, we investigated if the re-expression of nab in a cas mutant 

could rescue the ABLK fate. However, we failed to detect a rescue of LK expression in 

this experiment (Fig. 7). Surprisingly, performing the reverse experiment - 

misexpressing cas in a nab mutant background - we observed a rescue of LK 

expression (Fig. 7), suggesting that cas acts downstream of nab in the specification of 

the ABLK neurons. Another surprising finding was that the misexpression of klu led 

to a loss of the ABLK fate. This phenotype was less severe, however, when klu was 

misexpressed together with p35 (Fig. 7). Since nab and klu was found not to regulate 



Results and discussion 

87 

each other (not shown), these findings indicate that klu might play dual roles within 

the NB5-5 lineage, both acting upstream of ABLK determinants, as well as controlling 

programmed cell death. Additionally we found that, klu, like nab, is critically 

dependent upon cas for its activation (Fig. 7). 

Conclusions 

The finding that the number of ABLK neurons is strongly reduced in cas and grh 

mutants, and that the ABLK neurons express Cas at early larval stages, implies that 

the ABLK neurons are generated in a Cas/Grh co-expression window. In line with 

this, misexpression of cas triggers the expression LK in 1-3 additional neurons per 

hemisegment. However, lacking a lineage specific marker, as well as markers for 

other neuronal fates within the NB5-5 lineage, the significance of this finding is 

difficult to evaluate. One possible explanation for this observation is that 

misexpression of cas from the elav-GAL4 driver – which previously have been found 

to be expressed also in several progenitor cells from stage 12 and onward (M.B. and 

S.T. unpublished observation) – might trigger the expression of regulators controlling 

ABLK specification at an earlier stage within the NB5-5 lineage than in wild type, 

whereby additional ABLK neurons are specified.  

 

On the other hand, misexpression of grh fails to produce ectopic LK expressing cells. 

This might, however, be due to an experimental restriction in the ability of the UAS-

grh construct to produce a sufficient amount of Grh protein from the elav-GAL4 

driver, or due to a post-translational degradation of the grh transcript, and thus grh 

may still play an instructive role in the specification of the ABLK neurons. 

 

The finding that cas can rescue back the expression of LK in nab mutants, suggests 

that cas plays a role downstream of nab in the specification of the ABLK fate, 

assuming that the ‘rescued’ LK expressing cell is indeed generated by NB5-5. Such a 

role would fit with the observation that the expression of nab coincides with a second 

‘pulse’ of cas expression both in NB3-3 (Tsuji et al., 2008) and NB5-6 (Paper II). 

Thus, the role of nab in ABLK specification might be restricted to the activation of 

cas, which in turn acts on unknown targets within its second expression window. klu, 

in its turn, might act both as a regulator of ABLK determinants, and as a regulator of 

cell death. However, the data that suggests a role of klu as a regulator of cell death 

was obtained solely from gain-of-function experiments, and thus does not necessarily 

reflect the role of klu in wild type embryos. It is possible that klu plays different roles 
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in different contexts depending both on its window of expression, and on its 

expression level. 

 

In summary, this study resulted in the identification of the NB that generates the 

ABLK neurons; the NB5-5.  Additionally, a number of regulators have been identified 

which control the specification of the ABLK neurons, with the strongest effects being 

observed in mutants of the transcription factors cas, grh, and klu, and the 

transcription co-factor nab. The identification of additional markers expressed within 

the NB5-5 lineage, will elucidate the mechanisms by which these regulators act to 

specify the fates of the ABLK neurons, as well as of other fates generated within the 

lineage. 
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IDENTIFIED MECHANISMS 

From the findings presented in this thesis several novel conclusions about the 

mechanisms behind cell specification in the Drosophila CNS can be drawn.  

 

(i) Analyzing the role of col in activating the genes ap, eya, dimm, and Nplp1/DopR, 

we found that a regulator can act at two different levels in the specification of a 

number of lineage-related neurons. First, it can be involved in the activation of a 

‘generic’ set of markers, common to all of the neurons in question. Later, it can act as 

a terminal selector gene in a subset of these neurons, acting on several terminal 

differentiation genes. Intriguingly, for the Ap cluster neurons, the specification of the 

‘generic’ fate and the specification of the ‘terminal’ fate represented different levels of 

progression of a single multi-step feed-forward loop. This feed-forward loop is either 

allowed to progress, or is halted before completion, in different neurons, whereupon 

different neuronal subtypes are specified.  

 

(ii) Analyzing the potency and specificity of the combinatorial codes col/ap/dimm, 

and dac/ap/dimm in activating the neuropeptide genes Nplp1 and FMRFa, we found 

that combinatorial codes sharing a common core sequence can become both highly 

potent, and highly specific, by differing in just one regulator. This principle might be 

widely used in the context of lineage-related cells, since neurons or glia born from the 

same progenitor are likely to share several of the same regulators. In the context of 

the Ap cluster neurons this principle is combined with the principle of feed-forward 

combinatorial coding (see i), such that a particular regulator (col) first establishes a 

‘generic’ code in a number of neurons, after which it acts only within a subset of these 

neurons to provide specificity to this code. In the other subset of neurons, this early 

acting regulator is down-regulated, and other regulators are instead added to provide 

specificity to the generic code component. These two combinatorial codes later act 

with high specificity on different subsets of terminal differentiation genes, and 

thereby act to control the specification of two different neuronal subtypes. 

 

(iii) Analyzing the potency of the combinatorial codes col/ap/dimm, and 

dac/ap/dimm in activating ectopic expression of the neuropeptide genes Nplp1 and 

FMRFa, respectively, within the CNS, we observed that these codes were able to 
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activate their target genes in a very large number of CNS neurons. Importantly, the 

activation of Nplp1 and FMRFa did not seem to be restricted to any specific spatial or 

temporal domains. This finding suggests that, in CNS development, the restricted 

activation of different terminal identity genes is critically dependent upon the 

establishment of highly selective domains of terminal selector gene overlap. This 

principle should be compared to the hypothetical principle that the restricted 

activation of different terminal identity genes is dependent upon the establishment of 

highly selective compartments with a different competence to respond to 

promiscuously expressed codes. 

 

(iv) Analyzing the mechanisms behind the down-regulation of col from the three last-

born Ap cluster neurons, we found that the differential specification of a series of 

consecutively born neurons can be controlled by two opposing feed-forward loops, 

simultaneously triggered by a common upstream regulator. While the first feed-

forward loop, which progresses exclusively within post-mitotic neurons, involves cell 

fate determinants that act in a multi-step feed-forward manner to activate distinct 

terminal differentiation genes, the second loop, which progresses exclusively within 

the neural progenitor, involves temporal and sub-temporal genes that together 

oppose the progression of the first feed-forward loop, by down-regulating one of its 

critical triggers. Importantly, this opposing action is only activated once the second 

feed-forward loop has played out in the progenitor. Thereby one, or hypothetically 

several, neurons are generated in which the first feed-forward loop is allowed to run 

to its end. In subsequent neurons, the second feed-forward loop modulates the first 

feed-forward loop, such that only a core component of the first feed-forward loop is 

established, to which later additional factors, perhaps also activated by the initial 

trigger (as for grh and dac in NB5-6T) can be added to provide code specificity. 

 

(v) Analyzing why the Ap clusters are only generated in the thoracic segments, we 

found that the Pbx/Meis genes hth and exd act at two different levels in the 

specification of the NB5-6 lineage. First, hth and exd act at an early stage, together 

with the posterior Hox genes of the Bithorax complex, to instruct NB5-6A to exit the 

cell cycle. Subsequently, hth and exd act together with the anterior Hox gene Antp to 

activate the expression of critical Ap cluster neuron determinants. 

 

(vi) The finding that the Pbx/Meis genes hth and exd, the Hox gene Antp, and the 

temporal genes cas and grh, do not regulate each other in the context of NB5-6, but 



Identified mechanisms 

91 

rather act together to control the expression of col, shows that an important role of 

the Pbx/Meis and the Hox genes in neural lineages is to integrate with temporal 

genes to activate critical downstream terminal selector genes. It is possible that 

different batteries of terminal selector genes can be activated by the integration of 

Pbx/Meis and temporal factors with different Hox genes at different axial levels. 

 

(vi) Analyzing the role of the Pbx/Meis factor Hth in activating col within the NB5-6T 

lineage, we found that a sharp increase in the expression level of Hth during stage 13 

acts as a temporal switch which activates col within the lineage only after an early Cas 

window has been generated. Thereby a subdivision of the large Cas window into an 

early and a late sub-window is achieved. Since this increase in hth expression is 

global for the thoracic and the more anterior segments, it is possible that hth might 

have this temporal role in several lineages. 

 

 
Fig. 18 
Model summarizing the findings from Paper I-III on the specification of the Ap cluster 
neurons. 
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FUTURE CHALLENGES 

Given the high resolution of the genetic regulatory mechanisms that act late within 

NB5-6 to dictate unique cell fates – which now has been established – one of the 

greatest challenges for the future is to resolve how the milieu where these late 

specification events are allowed to be initiated, and played out, is established by 

earlier factors. Even though many studies have shown that the patterning genes, as 

well as other NB identity genes, are important for the correct specification of 

neuronal and glial progeny of the NBs in which they are expressed, the molecular 

mechanisms behind how combinations of these early factors act to imprint unique 

identities on different lineages is very poorly understood. For example, what is the 

mechanism behind the unique lineage size of NB5-6, as well as the unique 

progression of the temporal gene cascade, and the unique switch in division mode at 

the end of the lineage? A prominent question in this respect is also how broadly 

expressed factors come to activate different downstream genes in different lineages. 

For example, most NBs have cas windows, yet Cas does not activate col within all of 

these lineages. Furthermore, col is broadly expressed within the CNS, yet, Nplp1 is 

only activated in NB5-6 and the NB that generates the dAps. How is this specificity 

achieved? One possible scenario is that the early factors act to set up distinct 

chromatin landscapes within different lineages, such that downstream cues are only 

able to act upon a given set of genes. For instance, for NB5-6, the row-5 determinant 

gooseberry and the lateral column determinant msh could act together to impose a 

unique chromatin landscape in this NB. Another possibility is that the early factors 

activate lineage specific downstream factors that act together with, for example, the 

temporal genes to activate distinct terminal selector genes. However, such 

intermediate combinatorial partners, that would allow for example cas to activate col, 

or col to activate the ap/eyadimmNplp1 cascade only in given contexts, have yet 

to be identified. 

 

Another intriguing challenge is to molecularly dissect the cis-regulatory elements of 

genes in Drosophila, as well as in vertebrates, that are known to be under 

combinatorial control, in an effort to further test the concept proposed by Oliver 

Hobert for C. elegans, that differentiation gene batteries are under the control of 

terminal selector motifs. In the context of Ap cluster specification, given the co-

regulation of Nplp1 and DopR in all investigated instances, it would be highly 
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interesting to investigate the enhancers of these terminal differentiation genes to see 

if such a terminal selector motif could be identified for which col/ap/eya/dimm are 

trans-acting factors. Since the FMRFa enhancer already has been found to interact 

with a subset of this code, together with dac, the concept of terminal selector motifs 

could be integrated with the concept of feed-forward combinatorial coding and the 

modulation of such codes by opposing temporal regulatory cascades, providing an 

even more coherent model for how differentially specified cells are generated within a 

lineage. The identification of additional genes targeted by the col/ap/eya/dimm and 

the ap/eya/dimm/dac/pMad code would also contribute to such studies. 

 

Much knowledge has been gained during recent years pertaining to the lineage 

relationships of neurons and glia in the vertebrate CNS. It is now clear that vertebrate 

neural progenitors, similar to Drosophila neuroblasts, generate stereotypic lineage 

trees, with different types of neuron and glial cells born in determined temporal 

sequences. The finding that vertebrate neural progenitors, like their Drosophila 

counterparts, undergo temporal competence changes, raises the intriguing question 

of how conserved the mechanisms behind temporal coding of progenitors are 

between insects and vertebrates. So far only two members of the Drosophila 

temporal gene cascade have been found to play roles in the temporal coding of 

vertebrate neural progenitors, and while additional orthologs of the Drosophila 

temporal genes have been found to be expressed in the vertebrate CNS, a role of these 

genes in the temporal specification of progenitor cells have yet to be identified. 

Besides identifying additional players that act to control the temporal competence 

changes of vertebrate neural progenitors, a prominent future challenge is to identify 

to what extent these competence changes are controlled by extrinsic or intrinsic cues, 

and to what extent these mechanisms are used to different degrees in different 

contexts. However, the studies on the temporal identity changes of vertebrate neural 

progenitors, and on how temporal cues integrate with patterning cues to activate 

distinct terminal selector/differentiation genes, are currently impeded by a lack of 

selective lineage markers, as well as of a comparable lack of markers which can be 

used as readout for neuron or glia identity. The identification of novel lineage 

markers, and/or the development of new lineage labeling techniques, together with 

the identification of more selective neuron and glia subtype markers, will allow for a 

more detailed picture of the mechanisms behind cell specification in the vertebrate 

CNS to be drawn. 
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