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Genetic Analysis of Neuronal Morphogenesis in Vivo

Neal T. Sweeney

Abstract

Proper dendritic branching is required for neuronal function. Although a number of

genes that regulate dendritic branching have recently been identified, the mechanisms by

which these genes control morphogenesis remain unknown. As many genes are

expressed in multiple tissues and at multiple developmental time points, it is important to

determine the specific cell-autonomous roles for a particular gene in dendritic branching,

independent of pleiotropic effects.

In addressing cell-autonomous mechanisms, mosaic analysis with a repressible cell

marker (MARCM) was used to make single-cell mutant clones of several genes

previously implicated in dendritic branching. These genes are expressed in both neurons

and in adjacent cells, raising the question of whether dendritic phenotypes are attributable

to extrinsic or intrinsic roles of the genes. Mutations in the flamingo gene cause dendritic

overextension and experiments presented here illustrate that Flamingo can act cell

autonomously to limit dendritic extension of dorsally extended dendrites. Intrinsic roles
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for Flamingo were also found in controlling axon extension and branching.

A second set of experiments focused on the role of shrub, another gene involved in

dendritic branching. Shrub is homologous to yeast late endosomal protein Snf7, and is

expressed in many, if not all, tissues of the Drosophila embryo. Several methods were

used to test cell-autonomous roles of Shrub, all of which caused increased dendritic

branching. Aberrant axonal branching was also seen in single-cell shrub mutant clones,

suggesting a similar role in axonal morphogenesis. A series of further experiments

showed that misregulation of the Delta/Notch signaling pathway, likely due to impaired

endosomal-to-lysosomal transport, contributes to the dendritic phenotypes in shrub

mutant cells. A final set of experiments explored the cell-autonomous roles of Delta,

Notch, and Neuralized, a key regulator of Delta localization. Each of these genes was

found to regulate dendritic branching in a cell-autonomous manner, suggesting that Delta

regulates Notch activity in cis and/or has Notch-independent functions.

Graeme Davis, Ph.D.

Thesis Committee Chair
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Chapter One:

General Introduction



Among the most distinguishing neuronal characteristics is a complex branched

morphology. Morphological complexity derives largely from dendrites, which receive

much of a neuron's sensory or synaptic input and are intimately related to a neuron's

function. To attain these specific morphologies, developmental programs must exist to

ensure that a neuron has a specific arbor attuned to its function.

Although there is great diversity in dendritic arbors across neuronal types and

across species, dendritic development usually includes a number of specific growth

stages (Craig and Banker, 1994; Scott and Luo, 2001). First, the neuron must attain cell

polarity and extend one or more dendrites with molecular and morphological

characteristics distinct from those of axons. The neuron must then regulate the guidance,

branching, and extension of its dendritic tree. Dendritic specializations such as dendritic

spines may be formed in certain neurons. Finally, dendritic structure is continually

Subject to modulations by various inputs including synaptic activity.

During these stages, neurons face a number of challenges in the development of a

specific dendritic arbor. 1) Although axons and dendrites are both elongated, branched

extensions from the cell body and are regulated by a number of common genes, they have

significant differences in morphology. Are common or distinct mechanisms used to

control axonal and dendritic branching? How does a single gene cause distinct axonal

and dendritic phenotypes? 2) Guidance of dendrites to a specific region and regulation of

dendritic branching and extension determine a neuron's receptive field and are essential

for the correct wiring of neuronal circuits. What mechanisms are responsible for the

specification of dendritic field? 3) The nervous system shows a striking diversity of

dendritic branching patterns, even among adjacent neurons. How does a neuron select a

:



specific branching pattern? How do two neurons form distinct branching patterns in a

common environment?

At each step of dendrite development, a neuron likely integrates a number of

intrinsic and extrinsic cues in the attainment of a dendritic branching pattern. The

importance of both intrinsic and extrinsic factors has been borne out by a number of

studies using cell ablation and primary neuronal cultures. When adjacent neurons are

ablated either using X-irradiation (Altman and Anderson, 1972), genetic mutations

(Rakic and Sidman, 1973) or a laser beam (Gao et al 2000), the remaining neurons often

retain their wild-type dendritic phenotypes and certain neurons in Drosophila show no

changes in morphology (Gao et al., 2000). At the same time, some remaining neurons

show dendritic overgrowth (Gao et al., 2000), branch orientation defects and loss of

higher order branching (Altman and Anderson, 1972; Rakic and Sidman, 1973),

supporting extrinsic influences. In primary cultures, isolated neurons are able to grow

recognizable dendrites with spines and synapses, but fail to attain mature dendritic

morphologies identical to those in vivo, again suggesting that extrinsic factors from other

cell types are not required for dendritic growth per se but are important for certain aspects

of dendritic elaboration (Baptista et al., 1994).

To understand the array of intrinsic and extrinsic factors that regulate dendritic

morphogenesis, a number of recent studies have used genetic screens (e.g., Gao et al.,

1999; Parrish et al., 2006; Medina et al., 2006; Reuter et al., 2003) and candidate-based

approaches (e.g., Andersen et al., 2005; Lee et al., 2003; Lee et al., 2000; McAllister et

al., 1995; Zou and Cline, 1999). Following the identification of a gene as affecting

dendritic development, it is important to consider whether it may act as an intrinsic or



extrinsic regulator, or a combination of both. This question of cell-autonomy is

important as it defines the locus for action of a particular gene, which is especially

important for genes expressed both in the cell of interest and in adjacent cells, and

facilitates explanatory models for different aspects of branching.

Common and Distinct Mechanisms in Axonal and Dendritic Morphogenesis

As polarized cells, neurons exhibit morphological and molecular differences between

axons and dendrites. Dendrites differ from axons in their cytoskeletal composition and

organization, branched morphology and localization of various proteins (Craig and

Banker, 1994). Several in vivo studies in vertebrates (Myers et al., 1986; Westerfield et

al., 1986) and invertebrates (Gao et al., 1999) have observed that axonal outgrowth from

the cell body occurs first, followed by dendrite initiation at a later point, suggesting that

the neuron may have distinct stages where axonal and dendritic growth predominate.

Although a number of proteins have been found to affect both axons and dendrites, it is

not known whether common mechanisms are used for axonal and dendritic

morphogenesis and to what degree these are coordinately related. Interestingly, a number

of genes similarly affect axons and dendrites, while others have selective or even

opposite phenotypes (reviewed in Scott and Luo, 2001).

Among proteins that affect cytoskeletal polymerization and organization, axonal

and dendrites phenotypes are often similar. These include small GTPases such as RhoA,

Rac1 and Cdc42. RhoA, for example, limits both axonal and dendritic growth (Lee et al.,

2000; Luo, 2000) while Rac1 promotes growth and branch formation in each (Li et al.,

2000; Luo, 2000; Luo et al., 1996). Other cytoskeletal-associated proteins such as



Kakapo/Short Stop also similarly affect axons and dendrites (Gao et al., 1999; Kolodziej

et al., 1995; Prokop et al., 1998). Kakapo contains actin binding and microtubule binding

domains and likely acts as a cross-linker between two cytoskeletal components.

Signaling proteins that regulate cytoskeletal dynamics, such as Enabled, also have similar

axonal and dendritic phenotypes. Loss of Enabled leads to axonal and dendritic guidance

defects, likely due to its ability to bind actin-associated proteins and actin filaments (Gao

et al., 1999; Wills et al., 1999; Li et al., 2005). As common cytoskeletal mechanisms are

used to produce axonal and dendritic growth and extension, cytoskeletal-interacting

proteins produce similar phenotypes.

Regulatory mechanisms common to axonal and dendritic morphogenesis also

include changes in glutamate receptor function during neuronal development. At early

stages, AMPA receptors in hippocampal neurons lack the GluR2 subunit and can flux

calcium, while adult receptors contain GluR2 and are impermeable to calcium (Shi et al.,

2001; Zhu et al., 2000). Similarly, NMDA receptors in immature but not adult neurons

lack the NR2A subunit, which reduces the duration of activation and consequently

reduces calcium influx as neurons mature (Quinlan et al., 1999). Decreased calcium

influx in turn alters the activity of calcium-dependent protein kinases such as CAMKII.

Decreased CAMKII activity causes a slowing of both dendritic branching dynamics and

axonal elaboration (Wu and Cline, 1998; Zou and Cline, 1999). Through this activity

dependent mechanism, axons and dendrites are coordinately stabilized as neurons mature.

A number of other genes have been shown to exert opposite effects on axons and

dendrites, in some cases through polarized trafficking of downstream signaling

molecules. In a study using mammalian cortical pyramidal neurons cultured on cortical



slices, axons extended toward the ventricle due to a chemorepulsive factor from cells near

the marginal zone (Polleux et al., 1998). A soluble factor from the marginal zone again

affected the cell one to two days later, but in this case as an attractant for dendrites

(Polleux et al., 2000). Semaphorin 3A (Sema3A) was identified as a factor released from

the marginal zone able to exert opposite effects on axons and dendrites (Polleux et al.,

1998). Consistent with other work showing that cOMP levels can switch Sema3A

between attractive and repellant influences on axons (Song et al., 1998), differences in

cGMP levels between axons and dendrites levels were likely responsible for the opposite

Sema3A phenotypes. Soluble guanylate kinase (sGC) regulates cGMP production was

found to be localized specifically to cortical dendrites in these experiments (Polleux et

al., 2000).

Another mechanism by which axonal and dendritic developmental may be

differentially regulated through developmental switches. In a study of cultured retinal

ganglion cells (RGCs), two phases of neuronal growth were observed, one primary

axonal and one primarily dendritic (Goldberg et al., 2002). At embryonic day 20 (E20),

the RGCs extended axons at a rate ten times that of axons from postnatal day 8 (P8)

neurons. As for dendritic growth, E20 neurons grew few dendrites while P8 neurons

grew primarily dendrites. An extracellular cue, likely from amacrine cells, was found to

mediate this conversion between axonal and dendritic growth. Other experiments found

that the switch was irreversible and not due to an intrinsic aging mechanism.



Regulation of Dendritic Field by Extrinsic and Intrinsic Mechanisms

Following dendritic outgrowth in a particular direction, the neuron faces the task of

forming a dendritic arbor, sometimes branching hundreds of times and extending over a

large area. Targeting of a dendritic arbor to a specific region is essential in the forming

of synapses with specific synaptic partners or, in the case of sensory neurons, to innervate

a certain region of the receptive field. Although dendrites usually elaborate near the cell

body, guidance mechanisms are still essential and required for neuronal function. In

some cases, extrinsic cues from other cells help to orient dendritic dendritic fields, while

in other contexts without external landmarks, the neurons rely on intrinsic mechanisms.

Among the extrinsic mechanisms for regulating dendritic field is non-redundant

coverage of a receptive field, also known as tiling. Dendrites of sensory neurons in the

visual (Hitchcock, 1989; Wassle et al., 1981) and somatosensory systems (Gao et al.,

2000; Grueber et al., 2002; Sagasti et al., 2005) form non-overlapping fields with

neighboring neurons. This tiling mechanism has been extensively studied in Drosophila

larval peripheral nervous system (PNS) neurons that innervate the epidermis (Emoto et

al., 2004; Grueber et al., 2003). Terminal dendrites of adjacent cells repel each other so

that the neurons cover the entire epidermis without overlap; two proteins, Tricornered

kinase and Furry, are among the mediators of this process (Emoto et al., 2004). N

cadherin is another protein involved in contact-dependent interactions. In cultured

hippocampal neurons (Zanata et al., 2002) and among projection neurons in the

Drosophila olfactory bulb (Zhu and Luo, 2004), blocking N-cadherin leads to increased

dendritic spine length and dendritic overgrowth. N-cadherin activates O- and 3-catenins,

which eventually activate Rac1, leading to dendritic branching and spine growth.



Another set of external cues are derived from early developmental landmarks, as found in

studies of Drosophila motor neurons (Landgraf et al., 2003). These neurons also

organize their dendrites into non-overlapping fields, but dendrite-dendrite interactions,

muscle innervation, axonal targeting and glia cells play little or no role in this process.

Instead, the early parasegmental organization of the embryo directs these myotopic maps

and provides another extrinsic method by which dendritic field may be specified.

In other contexts, extrinsic cues do not exist or intrinsic cues play predominant

roles in organizing dendritic fields, as is the case in the Drosophila olfactory system. In

this system, each projection neuron (PN) targets dendrites to a single glomerulus and this

targeting occurs before the PNs have been innervated, suggesting an intrinsic mechanism

(Jefferis et al., 2001; Jefferis et al., 2004). PNs derived from different neuroblast lineages

innervate non-overlapping sets of glomeruli, pointing to cell lineage as a factor.

Moreover, the birth order of neurons within a particular neuroblast lineage is correlated

with dendritic glomerular targeting (Jefferis et al., 2001). In addition, two transcription

factors, Acj6 and Drifter, were found to be expressed selectively in different neuroblast

lineages and could change dendritic targeting when misexpressed (Komiyama et al.,

2003). Another interesting result using this system was obtained in studies of N

cadherin. N-cadherin was found to act non-autonomously to limit dendritic overgrowth,

suggesting that this protein functions to bind together dendrites targeted to a common

glomerulus (Zhu and Luo, 2004). Dendritic field specification also involves intrinsic

cytoskeletal regulators including RhoA. In a number of model systems, constitutive

activation of RhoA leads to reduced dendritic length, while blocking RhoA function with



dominant-negative constructs leads to increased length (Lee et al., 2000; Li et al., 2000;

Wong et al., 2000).

Creating Neuronal Diversity: Regulation of Dendritic Branching Type

As dendrites grow out from the cell body, they often grow in close proximity to dendrites

from other neurons. Despite this similar environment, there exists a great diversity of

dendritic arbors in the nervous system, with hundreds or thousands of different classes of

mammalian neurons based on morphology (Stevens, 1998). Among a single class of

neurons, retinal alpha ganglion cells, dendritic branching patterns form the basis for up to

15 subclasses (Masland, 2001). In some cases, such as in the mammalian cortex,

different classes of neurons have similar morphologies at early stages before undergoing

dramatic changes to become morphologically distinct, suggesting an early intrinsic

growth program followed by later refinement into different classes (Koester and O'Leary,

1992; Vercelli et al., 1992). How does a neuron develop a specific morphology despite

sharing many environmental cues with neighboring neurons?

One mechanism for creating dendritic branching pattern diversity is the

asymmetric inheritance of signaling molecules during cell division. This process has

been extensively studied in the formation of cellular diversity among sensory organ

precursor cells in Drosophila, but other studies suggest it could also be used to create

diversity in dendritic branching. In the embryonic mouse cortex, distribution of Numb,

one of the molecules known to be inherited asymmetrically, correlated with similarity of

morphology between the daughter cells (Shen et al., 2002). Neurons with increased

Numb inheritance showed shorter dendrites, consistent with previous studies showing



that Numb can suppress Notch activity and decreased Notch activity suppresses dendritic

growth (Redmond et al., 2000; Sestan et al., 1999).

A number of transcription factors have also been identified as regulators of

dendritic branching type. One of these is Hamlet, a Zn-finger transcription factor that is

expressed in Drosophila external sensory (ES) neurons during dendritic branch extension

but not in adjacent multiple dendritic (MD) neurons. ES cells normally have a single

unbranched dendrite, but hamlet mutant neurons show complex branching patterns

characteristic of MD neurons (Moore et al., 2002). Postmitotic expression of hamlet in

MD neurons is sufficient to shift the dendrites to a simpler branching pattern, supporting

a role in regulation between ES and MD branching types. Also able to create dendrite

diversity are Cut and Abrupt, two transcription factors expressed in a complementary

pattern in Drosophila PNS sensory neurons. Cut is highly expressed in highly branched

type III and IV neurons but not in morphologically simpler type I neurons (Grueber et al.,

2003), while Abrupt is expressed selectively in type I neurons (Li et al., 2004; Sugimura

et al., 2004). Loss of Cut in type III and IV neurons leads to a dramatic reduction in

branching while postmitotic expression of Cut in type I and II neurons leads to increased

arborization. Complementary results were obtained for Abrupt, with higher levels of

Abrupt expression leading to simpler branching patterns. The ability to regulate dendritic

branching by expression of these genes postmitotically suggests either that Hamlet, Cut,

and Abrupt are able to regulate dendritic morphology independent of cell fate, or that cell

fate is not a one-time decision, with different aspects of cell identity able to be

determined after a cell’s final division (Jan and Jan, 2003).

10



Another mechanism for creating dendritic diversity was found in a study of

cortical pyramidal cells. Neurotrophins including NT-3. NT-4, BDNF and NGF were

applied exogenously and endogenously to slices from the ferret visual cortex (Baker et

al., 1998; McAllister et al., 1995; Niblock et al., 2000). While each neurotrophin caused

pyramidal cells to increase in length and complexity, the neurons showed layer-specific

differences in response (McAllister et al., 1995; McAllister et al., 1997). Intrinsic

differences in response likely created divergent responses to common cues.

Neurotrophins activate MAP kinase and PI-3 kinase signaling pathways downstream of

the Trk receptors, ultimately influencing Rho family kinases, which mediate actin

cytoskeleton dynamics (Posern et al., 2000; Wu et al 2001). Neurotrophins may also lead

to changes in local protein synthesis of cytoskeletal proteins (Aakalu et al., 2001; Kuhl

and Skehel, 1998).

Cell class-specific responses to extracellular cues were also found in the

Drosophila CNS, where dendrites of certain motor neurons cross to the contralateral side

of the CNS midline, while dendrites of other neurons remain on the ipsilateral side.

Contralateral dendrites are attracted by the midline attractant Netrin, while ipsilateral

dendrites are repelled from the midline by Slit (Furrer et al., 2003). Since the

contralateral and ipsilateral dendrites grow in close proximity, mechanisms must exist so

that crossing dendrites are responsive to Netrin and insensitive to Slit and vice versa for

ipsilateral dendrites. Interestingly, Slit does not appear to affect dendritic growth of all

Drosophila neurons, as DA neurons are unresponsive (Gao et al., 1999), suggesting that

different mechanisms may act in different systems and cell types to regulate dendritic

branching type.

:
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In Vivo Analysis of Intrinsic Mechanisms Controlling Dendritic Morphogenesis

Using the Drosophila PNS

The studies described above have led to insights into different aspects of dendritic

morphogenesis including differences between axonal and dendritic growth, and

mechanisms to specify dendritic field and branching pattern. To move further, unbiased

genetic analysis combined with in vivo visualization of dendritic morphology offers a

powerful approach, evidenced by studies of axonal morphogenesis (reviewed in Tear et

al., 1999). While in vitro approaches to dendritic branching have produced key findings,

in vivo systems eliminate any potential confounds due to cellular context. In addition,

genes that affect dendritic morphogenesis may affect multiple tissues at multiple stages of

development, a pleitropy that raises potential confounds when trying to directly link a

gene to a dendritic phenotype. To avoid these potential problems, an ideal genetic system

would also enable individual genes to be manipulated in a single postmitotic neuron

without affecting the surrounding environment.

A powerful genetic system that enables both dendritic morphology to be examined

in vivo and cell-autonomous manipulation of individual genes is the Drosophila

embryonic and larval PNS. In this system, each abdominal hemisegment contains 44

PNS sensory neurons, which include external sensory (ES), chordotonal (CH), and

multidendritic (MD) neurons and are grouped into dorsal, lateral, and ventral clusters

(Bodmer and Jan, 1987). Of the MD neurons, most are classified as dendritic

arborization (DA) neurons, which elaborate extensive dendritic trees in a two

dimensional manner just under the epidermis (Bodmer and Jan, 1987). Expression of

º.:.
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green fluorescent protein (GFP) using neuronal subtype-specific Gala lines allows easy

visualization of dendritic morphology in living embryos or larvae (Gao et al., 1999;

2000). In recent years, this system has been used to dissect the molecular pathways that

control different aspects of dendritic morphogenesis. Enhancer trap lines have also been

used to identify genes with DA neuron-specific expression patterns (e.g., Emoto et al.,

2004; Sugimura et al., 2004). In addition, forward genetic screens in this and other assay

systems in Drosophila have identified a number of molecular players in dendritic

morphogenesis (e.g., Gao et al., 1999, Li and Gao, 2003; Medina et al., 2006; Parrish et

al., 2006; Reuter et al., 2003; Zhu et al., 2005).

In experiments presented in this thesis, I used the Drosophila PNS system to

explore the function of newly identified genes that affect dendritic morphogenesis.

Following gene identification, a number of questions remain to be answered, including a

gene's specific roles in axonal and dendritic growth. In addition, as a gene may act at

different developmental stages and in different cell types, it is important to assess cell

autonomous roles and determine neuronal subtype-specific phenotypes. Furthermore,

identifying interacting genes or signaling pathways leads to mechanistic insight.

In Chapter Two, I will first describe the generation of single-cell clones allowing

wild-type DA neuron dendritic morphologies to be described in detail. This system was

first used to address the cell-autonomous functions of Flamingo, which was previously

found to affect dendritic extension (Gao et al., 1999; Gao et al., 2000), but cell-cell

interaction motifs and Flamingo expression in both DA neurons and adjacent cells

suggested that it could have intrinsic and/or extrinsic roles. In collaboration with

colleagues, I show that Flamingo has a cell-autonomous role in DA neurons in limiting

13



dendritic extension and in regulating axonal extension and guidance.

MARCM clones were also used to examine the role of Shrub in dendritic

branching, as described in Chapter Three. Shrub is expressed ubiquitously, again raising

the possibility of cell-autonomous and non-autonomous effects. Single-cell shrub mutant

clones showed ectopic dendritic and axonal branching. Further experiments supported a

role for Shrub in the endosomal pathway, consistent with previous studies of its yeast

ortholog, Snf7. Mouse orthologs of Shrub were also found to be functionally conserved,

as they could rescue shrub mutant phenotypes in Drosophila.

A final set of experiments described in Chapter Four addresses the cell

autonomous roles of the Notch/Delta signaling pathway in dendritic morphogenesis.

Notch upregulation was found to contribute to dendritic phenotypes in shrub mutants and

cell-autonomous functions for Notch and Delta in promoting dendritic branching are

described.

:
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Chapter Two:

Genetic Manipulation of Single Neurons in Vivo Reveals

Specific Roles of Flamingo in Neuronal Morphogenesis
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Summary

To study the roles of intracellular factors in neuronal morphogenesis, we used the mosaic

analysis with a repressible cell marker (MARCM) technique to visualize identifiable

single multiple dendritic (MD) neurons in living Drosophila larvae. We found that

individual neurons in the peripheral nervous system (PNS) developed clear

morphological polarity and diverse dendritic branching patterns in larval stages. Each

MD neuron in the same dorsal cluster developed a unique dendritic field, suggesting that

they have specific physiological functions. Single-neuron analysis revealed that

Flamingo did not affect the general dendritic branching patterns in postmitotic neurons.

Instead, Flamingo limited the extension of one or more dorsal dendrites without grossly

affecting lateral branches. In addition, Flamingo is required cell autonomously to

promote axonal growth and to prevent premature axonal branching of PNS neurons.

These results demonstrate that Flamingo plays a role in early neuronal differentiation and

exerts specific effects on dendrites and axons.

16



Introduction

Neuronal morphogenesis is a critical step in neural development. Many neurons

elaborate highly branched dendritic trees that can make thousands of synaptic

connections with other neurons (Ramón y Cajal, 1911). The proper formation of

dendritic fields and axonal arborizations is crucially important for the assembly of a

functional nervous system (Masland, 2001). However, it remains unclear how the

morphologies of different neurons are specified during development and to what extent

this process is controlled by intrinsic factors or environmental cues.

The formation of dendritic fields is mainly affected by the extent and the direction

of dendritic outgrowth and branching. The mechanisms controlling dendrite

development have been studied with neuronal cell cultures (reviewed in Craig and

Banker, 1994; Higgins et al., 1997; Bradke and Dotti, 2000). In recent years, various in

vivo approaches have been taken to study neuronal morphology. For instance, different

versions of green fluorescent protein (GFP) were used to label a small number of neurons

in worms and flies (Roayaie et al., 1998; Lee and Luo, 1999; Gao et al., 1999). Local dye

superfusion or virus-mediated GFP expression allowed the visualization of neurons in

cultured hippocampal slices (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999).

In another approach, transgenic mice were created in which red, green, yellow, or cyan

fluorescent proteins were selectively expressed in a small subset of central nervous

system (CNS) neurons (Feng et al., 2000). More recently, single-cell electroporation

enabled ectopic gene expression in the brain of Xenopus tadpoles or rat hippocampal

slices (Haas et al., 2001). These advances have greatly enhanced our ability to study
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neuronal morphogenesis in vivo at the molecular level.

Both in vitro and in vivo approaches have revealed a number of key molecules that

regulate dendritic and axonal outgrowth and branching (reviewed in Brose and Tessier

Lavigne, 2000; Jontes and Smith, 2000; Matus, 2000; Wong and Wong, 2000;

McAllister, 2000; Whitford et al., 2002; Scott and Luo, 2001; Jan and Jan, 2001). For

instance, neurotrophins and their receptors are important in controlling axonal growth

(reviewed in Reichardt and Farinas, 1997) and in regulating dendritic morphology

(McAllister et al., 1995; Lom and Cohen-Cory, 1999; Xu et al., 2000). Semaphorin 3A

and Slitl, both of which are involved in axon guidance, also regulate the development of

cortical dendrites (Polleux et al., 2000; Whitford et al., 2002). In Xenopus, the

glycosylphosphatidyl-inositol (GPI)-linked molecule CPG15 promotes both dendritic

growth and axonal arborization in vivo (Nedivi et al., 1998; Cantallops et al., 2000).

Despite the recent progress, the molecular understanding of the intracellular machinery

that controls the formation of specific neuronal morphology remains far from complete.

For instance, it is not known how dendritic extension and branching are coordinated, nor

is the differential regulation of dendritic and axonal development understood.

To study these issues, we used the peripheral nervous system (PNS) of Drosophila

embryos as a model system in which GFP was expressed in multiple dendritic (MD)

neurons to visualize dendritic outgrowth and branching (Gao et al., 1999). The easy

visualization of these dendrites in vivo and their relatively discrete developmental phases

made it feasible to carry out genetic screens to identify molecules that control distinct

aspects of dendritic morphogenesis. This approach led to the identification of the

flamingo mutations that result in the overextension of MD neuron dorsal dendrites (Gao
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et al., 1999, 2000). The flamingo gene, which encodes a G protein-coupled receptor-like

protein, also controls planar cell polarity in conjunction with frizzled (Usui et al., 1999;

Chae et al., 1999; Lu et al., 1999). In mutant embryos, the activity of flamingo is altered

not only in MD neurons but also in adjacent epithelial cells (Usui et al., 1999; Gao et al.,

2000). In addition, Flamingo affects spindle orientation in adult sensory organ precursor

cells (Lu et al., 1999). Therefore, it is not clear how Flamingo controls the formation of

dendritic fields directly in postmitotic neurons and to what extent Flamingo functions

cell-autonomously in this process.

To further understand the roles of Flamingo and other intrinsic factors in neuronal

morphogenesis, we labeled single wild-type or mutant MD neurons with GFP in living

Drosophila larvae using the mosaic analysis with a repressible cell marker (MARCM)

technique (Lee and Luo, 1999). Here, we describe an assay system that allows the

dendritic morphology of single identifiable MD neurons in the dorsal cluster to be studied

in vivo. We show that individual PNS sensory neurons, unlike CNS neurons, develop

clear morphological polarity and highly diverse dendritic branching patterns. Although

located in the same dorsal cluster, individual MD neurons develop highly unique

dendritic fields. This finding suggests that intrinsic properties of each MD neuron are

important in controlling the development of its unique dendritic field and that each MD

neuron fulfills a specific physiological function. Furthermore, our genetic analysis with

single-neuron resolution reveals that Flamingo directly controls dendritic fields of

different dorsal cluster MD neurons in a cell-autonomous fashion. Surprisingly,

Flamingo does not affect the dendritic branching patterns in a global way; instead, it only

limits the extension of one or more processes toward the dorsal midline without grossly
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affecting the extension of lateral branches. Flamingo also has a cell-autonomous function

in promoting axonal elongation and preventing premature axonal branching of PNS

sensory neurons. Altogether, these studies demonstrate that Flamingo controls several

aspects of neuronal morphogenesis and exerts differential effects on initial dendritic and

axonal growth.
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Results

GFP Labeling of Single PNS Sensory Neurons in Living Drosophila Larvae

Each abdominal hemisegment of Drosophila embryos and larvae contains 44 peripheral

neurons that can be grouped into dorsal, lateral, and ventral clusters (Campos-Ortega and

Hartenstein, 1985; Ghysen et al., 1986; reviewed in Jan and Jan, 1993) (Figure 2-1A).

Our studies primarily focus on the dorsal cluster, which contains four external sensory

(ES) neurons and eight MD neurons that can be further classified into three groups: one

bipolar dendrite (BD) neuron, six dendritic arborization (DA) neurons, and one internal

sensory neuron whose dendrites include a spring-like structure that contacts motorneuron

axon terminals (Figure 2-1B). Gala line 109(2) 80 labels all the eight MD neurons but

not the four ES neurons in the dorsal cluster (Gao et al., 1999).

To label single MD neurons in Drosophila larval PNS with GFP, we used the

MARCM technique (Lee and Luo, 1999). This technique allows the labeling of a clone

of cells by GFP due to the loss of the Gal&0 repressor via FLP recombinase-mediated

mitotic recombination in precursor cells. With the UAS-GalA-targeted expression system

(Brand and Perrimon, 1993), all of the larval PNS sensory neurons could be labeled by

mCD8–GFP under the control of Gal+", which allows marker expression in all

postmitotic neurons (Lin and Goodman, 1994) (Figure 2-1C). mCD8–GFP was targeted

to the cell membrane; therefore, the cell body of each sensory neuron in each dorsal

cluster could be easily identified in larval stages. In contrast, CNS neurons were tightly

packed together and could not be distinguished individually (Figure 2-1C). When Gal&0

was ubiquitously expressed under the control of the Drosophila tubulin promoter,
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mCD8–GFP expression was suppressed in all PNS sensory neurons (Figure 2-1D). Since

MD neuron precursor cells divide 5–7 hr after egg laying (AEL), we heat-shocked

embryos 4–6 hr AEL to induce FLP recombinase expression and then examined larvae

for the presence of single-neuron clones. We found that about 10% of the larvae

contained a single PNS sensory neuron labeled by mcD8–GFP in one of the dorsal

clusters (Figure 2-1E). At a much lower frequency, we could find larvae in which two

neurons were labeled by mCD8–GFP in the same dorsal cluster.

Morphological Diversity of PNS Sensory Neurons

With the MARCM-based single-neuron assay system, recombination events occur in a

random fashion at low frequency. As there are only 12 PNS sensory neurons in each

dorsal cluster, it is possible to find larvae in which only one of the 12 neurons is labeled

by mcD8–GFP. Indeed, we obtained images of the dendritic branching patterns of each

subtype of PNS neurons in the dorsal cluster, as well as images of other PNS sensory

neurons in the lateral and ventral clusters. Since our genetic studies mainly focus on the

dorsal cluster, only the development of dendritic fields of dorsal cluster MD neurons is

described here in detail.

We found that, even in the relatively simple Drosophila nervous system, different

neurons developed strikingly diverse dendritic morphologies. Drosophila CNS neurons

are unipolar cells similar to those in other insects (Shankland and Goodman, 1982). The

CNS neuron in Figure 2-2A sends its axon across the ventral midline and elaborates

neuronal processes in a three-dimensional manner that makes it difficult to reconstruct

the neuron's morphology. This complex morphology also prevents clear differentiation
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of its dendritic and axonal processes. In contrast, the morphological polarity of PNS

sensory neurons is much easier to define. For example, each ES neuron extends a single

dendrite without further branching in the direction opposite to that of its axon (Figure 2

2B). Dorsal cluster BD (dbd) neurons extend two unbranched dendrites along the

anterior—posterior axis and an axon ventrally toward the CNS (Figure 2-2C). Most MD

neurons develop highly diverse dendritic branching patterns (Figure 2-2D) and share

morphological similarity with dendrites of mammalian CNS neurons, such as the tapering

of dendrites with further branching and extension (Craig and Banker, 1994). The

dendritic complexity of some MD neurons is also comparable to that of many

mammalian CNS neurons (Ramón y Cajal, 1995).

Some MD neurons (Figure 2-2D) have processes similar to the “headless” spines on

many developing mammalian neurons (Peters and Kaiserman-Abramof, 1970). These

processes are typically 5–10 pum long in third instar larvae, extend to both sides of the

dendritic branches, and are more numerous on dendrites distal to the cell body. Though

the physiological function of these processes in Drosophila is unclear, further studies

with single-neuron resolution might enhance our understanding of the formation and the

maintenance of these fine structures in vivo.

Development and Organization of MD Neuron Dendritic Fields in the Dorsal

Cluster

Most MD neurons in the dorsal cluster, including the BD neuron and the six DA neurons,

elaborate their dendrites underneath the epidermis. These neurons probably function as

touch receptors or proprioceptors (Bodmer and Jan, 1987). Labeling single PNS neurons
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in living larvae allowed us to study how the dendritic fields of different MD neurons are

formed and organized in the same dorsal cluster, although their cell bodies are close to

each other.

Our single-neuron analysis also reveals that each MD neuron has a defined

dendritic field. Among larvae at the same stage, the general branching pattern for a

particular MD neuron remains the same. For instance, the ddaC neuron sends its primary

dendrite dorsally; this dendrite soon branches into secondary and tertiary branches that

cover the whole hemisegment from the anterior segment boundary to the posterior

segment boundary (Figure 2-3A) and from the dorsal midline to the lateral cluster of PNS

neurons (data not shown). The ddaC neuron also extends many smaller dendritic

processes more or less parallel to the dorsal midline. Interestingly, these dendritic

processes from the same ddaC neuron never overlap (Figure 2-3A), suggesting a “self

avoidance” mechanism, as previously described for axonal branches of a single

mechanosensory neuron in leeches (Kramer et al., 1985; Kramer and Stent, 1985; Wang

and Macagno, 1998). Similar to the ddaC neuron, the ddaD neuron in the dorsal cluster

sends dendrites covering the area between segment boundaries (Figure 2-3B). However,

it only sends out four or five major branches to cover the area between the dorsal midline

and its cell body, with fewer smaller branches. Some terminal branches of the ddaD

neuron appear to cross the segment boundaries (Figure 2-3B). Unlike the ddaC and ddad

neurons, the four other DA neurons in the dorsal cluster have more restricted dendritic

fields. The ddaF and ddaE neurons send out only a few branches toward either the

anterior or the posterior segment boundaries with their most dorsal dendritic branches

falling short of the dorsal midline. Strikingly, unlike other MD neurons, none of the
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dendritic branches of the ddaf and ddaB neurons have any spine-like processes (Figures

2-3C and 2-3D). The ddaB neuron has one or two dendritic branches that reach the

dorsal midline, and a few branches that extend toward the anterior segment boundary

(Figure 2-3E). The ddaA neuron is the most lateral MD neuron in the dorsal cluster and

extends its dendrites mainly along the anteroposterior axis (Figure 2-3F). The dendritic

fields of the ddaC and ddaD neurons overlap with each other and with the dendritic fields

of four other MD neurons. However, the dendritic fields of ddaB and ddaF neurons have

minimal overlap. The presence of different dendritic fields in the same dorsal cluster

raises the possibility that each MD neuron has a defined physiological function and that

the dendritic morphology of each MD neuron is largely determined by its intrinsic

properties.

Flamingo Has a Cell-Autonomous Function in Postmitotic Neurons to Control the

Extension of Dorsal Dendrites of MD Neurons

Previous studies have identified Flamingo as a regulator of dendritic growth (Gao et al.,

1999, 2000) and of the spindle orientation in sensory organ precursor (SOP) cells (Lu et

al., 1999). To address whether Flamingo has a direct role in controlling neuronal

morphogenesis in postmitotic neurons and to assess the cell-autonomous function of

Flamingo, we generated single neuron mutant clones homozygous for the flamingo”

(Usui et al., 1999) and flamingo” (Gao et al., 1999) alleles in wild-type larvae.

When dorsal cluster MD neurons were devoid of flamingo gene activity, one or

more dendritic processes overextended toward the dorsal midline in about 15% of more

than 100 flamingo” mutant neurons (Figures 2-4A-C) and in about 9% of 80 flamingo”
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mutant neurons (Fig. 4D). Surprisingly, the basic architecture of the dendritic branching

patterns was not obviously altered. For instance, ddaC neuron still extended a primary

dendrite dorsally, which branched into several secondary and tertiary dendrites (Figure 2

4A). In addition, the ddaF or ddaB neuron still sent out lateral branches normally toward

either the anterior or posterior segment boundaries (Figures 2-4B–D). The total length of

the lateral branches of ddaF or ddaB neurons and the dendritic fields covered by these

branches also appeared to be normal. For instance, the average total length of the lateral

branches of wild-type ddaE neurons is 1.2 + 0.2 pum (n = 10), which is the same as that of

flamingo” mutant ddaE neurons (1.3 + 0.2 pm, n = 4). In some cases, two flamingo”

mutant MD neurons in opposite dorsal clusters were simultaneously labeled by

mCD8–GFP, and their overextended dorsal dendrites crossed the dorsal midline and

invaded the dendritic field of another MD neuron in the opposite hemisegment (data not

shown). These data demonstrate that Flamingo does not control the general dendritic

branching patterns of MD neurons. Instead, Flamingo has a cell-autonomous function in

limiting the extension of dorsal dendrites with little or no effect on lateral branches.

These studies also demonstrate that Flamingo plays a direct role in dendritic

morphogenesis in postmitotic neurons, which is independent of its function in precursor

cells.

Cell-Autonomous Function of Flamingo in Axonal Growth and Guidance

Flamingo is expressed on both dendrites and axons of MD neurons (Gao et al., 2000),

suggesting that Flamingo may also regulate axonal morphogenesis. To investigate

whether the flamingo mutations that affect dendritic initiation and extension also affect
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axon development, we examined the axons of single MD neurons containing flamingo”

mutations in wild-type larvae. In 10% of more than 100 flamingo” mutant neurons, their

axons did not fully extend to the CNS (Figure 2-5A). This finding was consistent with

the axonal phenotype in living flamingo” mutant embryos, in which axonal break points

could be found in the axon bundles of dorsal cluster MD neurons (Figures 2-5B and 2

5C). In addition, the axons of PNS neurons failed to fasciculate as tightly as those of

wild-type embryos (Figure 2-5B). Axonal breaks were previously found in the CNS of

flamingo” mutant embryos (Usui et al., 1999). Interestingly, 70% of the mutant axons

that failed to fully extend also branched at their termini (e.g., the ddaF neuron in Figure

2-5D), while wild-type PNS axons never branched before reaching the CNS. In some

cases, a thin process derived from the axon extended dorsally (Figure 2-5A). Similar

axonal phenotypes were found in flamingo” mutant single-neuron clones (Figure 2-4D).

These studies demonstrate that Flamingo has a cell-autonomous function in promoting

axonal elongation and in preventing premature branching of axons before reaching their

synaptic targets.

Next, we asked whether Flamingo also affects axon guidance. We found that the

axons of some flamingo mutant ES neurons veered dramatically from the normal path

before halting in ectopic locations (Figure 2-5E). Similar pathfinding defects were also

found for axons of MD neurons. These findings suggest that Flamingo has a cell

autonomous function in controlling axon guidance either directly or indirectly.
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Discussion

To study how neuronal morphogenesis is controlled by intracellular factors during

development, we used the MARCM technique (Lee and Luo, 1999) to visualize single

wild-type or mutant PNS neurons in living Drosophila larvae. We found that dendritic

fields of MD neurons in the dorsal cluster are highly organized. Individual MD neurons

have their own specific, well-defined dendritic fields. Genetic manipulation in single

neurons revealed that Flamingo controls the formation of MD neuron dendritic fields by

limiting the extension of one or more dorsally oriented branches with minimal effects on

lateral branches. In addition, Flamingo is required cell autonomously for promoting

axonal growth and for preventing premature axonal branching in vivo.

An Assay System to Study Intrinsic Mechanisms Controlling Neuronal

Morphogenesis in Living Drosophila Larvae

Many genes function in several biological processes at multiple developmental stages.

Consequently, mutations in these genes often cause pleiotropic developmental defects.

An ideal approach for studying the roles of intrinsic factors in neuronal morphogenesis

would be to manipulate gene activity in a single postmitotic neuron in vivo without

disturbing the surrounding environment. Therefore, pleiotropic effects of the gene could

be eliminated. Taking advantage of the MARCM technique (Lee and Luo, 1999), we

were able to study the dendritic and axonal growth of single identifiable MD neurons in

living Drosophila larvae (Figure 2-1).

MD neurons are an excellent model system because the mechanisms that control

their generation have been well studied (Bodmer et al., 1989; Brewster and Bodmer,
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1995; Vervoort et al., 1997; Orgogozo et al., 2001; reviewed in Jan and Jan, 2000). Some

MD neurons share a common precursor cell and therefore belong to “solo” MD lineages

that do not produce other cell types (Bodmer et al., 1989; Brewster and Bodmer, 1995).

Other dorsal cluster MD neurons are generated from MD–ES lineages that also give rise

to ES neurons and support cells in ES organs (Brewster and Bodmer, 1995); however, the

exact order of cell division in MD–ES lineages remains controversial (Vervoort et al.,

1997; Orgogozo et al., 2001). If the FLP recombinase-mediated recombination occurs

before the formation of the MD neuron precursor cell, then two MD neurons or the MD

neuron and the ES neuron in the same lineage will be labeled by GFP. Therefore, the

presence of a single mCD8–GFP-labeled MD neuron itself indicates that the somatic

recombination occurs during the last cell division that gives rise to the MD neuron. Since

most MD neurons except BD neurons are not associated with support cells (Brewster and

Bodmer, 1995; Vervoort et al., 1997; Orgogozo et al., 2001), the mGD8–GFP-labeled

MD neuron will be the only mutant cell, whereas other cells in the lineage and other

neurons in the same cluster remain wild type. If both an MD neuron and an ES neuron

are labeled by GFP, it may indicate that the two neurons are derived from the same cell

lineage. For instance, our study indicates that ddaF neuron is generated from the MD–ES

lineage (Figure 2-4).

Using this assay system to study neuronal morphogenesis with single-neuron

resolution offers several advantages. First, each dorsal cluster contains only a few

neurons, which elaborate their dendrites in a relatively two-dimensional plane. We can

study dendritic and axonal growth of the same identifiable MD neuron in vivo and

compare wild-type and mutant neurons with ease and precision. Second, we can
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continuously image the dendrites or the spine-like processes of a single wild-type or

mutant MD neuron in a living animal over a period of several days. Third, since the

FRT-mediated somatic recombination can occur during the last cell division that gives

rise to the MD neuron, the cell-autonomous function of a gene in dendritic

morphogenesis and axonal growth can be demonstrated independently of effects the gene

may have on the proliferation or cell fate of neuronal precursor cells (Lee and Luo,

1999). Such a single-neuron assay system could be used to identify and characterize

intracellular factors that affect neuronal morphogenesis. One potential drawback is the

perdurance of wild-type protein and mRNA in the GFP-labeled mutant single neurons,

which may mask the mutant phenotype during early stages of neuronal differentiation for

some genes. This is probably why a low percentage of flamingo mutant single neurons

show either dendritic or axonal defects.

How Are the Dendritic Fields of Different MD Neurons Specified during

Development?

Individual MD neurons in the dorsal cluster have specific and distinct dendritic fields.

The dendrites of the ddaC neuron cover the whole area of the hemisegment, whereas

other MD neurons have their own unique territories. This finding suggests that each MD

neuron has a specific physiological function in the Drosophila PNS, as in the vertebrate

retina where different cell types with unique shapes represent distinct physiological

entities (Masland, 2001). Indeed, Pickpocket, a Drosophila protein homologous to

vertebrate epithelial Na' channel molecules, is only expressed in one MD neuron in the

dorsal cluster (Adams et al., 1998). It is reasonable to speculate that other unidentified
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channel molecules may be specifically expressed in different MD neurons to carry out

certain sensory functions. In addition, the axons of different MD neurons project into

different regions of the CNS, indicating different functions of MD neurons in neuronal

circuitry (Schrader and Merritt, 2000).

How are the dendritic fields of MD neurons in Drosophila PNS specified during

development? A laser ablation study in Drosophila suggested that one subtype of MD

neurons had no effect on the formation of dendritic field of other MD neurons in the same

dorsal cluster (Gao et al., 2000). In addition, competition between dendrites of

homologous neurons near the dorsal midline plays a role in defining their dendritic fields

(Gao et al., 2000). However, the competition mechanism probably functions as a means

to fine tune the mature dendritic territory as occurs in the retina, where adjacent ganglion

cell dendrites compete to define their territories (Perry and Linden, 1982). The close

clustering of the MD neuron cell bodies in the same area suggests that intrinsic properties

of each MD neuron may play major roles in determining the size and location of its

dendritic field.

Specific Function of Flamingo in Controlling Dendritic Fields

In studies of neuronal morphogenesis, it is important to differentiate the direct and

indirect effects of the gene of interest. Similar to other important regulators, Flamingo

functions in different cell types and at different developmental stages (Usui et al., 1999;

Chae et al., 1999; Lu et al., 1999; Gao et al., 2000). Our studies here provide evidence

that Flamingo has a direct role in controlling dorsal dendritic growth in postmitotic

InCUITOInS.
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Although individual MD neurons in the dorsal cluster differ greatly in their

dendritic fields, the defects caused by flamingo mutations appear to be similar: mostly

one process of the mutant neurons overextends toward the dorsal midline. Surprisingly,

the general dendritic architecture of these MD neurons is not affected dramatically

(Figure 2-4). In addition, our findings suggest that Flamingo is not a cell type-specific

regulator of dendritic morphology, nor does it affect dendritic branching patterns in a

global way. It seems that Flamingo functions cell autonomously in controlling dendritic

fields of different MD neurons by limiting the overextension of their dorsal dendrites.

On the contrary, other mutants identified from the genetic screen (Gao et al., 1999), such

as tumbleweed, appear to affect both dorsal and lateral dendrites in a more general way.

Our studies also demonstrate that Flamingo function in neuronal morphogenesis is

independent of its function in precursor cells.

How does Flamingo mainly control dorsal dendrite extension in postmitotic

neurons? In a previous study, we found that neuronal morphogenesis of dorsal cluster

MD neurons can be separated into relatively discrete developmental phases. These

neurons always extend their axons first toward the ventral nerve cord. The extension of

dorsal dendrites toward the dorsal midline ceases at 16–17 h AEL, before lateral

dendrites extend toward the adjacent segment boundaries (Gao et al., 1999). If different

development phases are controlled by different mechanisms, Flamingo may function

mainly during dorsal dendrite extension. Indeed, Flamingo prevents precocious initiation

of dorsal dendrites that contributes to the longer dorsal dendrites before 16 h AEL in

flamingo mutant embryos (experiment performed by Fen-Biao Gao, Sweeney et al.,

2000). The failure to stop after 17 AEL also contributes to the longer dorsal dendrites in
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flamingo mutant embryos (Gao et al., 2000). Accordingly, the level of flamingo mRNA

expression decreases during late embryogenesis (Chae et al., 1999), and Flamingo

expression also decreases in the first instar larvae (data not shown). Flamingo likely acts

during early neuronal differentiation to control the initiation and extension of dorsal

dendrites.

Experiments on mouse Flamingo ortholog Celsr2 suggest that in mammals

Flamingo may at later developmental stages to maintain dendritic arbors (Shima et al.,

2004). In these experiments gene knockdown was performed by biolistic transfection of

siRNA plasmids. Transfection was performed after dendritic trees were already

significantly developed, and decreased branching was attributed to dendritic retraction.

Whether one of the several mouse Flamingo orthologs also plays early developmental

roles or whether Flamingo may play additional roles in Drosophila remains to be seen.

Flamingo Also Functions Cell Autonomously in Controlling Axonal Development

GFP labeling of single mutant neurons provides an opportunity to study whether genes

that control dendrite development also affect other aspects of neuronal morphogenesis,

such as axon growth. We found that Flamingo is required cell autonomously for

promoting axonal growth. Since axons extend several hours earlier than dendrites, it is

possible that the perdurance of Flamingo prevents the appearance of axonal phenotypes

in some mutant neurons. Indeed, more flamingo mutant neurons exhibited dendritic

defects than axonal defects. Two studies of axonal targeting on Drosophila

photoreceptors found that Flamingo is involved in competitive interactions between

adjacent growth cones in forming correct targets, although mutant axons still reached the
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target tissue and fasciculation was not affected (Lee et al., 2003; Senti et al., 2003).

Since only the initial segment of the MD neuron axon could be imaged in our

experiments, it is possible that target formation in the CNS was similarly affected.

Since Flamingo has been shown to be involved in planar cell polarity in Drosophila

wing and eye (Usui et al., 1999), as well as in mammalian tissues (Curtin et al., 2003), it

is interesting to consider whether Flamingo may affect the polarity of MD neurons.

Although MD neuron polarity has not been investigated in detail, the neurons show

morphological polarity with dendrites extending toward the dorsal midline and branching

extensively and axons extending ventrally without branching before reaching the CNS. * _*:
---

In addition, Drosophila microtubule motor proteins that are plus- and minus-end directed 2-º"
*****
º

are selectively sorted into axons and dendrites, respectively, which is consistent with *…*
****

microtubule polarity in mammalian neurons (Clark et al., 1997). In single-neuron 2--
Fº

flamingo clones, we found several changes in morphology and growth that suggest **.
*

changes in polarity including early dendrite initiation, extensively branched axons }_*

extending toward the dorsal midline, and long unbranched dendrites. Another study on f ~.
Flamingo function in the Drosophila CNS found that some overextended dendrites fail to ---,

-**
stain for dendrite marker Nod, suggesting a change in polarity (Reuter et al., 2003). On

the other hand, other molecules that regulate planar cell polarity in the Drosophila eye,

such as Frizzled and Dishevelled do not affect photoreceptor axon targeting as Flamingo

does (Senti et al., 2003) and frizzled does not genetically interact with flamingo (Gao et

al., 2000). Even so, the role of neuronal polarity in explaining Flamingo dendritic

phenotypes deserves further consideration.

Different molecules downstream of Flamingo might mediate its differential
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functions in dendrites and axons; alternatively, the same downstream molecules could

transduce different signals in the two compartments (e.g., through the cyclic nucleotide

pathway; Song et al., 1998; Polleux et al., 2000). Further dissection of the Flamingo

pathway will help to elucidate how dendritic initiation and axonal growth are coordinated

during development. Since Flamingo is highly conserved from flies to humans (Usui et

al., 1999; Chae et al., 1999), it is likely that Flamingo also plays an essential role in

controlling neuronal morphogenesis in mammals.
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Figures

Figure 2-1. GFP labeling of single neurons in Drosophila larvae

(A) 22C10 antibody staining of PNS sensory neurons in a wild-type stage 16 embryo. D,

dorsal cluster; L, lateral cluster; V, ventral cluster. (B) Schematic representation of all 12

neurons in each dorsal cluster of abdominal hemisegments. Ovals, dda neurons; black

circles, des neurons; diamond, dbd neuron; square, the internal sensory neuron whose

dendrites contact motorneuron axons. The six dda neurons are dda.A, ddaB, ddaC, ddaD,

ddaE, and ddaF. (C) Labeling of all the PNS and CNS neurons with mCD8–GFP.

Bracket indicates all the 12 PNS sensory neurons in the dorsal cluster. Arrow indicates

the CNS. Only a few segments are shown here. (D) Suppression of mCD8–GFP

expression by the tubP-Gal&0 transgene. (E) moD8–GFP labeling of a single dorsal

cluster neuron. Genotypes: (A) GAL.4°, UAS-mcD8-GFP, hs-FLP1/+; FRT"''/Cyo.

(B, C) GAL.4°, UAS-mcD8-GFP, hs-FLP1/+: FRT"/FRT", tubP-GAL80.
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Figure 2-2. Neuronal polarity and diversity of neuronal morphology in Drosophila

(A) A CNS neuron sends its axon past the ventral midline (dotted line). Its neurites

elaborate three-dimensionally in the CNS. (B) An ES neuron in a dorsal cluster has a

single dendrite extending dorsally in the opposite direction of axon extension. (C) A BD

neuron in a dorsal cluster with two unbranched dendrites running along the

anterior—posterior axis. (D) An MD neuron with numerous spine-like protrusions in a

lateral cluster. Arrows indicate the axons of mCD8–GFP-labeled neurons. The bar

represents 10 pum for (A) and 40 pum for (B-D).
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Figure 2-3. Dendritic fields of the six dda neurons in the dorsal cluster in wild-type

larvae

(A) The ddaC neuron sends out dendrites that cover a large area from the anterior

segment boundary to the posterior segment boundary and from the dorsal midline to the

lateral cluster. (B) The ddaD neuron has fewer dendritic branches than ddaC neuron. (C)

Dendrites of the ddaf neuron only cover the anterior half of the hemisegment. Gal+*

also drives low-level expression of CD8–GFP in epithelial cells. Therefore, CD8–GFP

labeled single epithelial cells can be seen in some larvae (asterisk). The arrowhead

indicates an ES neuron. (D) Dendrites of the ddaE neuron only cover the posterior half

of the hemisegment. (E) The ddaB neuron extends dendrites to the anterior segment

boundary and the dorsal midline. (F) The ddaA neuron extends dendrites along the

anteroposterior axis and exhibits spine-like structures. Vertical black arrows show

segment boundaries.
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Figure 2-4. Dendritic phenotypes of single flamingo mutant neurons

(A) A flamingo” mutant ddaC neuron. (B) Aflamingo” mutant ddaf neuron. (C) A

flamingo” mutant ddaE neuron. (D) A flamingo” mutant ddaE neuron. The arrowhead

in (D) indicates the axon that fails to develop normally. The axonal phenotype of ddaE

neuron is described later in Figure 2-5. Arrows indicate overextended dendritic branches.

The general branching patterns of flamingo mutant neurons are approximately the same

as the wild type neurons in Figure 2-3.
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Figure 2-5. Axonal defects in flamingo mutant neurons

(A) A moD8–GFP-labeled two-neuron flamingo” mutant clone in a dorsal cluster.

Asterisk indicates the cell body of an ES neuron. The arrowhead indicates the cell body

of the ddaF neuron. The arrow shows the axonal break point of the ddaF neuron. A thin

process derived from the axon extends dorsally. (B) GFP-labeled dorsal cluster MD

neurons in a living flamingo mutant embryo. Bracket indicates the cell bodies of MD

neurons. Arrow indicates axonal break point of the axon from one dorsal cluster neuron.

(C) An enlarged image of the area indicated by the arrow in (B). (D) A moL)8–GFP

labeled flamingo” mutant ddaF neuron. Arrow indicates premature termination and

branching of the axon. Arrowhead indicates the cell body. (E) A flamingo” mutant ES

neuron in the dorsal cluster. Arrow indicates the axon that terminates at the wrong place.

Asterisk indicates the cell body.
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Summary

The diversity of neuronal cells, especially in the size and shape of their dendritic and

axonal arborizations is a striking feature of the mature nervous system. Dendritic

branching is a complex process, and the underlying signaling mechanisms remain to be

further defined at the mechanistic level (Konur and Ghosh, 2005; Jan and Jan, 2003;

Masland, 2004). Here we report the identification of mutations in the shrub gene that

increased dendritic branching. Single-cell clones of shrub mutant dendritic arborization

(DA) sensory neurons in Drosophila larvae showed ectopic dendritic and axonal
a-ºº:

branching in neurons, indicating a cell-autonomous function for shrub in neuronal _*:
-

***
morphogenesis. shrub encodes an evolutionarily conserved coiled-coil protein ~.

>
homologous to the yeast protein Snf7, a key component in the endosomal sorting ****

***

complex required for transport (ESCRT-III) which is involved in the formation of ---
sº

endosomal compartments known as multivesicular bodies (MVBs) (Babst, 2005). We *** º
found that mouse orthologs could substitute for Shrub in mutant Drosophila embryos and ---

***

loss of Shrub function caused abnormal distribution of several early or late endosomal ~.
*

markers in DA sensory neurons. Our findings demonstrate that the novel coiled-coil ~5
*

protein Shrub functions in the endosomal pathway and plays an essential role in neuronal

morphogenesis.
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Results and Discussion

shrub Mutant Embryos Exhibit Reduced Dendritic Fields and Altered Dendritic

Branching Patterns

Each abdominal hemisegment of the Drosophila embryo and larvae contains 44 PNS

sensory neurons, including multidendritic (MD) neurons. Of the MD neurons, most are

classified as dendritic arborization (DA) neurons, which elaborate extensive dendritic

trees in a two-dimensional manner just under the epidermis (Bodmer and Jan, 1987).

Expression of green fluorescent protein (GFP) with neuronal subtype-specific GAL4 ~.
lines allows easy visualization of dendritic morphology in living embryos or larvae (Gao

-

:
****

et al., 1999; Gao et al., 2000). Forward genetic screens in this and other assay systems in ar
Drosophila have identified a number of potentially novel loci where mutations led to 2
striking alterations in dendritic branching and arborization (e.g. Gao et al., 1999; Medina ~.
et al., 2006; Reuter et al., 2003). –

A mutation at the shrub locus (shrub"), mapped to 44F-45E, dramatically º
decreased the size of the dendritic fields of DA neurons (Gao et al., 1999). shrub' mutant ~,

.**
embryos die before reaching larval stage. To further characterize the dendritic

phenotype, we collected wild-type and shrub' mutant embryos at three different time

points. At 15–16 hr after egg laying (AEL), wild-type dorsal cluster DA neurons

extended two dorsally oriented dendrites with few lateral branches, whereas the dorsal

dendrites in shrub' mutants often branched several times to produce multiple dorsally

oriented dendrites (Figure 3-1A). Time-lapse analysis demonstrates that the lateral

branching process is highly dynamic, and some lateral branches are stabilized by 18–20
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hr AEL (Figure 3-1A and Gao et al., 1999). At 17–18 and 19–20 hr AEL, DA neurons in

shrub' mutants exhibited greatly reduced dendritic fields, and lateral branches often

failed to reach the adjacent segment boundaries. Under higher confocal magnification,

however, we could see numerous fine dendritic processes that are difficult to discern in

the image presented in Figure 3-1. To quantify the changes in dendritic arborization in

shrub' mutants, we calculated the aggregate dendritic field for the six dorsal cluster DA

neurons as described (Li et al.,. 2004). The average dendritic field of dorsal clusters was

reduced in shrub' mutant embryos (Figure 3-1B). Dendritic growth was similarly

affected in embryos with the shrub' mutation in trans to a deficiency covering 44F-45E

(Df(2R)Np5, In(2LR)w45-32n) (data not shown), suggesting that the shrub" dendritic

phenotype was not due to mutations at other cytological locations.

Identification of the shrub Gene

To clone shrub, we found two P-element insertion lines between 44F and 45E that failed

to complement the lethality of shrub". Both lines contained insertions in the 5’ region of

a novel gene CG8055. P■ lacy}l(2)k] 1201* was inserted 128 nucleotides upstream of

the ATG start codon, and precise excision of the P-element rescued the lethality.

P{EPgy2}CG8055” was inserted 73 nucleotides upstream of the coding region in the

first exon of CG8055, and exhibited a phenotype similar to shrub' (Figure 3-1C). We

found a 31-nucleotide deletion in the coding region of CG8055, suggesting that CG8055

is shrub (Figure 3-1C). No mutations were found in other adjacent genes. Wild-type

Shrub protein has 226 amino acids and contains two coiled-coil domains with many basic
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residues clustered near the amino terminus and many acidic residues clustered near the

carboxy terminus (Figure 3-1D).

We also generated a rabbit polyclonal antibody against a fusion protein of GST

and full-length Shrub. Western blot analysis with this antibody showed a robust band in

wild-type embryonic extracts but not in shrub' mutant extracts near 36 kDa,which was

larger than the predicted size of Shrub (25 kDa) (Figure 3-1E). This difference is likely

due to the high percentage of charged amino acids, which can alter protein mobility in

polyacrylamide gels. Related proteins in yeast show similar shifts in SDS-PAGE

migration (Babst et al., 2002).

Shrub is an uncharacterized novel protein in Drosophila homologous to yeast

Snf7 (Tu et al., 1993), a class E Vps protein (also known as Vps32) involved in the

trafficking of transmembrane proteins to the lysosome via MVBs (Babst et al., 2002). In

epithelial cells, Shrub seems to be diffusely localized in the cytoplasm as shown by

immunostaining (data not shown), consistent with the localization of Snf7 in yeast (Babst

et al., 2002). Shrub and its mammalian homologues are highly conserved at the amino

acid level. Three Snf7 orthologs are present in the human genome, hSnf7-1, hSnf7-2, and

hSnf7-3 (also known as CHMP4B, CHMP4A, and CHMP4C, respectively) (Katoh et al.,

2003; Peck et al., 2004). In the mouse genome, there are two uncharacterized orthologs

that we named mSnf7-1 and mSnf7-3, which correspond to hSnf7-1 and hSnf7-3,

respectively.
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Phenotypic Rescue and Functional Conservation of Shrub Homologues

To further confirm that the nonsense mutation in shrub' is responsible for the dendritic

phenotype, we performed two genetic rescue experiments. The shrub' mutation is lethal

in late embryogenesis, but concomitant ubiquitous expression of Shrub with tubulin-Gal+

allowed survival of 99% of mutant embryos to the third instar larval stage, suggesting

that shrub is indeed responsible for the lethality in shrub' mutants (Figure 3-2A).

Moreover, mSnf7-1 and mSnf7-3 could partially rscue the lethality of shrub' mutants

(Figure 2A). These data suggest both mammalian homologues can functionally replace

Shrub in shrub' mutants.

In the second rescue experiment, two copies of the UAS-shrub transgene were

expressed in PNS neurons with Gal+ 109(2) 80, and the average dendritic field size of

dorsal cluster DA neurons was calculated (Figure 3-2B–E). Expression of UAS-shrub in

shrub' mutants increased the average dendritic field to wild-type levels. The rescued

dorsal clusters contained a number of lateral branches, which were largely absent in

shrub' mutant clusters.

Cell-Autonomous Roles of Shrub

shrub mRNA is expressed during embryogenesis in many, if not all, cell types, including

neurons and epithelial cells (data not shown). To further examine the cell-autonomous

function of Shrub in dendritic branching, we used the MARCM technique (Lee and Luo,

1999) to reduce shrub activity in single DA neurons in third instar larvae. This technique

allowed cell-autonomous dendritic phenotypes to be examined and quantified in each of

the six dorsal cluster DA neurons (Grueber et al., 2002; Sweeney et al., 2002).
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The dorsal cluster ddaE and ddaF neurons (Sweeney et al., 2002) have simple

dendritic branching patterns extending over a limited area of the hemisegment with few

higher-order branches. For example, wild-type ddaE neurons extend several branches

posteriorly toward the adjacent segment boundary. These branches have the same

apparent diameter proximal and distal to the cell body and no fine spine-like protrusions

as occur in other DA neurons (Figure 3-3A). The shape of the dendritic trees of shrub"

mutant ddaE neurons was similar to wild-type, but the number of dendritic termini

increased significantly due to an increase in fine, higher-order branches (Figure 3-3B, 3

3-3E). shrub' mutant clones of ddaF and ddaB neurons showed similar results (Figure 3

4).

To further confirm these cell-autonomous phenotypes, we also used a UAS

shrub-RNAi transgenic line. This RNAi construct could effectively downregulate the

expression of endogenous Shrub as shown by western blotting analysis (Figure3-3).

When the RNAi transgenes were expressed in ddaE and ddaF neurons in the dorsal

cluster driven by Gal+”, the dendritic phenotype was similar to that of shrub' MARCM

clones: increased dendritic termini due to downregulation of shrub expression (Figure 3

3C–E). The RNAi phenotype was less severe than in shrub' MARCM clones because

RNAi likely led to a partial reduction of shrub expression.

ddaC neurons develop complex arbors that cover the entire area of the dorsal

hemisegment (Figure 3-3F). shrub' mutant ddaC neurons showed a nearly 100% increase

in dendritic termini (Figure 3-3G, 3-3H). Moreover, shrub' mutant ddaC neurons

exhibited a high degree of branching complexity near the cell body, while much of the

dendritic branching in wild-type ddaC neurons occured near the edges of the dendritic
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field. Dendritic fields of shrub' mutant ddaC neurons (Figure 3-3G) were also reduced in

size, consistent with the dendritic phenotype seen in shrub' mutant embryos (Figure 3

1A). shrub' mutant phenotypes were seen in other dorsal cluster DA neurons. Of the six

dorsal cluster DA neurons, ddaA and dda■ ) neurons are distinguished by the numerous

actin-rich spine-like protrusions that extend from the dendritic shafts (Andersen et al.,

2005; Liet al., 2005). As compared to wild-type, shrub' mutant ddaA or ddaD neurons

extended longer spine-like protrusions (Figure 3-5).

shrub Mutant Neurons Exhibit Ectopic Axonal Branching

We used several neuron-specific antibodies to immunostain shrub' mutant embryos and

found no gross morphological changes in axon fasciculation or guidance in the PNS or

CNS (Figure 3-6A–B and data not shown). Changes in synaptic growth or arborization

were not examined. We hypothesized that the absence of gross axonal phenotypes in

shrub' mutants could be due to a maternal contribution of the shrub gene. Maternal

germline recombination (see Experimental Procedures) was used to create maternal

knockout embryos derived from shrub' mutant germline cells. These embryos showed

Severe defects in neuronal specification and differentiation (data not shown), supporting

an essential role for maternally contributed Shrub at early embryonic stages.

PNS axons normally extend unbranched to the ventral nerve cord and form

synapses on CNS neurons. Ectopic axonal branches were found in 21% of shrub' mutant

neurons generated by the MARCM technique (Figure 3-6D, 3-6E). Since a large portion

of PNS axons inside the larval body cannot be visualized with this technique, we suspect
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that the percentage of shrub' mutant neurons exhibiting ectopic axonal branching is

actually much higher.

shrub Mutation Causes Abnormal Distribution of Endosomal Markers

To confirm the subcellular localization of Shrub in Drosophila sensory neurons, we

generated a UAS-shrub-GFP transgenic line. Expression of Shrub-GFP in ddaE neurons

with Gal+” caused an overbranching phenotype similar to that in shrub' mutants (Figure

3-7B); branching in neurons overexpressing untagged Shrub did not vary from wild-type

(Figure 3-7C). This finding suggests that Shrub-GFP acts as a dominant-negative form

and further comfirms the cell-autonomous function of Shrub in controlling dendritic

morphogenesis.

To assess endosome/lysosome function in a cell with reduced Shrub function, we

used Spinster, a transmembrane protein and marker for late endosomes and lysosomes in

Drosophila (Sweeney and Davis, 2002). Spinster-RFP was localized to puncta in the cell

body and throughout the dendrites and axons of PNS neurons (Figure 3-7E). However,

co-expression of Shrub-GFP led to accumulation of Spinster-RFP in large vesicles in the

cell body and dendrites (Figure 3-7F). Spinster-GFP localization in DA neurons of

shrub' mutant embryos was abnormal (data not shown). We also examined different Rab

proteins. The late endosomal marker Rab7-GFP and the early endosomal marker Rab5

GFP were redistributed when co-expressed with shrub RNAi (Figure 3-7G-J). Co

expression of shrub RNAi did not affect recycling endosomal markers Rab4-RFP (Figure

3-7K and 3-7L) and Rab11-GFP (data not shown). These results are consistent with a

role for Shrub in protein transport through the endosomes to lysosomes.
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Expression of Shrub-GFP in the eye using long-GMR-Gal+ resulted in dramatic

retinal degeneration (Figure 3-7M), consistent with the lethality in mutant eye clones of

other endosomal gens such as Vps25 (Thompson et al., 2005; Vaccari and Bilder, 2005).

The endosomal pathway modulates many cell-signaling pathways through

internalization and subsequent sorting of receptor molecules (Le Borgne et al., 2005;

Sorkin and Von Zastrow, 2002). The control of neuronal morphogenesis by Shrub could

be mediated by one or more receptor signaling pathways. Indeed, Notch processing and

activity were affected by shrub mutations, which contribute to the shrub dendritic

phenotype. Our findings are consistent with the reports that Drosophila Vps25, a Tº
component in the ESCRT-II complex, controls epithelial cell proliferation through

-

2:
regulating Notch trafficking in endosomes (Thompson et al., 2005; Vaccari and Bilder, 2

**

2005). Moreover, mutations in Drosophila Vps23/Tsg101, a component in the ESCRT-I ~
º

complex, also resulted in increased Notch signaling (Moberg et al., 2005). —º
Our studies here reveal the importance of the ESCRT complexes in the control of -~

neuronal morphogenesis. The ESCRT complexes have been associated with several 2.
neurodegenerative diseases. The hereditary spastic paraplegia protein Spastin interacts 3.
with CHMP1B, an ESCRT-III complex-associated protein (Reid et al., 2005). More

recently, a specific mutation within the CHMP2B gene, which encodes the ortholog of

Vps2, another component of the ESCRT-III complex, was found in 11 affected members

of a Danish frontotemporal dementia family but not in unaffected family members or in

control populations (Skibinski et al., 2005). Further understanding of the molecular and

physiological consequences of defects in ESCRT complex function may offer new

insights into age-dependent neurodegenerative disorders.
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Figures

Figure 3-1. Dendritic phenotypes in shrub mutant embryos and cloning of the

shrub gene

(A) Dendritic morphogenesis of dorsal cluster DA neurons in wild-type (WT) and shrub'

mutant embryos. Numerous fine processes in shrub' mutant embryos could be seen

under higher confocal magnification. Embryos were collected at 1-hr intervals and

imaged at 15–16 hr, 17–18 hr, and 19–20 hr after egg laying (AEL). Scale bar: 20 pum.

(B) Quantification of dendritic field area for dorsal cluster DA neurons in WT and shrub" * .

***

mutant embryos as described (Li et al., 2004). Segments A2—A6 were examined in
-

:
embryos at 17–18 hr AEL, and 20 segments per genotype were quantified. ***: p < :

** -º

0.001. All values are mean + SEM. (C) Genomic organization of the shrub locus. The

boxes represent exons, and the lines indicate introns. Black areas show the coding region

of shrub. The 31-nucleotide deletion in the shrub' allele is located in the second exon. º

One Pelement (P■ lacy}l(2)k] 1201*) is inserted in the regulatory region and one P º
element (P(EPgy2}CG8055”) is inserted in the first exon. (D) Domain organization ~
of the Shrub protein. The black boxes indicate coiled-coil domains, and the positive and

negative symbols represent regions with a high percentage of positively and negatively

charged amino acids. The deletion in the shrub' allele is located in the first coiled-coiled

domain. (E) Western blot analysis with rabbit antibody raised against the Shrub-GST

fusion protein indicates that Shrub is not expressed in shrub' mutant embryos. Anti-B-

tubulin was used as a loading control. Numbers indicate molecular mass in kDa. Since

no smaller bands were detected, truncated Shrub is likely unstable or present only at very
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low levels. A nonspecific band near 43 kDa is present in both wild-type and shrub"

eXtraCtS.
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Figure 3-2. Rescue of the shrub mutant lethality and dendritic phenotypes and

functional conservation of mammalian homologues

(A) Quantification of third instar larval viability in shrub' mutants and rescued lines.

Survival rate is expressed as the number of surviving larvae divided by maximum

possible larvae with the genotype of shrub'; tubulin-GalA/UAS-shrub (or UAS-mSnf7-1

or UAS-mSnf7-3). Survival beyond larval stages was not examined; see Experimental

Procedures. (B) Quantification of dendritic field area for dorsal cluster DA neurons as

described in Figure 1 legend. n = 20 for each genotype. All values are mean + SEM. *

*: p < 0.05. (C–E) Representative dendritic branching of dorsal cluster DA neurons in ****

wild-type (C), shrub' mutant (D), and shrub"; UAS-shrub (E) embryos at 17–18 hr AEL º
are shown. Scale bar: 20 pum. Expression of UAS-GFP driven by GalA 109(2)80 were *.

used to visualize dendritic morphology. Fº
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Figure 3-3. The cell-autonomous function of shrub in dendritic branching as shown

by single-cell MARCM analysis

(A) A wild-type ddaE neuron with smooth dendrites extending toward the posterior

segment boundary. This neuron is labeled by GFP with the MARCM technique. (B) A

shrub' mutant ddaE neuron generated by MARCM shows increased dendritic branching

especially near the cell body. (C) AddaB neuron labeled by GFP under the control of

Gal+”. (D) A ddaE neuron expressing a shrub RNAi construct using Gal+” that also

exhibits increased dendritic branching. (E) Quantification of dendritic ends in wild-type

or shrub' mutant ddaE neurons. The first two columns are from MARCM analyses (n =

20 for shrub' mutant neurons and n = 11 for wild-type neurons), and the last two columns

are from wild-type ddaB neurons, and ddaE neurons expressing shrub RNAi,

respectively. (F) A wild-type ddaC neuron that elaborates dendrites covering a large area

between segment boundaries. (G) A shrub' mutant ddaC neuron with increased dendritic

termini and a reduced dendritic field, a phenotype consistent with the dendritic phenotype

in shrub' mutant embryos (Figure 3-1A). (H) Quantification of dendritic ends in wild

type or shrub' mutant ddaC neurons. Values are mean + SEM. ***: p < 0.001, **: p <

0.01. Scale bar:50 um. (I) Western blot analysis with anti-Shrub antibody. Lane 1 is

lysate from wild-type embryos, lane 2 is lysate from embryos expressing UAS-shrub

RNAi by tubulin-Gal+ and lane 3 is lysate from shrub' mutant embryos. Numbers

indicate molecular mass in kDa; the Shrub band is near 36 kDa, and the nonspecific band

near 43 kDa serves as a loading control.
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Figure 3-4. Dendritic phenotpes of shrub mutant diaF and ddaB neurons generated

by the MARCM technique

(A) A wild-type ddaF neuron labeled by GFP with the MARCM technique. Dendritic

branches of ddaF neurons mostly extend towards the anterior segment boundary. Bar: 50

um. (B) A shrub' mutant ddaF neuron that exhibits increased dendritic branching. (C)

Quantification of dendritic branches of wild-type or shrub' mutant ddaF and ddaB

neurons. *; p < 0.05. ***; p < 0.001. (D) A wild-type ddaB neuron labeled by GFP with

the MARCM technique. (E) A shrub' mutant ddaB neuron that exhibits increased

dendritic branching.
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Figure 3-5. Dendritic Phenotype of shrub mutant daaa and ddal) neurons generated

by the MARCM technique

(A) A wild-type dia.A neuron that exhibits numerous spine-like protrusions. (B) A

shrub' mutant ddaA neuron whose spine-like protrusions are much longer than that on

wild-type dia.A neurons. (C) and (D) wild-type and shrub' mutant didaD neurons,

respectively. Bar: 50 um.
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Figure 3-6. Ectopic axonal branching phenotypes of shrub mutant neurons

(A) Wild-type embryos at stage 16 were stained with 22C10 antibody to show the axonal

tracks of PNS sensory neurons. (B) shrub' zygotic mutant embryos did not exhibit

detectable axonal guidance or fasciculation defects as realved by 22C10 antibody

staining. D, dorsal cluster cell bodies; A, dorsal cluster axon bundle. (C) The axon of a

wild-type GFP-labeled DA sensory neuron extends towards to ventral nerve cord without

premature branching. (D) and (E) Ectopic axonal branching of shrub' mutant DA

neurons generated by MARCM. The arrows indicate abnormal axonal branching.

º

68



69



Figure 3-7. Shrub-GFP functions as a dominant negative form and reduced Shrub

activity affects the distribution of endosomal markers

(A) A wild-type ddaE neuron labeled by Gal+”. (B) A diaB neuron in which Gal+”

drives expression of UAS-shrub-GFP. (C) A ddaE neuron in which Gal+” drives

expression of UAS-shrub. (D) Quantification of dendritic branching of ddaE neurons

that are either wild-type (n = 27) or overexpressing UAS-shrub-GFP (n = 73) or UAS

shrub (n = 35). In this experiment, the number of dendritic ends was counted from early

third instar larvae; therefore, the value for the wild-type control is slightly smaller than

that in other experiments. Values are mean + SEM. ***; p < 0.001. (E) Subcellular

localization of Spinster-RFP in a wild-type ddaE neuron shows punctate localization in

cell body and dendrites. Gal+ 109(2)80 drives target gene expression in panels E-K. (F)

Subcellular localization of Spinster-RFP in a ddaE neuron co-expressing Shrub-GFP.

Large accumulations of Spinster-RFP were found in cell body and dendrites. (G-L) A

ddaE neuron expressing the following markers: late endosomal marker Rab7-GFP (G);

late endosomal marker Rab7–GFP and shrub RNAi (H); early endosomal marker Rab5

GFP (I); early endosomal marker Rab5-GFP and shrub RNAi (J); recycling endosomal

marker Rab4–RFP (K); recycling endosomal marker Rab4–RFP and shrub RNAi (L).

(M) Expression of UAS-shrub-GFP by long-GMR-GalA causes retinal degeneration.

Black spots indicate dead pigment cells.
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Chapter Four:

Cell-Autonomous Regulation of Dendritic

Morphogenesis by the Delta/Notch Signaling Pathway
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Summary

Dendritic branching is a complex process controlled by many signaling pathways,

including Notch. Here we report that mutations in the shrub gene enhanced signaling by

the Notch pathway. shrub encodes an evolutionarily conserved coiled-coil protein

homologous to the yeast protein Snf7, which is involved in the formation of a subset of

late endosomal compartments known as multivesicular bodies. shrub mutant embryos

had elevated expression levels of processed Notch C-terminal fragment and a fragment of

the Notch ligand Delta, as well as Notch-dependent transcription. Further genetic studies

revealed cell-autonomous functions for Notch and Delta in promoting dendritic

branching. These data support a model in which control of dendritic morphogenesis by

Shrub involves endosomal regulation of the Delta/Notch signaling pathway.

73



Introduction

In both flies and mammals, the Notch pathway is pivotal in multiple developmental

processes in different tissues, such as neurogenesis, neuronal differentiation, and learning

and memory (reviewed in Artavanis-Tsakonas et al., 1999; Yoon and Gaiano, 2005).

Notch, a large type-I transmembrane glycoprotein, is processed into two fragments that

form a membrane receptor complex. Upon binding to one of its ligands (Delta and

Jagged family proteins), the Notch intracellular domain (NICD) is released from the

plasma membrane and translocates into the nucleus to control gene expression (reviewed

in Artavanis-Tsakonas et al., 1999; Yoon and Gaiano, 2005).

The diversity of neuronal cells, especially in the size and shape of their dendritic

and axonal arborizations is a striking feature of the mature nervous system (Ramón y

Cajal, 1995; Masland, 2004). A role for Notch in dendritic morphogenesis was first

indicated by the presence of Notch and its ligands in mammalian cortical neurons, both in

vivo and in primary cultures (Berezovska et al., 1998, 1999; Sestan et al., 1999; Redmond

et al., 2000). Transfection of full-length Notch1 or its constitutively active form into

cultured primary neurons (Berezovska et al., 1999; Sestan et al., 1999; Redmond et al.,

2000) or N2a neuroblastoma cells (Franklin et al., 1999) induces C-promoter binding

factor (CBF-1)—dependent transcription, inhibits dendritic growth (Berezovska et al.,

1999; Redmond et al., 2000; Sestan et al., 1999), and promotes dendritic branching

(Redmond et al., 2000). Essential roles for Notch signaling in axonal development have

also been identified (Giniger et al., 1993; Crowner et al., 2003).

Regulation of Notch signaling involves a number of post-translational

mechanisms, including endocytosis (Le Borgne et al., 2005), which modulates many cell
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signaling pathways through internalization and subsequent sorting of transmembrane

proteins (Sorkin and Van Zastrow, 2002). After internalization to the early endosome,

some cargoes are recycled back to the plasma membrane. Others move through the late

endosome to the lysosome for degradation, with monoubiquitination often serving as a

positive signal for lysosomal sorting (Babst, 2005). Evidence for endocytic targeting of

Notch includes a conserved dileucine motif required for its internalization and

downregulation (Shaye and Greenwald, 2002). In flies, Notch accumulates

intracellularly and shows increased signaling in mutant clones in which transport to the

late endosome is disrupted (Jekely and Rorth, 2003; Moberg et al., 2005; Thompson et

al., 2005; Vaccari and Bilder, 2005). Moreover, two E3 ubiquitin ligases, Nedd4 and

suppressor of Deltex, regulate the cell-surface expression and subcellular sorting of

Notch for eventual signaling activation or degradation (Sakata et al., 2004; Wilkin et al.,

2004). Delta has also been localized to late endosome compartments (Piddini and

Vincent, 2003), and internalization of Delta in signal-sending cells by a dynamin

mediated mechanism affects Notch signaling (Parks et al., 2000). In addition, Delta is

ubiquitinated by Neuralized, which promotes its internalization and subsequent

degradation (Lai et al., 2001).

A key step in the endocytic regulation of transmembrane proteins such as Notch

and Delta occurs in a subset of late endosomal compartments known as multivesicular

bodies (MVBs) (Gruenberg and Stenmark, 2004). Cargoes destined for degradation in

the lysosome are sorted into vesicles within the MVB lumen, and the proteins required

for this process have been characterized in yeast (Babst, 2005). MVB sorting requires

three heteromeric protein complexes, called ESCRT-I, ESCRT-II, and ESCRT-III
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(endosomal sorting complex required for transport), which are thought to act sequentially

(Babst et al., 2002a, 2002b; Katzmann et al., 2001). Shrub is an ortholog of yeast Snf7, a

key protein in the ESCRT-III complex. We describe the dendritic and axonal phenotypes

and the misregulation of the Delta/Notch signaling pathway in shrub mutants. We show

data suggesting that Shrub regulates Notch signaling through an endocytic mechanism

and that changes in Notch/Delta signaling contribute to shrub dendritic phenotypes.

Further examination of Notch/Delta signaling revealed cell-autonomous regulation of

dendritic morphogenesis by Notch, Delta, and Neuralized, indicating a novel cell

autonomous role for Delta in dendritic morphogenesis. 3.
:
* º
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Results

Shrub Modulates the Notch Signaling Pathway

Proteins that affect endosomal transport often affect one or more signaling pathways

(Sorkin and Von Zastrow, 2002). To investigate possible changes in intracellular

signaling in shrub' mutant cells, the shrub RNAi construct was expressed in the eye, and

antenna anlagen in the embryo and larval eye imaginal disc, with eyeless-Gal+. Reduced

shrub expression in these tissues affected eye proliferation and cell fate (Figure 4–1C–F).

Eye specification and determination involve multiple signaling pathways, including the

EGFR and Notch signaling pathways (Kumar and Moses, 2001). Because both of these

pathways are regulated by endocytosis, we determined if EGF or Notch signaling

contribute to the effects of shrub mutations on dendritic morphogenesis. To test the role

of EGFR signaling in dendritic branching, we overexpressed two copies of a dominant

negative EGFR isoform (Reichmann-Fried et al., 1994) with Gal+” and did not observe

a significant difference (data not shown), raising the possibility that the EGF signaling

pathway does not play a major role in dendritic branching of ddaE and ddaF neurons at

late embryonic or larval stages.

To determine if changes in Notch signaling contribute to dendritic phenotypes in

shrub' mutants, we performed western blot analysis of lysates from wild-type and shrub"

mutant embryos. The Notch antibody C17.9C6 is directed against the intracellular

domain of Notch and identifies two major species on a western blot, a full-length

fragment (N-FL) of ~300 kDa and a processed transmembrane fragment (N-TM) of ~120

kDa, which consists of the transmembrane and intracellular domains (Fehon et al., 1990).

º
º *:

;
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N-FL levels were unchanged in wild-type and mutants, but the N-TM fragment was

increased approximately 3.5-fold in shrub' mutants (based on two independent western

blot experiments) (Figure 4-2A). This suggests that loss of Shrub function leads to

decreased degradation or increased production of N-TM. Delta protein levels were also

assessed with the C594.9B antibody, which is directed against an extracellular epitope

and identifies a full-length fragment of ~98 kDa (L isoform) as well as several processed

fragments of 86–92 kDa (Il isoform) and ~83 kDa (I2 isoform) in late embryos (Klueget

al., 1998). In shrub' mutant embryos, the level of the -83 kDa isoform was upregulated

approximately six fold (Figure 4–2B).

To demonstrate that the alterations in Delta/Notch protein levels actually led to

changes in Notch signaling, we examined Notch-dependent transcription activity with a

E(spl)m.8-lacz reporter line (Lecourtois and Schweisguth, 1995). This line expresses 3

galactosidase under the control of an Enhancer of split-m& promoter. In shrub' mutant

embryos, the reporter activity increased significantly in DA and other sensory neurons

and surrounding epidermal cells (Figure 4–2C-L), indicating that loss of Shrub function

resulted in upregulated Notch signaling. Consistent with Shrub affecting the Notch

pathway, expression of dominant-negative Shrub-GFP with GalA-1348 (Huppert et al.,

1997) resulted in a wing vein phenotype identical to that caused by elevated Notch

signaling (Figure 4-1A–B)

Cell-Autonomous Functions of Notch in Dendritic Branching

To investigate whether the misregulation of the Notch signaling pathway is partially

responsible for the shrub" dendritic phenoptype, we examined the cell-autonomous

;
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functions of Notch and Delta in dendritic branching. First, we used the MARCM

technique and the null Notch allele Nº" to make single-neuron Notch mutant clones

(Mari-Beffa et al., 1991). In Notch ddaC neurons, the main dendritic branches still

extended from the cell body, but the branches often failed to reach the segment

boundaries and showed decreased elaboration. Quantification of dendritic termini

revealed 50% fewer dendritic ends in Notch than wild-type ddaC neurons (316.1 + 33.8,

n = 1 1 vs. 609.2 + 49.4, n = 6, p < 0.001) (Figure 4–3A—C). Expression of a Notch

dominant—negative construct (N-DN) (Jonsson and Knust, 1996) in ddaC neurons with

Gal+” also led to fewer dendritic branches than in wild-type (464.2 + 34.4, n = 6 vs.

613.6 + 19.6, n = 7, p < 0.01). These experiments support a cell-autonomous role for

Notch in promoting dendritic branching.

To further test the possibility that increased Notch signaling contributes to shrub"

dendritic phenotypes, we expressed a constitutively active form of Notch (Notch")

(Fuerstenberg and Giniger, 1998). Deletion of the Notch extracelluar domain in this

construct creates a ligand-independent activated form consisting of the transmembrane

and intracellular portions of the receptor. Since this fragment was upregulated and Notch

activity was increased in shrub' mutants (Figure 4–2), we were interested in whether

overexpression would lead to a phenocopy of the shrub" phenotype. Expression of

Notch” cell-autonomously in ddaC neurons with Gal+” increased branching as

compared to wild-type (717.8 + 23.1, n = 7, vs. 613.6 + 19.6, n = 9, p < 0.01) (Figure 4

3C, bars 3 and 4), consistent with increased Notch signaling contributing to shrub"

dendritic phenotypes
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We found a similar Notch" overexpression phenotype in both ddaE neurons (38.0

+ 1.1, n = 49, vs. 29.7 + 0.7, n = 56, p < 0.001) and in vpda neurons of the ventral cluster

(67.8 + 1.5, n = 66, vs. 38.5 + 0.5, n = 71, p < 0.001) (Figure 4–3D–F). They all showed

an increase in fine dendritic processes, a phenotype similar to that of shrub' mutant

neurons, neurons that express shrub RNAi, or neurons expressing a Shrub dominant

negative isoform (Chapter Three).

Shrub Affects Delta Subcellular Localization

Our finding that Shrub affects late endosomal markers and Delta protein levels prompted

us to investigate the subcellular localization of Delta. To do so, we expressed a UAS

Delta-GFP construct with Gal+ 109(2)80, which is expressed in all DA neurons and a

small cluster of epithelial cells per segment. In epithelial cells, Delta-GFP (De

Joussineau, et al., 2003) localized to cell membranes and small intracellular puncta

(Figure 4–4A). Epithelial cells co-expressing Delta-GFP and shrub RNAi, however,

showed large intracellular accumulations of Delta-GFP (Figure 4–4B). Antibody staining

experiments showed that Delta was concentrated on membranes in wild-type epithelial

cells but in intracellular vesicle-like structures in shrub' mutant embryos (data not

shown). Delta-GFP in DA neurons often localized to dendritic branch points and

dendritic termini, suggesting a possible role in regulating dendritic branching (Figure 4–

4C). This dramatic redistribution caused by shrub mutations may reflect impairment in

Delta transport to the lysosome and raises the possibility that the abnormal processing of

Delta may contribute to shrub" dendritic phenotypes.

2.
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Cell-Autonomous Roles of Delta in Dendritic Branching

To further test the role of Delta in dendritic branching, we used the Delta mutant allele

D!” (Salzberg et al., 1997) to produce single-cell Delta MARCM clones. Delta'

clones showed significantly decreased dendritic branching: Delta ddaC neurons had 54%

fewer dendritic ends than wild-type neurons (298.8 + 1 11.5, n = 4 vs. 651.3 +59.3, n = 7,

p < 0.05) (Figure 4–4C–D). As in Notch clones, Delta ddaC neurons had primary

branches that failed to reach the segment boundaries, and dendritic elaboration was

significantly reduced. These findings indicate that Delta also has a cell-autonomous

function in controlling dendritic branching.

These data showing reduction of dendritic branching in Delta neurons were

further supported by experiments with UAS-Neuralized, the E3 ubiquitin ligase for Delta,

which reduces Delta levels when overexpressed (Lai et al., 2001). Like the Delta

MARCM clones, ddaC neurons expressing two copies of Neuralized with Gal+” had

less branching than wild-type neurons (524.2 + 34.0, n = 5 vs. 613.6+ 19.6, n = 7, p <

0.05). When overexpressed with Gal+”, Neuralized led to a similar decrease in

branching. ddaE neurons had fewer termini (20.9 + 0.6, n = 46) than wild-type neurons

(30.8 + 0.5, n = 90, p < 0.001) (Figure 4–4G), as did vpda neurons (33.0 + 0.7, n = 54 vs.

43.6 + 1.0, n = 51, p < 0.001).

To create DA neurons with excess Delta, we overexpressed a truncated Delta

construct (UAS-Dl-D) that lacks much of the intracellular domain (Huppert et al., 1997)

and is likely resistant to degradation via Neuralized. This construct may mimic the Delta

isoform shown to be elevated in shrub' mutants by western blot (Figure 4–1). ddaC

neurons overexpressing Dl-D with Gal+” had more dendritic termini (705.5 + 20.7, n =

:
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6) than wild-type neurons (613.6 + 19.6, n = 7, p < 0.01), branching in ddaE neurons

expressing DI-D with Gal+” was also greater than in wild-type neurons (36.4 +0.6, n =

96 vs. 30.8 + 0.5, n = 90, p < 0.001). A similar dendritic phenotype was observed in

vpda neurons expressing Dl-D (57.6+ 1.2, n = 86, vs. 39.8 + 0.5, n = 95, p<0.001).

These phenotypes were similar to that in shrub' mutant neurons (Chapter Three) but

opposite to that in Delta neurons (Figure 4–4C-D).

:
:
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Discussion

Shrub Modulates the Delta/Notch Signaling Pathway

Since endocytic pathways play a major role in regulating membrane receptor-mediated

signaling (Sorkin and Von Zastrow, 2002), we wondered whether Shrub’s effects on

dendritic morphogenesis might involve changes in Notch signaling. Several lines of

evidence indicate that Shrub plays a critical role in this pathway. First, N-TM was

increased in shrub' mutant embryos, while N-FL was unaffected. The N-TM band

contains both the membrane-bound intracellular fragment and the Y-secretase-cleaved

NICD fragment that acts as a transcriptional activator. Second, we found that the -83

kDa Delta I2 isoform was selectively upregulated in shrub' mutant embryos. This

fragment results from C-terminal cleavage of Delta (Klueg et al., 1998), but little is

known about the intracellular cleavage events. Our data suggest that this Delta fragment

is selectively degraded by a Shrub-mediated pathway. Third, the loss of Shrub activity

affected the subcellular distribution of Delta. Fourth, in shrub' mutant embryos, Notch

dependent gene transcription was elevated in DA neurons and surrounding epithelial

cells. Fifth, the shrub mutant phenotypes were partially rescued by reduced Notch

activity. Sixth, dominant-negative Shrub expressed in the wing produced phenotypes

consistent with increased Notch signaling. These findings provide additional evidence

that endosomal regulation plays an important role in the Notch signaling pathway (Le

Borgne et al., 2005)

It has been recently reported that Drosophila Vps25, a component in the ESCRT

II complex, controls epithelial cell proliferation through regulating Notch trafficking in

º

f

º
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endosomes (Thompson et al., 2005; Vaccari and Bilder, 2005). Moreover, mutations in

Drosophila Vps23/Tsg 101, a component in the ESCRT-I complex, also resulted in the

increased Notch signaling and accumulation of the Notch -120 kDa fragments (Moberg

et al., 2005). Taken together, these studies and our findings reported here strongly

suggest that all three ESCRT complexes are required for the modulation of Notch

signaling through the endosomal compartment. The detailed mechanisms of this

regulatory process remain to be further investigated.

Delta Has a Cell-Autonomous Role in Controlling Dendritic Branching

An unexpected finding in this study was the cell-autonomous function of Delta in

dendritic branching, which was prompted by our observations that the loss of Shrub

function affects the processing and localization of Delta. Expression of a Delta-GFP

construct indicated that Delta was present in vesicular structures in DA neuron dendrites,

and cell-autonomous functions were assessed with MARCM. Interestingly, loss of Delta

decreased dendritic branching (Figure 4–4). How might Delta function in a cell

autonomous manner to control dendritic branching? One possibility is that Delta

expressed in DA neurons acts in cis to activate Notch on the same cell. This hypothesis

is supported by the finding that Delta and Notch had similar cell-autonomous effects on

the dendritic branching of DA neurons (Figures 4–3 and 4–4). Loss of Delta activity may

lead to reduced cell-autonomous Notch activity, which in turn leads to decreased

dendritic branching. Alternatively, Delta may have a Notch-independent function, as

proposed for mammalian Delta1 (Ikeuchi and Sisodia, 2003; Six et al., 2003). Further

genetic analysis is needed to distinguish between the two possibilities.

:
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Implications for Neurodegenerative Diseases

The findings in this study indicate that alterations in the Delta/Notch signaling pathway

contribute to dendritic phenotypes seen in shrub' mutant neurons, revealing the

importance of the endosomal-lysosomal pathway in the control of dendritic

morphogenesis. Abnormalities in the endosomal-lysosomal pathway are among the

neuropathologic hallmarks of Alzheimer's disease (Nixon, 2005), and both Notch and

Delta are substrates for presenilin-dependent Y-secretase cleavage (De Strooper et al.,

1999; Ikeuchi and Sisodia, 2003). Whether shrub mutations affect Y-secretase activity
º

remains unknown. More recently, a specific mutation within the CHMP2B gene was º

found in 11 affected members of a Danish frontotemporal dementia family (FTD3) but :
not in unaffected family members or in control populations (Skibinski et al., 2005). The

º

yeast ortholog of human CHMP2B, Vps2, interacts directly with Snf7 (Babst, 2005). Our .
results here raise the possibility that misregulation of the Notch signaling pathway may

also contribute to the pathogenesis of FTD. Further understanding of the molecular and

physiological consequences of defects in processing transmembrane proteins may offer

new avenues for designing therapeutic intervention for age-dependent neurodegenerative

disorders.
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Figures

Figure 4-1. Expression of Shrub-GFP and shrub RNAi in the wing and eye cause

phenotypes consistent with elevated Notch activity

(A)A wild-type wing expressing Gal+-1348. (B) A wing expressing Shrub-GFP by

Gal:4-1348 shows vein breaks (arrowhead) identical to those produced by activated Notch

expressed by Gal+-1348 (Huppert et al., 1997). (C) A wild-type eye expressing eyeless

Gal+. (D–G) shrub RNAi expression with eyeless-GAL4 leads to eye overgrowth (D),

eye tissue in ectopic regions (E), complete eye loss (F), and ectopic tissues in eye regions

(G).

:
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Figure 4-2. Shrub modulates the Delta/Notch signaling pathway

(A) Western blot analysis of Notch in wild-type and shrub' mutant embryos. Notch full

length (N-FL) and transmembrane domain (N-TM) could be detected. (B) Delta isoforms

in wild-type and shrub' mutant embryos. Anti-B-tubulin (B-tub) was used as a loading

control. Numbers indicate molecular mass in kDa. (C) Dorsal cluster PNS neurons in

wild-type embryos labeled with anti-Futsch antibody. (D) Notch-dependent transcription

in wild-type embryos as shown by Lacz staining. (E) Merged image from panels (C) and

(D). (F) An enlarged image of one dorsal cluster from Panel C. (G) An enlarged image

of one dorsal cluster from panel E. (H) Dorsal cluster PNS neurons in shrub' mutant

embryos labeled with anti-Futsch antibody. (I) Notch-dependent transcription in shrub"

mutant embryos as shown by Lacz staining. (J) An merged image from panels (F) and

(G). (K) An enlarged image of one dorsal cluster from Panel H. (L.) An enlarged image

of one dorsal cluster from Panel J. The arrow indicates the ddaE neuron that shows

increased Notch-dependent transcription.
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Figure 4-3. The cell-autonomous function of Notch in controlling dendritic

morphogenesis

(A) A wild-type ddaC neuron clone labeled by MARCM. (B) A Notch ddaC neuron

clone exhibits decreased dendritic branching. (C) Quantification of dendritic branching.

Bar 1: wild-type ddaC neuron clones generated by MARCM. Bar 2: Notch ddaC neuron

clones generated by MARCM. Bar 3: wild-type ddaC neurons as labeled by Gal+”. Bar

4: ddaC neurons that express a constitutively active form of Notch under the control of

Gal+”. Bar 5: ddaC neurons that express a dominant-negative form of Notch. (D) A

221wild-type vpda neuron labeled with Gal+*. (E) A vpda neuron expressing UAS

Notch". (F) Quantification of dendritic branching. Bar 1: wild-type vpda neurons as
-

".

labeled by Gal+”. Bar 2: vpda neurons that a constitutively active form of Notch under

the control of Gal+”. Values are mean + SEM. ***: p < 0.001. Scale bar:50 um.
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Figure 4-4. The cell-autonomous function of Delta in controlling dendritic

morphogenesis

(A) Delta-GFP localization in a cluster of wild-type epithelial cells. (B) Delta-GFP

localization in a cluster of epithelial cells expressing shrub RNAi. (C) Punctate Delta

GFP localization in a wild-type ddaE neuron. Arrowhead shows localization at dendritic

terminal and arrow shows localization at dendritic branch point. (D) A wild-type ddaC

neuron. (E) A Delta ddaC neuron exhibits decreased dendritic branching. (F)

Quantification of dendritic branching in wild-type and Delta ddaC neurons generated

with MARCM. (G) A wild-type ddaE neuron labeled with Gal+”. (H) A ddaE neuron

expressing UAS-Delta-Truncated (UAS-Dl-D) by Gal+”. (I) AddaB neuron expressing
-

■

two copies of UAS-Neuralized (UAS-Neur) by Gal+”. (J) Quantification of dendritic

branching in ddaB neurons that are either wild-type (G), expressing UAS-Delta

Truncated (H), or expressing UAS-Neuralized (I). Values are mean + SEM. ***: p <

0.001, *: p < 0.05. Scale bar; 50 um.
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Experimental Procedures
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Fly Stocks and Genetic Crosses

Genetic crosses were carried out at 25° or 29°C with standard fly food medium. The

following stocks were used: (1) GalA 109(2)80, UAS-GFP, which labels all MD neurons

and small cluster of epithelial cells in each segment, as well as a small number of CNS

neurons; (2) y' wº; flamingo”/Cyo; (3) y' w”; GAL4–109(2)80, UAS-GFP,

flamingo”/Cyo; (4) GalA 109(2)80, UAS-GFP, shrub"/CyO, Krüppel-Galá, UAS-GFP;

(5) UAS-shrub; (6) UAS-mSnf7-1; (7) UAS-mSnf7-3; (8) tubulin-Gal+, which drives

ubiquitous gene expression; (9) FRT", shrub"/CyO; (10) GalA“”, UAS-mcD8::GFP,

hs-FLP1, which expresses GFP at a high level in all neurons but also detectable in

epithelial cells in larvae; (11) tubP-Gal&0, FRT"/CyO; (12) FRT" P(ovoDI

18}2R/T(1:2)OR64/CyO; (13) hy-FLP1, y' wº: Noc"/CyO; (14) Galá’”, UAS

mCD8::GFP, which labels ddaE, ddaF, and vpda neurons in each segment, and Gal+”,

UAS-mcD8::GFP, which labels daaC neurons. (15) UAS-shrub-RNAi (16) UAS-shrub

GFP; (17) UAS-spinster-RFP (gift from S. Sweeney and G. Davis); (18) UAS-Rab4

RFP (Bloomington); (19) UAS-Rab7-GFP and UAS-Rab5-RFP (kindly provided by M.

González-Gaitán); (20) E(spl)m8-lacz (kindly provided by F. Schweisguth); (21) w N*

”FRT"/FM7; (22) eyeless-Gal+; (23) UAS-Notch-DN; (24) UAS-Notch" (activated

Notch); (25) tub-Gal&0, hs-FLP1, FRT"; Galá109(2)80, UAS-mcD8::GFP/CyO; (26)

UAS-Delta-GFP, (27) tubP-Gal&0, FRT",”/CyO; (28) UAS-Delta-Truncated (UAS-Dl

D) (29) UAS-Neuralized (kindly provided by E. Lai); (30) Gal{-1348;. Maternal

germline recombination was performed as described (Chou et al., 1993).
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Single-Neuron MARCM

The cell-autonomous function of flamingo, shrub, Notch and Delta in single DA sensory

neurons was analyzed as described (Li et al., 2004). For the flamingo”, flamingo”, and

shrub' mutations, the protocol was similar, and it will be described here for shrub". The

shrub' mutation was first recombined onto the chromosome containing FRT", shrub",

FRT"/CyO male flies were crossed with GalA’’’’, UAS-mcD8::GFP, hs-FLP1/FM7

virgin flies. Then, GalA*, UAS-mcD8::GFP, hs-FLP1; shrub", FRT"/+ male flies

were crossed with Galá'”, UAS-mcD8::GFP, hs-FLP1; tubP-Gal&O, FRT"''/CyO

virgin flies. For Notch MARCM analysis, w N** FRT"/FM7 and tub-Gal&0, hs-FLP1,

FRT"lines were used. N** is a loss-of-function Notch allele (Lehman et al., 1983).

For Delta MARCM analysis, P(neoERT}82B P{lacW}Dl” and tubP-Gal&0, FRT",”

lines were used. Images of dendritic morphology of single DA neurons were recorded

with a Nikon confocal microscope (D-Eclipse C1). The significance of difference in

dendritic termini number was determined with Student's t tests. The ability to infer cell

autonomous function from single DA sensory neuron clones in Drosophila larvae has

been described (Sweeney et al., 2002).

Imaging and Quantitative Analysis of Dorsal Cluster DA Neuron Dendrites

Staged wild-type or shrub' mutant embryos were collected on grape agar plates and

processed as described (Gao et al., 1999). The dendritic morphology of GFP-labeled

dorsal DA neurons was imaged by confocal microscopy (Nikon, D-Eclipse C1). The

dendritic field area was calculated as described (Li et al., 2004). To calculate branching

complexity, different orders of dendritic branches were counted by the centrifugal
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method (Uylings et al., 1975). All statistical analyses were done with Student's t tests.

The number of dendritic ends of ddaE neurons was lower when Gal+”, UAS

mCD8::GFP was used to visualize dendritic morphology as compared to ddaE MARCM

clones (Li et al., 2004). The number also varies from early to late third instar larval

Stages.

Mapping and Sequence Analysis

The second chromosome deficiency kit (DK-2, Bloomington Stock Center) was used to

identify deficiency lines that cover the lethal mutations in shrub". We then used P

element insertion lines or small deletion lines (Bloomington Stock Center) to further

narrow down the locus of the mutation in shrub". To identify the shrub' mutations, we

isolated genomic DNA from homozygous shrub' mutant embryos. Primers were

designed based on the wild-type gene sequence from FlyBase, and independent

polymerase chain reactions were carried out to clone and sequence both strands of the

mutant DNA. Coiled-coiled domains were predicted with the COILS program (Lupas et

al., 1991).

Western Blot Analysis and Immunohistochemistry

The expression of Shrub, Notch, and Delta in Drosophila embryos was analyzed by

western blot according to the standard protocol provided by Bio-Rad. For each antigen,

western blot analysis was repeated at least twice. Protein extracts were prepared from

wild-type or shrub' mutants at 16–20 hr AEL. Anti-Shrub rabbit polyclonal antibody

was generated with a purified fusion protein consisting of GST and the full-length Shrub.
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The full-length shrub coding region was amplified by PCR and cloned into pGEX-4T-1

vector, and the resulting construct was used to transform E. coli for protein purification.

For western blot, anti-Shrub antibody (1:500 dilution), mouse anti-Notch C17.9C6

(1:5000, Developmental Studies Hybridoma Bank (DSHB)), and mouse anti-Delta

C594.9B (1:10,000, DSHB) were used as primary antibodies. Horseradish peroxidase

conjugated donkey anti-rabbit IgG and donkey anti-mouse antibody (Jackson

ImmunoResearch Laboratories) were used as secondary antibodies (1:2000). For

antibody immunostaining, embryos were fixed as described (Sweeney et al., 2002).

Rabbit polyclonal antibody 3-galactocidase (1:5000, Cappel) and mouse anti-Futsch

22C10 (1:20, DSHB) were used as primary antibodies, and Cy3-conjugated goat anti

rabbit and Cy2-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories,

1:100) as secondary antibodies.

Generation of Transgenic Fly Lines

To generate UAS-shrub, the shrub ORF sequence was amplified by PCR using the

primers 5'-GGCGAATTCATGAGTTTCTTCGGGAAGATGTTCGG-3 and 5'-GGC

ATCTAGATTAGTTGGACCAGGATAAAAGCTGCTTC-3' and Subcloned into the

pUAST vector. Primers 5'-ATATATAGATCTATGTCGGTGTTCGGGAAGCT-3' and

5'-CGATCGTCTAGATTACATGGATCCGGCCCA-3' were used to amplify mSnf7-1

from an EST clone and ligate into puAST at the BgllI/Xbal sites. Primers 5'-ATATGA

ATTCATGAGCAAGTTGGGT-3' and 5'-ATATATTCTAGATTAAGTGGCCCAAGC

3' were used to amplify mSnf7-3 from an EST clone and ligate into puAST at the

EcoRI/Xbal sites.
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To generate UAS-shrub-GFP, 5'-ATATGAATTCATGAGTTTATTAGGGAAG

3' and 5'-GCGGGATCCCCTTAGTTGGACCAGGATAA-3' were used to amplify the

shrub coding region that was subcloned together with GFP into the puAST vector. To

generate UAS-shrub-RNAi, a 782-bp DNA fragment corresponding to 198 bp at the end

of the CG8055 coding region plus 584 bp of the 3'UTR was amplified by PCR and

cloned into the pCR 2.1-TOPO vector (Invitrogen). The primers were: 5'-GAATTCG

GGAACTCGACGAGCTG-3' and 5'-GGTGACACTATAGAACTCGAG-3". This

plasmid was then digested with EcoRI and Bgll I to give a 493-bp fragment. This

fragment was cloned into puaST at EcoRI/BgllI sites. Then, the same fragment in a

reverse orientation was cloned into the same vector between the BgllI and Xbal sites with

one blunt end.

Larval Viability Rescue Assay

To rescue larval viability of shrub' mutants by UAS-shrub, shrub'■ Cyo, Krüppel-Gal+,

UAS-GFP; tubulin-GAL4+ flies were crossed with shrub'■ Cyo, Krüppel-GalA, UAS

GFP; UAS-shrub/+ flies. The survival rate was calculated by dividing the number of

observed larvae with the genotype shrub"; UAS-shrub/tubulin-Gal+ by the maximum

possible larvae with this genotype. Since larval viability without rescue was 0%

(calculated by crossing shrub'■ CyO, Krüppel-Gal+, UAS-GFP; tub-GAL4/+ flies with

shrub'■ CyO, Krüppel-GalA, UAS-GFP flies), we assumed that both UAS-shrub and

tubulin-Gal+ must be present for viability. Rescue by mSnf7-1 or mSnf7-3 was

quantified at the same time with UAS-mSnf7-1 or UAS-mSnf7-3 replacing UAS-shrub in

the cross described above.
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