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Abstract 
Dendrites are the primary sites of information input into neurons.  Proper 

establishment and maintenance of dendritic structure is essential for the function 

of neural circuits.  In response to certain stimuli, the shape of dendritic arbors 

may be refined and remodeled.  Despite the importance of dendrite structural 

plasticity in health and disease, the molecular mechanisms governing this 

process are not well understood.  One genetically tractable platform to study 

context-dependent remodeling is the Drosophila peripheral nervous system.  A 

subset of sensory neurons, the class IV dendritic arborizing neurons, has been 

shown to prune and regrow dendrites during metamorphosis.  My research has 

focused on the mechanism through which these neurons regenerate a 

morphologically distinct dendritic structure.  

A forward genetic protein trap screen was conducted to identify genes 

differentially expressed during metamorphosis compared to larval stages.  I 

identified Cysteine proteinase-1 as a gene upregulated in class IV neurons during 

dendrite regeneration under control of ecdysone hormone.  Neurons carrying 

mutations of Cysteine proteinase-1 were unable to target and elaborate secondary 

dendritic arbors, resulting in disrupted morphology.  These data were found to 

phenocopy dendrite regeneration defects in neurons lacking the homeobox 

transcription factor cut.  Furthermore, I present evidence that Cysteine 

proteinase-1 can regulate a truncated cut isoform with altered function. 

This research presents a novel insight into the molecular mechanisms of 

sensory neuron dendrite remodeling.  New directions arising from this study 

include potential conservation of this mechanism across species, downstream 
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effectors of identified genes, and characterization of other systems subject to 

context-dependent dendrite regeneration.  Elucidating the processes regulating 

dendrite remodeling will provide useful insight into nervous system function in 

health and disease.  
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1. General Introduction  

1.1 Dendrites in the nervous system 
Though the ancient Greeks had observed and recorded most of the gross 

features of the nervous system, the intricate morphology of dendritic processes 

was not elucidated until the advent of the Golgi stain and its use by the Spanish 

anatomist Ramón y Cajal (Ramón y Cajal, 1909).  These observations led to the 

“Neuron Doctrine,” an understanding of the nervous system as a series of cells 

linked by fine processes, later established as axons and dendrites (Finger, 1994).  

In this classical understanding, dendrites serve as the primary points of input 

into the neuron.  The connectivity of the nervous system, and therefore its 

ultimate function, is reliant in part on the structure of dendritic trees.  Given the 

wide diversity of neuronal cell types and the specialized requirements of each 

cell (Stevens, 1998), it is of interest to understand how dendrite morphology is 

established and adapted. 

The establishment of dendrite morphology relies on both cell-intrinsic 

processes and cell-extrinsic stimuli (Stuart et al., 2008).  Examples of cell-intrinsic 

processes include genetically-encoded programs and transcription factor activity 

(Gao and Bogert, 2003; Goldberg, 2004); examples of cell-extrinsic stimuli include 

synaptic transmission and hormone secretion (Cline, 2001; McEwen, 2010).  This 

ensemble of factors acting on the developing neuron directs the final shape of the 

dendritic tree and leads to the remarkable diversity of morphology present in the 

nervous system. 

Once established, certain conditions can induce adaptation of dendrite 

fields.  Sensory evoked activity, hormonal changes, injury, epilepsy, and genetic 

disorders have all been shown to induce dendrite remodeling in vivo (Emoto, 
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2011; Joëls, 2006; Ruan et al., 2006; Spigelman et al., 1998; Wong and Ghosh, 2002).  

In these differing contexts, the degree of remodeling can range from minute 

alterations in spine shape and density, to large-scale degradation and 

regeneration of dendrites (Tavosanis, 2012).   

The fruit fly Drosophila melanogaster is a genetically tractable model 

system to study both dendrite morphogenesis and remodeling.  Moreover, the 

organism is well suited to study these processes because of its four-part life cycle: 

embryo, larva, pupa, adult (Ashburner et al., 1976).  As each stage of life is suited 

to certain goals, the nervous system must adapt to the changing needs of the 

animal.  The establishment and subsequent remodeling of dendrites in Drosophila 

development could therefore prove a useful system to study broad principles in 

dendrite morphogenesis and remodeling.   

The trunk of the larval Drosophila sensory nervous system includes 

external sensory, chordotonal, and multidendritic type neurons (Bodmer and Jan, 

1987).  The multidendritic class is further subdivided into bipolar dendrite, 

tracheal dendrite, and dendritic arborizing neurons (Bodmer and Jan, 1987).  

Finally, the dendritic arborizing neurons are subdivided into four classes based 

on the morphology of their dendrites (Grueber et al., 2002).   

Class IV dendritic arborizing neurons innervate a large region of the body 

wall with a highly branched arbor (Grueber et al., 2002).  In the larval stage, these 

neurons have been implicated in many functions, including nociception and 

photoreception (Hwang et al., 2007; Xiang et al., 2010).  Interestingly, these 

neurons have been shown to survive  and undergo extensive dendrite 

remodeling during metamorphosis (Kuo et al., 2005; Williams and Truman, 

2005a).  In this period, class IV neurons prune and regenerate their entire 
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dendritic tree, while retaining both the soma and axon.  It is yet to be determined 

if these neurons retain the same functions into adulthood or assume new 

functions along with the new dendrites. 

Although many of the properties directing the morphogenesis of larval 

class IV neuron dendrites have been described, less is known about the 

molecular mechanisms driving remodeling in metamorphosis (Parrish et al., 

2007).  Furthermore, it is not known to what degree the remodeling neuron 

employs the same developmental programs used during larval patterning, or if 

entirely new genetic programs are recruited during metamorphosis.  As there are 

many different factors involved in dendrite morphogenesis and remodeling, 

there are many open areas of investigation in which to probe these questions.  

For the purposes of this introduction, I will focus on three general biological 

phenomena that are known to regulate dendrite morphogenesis and remodeling 

in class IV neurons: transcriptional control, cell biology, and supporting cells. 

1.2 Dendrite morphogenesis 
Starting with the seminal work of Ramón y Cajal, the complex 

morphology of dendrites has been an area of active study (Ramón y Cajal, 1995).  

Defects in dendrite branching have been associated with many neurological 

diseases, so it is of medical interest to understand the mechanisms by which 

neurons establish dendritic arbors (Kaufmann and Moser, 2000).  Drosophila is a 

useful model organism for studying dendrites owing to its substantial nervous 

system, genetic tractability, and large body of previous research.  Many intrinsic 

and extrinsic factors contribute to dendritic morphogenesis, including 

transcriptional control, cell biological processes, and extracellular cues (Jan and 

Jan, 2010).  This introduction will review some of the recent discoveries in the 
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molecular mechanisms governing the development of dendrite morphology in 

the Drosophila sensory nervous system.

1.2.1 Transcriptional control of dendrite morphogenesis 

It is important to think of dendritic development in the larger context of 

the development of the neuron.  Neuronal precursor cells and their post-mitotic 

progeny might not have established dendrites, but these cells can employ 

transcription factors early to influence the fate of dendritic arbors later in 

development.  In this section, I will review reports of several transcription factors 

which are known to affect dendrite morphogenesis (Corty et al., 2009; Gao, 2007; 

Gao and Bogert, 2003; Jan and Jan, 2003, 2010).  A common question raised by 

these results is “at what level of development does transcriptional control 

regulate dendrite morphogenesis?”  For those transcription factors known to 

influence cell-fate specification but whose expression persists into post-mitotic 

development, it is unclear if the dendrite phenotype is a result of aberrant pre- or 

post-mitotic functions of the transcription factor, or both.  

The sequoia zinc-finger transcription factor was identified in a genetic 

screen for Drosophila mutants affecting neuronal development (Brenman et al., 

2001).  The sequoia gene was found to be expressed as early as embryonic stage 10 

in both dendritic arborizing and external sensory neurons.  Interestingly, this 

gene was shown to affect cell lineage, where the external sensory neurons 

expressed subtype-specific markers for dendritic arborizing neurons.  In addition 

to controlling cell lineage, mutants for sequoia exhibited dendritic defects, such as 

dorsal dendritic arborizing neurons ddaE overgrowing their normal fields 

(Brewster and Bodmer, 1996; Merritt and Whitington, 1995).  As sequoia had other 

neuronal defects, such as aberrant photoreceptor cell axonal projections, it 



 

 

5 

remains unclear how this pan-neuronal transcription factor might function, and 

whether this function is primarily derived from its function in precursor cells or 

post-mitotic neurons (Gao and Bogert, 2003). 

Like sequoia, the homeobox transcription factor prospero is expressed in 

neuronal precursors and known to direct cell fate specification in the nervous 

system (Doe et al., 1991; Vaessin et al., 1991).  Unlike sequoia, prospero mutants did 

not induce any cell linage changes in the embryonic peripheral nervous system 

(Gao et al., 1999).  Analysis of the dendrite branching patterns of prospero mutants 

revealed “dramatic turns and occasionally criss-crossing,” branches (Gao et al., 

1999).  Since prospero is only transiently expressed in post-mitotic neurons, the 

effects of this gene were thought to be due to its expression in neuronal 

precursor cells.  However, it has been shown that prospero is expressed in other 

cell types, such as glia of the peripheral nervous system (Vaessin et al., 1991), 

which could also direct the dendrite branching patterns of the affiliated neurons.   

To refine the role of transcription in the neuronal precursor cell in the 

development of dendrite morphology, it is interesting to consider the case of 

hamlet (Moore et al., 2002).  Unlike sequoia and prospero, hamlet expression is 

restricted to IIIB precursor cells that only give rise to external sensory neurons 

and glia.  IIIB precursor cells are descendants of IIB precursors, which for their 

part differentiate into either multidendritic neurons (including the dendritic 

arborizing neurons) and the IIIB precursors.  Therefore, hamlet expression is not 

ever present in the dendritic arborizing neurons.  I belabor this point because in 

hamlet mutant embryos, the external sensory neuron was transformed into a 

dendritic arborizing neuron, as defined both by cell-specific markers and 

dendrite morphology (Moore et al., 2002).  The dendrite morphology switch was 
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very striking, as the normally single-dendrite external sensory neurons were 

converted to highly arborized neurons.  Moreover, artificial overexpression of 

hamlet in post-mitotic dendritic arborizing neurons led to defects in dendrite 

branching. 

The study of hamlet also served to elucidate the role of glia in the 

development of dendrite morphology.  As mentioned, IIIB precursors give rise to 

external sensory neurons and glia; the glia in hamlet mutants were also converted 

into dendritic arborizing neurons (Moore et al., 2002; Moore et al., 2004).  These 

results suggest that hamlet provides a binary switch directing cell fate 

specification at the pre-mitotic stage and dendrite morphogenesis into the post-

mitotic stage.  Follow-up studies have revealed a role for hamlet as a 

transcriptional regulator of notch function to direct cell fate in olfactory projection 

neurons (Endo et al., 2012), but the direct role of hamlet in dendrite 

morphogenesis remains to be elucidated.  Although hamlet was named for the 

“To be or not to be” soliloquy from Shakespeare’s masterpiece, perhaps it is 

better named for another line from that play, “The devil hath power to assume a 

pleasing shape.” 

In an effort to link transcription factor expression with dendrite 

branching, Dubruille and colleagues created mutants of the rather cryptically 

named transcription factor regulatory factor x (Dubruille et al., 2002).  Regulatory 

factor x is expressed in a wide number of precursor cells, but later only expressed 

in type I sensory neurons.  Animals carrying mutant alleles were found to have 

functional defects in chemosensation and mechanosensastion.  These sensory 

defects were correlated with abnormal dendrite morphology, particularly in the 

organization of ciliated sensory endings (Dubruille et al., 2002).  Since the defects 
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observed were limited to type I sensory neurons, the authors supposed that 

regulatory factor x contributed to cilium assembly and that this aspect of dendrite 

morphology was required for signal transduction. 

The transcription factors discussed above have been shown to influence 

dendrite morphogenesis directly; sequoia and prospero as positive regulators of 

dendritogeneis, hamlet as a negative regulator.  In these studies, it remains 

unclear if there is a dose- or context- dependent manner for a transcription factor 

to direct dendrite development.  Recent studies have identified four transcription 

factors, cut, abrupt, knot/collier, and spineless that influence dendrite 

morphogenesis in a context-dependent fashion.  Key findings of these genes have 

focused on their effects in the dendritic arborizing neuron subtypes, class I-IV 

(Grueber et al., 2002), although some of these phenomenon have been observed 

in mammalian systems (Cubelos et al., 2010; Cubelos et al., 2008b).  This 

introduction will review findings regarding all of these transcription factors, 

with special emphasis on the role of cut, for its relevance to the results section of 

this document. 

The homeobox transcription factor cut was first named and identified for 

the presence of cut wings in mutant adult Drosophila (Morgan et al., 1925).  

Mutant alleles of the cut locus (Jack, 1985; Johnson and Judd, 1979) were found to 

induce transformation of external sensory neurons into chordotonal neurons in 

the developing embryo (Blochlinger et al., 1991; Bodmer et al., 1987).  It was 

observed that the cut gene encoded a homeodomain protein expressed in sensory 

precursor cells, and that cut alleles led to incorrect protein localization 

(Blochlinger et al., 1988; Blochlinger et al., 1990).  Although cut protein expression 

was observed in many tissues in post-embryonic stages of development 
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(Blochlinger et al., 1993), the embryonic lethality of many cut alleles (Jack, 1985; 

Johnson and Judd, 1979) made the gene difficult to study in this period. 

The development of a technique called MARCM, mosaic analysis with a 

repressible cell marker (Lee and Luo, 1999), enabled researchers to isolate and 

mutate specific cells within a single D. melanogaster animal.  In the case of 

dendritic arborizing neurons, this led to a new analysis of dendritic arborizing 

neuron dendrite morphology (Grueber et al., 2002).  The fifteen dendritic 

arborizing neurons, which had been named based on anatomical localization in 

the embryonic hemisegment (Bodmer et al., 1989), were recategorized into four 

groups based on dendrite morphology (Grueber et al., 2002).  These neurons are 

named by a four letter system: the first letter is v, v’ d, or l to indicate position in 

the body, the next two letters are da for dendritic arborizing, and the final letter 

is a specific marker for that neuron in its anatomical cluster.  Class I neurons 

(vpda, ddaD, ddaE) were the least complex, followed by class II (vdaA, vdaC, 

ldaA, ddaB), the more complex class III with prominent dendritic spikes (vdaD, 

v’pda, ldaB, ddaA, ddaF), and finally the most complex class IV neurons (vdaB, 

v’ada, ddaC), noted for its complex arborization and large dendritic field.  Since 

cut had been shown to influence neuronal specification between lineages of type 

I neurons, the dissection of various types of type II multidendritic neurons had 

raised the question of whether cut might influence subtype specification of these 

highly arborized neurons (Brewster and Bodmer, 1995). 

Immunostaining of larvae for Cut protein revealed that cut expression 

was different in the various dendritic arborizing subtypes (Grueber et al., 2003a).  

The simple class I and II neurons had undetectable and very low Cut levels, 

respectively.  The more complex class III and IV neurons had high and medium 
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levels of Cut protein, respectively.  Since cut expression correlated with dendrite 

branching complexity, it was hypothesized that this protein might regulate class-

specific dendrite morphology (Grueber et al., 2003a). 

MARCM analysis of cut mutant neurons revealed phenotypes for class II-

IV neurons, but no detectable phenotype in class I neurons (Grueber et al., 2003a).  

Mutant cut class II-IV neurons all had decreased field area, branch points, and 

dendrite length.  Notably, the class III neurons also failed to elaborate the spiked 

dendritic projections that generally characterize this subclass.  Ectopic expression 

of cut in class I neurons led to an exuberance of dendritic arborization.  

Interestingly, overexpression of cut in class II neurons, which express cut at low 

levels endogenously, leads to the presence of spiked dendritic projections, 

similar to class III neurons (Grueber et al., 2003a).  This result argues that levels of 

cut expressed by different classes of dendritc arborizing neurons are responsible 

for driving individual subtype dendritic morphology. 

As noted previously in the case of other transcription factors, the role of 

cut as a cell-lineage determining factor confounds its role in the development of 

dendrites.  As the authors of this study asked in the discussion section of their 

report, “Does Cut specify cell identity among [dendritic arborizing] neurons, or, 

rather, selectively control dendrite morphogenesis?” (Grueber et al., 2003a).  It 

was suggested that expression of cut that persisted out of the neuronal precursor 

stage into differentiated neurons pointed to its role in the later development of 

dendrites.  Moreover, it was noted that post-mitotic overexpression of cut could 

alter dendrite morphology, and therefore “this aspect of identity is not 

established in an all-or-nothing fashion at the time of neuronal birth” (Grueber et 

al., 2003a).   
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The targets of cut in Drosophila are largely unknown, although there is 

some evidence that the immunoglobulin superfamily gene turtle (Long et al., 

2009; Sulkowski et al., 2011) and the small, non-coding RNA bereft (Hardiman et 

al., 2002) are controlled by cut in fly.  How these or other genes might influence 

dendrite morphogenesis, especially in a dose-dependent manner, remains to be 

seen. 

The human homologue of cut, known at that time as CCAAT displacement 

protein or CDP  (Nepveu, 2001), was found to rescue Drosophila dendritic 

arborizing neuron defects (Grueber et al., 2003a).  This raised the question of 

whether cut function in dendrite morphogenesis might be conserved in 

vertebrates in vivo (Cobos et al., 2006; Cubelos et al., 2008a; Cubelos et al., 2008b; 

Nieto et al., 2004).  Knockout mice for cut-like protein 1 and 2 (Cux1 and Cux2) 

were shown to have defects in branching and spine formation in layer II-III 

cortical neurons (Cubelos and Nieto, 2010; Cubelos et al., 2010).  Moreover, the 

mechanism of spine formation by Cux1 and Cux2 was shown to be a result of 

regulation of the chromatin remodeling genes X-linked lymphocyte regulated 4b 

and 3b (Xlr4b and Xlr3b).  The authors found memory defects in Cux2 knockout 

mice (Cubelos et al., 2010), and since homologues of Xlr genes have been 

implicated in human patients with cognitive defects (Milunsky et al., 1999; 

Thomas et al., 1999), these results provide an exciting insight into the medical 

relevance of cut function in dendrite development. 

After Drosophila cut was described as a regulator of dendrite morphology, 

it was hypothesized that other genes might work in concert with cut to create 

combinatorial patterns of transcription and regulate subtype-specific 

dendritogenesis.  One such gene discovered in a genetic screen is the 
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Broad/Tramtrack/Bric a brac zinc-finger transcription factor abrupt, which 

serves to limit dendrite branching (Li et al., 2004; Sugimura et al., 2004).  Loss of 

abrupt function in class I neurons led to increased arborization and field area.  

Interestingly, abrupt overexpression in class II-IV dendritic arborizing neurons 

also led to suppression of dendritic branching, but in a subtype-specific and 

dosage-dependent manner (Li et al., 2004).  In addition, cut expression was 

shown to reduce abrupt levels (Sugimura et al., 2004), which raises the question of 

whether endogenous cut levels in class II-IV neurons restricts abrupt function 

uniquely in class I neurons.   

While abrupt was found to be a negative regulator of dendrite branching, 

the transcription factor knot, also known as collier (Crozatier et al., 1996), was 

found to be a positive regulator of dendrite branching (Crozatier and Vincent, 

2008; Hattori et al., 2007; Jinushi-Nakao et al., 2007; Moore, 2008).  Expression of 

knot in the embryonic peripheral nervous system was found to be restricted to 

class IV multidendritic neurons, a class which arises from two types of sensory 

precursors that are specified independently of knot (Crozatier and Vincent, 2008).  

Ectopic overexpression of knot was sufficient to induce class IV-like morphology 

in other dendritic arborizing neuron classes. 

The link between cut and knot was hypothesized when it was observed 

that 1) cut and knot overexpression can synergize to induce dendritogenesis in 

class I neurons, 2) ectopic (class III) and endogenous (class IV) knot can 

counteract the formation of spiked dendrites high-expressing cut neurons, and 3) 

cut can increase the amplitude of knot expression.  Although these results only 

weakly establish a link between the proteins (Corty et al., 2009), it will be of 

interest to see if this link is substantiated in further studies since knot has been 
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shown to regulate expression of the microtubule-severing protein spastin 

(Jinushi-Nakao et al., 2007) and the degenerin/epithelial sodium channel 

pickpocket (Adams et al., 1998; Crozatier and Vincent, 2008; Hattori et al., 2007).  

Additionally, these results might prove salient to mammalian researchers, as the 

knot homologue early B-cell factor 1 (Wang et al., 1997) is known to regulate 

neuronal differentiation in the central nervous system (Garel et al., 1997). 

The homeobox transcription factor cut has been shown to control dendrite 

morphogenesis in a dose-dependent manner.  This control is refined in a 

subtype-specific code of transcription factors including the negative regulator 

abrupt and the positive regulator knot.  However, the effect of these genes seems 

to be regulated at the level of expression in individual classes of neurons.  There 

remains the possibility that other levels of control may be exerted on a 

transcription factor to drive dendritic morphogenesis. 

Several decades after the first identification of spineless mutants (Bridges, 

1923), a mutagenesis screen identified the basic helix-loop-helix 

Period/Ahr/Single-minded class transcription factor as a regulator of dendrite 

morphology (Kim et al., 2006).  Interestingly, spineless was observed to be present 

in all dendritic arborizing neuron subtypes, but when mutated, exhibited 

divergent phenotypes.  In less complex class I and II neurons, spineless mutant 

alleles caused an increase in dendrite complexity; conversely, in more complex 

class III and IV neurons, spineless alleles caused a decrease in dendrite 

complexity.  The molecular mechanism by which this action was effected is not 

known, since spineless was shown to function in this context in the absence of its 

usual binding partner, tango (Emmons et al., 1999; Kim et al., 2006).  Moreover, 
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spineless expression did not affect expression of cut or abrupt, further obscuring 

its function in dendrite development.   

Regardless, it is interesting that spineless was able to exert opposing 

functions in different neurons, despite consistent expression and nuclear 

localization in all subtypes (Kim et al., 2006).  This leads to the intriguing 

possibility of other levels of control for transcription factors that might 

differentially regulate dendrite morphology.  Finally, it should be mentioned that 

Drosophila melanogaster has been an especially fruitful organism for identification 

of transcription factors in sensory neuron dendrite morphogenesis.  Recent 

studies have employed RNA interference in vivo (Parrish et al., 2006; Tassetto and 

Gao, 2006) to detect transcription factors governing the morphogenesis of 

dendrites.  Additional forward genetic studies in this field will provide useful 

insight into transcription factor regulation of dendrite morphogenesis.

1.2.2 Cell biology of dendrite morphogenesis 

While neurons are cells and therefore require the general cellular 

machinery of eukaryotic life, the specific demands of their role in the organism 

require specialized cellular structures.   Properly functioning dendrites must 

cover the requisite field area, branch to adjust dendrite density to adequately 

receive signals, and maintain physiological support for dendritic functions 

occurring significant distances away from the soma (Jan and Jan, 2010).  While 

fulfilling these requirements, the neuron must also run a cellular “cost-benefit” 

analysis, weighing the physiologic cost against the functional gain of dendrite 

arborization (Wen and Chklovskii, 2008).  This section will consider the way 

neurons achieve balance in cytoskeletal and secretory/endocytic needs in 
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dendrite morphogenesis, with emphasis on the model system of Drosophila 

dendritic arborizing neurons. 

Live imaging studies of embryonic dendritic arborizing neurons revealed 

periods of dynamic neurite extension and retraction to establish dendritic shapes 

(Sugimura et al., 2003).  The fields of class IV neurons were later shown to scale 

with growth along the body wall (Parrish et al., 2009), further expanding the 

sensory field.  Even when ablated, dendrites from developing neurons were 

shown to extend and arborize dynamically (Sugimura et al., 2003; Tao and Rolls, 

2011).  These studies alluded to the role of a dynamic cytoskeleton and the 

regulation of actin and microtubules in establishing dendritic fields (Andersen et 

al., 2005). 

The Rho family of GTPases controls many cytoskeletal rearrangements 

that affect the growth and branching of dendrites (Luo, 2002; Newey et al., 2005; 

Tada and Sheng, 2006).  Studies in Drosophila have shown the essential function 

of Cdc42 (Gao et al., 1999; Scott et al., 2003), Rho1 (Lee et al., 2000b), and Rac1 

(Andersen et al., 2005; Lee et al., 2003a).  Although these genes are predictably 

involved in dendritogenesis, they do not always function in predictable ways.  

For example, loss of function alleles of Cdc42 lead to fewer secondary branches, 

but more primary branches in the developing neuron (Gao et al., 1999).  These 

studies are particularly salient to medical researchers, as defects in Rho GTPases 

have been linked to mental retardation, but the relationship of dendritic structure 

and disease remains unclear (Newey et al., 2005). 

In one Drosophila study, MARCM deletion and ectopic overexpression of 

Rac1 GTPase revealed diminished and enhanced dendritic arborization of class 

IV larval dendrites, respectively (Lee et al., 2003a).  Interestingly, the RNA 
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binding protein fragile X mental retardation 1 was found to genetically and 

physically interact with the transcript of Rac1.  These results present a possible 

link between a known genetic syndrome, a molecular mechanism of action, and a 

resultant dendritic phenotype that may contribute to the disease process.   

Further study revealed additional regulators of Rac1, including the 

transcription factor knot (Jinushi-Nakao et al., 2007), the serine/threonine kinase 

tricornered, and its activators furry (Emoto et al., 2004) and hippo (Emoto et al., 

2006).  Mutations in genes in the tricornered/furry/hippo pathway all led to defects 

in dendrite branching and tiling.  The genes hippo and tricornered are nuclear 

Dbf2-related family kinases, a widely expressed gene family with many 

downstream targets (Hergovich et al., 2006).  It is likely that these kinases 

regulate more genes than Rac1 and it will be interesting to see what mechanisms 

of specificity are used by the cell to direct their actions in dendrite 

morphogenesis. 

Other actin-binding proteins have been shown to influence dendrite 

development in these neurons.  Mutations in the cytoskeletal binding protein 

short stop, also known as kakapo, were shown to disrupt lateral branching in 

embryonic dorsal cluster multidendritic neurons (Gao et al., 1999).  As short stop 

is a large protein with multiple α-actinin-like and dystrophin-like repeats, the 

precise mechanism by which it promotes dendrite arborization remains unclear.  

In contrast to short stop, the actin filament stabilizer tropomyosin II appears to play 

a role in restricting the expanse of dendritic fields (Li and Gao, 2003).   Mutations 

in tropomyosin II in larval class IV neurons led to expanded dendrite field area, a 

phenotype similar to that of the seven-pass transmembrane cadherin starry night, 

also known as flamingo (Gao et al., 1999; Gao et al., 2000; Sweeney et al., 2002; Ye 
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and Jan, 2005).  How short stop, tropomyosin II, and starry night might function 

simultaneously in the same cell to achieve a balance of field area remains to be 

seen. 

Another set of actin regulators that exert oppositional control are the 

nonreceptor tyrosine kinase ableson and a substrate for ableson, enabled.  These 

proteins have been implicated in the formation of actin filopodia in both axons 

and dendrites, in many different neuronal cell types, across many different 

organisms (Drees and Gertler, 2008).  In Drosophila dendritic arborizing neurons, 

enabled has been shown to promote dendrite branching in class II and IV neurons 

and dendrite spike formation in class III neurons (Gao et al., 1999; Grueber et al., 

2002; Li et al., 2005).  The function of enabled driving spiked dendrite formations 

may be mediated by p120 catenin, which has been shown to genetically interact 

with enabled to form spiked protrusions (Li et al., 2005).  Conversely, the abelson 

gene was shown to be a negative regulator of both dendrite branching and 

dendrite spike formation (Li et al., 2005).  Therefore, the extent of dendritic 

branching seems to be controlled by the balance in activity between abelson and 

its substrate enabled. 

Neural activation can also lead to modifications of functional circuits 

(Holtmaat and Svoboda, 2009; Wong and Ghosh, 2002).  Rearrangements of the 

actin cytoskeleton have been shown to be induced through calcium signals, 

including those transduced by calcium-dependent kinases (Konur and Ghosh, 

2005; Redmond and Ghosh, 2005; Redmond et al., 2002).  Although many 

advances have been made in this area through mammalian work in vitro, the 

Drosophila dendritic arborizing neurons are a genetically tractable system to 

study the role of calcium signaling in vivo.  In this system, live imaging and 
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genetic markers and mutations can be used to visualize actin responses in real 

time.  Using fluorescence recovery after photobleaching, calcium/calmodulin-

dependent protein kinase II was identified as a regulator of filamentous actin 

turnover in dendritic arborizing neuron dendrites (Andersen et al., 2005).  This 

and other studies in Drosophila have provided new insights into cytoskeletal 

dyanamics in neuronal activity-dependent development of dendrites (Corty et al., 

2009). 

While actin dynamics in dendritic arborizing neuron morphogenesis has 

been studied by several groups, less is known about the role of microtubules in 

this process.  Reports directly visualizing microtubules in live Drosophila 

demonstrated a role for microtubules in the development of the peripheral 

nervous system (Andersen et al., 2005; Clark et al., 1997; Williams and Truman, 

2005a), but did not identify the molecules regulating this cytoskeletal element.   

The Drosophila homologue of human spastic paraplegia 4, spastin is known 

to sever and disassemble microtubules (Roll-Mecak and Vale, 2005, 2008).  In 

class IV dendrites, ectopic spastin was sufficient to induce aberrant dendrite 

branching; conversely, spastin knockout neurons failed to arborize as many 

dendrites and left large segments of their field uncovered (Jinushi-Nakao et al., 

2007).  Furthermore, there is evidence to suggest that spastin expression is 

controlled by knot, reviewed above, providing a link between subtype-specific 

transcriptional control and cytoskeletal dynamics (Jinushi-Nakao et al., 2007).  As 

an aside, recent findings in Drosophila have replicated aspects of human 

hereditary spastic paraplegia, emphasizing the utility of invertebrate studies in 

the broader understanding of disease (Du et al., 2010; Sherwood et al., 2004). 
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In employing spastin to disassemble microtubule networks (Roll-Mecak 

and Vale, 2005), the developing neuron must recruit other factors to control the 

effects of the gene.  One such gene is the Krüppel-like transcription factor 

dendritic arbor reduction 1 (Ye et al., 2011).  As may be assumed from the name, 

alleles for this gene were identified in a genetic screen for dendritic arbor 

reducers.  One likely function of dendritic arbor reduction 1 is to suppress the 

expression of spastin, thereby sparing microtubules in the cell (Ye et al., 2011).  

Interestingly, this effect was shown to be present in dendrites, but not axons, 

hinting that some genetic programs primarily affect morphogenesis of one, but 

not the other, structure (Ye et al., 2011; Ye et al., 2007).  Further study will be 

useful in determining the manner in which cells balance needs for actin and 

microtubules in dendrite morphogenesis (Georges et al., 2008). 

In addition to structural support, the cytoskeleton provides a scaffold for 

the transport of molecules necessary for dendrite morphogenesis.  Two groups 

have identified mutations in a component of the dynein complex, dynein light 

intermediate chain 2, that perturb dendritic morphogenesis in class IV neurons 

(Satoh et al., 2008; Zheng et al., 2008).  The phenotype for this gene and an 

interacting ATPase, Lissencephaly-1 (Liu et al., 2000; Mesngon et al., 2006), is quite 

unique: primary arbors appear normal, but higher order arbors are restricted to 

the proximal fields of the neurons while distal fields are skeletonized.  Since 

microtubules of Drosophila dendrites are thought to have a minus end out 

orientation (Stone et al., 2008; Zheng et al., 2008), this suggests that the dynein 

complex may function in dendrite morphogenesis to traffic branching machinery 

to distal arbors. 
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Another point of inquiry in this area is to identify cargo and regulators of 

the dynein endocytic pathway.  The small GTPase Rab-protein 5 was shown to 

associate with dynein light intermediate chain 2 and interact genetically (Satoh et al., 

2008).  Although the mechanism by which Rab-protein 5 controls denrite 

morphogenesis is unclear, it is not the only endocytic pathway regulator 

involved in this process.  Mutations of shrub, involved in trafficking from 

endosomes to lysosomes, lead to hyperbranching (Sweeney et al., 2006).  These 

phenotypes may be due to signaling through endocytosed receptors (Corty et al., 

2009), or by trafficking of RNAs required for local translation (Brechbiel and 

Gavis, 2008; Ye et al., 2004). 

As the cytoskeleton, motor proteins, and endocytic pathways have been 

shown to influence dendritic morphogenesis, it is expected that the secretory 

pathway might also influence development (Horton and Ehlers, 2004).  Golgi 

outposts residing in dendrites of both mammalian neurons and Drosophila 

dendritic arborizing neurons serve as stations for secretory trafficking of cargo to 

developing dendrites (Horton et al., 2005; Ye et al., 2007).  A Drosophila screen 

identified three genes, dendritic arbor reduction 2, 3, and 6, which are regulators of 

endoplasmic reticulum to Golgi transport necessary for dendritic morphogenesis 

(Ye et al., 2007).  Interestingly, mutations in these genes affected dendritic, but 

not axonal development, indicating the presence of a polarized secretory 

pathway preferentially oriented toward dendritic development. 

While many cellular processes in dendrite morphogenesis have been 

uncovered, there are likely many as yet undiscovered regulators of neurite 

extension, elaboration, and stabilization of dendritic fields.  One exciting new 

technique is high-throughput RNAi screens for genes using Drosophila Schneider 
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2 cells or primary neuron culture in vitro (Rogers et al., 2003; Sepp et al., 2008).  

Whole-genome assays have the added strength of revealing sets of genes that 

may work in concert.  The systems used by the cell to achieve and maintain 

balance in directing dendrite morphology will be of interest as the field 

progresses.

1.2.3 Supporting cells influencing dendrite morphogenesis 

The peripheral nervous system functions as a conduit between the central 

nervous system and the rest of the body and outside world.  In humans, many 

cell types support the function of neurons in the peripheral nervous system, 

including satellite glia and Schwann cells (Purves et al., 2012).  In addition, recent 

studies in Drosophila dendritic arborizing neurons have implicated epithelial cells 

in dendritic morphogenesis (Han et al., 2012; Kim et al., 2012; Parrish et al., 2009). 

It has been observed that after field coverage of dendritic arborizing 

neurons is established early in larval development, the dendrites continue to 

branch and grow to maintain tiling of the body wall (Parrish et al., 2009).  A 

candidate screen revealed that most mutants affecting larval growth did not 

influence dendritic scaling.  However, mutations in the microRNA bantam caused 

a failure of scaling and reduction in field coverage.  This phenotype was rescued 

with bantam expression in epithelial cells, not neurons, revealing the supporting 

role of the epithelial cells in dendrite morphogenesis.  Although bantam has been 

described as a regulator of autonomous growth, its non-autonomous role in 

dendrite morphogenesis had not been previously recognized (Hipfner et al., 

2002).   

While that study demonstrated a correlation between epithelium and 

dendrite morphology during scaling, the precise mechanism is unclear.  The 
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relationship could be mediated by one or more mechanisms such as secreted 

signals, physical interactions, or mechanical force to fill the neural field.  

Although this is still an open question in dendrite scaling, recent reports have 

shown an interesting physical interaction between epithelia and dendrites in 

larva. 

Two complementary studies employed electron microscopy to 

demonstrate that larval dendrites reside on the basal surface of epidermal cells in 

contact with the extracellular matrix (Han et al., 2012; Kim et al., 2012).  

Interestingly, it was shown that dendrites can actually be enclosed by epithelial 

cells in certain areas.  It was found that multiple subunits of Drosophila integrins 

– beta subunit myospheroid and alpha subunits multiple edematous wings and 

inflated – were required to maintain epithelial attachment (Han et al., 2012; Kim et 

al., 2012).  Mutations in these genes led to increased detachment, epithelial 

engulfment, and dendritic crossings.   

As epithelia have been shown to support establishment and maintenance 

of dendritic fields, it will be interesting to understand the relationship of 

dendritic arborizing neurons to other nearby tissues such as muscle, connective 

tissue, and glia.  Moreover, it is known that nearby cells can play a role in 

dendrite remodeling during metamorphosis.  Going forward, it remains to be 

seen how the differing developmental context changes the interaction of 

dendrites with other nearby cells.

1.3 Dendrite remodeling 
In contrast to the dynamic dendritic changes during early development, 

adult neurons in homeostatic conditions undergo relatively little dendrite 

remodeling (Grutzendler et al., 2002; Holtmaat et al., 2005).  However, in response 



 

 22 

to certain stimuli, dendritic arbors may be refined and remodeled (Emoto, 2011).  

Although commonly studied in the context of sensory evoked activity (Lohmann 

and Wong, 2005; Wong and Ghosh, 2002) and synaptic plasticity (Butz et al., 

2009; Holtmaat and Svoboda, 2009), this phenomenon has been observed in 

many other conditions of scientific and medical interest.  Examples include 

genetic disorders such as Down’s syndrome (Becker et al., 1986)and Rett 

syndrome (Armstrong et al., 1995); pathological conditions such as epilepsy 

(Spigelman et al., 1998) and ischemia (Ruan et al., 2006); and changes in sex 

(McEwen, 2010) and stress hormone levels (Joëls, 2006). 

As dendrite remodeling has been observed in several contexts relevant to 

both health and disease, it is of interest to understand the mechanisms regulating 

this process.  Remodeling presents a challenging experimental problem for the 

researcher due to the difficulties of following single dendrites over time (Feng et 

al., 2000) and inherent variations in injury models used to induce remodeling 

(Moshé et al., 2006).  A more thorough understanding of dendrite remodeling 

will likely come from investigations in several model systems.   

Insects provide a genetically tractable model system for studying 

dendrite remodeling.  In several studies, adult Drosophila dendrites have been 

shown to exhibit structural plasticity in the antennal lobe (Devaud et al., 2001; 

Sachse et al., 2007) and mushroom body (Kremer et al., 2010).  As insects are 

useful for studying activity-dependent dendrite remodeling, members of the 

Endopterygota superorder also provide a unique opportunity for studying 

remodeling in another context.  This diverse group of insects, including 

butterflies, flies, bees, beetles, and ants, undergo a period of radical 

morphological transition, metamorphosis (Gilbert, 2009).  This natural life cycle 
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provides a unique opportunity to study the molecular mechanisms of dendrite 

remodeling in vivo. 

Studies in Apis, Drosophila, and Manduca have shown that many larval 

neurons undergo extensive pruning and regrowth during metamorphosis 

(Parrish et al., 2007).  For example, Drosophila mushroom body neurons remodel 

during metamorphosis by pruning many larval processes and sending dendrites 

into the mushroom body calyx (Lee et al., 2000b; Zhu et al., 2003).  Dendritic 

remodeling in the mushroom body has been shown to affect behavioral 

maturation in honeybees, providing a link between remodeling and function 

(Hewes, 2008). 

Although most members of the Drosophila dendritic arborizing sensory 

neurons undergo cell death during metamorphosis, certain classes have been 

shown to survive and remodel extensively during metamorphosis (Kuo et al., 

2005; Williams and Shepherd, 1999; Williams and Truman, 2004, 2005a; Williams 

and Truman, 2005b).  Briefly, class IV dendritic arborizing neurons prune all 

their dendrites while retaining axons and soma (Kuo et al., 2005; Williams and 

Truman, 2005a), regrow those dendrites into a morphologically distinct 

architecture (Kuo et al., 2005; Shimono et al., 2009; Williams and Truman, 2005a), 

and refine the shape of those dendrites in the immediate post-eclosion period 

(Yasunaga et al., 2010).   

Here is an especially useful platform to study the molecular mechanisms 

of dendrite remodeling: the Drosophila system is genetically tractable, the process 

of metamorphosis is highly controlled and reproducible, and the sensory 

neurons are anatomically accessible for direct visualization.  This section will 
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focus on previous findings in this model system, with comparison and contrast 

to the process of larval dendrite morphogenesis described above.

1.3.1 Transcriptional control of dendrite remodeling 

An initiating event for many of the cellular changes during 

metamorphosis is the secretion of large volumes of hormones.  Dendritic 

remodeling has been demonstrated to respond to different classes of hormone 

(Gorell et al., 1986), including the terpene juvenile hormone (Williams and 

Truman, 2004) and the steroid ecdysone hormone (Kuo et al., 2005).  How 

hormones initiate and drive transcriptional changes is a useful starting place for 

understanding the molecular processes regulating dendrite remodeling. 

Ecdysone, (alternatively called ecdysteroid hormone), has been shown to 

influence the development of many cell types, including neurons (Gilbert, 2009; 

Weeks, 2003).  Ecdysone signaling is mediated by a nuclear hormone receptor 

complex, involving ultraspiracle and an isoform of ecdysone receptor (Riddiford et 

al., 2000).  Ecdysone-dependent signaling has been shown to mediate neuron 

remodeling in motoneurons (Weeks and Truman, 1985), mushroom bodies, 

(Kraft et al., 1998), and neurosecretory cells (Schubiger et al., 1998).   

In Drosophila, ecdysone diffuses through the animal after release from a 

secretory organ called the ring gland (Gorell et al., 1986); however, cells receiving 

ecdysone can control its function through expression of different ecdysone receptor 

isoforms (Cherbas et al., 2003).  For example, receptor isoforms A and B1 are both 

expressed in the central nervous system.  Early in the remodeling phase of 

metamorphosis, neurons primarily express isoform B1; later during the pupal-

adult transition, isoform A becomes the more predominant isoform (Truman et 

al., 1994).  Other studies have found ecdysone receptor B isoforms to control the 
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process of dendrite remodeling (Kuo et al., 2005; Lee et al., 2000a; Schubiger et al., 

2003; Schubiger et al., 1998). 

Class IV dendritic arborizing neurons ectopically expressing a dominant 

negative allele of the ecdysone receptor fail to prune dendrites during 

metamorphosis; co-expression with a receptor B1 rescue construct rescued the 

pruning phenotype (Kuo et al., 2005; Williams and Truman, 2005a).  Clonal 

knockout of ultraspiracle also resulted in pruning defects (Kuo et al., 2005), 

indicating that both parts of the heterodimer are necessary for pruning.   

Though many genes have been shown to be regulated by ecdysone 

signaling in the nervous system (Beckstead et al., 2005; Riddiford et al., 2000; 

Truman, 1996), fewer genes have been demonstrated to directly respond to 

ecdysone in class IV neurons during remodeling.  Known pathways induced by 

ecdysone receptor include ubiquitin-proteosome (Kuo et al., 2006), chromatin 

modifiers (Kirilly et al., 2011), and other transcription factors (Kirilly et al., 2009). 

 The transcription factor Sox box protein 14 was previously identified as an 

ecdysone-dependent gene through microarray analysis of cultured cells 

(Beckstead et al., 2005; Lee et al., 2003b).  An RNA interference candidate screen 

demonstrated that knockdown of Sox14 prohibited class IV neurons from 

undergoing dendrite pruning (Kirilly et al., 2009).  Expression of Sox14 was 

induced by ecdysone receptor B, which in result regulated the expression of a 

cytoskeletal regulator, mical.  Additionally, Sox14 overexpression was capable of 

inducing precocious pruning, demonstrating the sufficiency of this transcription 

factor in driving dendrite remodeling.  These results are interesting due to the 

homology of Sox14 to like genes across many species (Soullier et al., 1999), and 
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exciting for the demonstrated ability of a Drosophila screen to identify regulators 

of dendrite remodeling. 

In a follow-up report, it was described that other epigenetic factors work 

in concert with ecdysone to induce Sox14 transcription.  Another RNA 

interference screen identified two genes, brahma and nejire (alternatively called 

cAMP-responsive element binding binding protein, CREB binding protein, or CBP), as 

epigenetic modifiers of the Sox14 locus, and by extension, dendrite pruning 

(Kirilly et al., 2011).   

The product of brahma is a member of the trithorax gene group, an ATP-

dependent chromatin remodeling complex that has been shown to maintain an 

activated state of homeotic genes (Papoulas et al., 1998).  However, brahma may 

have functions outside the trithorax group, as it has been shown to recruit to 

polytene chromosomes separately from other proteins of the group (Déjardin 

and Cavalli, 2004).  Interestingly, other members of the Brahma-associated 

complex (Armstrong et al., 2002; Armstrong et al., 2005) have been implicated in 

dendrite targeting in Drosophila olfactory projection neurons (Tea and Luo, 2011).  

For its part, nejire is a histone acetyltransferase with homology to a murine gene 

known to affect neural differentiation (Alarcón et al., 2004) and motor neuron 

specification (Lee et al., 2009b).  In humans, mutations in the nejire-homologous 

gene result in the rare Rubinstein-Taybi syndrome, which includes mental 

retardation and developmental delays (Petrij et al., 1995).  As both brahma and 

nejire have been implicated in neurodevelopment, it is interesting to understand 

how they might affect regeneration. 

In class IV dendrite pruning, both brahama and nejire were necessary for 

Sox14 expression, but not ecdysone receptor expression (Kirilly et al., 2011).  
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However, it was shown that brahama protein facilitates complex formation 

between steroid-bound ecdysone receptor B1 and nejire protein.  These proteins 

act in conjunction to enrich H3K27Ac, a marker associated with activation of 

gene transcription (Tie et al., 2009), in the region of the Sox14 locus (Kirilly et al., 

2011). 

This story is of particular interest for demonstrating epigenetic cofactors 

that work in concert with ecdysone signaling to direct pruning (Kirilly et al., 

2011).  It is known that ecdysone pulses act on many different tissues and drive 

other life cycle events such as larval molting (Gorell et al., 1986).  Epigenetic 

regulation could be a mechanism for specificity to refine ecdysone signals for the 

specific needs of a given cell at a given time.  Going forward, it will be interesting 

to see how ecdysone signaling and other transcriptional programs are modified 

to suit context-dependent functions. 

Two other transcription factors that have been less well characterized in 

metamorphosis are cut and knot.  One report noted the persistent expression of 

these genes in class IV ddaC neurons late in metamorphosis (Shimono et al., 

2009).  Although expression of these transcription factors has been validated, 

their functions in class IV neurons remains unknown.  This may be of particular 

interest going forward, especially given the demonstrated role cut (Grueber et al., 

2003a) and knot (Jinushi-Nakao et al., 2007) play in embryonic and larval dendrite 

morphogenesis.  Moreover, cut has been shown to influence the dendrite 

targeting during metamorphosis in newborn olfactory projection neurons during 

metamorphosis (Komiyama and Luo, 2007).  Does cut function in the remodeling 

of dendrites during metamorphosis?  How might these genes be repurposed in 
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the same class IV neuron under different developmental conditions?  These are 

questions I hope to address in part in the results section of this document.

1.3.2 Cell biology of dendrite remodeling 

Given the large-scale morphological changes to the structure of dendrites 

during metamorphosis (Kuo et al., 2005; Williams and Truman, 2005a), it is 

reasonable to expect that cytoskeletal regulators are involved.  Early reports 

noted that branch thinning preceded dendrite severing (Williams and Truman, 

2005a).  Staining for the microtubule-associated protein Futsch revealed that 

microtubules were depleted in a small portion of proximal dendrites just prior to 

pruning.  Live imaging with tubulin::GFP animals again showed loss of signal in 

proximal dendrites, with aggregation of tubulin in blebs along the distal 

dendrites (Williams and Truman, 2005a).  Presumably, these results indicate that 

microtubules are being severed, degraded, or relocalized as part of the 

remodeling process.  This observation is consistent with observations in other 

systems, where microtubule disruption has been observed as an early marker of 

axon remodeling (Luo and O'Leary, 2005; Watts et al., 2003).  What are the 

regulators of the cytoskeleton that drive this process directly and indirectly? 

An investigation of known microtubule-severing candidate genes 

identified katanin p60-like 1 as a direct regulator of dendrite pruning (Lee et al., 

2009a).  Loss of function of katanin p60-like 1 through RNA interference or genetic 

knockout led to disrupted dendrite pruning during metamorphosis (Lee et al., 

2009a).  This gene is a member of a family of AAA ATPases, a group of proteases 

that are known to directly sever microtubules (Hartman et al., 1998).  How this 

gene is localized to the proximal portion of class IV dendrites and induced to act 

is currently unknown.  In Drosophila, the homologous gene Katanin 60 can be 
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regulated by several mechanisms involving an N-terminal regulatory region 

(McNally et al., 2000; McNally et al., 2002), however, this region is missing in the 

katanin p60-like 1 gene (Lee et al., 2009a).  It will be of interest going forward to 

see how the cell is able to control localization and activity of this protein in 

remodeling. 

Another notable feature from this study was the observation that spastin 

disruption did not affect dendrite pruning (Lee et al., 2009a).  As reviewed above, 

spastin is involved in the morphogenesis of these same dendrites prior to 

metamorphosis (Jinushi-Nakao et al., 2007).  This result seems unintuitive, as 

spastin has been linked to cut and knot during larval stages (Jinushi-Nakao et al., 

2007), and persistent cut and knot expression have been observed in class IV 

neurons during metamorphosis (Shimono et al., 2009).  It is therefore curious that 

continued cut and knot expression does not continue the expression of spastin as a 

necessary gene for dendrite development.  A possible resultant hypothesis is that 

cut and knot might function differently during metamorphosis, controlling the 

transcription of different genes during this developmental stage compared to 

earlier stages. 

Actin cytoskeletal regulators have also been shown to be involved in 

dendrite pruning.  A deficiency screen led to identification of a mutation in the 

gene mical, which led to an inability of class IV neurons to properly prune their 

dendrites during metamorphosis (Kirilly et al., 2009).  The protein product of 

mical is large and complex, containing a flavoprotein oxidoreductase domain, a 

calponin homology domain, a LIM domain, a proline-rich domain, and a coiled-

coil and PDZ binding motif (Terman et al., 2002).  Although the calponin 

homology domains are known to bind actin (Beuchle et al., 2007; Hartwig, 1995)}, 
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the multidomain structure of this protein implies a complex set of binding 

patterns and regulators (Beuchle et al., 2007; Huang et al., 2007; Suzuki et al., 

2002). 

In class IV dendritic arborizing neurons, ecdysone receptor, ultraspiracle, 

and Sox14 are necessary for upregulation of mical during metamorphosis (Kirilly 

et al., 2009).  Moreover, overexpression of mical in the context of either ecdysone 

receptor dominant negative expression or Sox14 mutations led to partial rescue of 

the pruning phenotype (Kirilly et al., 2009).  This analysis suggests that mical is a 

downstream effector of pruning via ecdysone signaling in series with Sox14.  

How the gene is localized and regulated properly once translated in the 

cytoplasm remains to be seen. 

One of the more surprising genes to direct class IV dendrite remodeling 

during metamorphosis is Nedd2-like caspase, alternatively known as Dronc (Kuo et 

al., 2006; Williams et al., 2006).  Cells with mutations for Nedd2-like caspase or 

expressing either a dominant negative isoform or ectopic baculovirus p35 

(Kumar, 2004) failed to prune their dendrites, indicating a role for this protein in 

pruning.  However, Nedd2-like caspase is an initiator caspase required for cell 

death (Kondo et al., 2006; Waldhuber et al., 2005), so it is curious that it should be 

functioning in a neuron that does not undergo apoptosis.  To address this issue, 

immunostaing revealed that activated caspase was enriched in the proximal 

dendrite just prior to pruning (Kuo et al., 2006).  Furthermore, use of an activated 

caspase reporter, poly-ADP-ribose polymerase-1, again showed that caspase 

activation was restricted to the dendrites (Williams et al., 2006).  The appearance 

of beaded dendrites in Nedd2-like caspase mutants suggested that the gene is not 
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required for some steps in pruning, such as cytoskeleton destabilization (Kuo et 

al., 2006; Williams et al., 2006).   

Otherwise pro-apoptotic caspases have been shown to perform non-

apoptotic functions in other Drosophila cell types, so this case may provide 

insight into these cell death proteins are used for other purposes (Huh et al., 

2004).  It is unclear how activated caspases influence dendrite pruning, but the 

authors speculated that the caspase might cleave a substrate necessary for 

pruning (Kuo et al., 2006) or mark dendrites for attack by phagocytes (Williams et 

al., 2006).  Further study will be required to determine which, if either, of these 

mechanisms might drive this stage of remodeling. 

It is reasonable to predict that a pro-apoptotic caspase like Nedd2-like 

caspase would be tightly regulated in the cell (Muro et al., 2004).  Positive 

regulation may come through ecdysone signaling, as the ecdysone receptor 

complex is known to directly bind the Nedd2-like caspase promoter and drive its 

expression (Cakouros et al., 2004; Dorstyn et al., 1999).  Negative regulation of 

Nedd2-like caspase has been demonstrated through the product of several genes, 

including Apaf-1-related-killer (Rodriguez et al., 1999; Zimmermann et al., 

2002)and thread, also known as Drosophila inhibitor of apoptosis 1 or DIAP1 (Meier 

et al., 2000; Muro et al., 2002; Wilson et al., 2002).  Interestingly, it has also been 

shown that Nedd2-like caspase protein can in turn cleave the thread protein 

product, hinting at a regulatory feedback loop between these two proteins (Muro 

et al., 2005). 

Experiments in class IV neurons showed that pruning was disrupted by 

heterozygous mutants of Apaf-1-related-killer (Williams et al., 2006) and a gain-of-

function allele of thread (Kuo et al., 2006).  Moreover, the gain-of-function allele 
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also prevented enrichment of activated caspase in the proximal dendrite prior to 

pruning.  Interestingly, although thread gain-of-function could block pruning, 

this gene is known to be upregulated in class IV neurons during metamorphosis 

(Kuo et al., 2006).  It was reported that this upregulation of thread protein was 

confined to the nucleus: while the protein was degraded in dendrites to allow 

pruning, it was upregulated in the nucleus, possibly to protect against cell death.  

As expected from this result, single-cell mutants for thread caused class IV 

neuron cell death prior to the onset of pruning (Kuo et al., 2006). 

So if thread is a critical regulator of Nedd2-like caspase and by extension, 

apoptosis and pruning, it is of interest to follow the upstream pathway to 

understand the regulators of thread.  Five such genes have been identified: 

Ubiquitin activating enzyme 1, Mov34, effete, IκB kinase-like 2, and TER94 (Kuo et al., 

2006; Lee et al., 2009a; Rumpf et al., 2011). 

This review has discussed regulators of dendrite pruning starting from 

ecdysone upregulation of caspases and then the upstream regulators thereof.  

However, caspase involvement was actually discovered in the opposite direction, 

beginning with identification of the ubiquitin proteasome system (Kuo et al., 

2005).  Knocking out core genes of that system, Ubiquitin activating enzyme 1 and 

Mov34, led to pruning defects.  Since there were only sixteen known E2 

ubiquitin-conjugating enzymes or E3 ubiquitin ligases, a screen of these genes 

was undertaken to find the proteasome targets that led to pruning (Kuo et al., 

2006).  The E2 ligase effete was the only gene identified from this screen with a 

pruning defect.  The only known target of this ligase was thread protein product, 

so in this way the caspase pathway was initially discovered (Hay et al., 2004; 

Martin, 2002). 
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Subsequently, mutations in two other genes were shown to inhibit 

pruning: IκB kinase-like 2, and TER94 (Lee et al., 2009a; Rumpf et al., 2011).  Both 

genes are known to promote degradation of the thread protein product 

(Kuranaga et al., 2006), but both mutations gave a stronger phenotype than the 

thread gain-of-function, suggesting other pathways might be involved.  The 

function of IκB kinase-like 2 is required in several other developmental processes 

that might relate to dendrite remodeling, including actin dynamics and mRNA 

localization (Oshima et al., 2006; Shapiro and Anderson, 2006).  The AAA ATPase 

TER94 is also involved in other processes, including myofibril assembly and 

autophagosome maturation (Janiesch et al., 2007; Tresse et al., 2010).  

Interestingly, mild inhibition of TER94 led to pruning defects, but strong 

inhibition of TER94 led to cell death, indicating that this gene might function in 

different pathways in a dose-dependent manner (Rumpf et al., 2011). 

Of note, all genes known to influence the cell biology of dendrite 

remodeling relate to dendrite pruning. Certainly, pruning causes a dramatic 

change in class IV neuron morphology, but these cells do regenerate their 

dendrites afterwards.  Cytoskseletal rearrangements, protein trafficking, and 

metabolic changes are some examples of cell biological processes undoubtedly 

involved in dendrite regeneration.  How these processes might be controlled to 

direct the final dendrite morphology remains to be seen.

1.3.3 Supporting cells influencing dendrite remodeling 

This introduction has focused strongly on the role of ecdysone and 

downstream activators in dendrite remodeling.  While ecdysone is secreted by 

neuroendocrine cells during metamorphosis to induce many changes in dendrite 

architecture (Gorell et al., 1986), other more proximate cell types have been 
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shown to influence remodeling as well.  These include glia (Han et al., 2011), 

phagocytes (Williams and Truman, 2005a), and epithelial cells (Kuo et al., 2005; 

Yasunaga et al., 2010). 

One limitation of many model systems is the difficulty in genetically 

labeling several cell types concurrently.  In Drosophila, the Gal4-UAS system 

adapted from yeast allows for robust labeling and manipulation of many cell 

types (Brand and Perrimon, 1993).  However, often a second labeling method is 

necessary to simultaneously label neurons and supporting cell types.  To 

investigate the role of glia in supporting dendrite remodeling, one group 

developed an enhancer-driven cellular marker to label neurons while Gal4 was 

used to label glia (Han et al., 2011).  Using this genetic tool and two-color 

imaging, glia were observed to be in close contact with the soma, but most of the 

dendritic arbors were exposed.  Interestingly, it was noted that dendrite pruning 

during metamorphosis occurred at the point of the dendrite just distal to the glial 

border (Han et al., 2011).   

It is unclear from this study if glia have a role in promoting dendrite 

pruning or maintaining the integrity of the soma.  Perhaps glia have no direct 

role in pruning and their anatomical relationship to the severed branch is merely 

coincidental.  An alternative hypothesis is that the absence of glia in the proximal 

dendrite branch might provide access for another extracellular factor to induce 

pruning. 

One such possible cell type are phagocytes, a blood cell type tasked with 

ingesting and degrading undesirable matter (Alberts et al., 2008).  An early report 

of dendrite pruning noted that many phagocytes were in the area nearby the 

remodeling neuron (Williams and Truman, 2005a).  Live imaging showed several 
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examples of phagocytes localized directly adjacent to pruning sites and later 

engulfing severed arbors.   

These results were genetically validated by mutations in draper, a receptor 

for phagocytes that promotes engulfment (Freeman et al., 2003).  Mutations for 

draper in the class IV neuron led to suppressed branch removal (Williams et al., 

2006).  In these mutants, pruning still occurred normally, indicating that 

phagocytes and neural draper are not necessary for pruning. 

A similar phenotype of pruned but undegraded branches was seen in 

mutations of Matrix metalloproteinase 1 and 2 (Kuo et al., 2005).  Cell specific 

knockout of these genes or expression of a matrix metalloproteinase inhibitor did 

not induce the same phenotype, indicating that the matrix metalloproteinase are 

generated from another source.  Although it has not been demonstrated what 

that source might be at this time point, Matrix metalloproteinase 2 from the 

epidermis has been shown to induce dendrite remodeling in recently eclosed 

adult animals (Yasunaga et al., 2010). 

This study noted that the arbors of the v’ada class IV neuron aligned to 

the lateral tergosternal muscles after eclosion (Yasunaga et al., 2010).  It was 

found that mutants for Matrix metalloproteinase 2 did not align their dendrites or 

remodel the basement membrane.  Noting upregulation of Matrix 

metalloproteinase 2 in epithelial cells, the authors created a mosaic knockout of the 

gene in lusters of epithelial cells.  Dendrites underlying normal epithelium 

aligned normally; dendrites underlying mutant epithelium failed to remodel 

(Yasunaga et al., 2010).   

This particularly elegant study describes a new role for epidermal cells as 

supporters of dendrite remodeling.  Given the known relationship between 
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dendrites and epidermis in the larval stage, it will be interesting to see if there is 

any overlap in function between the different life stages (Han et al., 2012; Kim et 

al., 2012).  Moreover, it possible that other cells influence dendrite remodeling in 

a manner not yet discovered.  Nearby muscle cells and fibroblasts are candidates, 

as are the more remote post-synaptic partners in the central nervous system.  

Further research will be necessary to understand the many ways that interactions 

with supporting cells might influence dendrite remodeling. 

1.4 The focus of this research 
In the course of my studies, I have sought to understand how dendrites 

regenerate.  Proper dendritic morphology is necessary for nervous system 

function, and dendrite remodeling has been observed in both natural and disease 

contexts.  It is therefore of scientific and medical interest to understand the 

molecular mechanisms regulating dendrite remodeling.  I have employed 

Drosophila class IV dendritic arborizing sensory neurons as a model system to 

study this question. 

This research will present new discoveries that advance our knowledge of 

dendrite regeneration.  First, analysis of class IV neuron dendrites will show 

changes in the three-dimensional morphology of these dendrites in the context of 

the changing extracellular landscape during metamorphosis.  Second, a genetic 

screen will reveal a role for the ecdysone-induced gene Cysteine proteinase-1 in 

regeneration.  Cell-specific knockout of this gene inhibits the targeting and 

elaboration phase of dendrite regeneration.  Finally, Cysteine proteinase-1 

regulates dendrite morphogenesis in part through the transcription factor cut.  

Proteolytic cleavage of cut by Cysteine proteinase-1 leads to the formation of a 

truncated cut isoform, which is necessary for dendrite regeneration.   



 

 37 

This new finding demonstrates a pathway whereby context-dependent 

processing of a transcription factor can alter its function to drive dendrite 

remodeling.  It will be of continuing interest to identify other regulators of 

dendrite morphogenesis that are repurposed for dendrite remodeling.  

Moreover, it will be important to determine the targets of both the processed and 

unprocessed cut transcription factor, as the differences in expression profiles 

may shed light on how dendrites remodel.  It is my hope that my studies will 

contribute to other researchers who wish to answer these and other questions 

pertaining to dendrite regeneration in both health and disease. 
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2. Regeneration of Drosophila class IV dendritic 
arborizing neuron ddaC dendrites during 
metamorphosis

2.1 Summary 
Dendrites can exhibit various forms of structural plasticity in response to 

extracellular stimuli.  While the mechanisms governing morphogenesis and 

maintenance of dendritic trees are becoming more clear, the processes regulating 

dendrite regrowth remain poorly defined.  Previous reports have identified a 

class of Drosophila sensory neurons, the class IV dendritic arborizing neuron 

(ddaC), that undergo pruning and subsequent dendrite regeneration during 

metamorphosis.  Here, we show that these dendrites regenerate into a new three-

dimensional shape as compared to larval stages.  Live imaging revealed growth 

of a deep primary dendrite, followed by targeting and elaboration of secondary 

arbors at the body wall.  Furthermore, dendrite regeneration was observed to 

occur concurrently with regeneration of other tissues, implicating context-

dependent changes influencing remodeling.  Primary dendrite extension and late 

targeting/expansion at the body wall is a different arborization process from 

receptive field scaling used by these same neurons during larval dendrite 

growth.  These observations provide a new assay in a genetically tractable model 

system to screen for regulators of context-dependent dendrite remodeling. 

2.2 Introduction 
Dendrites are the primary sites of information input for neurons.  The 

initiation, arborization, and targeting of dendrites during development are 

regulated by a series of finely tuned cellular events (Jan and Jan, 2010; Stuart et 

al., 2008).  While the molecular components necessary to pattern and maintain 
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the proper dendritic tree are becoming more clear, the processes that regulate 

dendrite remodeling remain poorly understood (Parrish et al., 2007).  Structural 

changes in dendrites can be induced by several cues, including sensory stimuli, 

memory formation, lesions, stress, or hormonal changes. (McEwen, 2010; Stuart 

et al., 2008; Zhang and Chopp, 2009).  However, these phenomena are difficult to 

study in mammals due to difficulties in imaging single dendrites over time, 

reproducing dendritic injury to induce remodeling, and limitations to genetic 

experiments by the biology of the model system. 

Insects provide a useful platform to study dendrite remodeling at the 

cellular level (Singh et al., 2010; Tripodi et al., 2008).  Moreover, the physical 

accessibility of Drosophila sensory neurons has allowed many groups to perform 

live imaging experiments to study dendritic plasticity in vivo (Dimitrova et al., 

2008; Sugimura et al., 2003; Williams and Truman, 2004).  Although dendrite 

remodeling in these neurons has been studied through direct injury (Berdnik et 

al., 2006; Song et al., 2012; Sugimura et al., 2003; Tao and Rolls, 2011), insect 

metamorphosis is a significant developmental event that also allows for the 

study of dendrite remodeling (Hewes, 2008).  Previous reports have shown that a 

subset of sensory neurons, the class IV dendritic arborizing neurons, prune and 

regrow their dendrites during metamorphosis (Kuo et al., 2005; Shimono et al., 

2009; Williams and Truman, 2005a).   

As reviewed previously, this large-scale dendritic pruning involves many 

factors, including hormone signaling (Kirilly et al., 2011; Kuo et al., 2005; Kuo et 

al., 2006), transcription factors (Kirilly et al., 2009), epigenetic factors (Kirilly et al., 

2011), the ubiquitin-proteosome pathway (Kuo et al., 2005; Kuo et al., 2006), 

localized caspase activation (Kuo et al., 2006; Williams et al., 2006), cytoskeletal 
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regulators (Kirilly et al., 2009; Lee et al., 2009a), matrix metalloproteases (Kuo et 

al., 2005; Yasunaga et al., 2010), phagocytes (Williams and Truman, 2005a), and 

glia (Han et al., 2011). 

Initial reports of class IV dendrite remodeling during metamorphosis 

noted a significant change in shape of the dendritic arbors (Kuo et al., 2005; 

Shimono et al., 2009; Williams and Truman, 2005a).  While this shape change 

might make intuitive sense given the radical morphological changes in the entire 

organism (Heming, 2003), the molecular mechanisms directing a neuron to 

assume a new morphology are unknown. 

Details of dendrite morphogenesis in dendritic arborizing neurons have 

been reviewed in detail above, and many molecules are influential (Jan and Jan, 

2010).  Recent studies have examined the development and maintenance of these 

dendrites in their environmental context.  Embryonic dendrites are known to 

assume an arborized morphology and then scale with the epidermis to fill the 

requisite larval field (Parrish et al., 2009).  Interestingly, the epidermis is 

influential in this process through the production of a microRNA, bantam 

(Parrish et al., 2009).  Maintenance of this shape is also promoted by integrins, 

which have been shown to establish a dendrite-substrate relationship with the 

epidermis and extracellular matrix (Han et al., 2012; Kim et al., 2012).  The notable 

result of this interaction is that larval dendrites are restricted to a largely two-

dimensional morphological structure during this period. 

Metamorphosis involves many structural changes to the animal (Heming, 

2003), including replacement of the epithelial layer (Bischoff and Cseresnyés, 

2009; Ninov and Martín-Blanco, 2007).  How do the ddaC neurons respond to 

these changes, and how does the extracellular environment influence dendrite 
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remodeling?  Moreover, what are the specific morphological changs that the 

neuron undergoes in order to arrive at its final shape?  How can these processes 

be studied systematically, and in the context of the developing animal?  To 

address these questions, I employed live imaging of fluorescently labeled 

Drosophila pupae to directly observe the process of dendrite remodeling in vivo. 

Results show that after metamorphosis, class IV ddaC neurons occupy 

two distinct planes for primary and higher order dendrites.  During the majority 

of metamorphosis, the neuron and dendrites occupy the deeper plane while 

epithelial, connective, and muscle tissue are remodeled above.  During this 

period, the dendrites are highly dynamic, with significant extension and 

retraction, but only one or two primary dendrites are stabilized.  Higher order 

branches were only stabilized late in metamorphosis (60-80 hours after puparium 

formation).  This process occurred approximately 48 hours after the epithelial 

sheet was regenerated, but concurrently with collagen deposition and muscle 

formation.  These results illuminate the process of ddaC dendrite remodeling in 

the context of metamorphosis and establish a platform for further study into the 

molecular mechanisms of this phenomenon.  

2.3 Materials and Methods  
The fly stocks used in this section include pickpocket-eGFP (Grueber et al., 

2003b), pickpocket-Gal4 (Grueber et al., 2007), UAS-mCD8::RFP (E. Gavis, 

Princeton University), armadillo::GFP (Clyne et al., 2003), viking::GFP Flytrap lines 

CC00791, G00205, and G00454 (Buszczak et al., 2007; Morin et al., 2001), and mef2-

Gal4, UAS-mCD8::RFP (Bloomington stock #26882). 

Live pupae were mounted on a glass slide, surrounded with a ring of 

vacuum grease to create a sealed chamber, and covered with coverglass and a 
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small drop of halocarbon oil or water.  In our hands, animals can live in this 

chamber for up to 12 hours.  Experiments following pupae for greater than 12 

hours were rested in a separate, ventilated, humidified chamber for at least one 

hour before continuing with imaging. 

Images were acquired on a Leica TCS SP5 confocal microscope; single 

images were acquired in normal scanning mode, time-lapse experiments were 

performed in resonance scanning mode. 

Acquired images were loaded into the open source image processing 

package Fiji (http://fiji.sc/Fiji).  Dendrites were manually traced in three 

dimensions with the Simple Neurite Tracer module 

(http://fiji.sc/wiki/index.php/Simple_Neurite_Tracer) and the resultant XML 

file was transferred into a MATLAB (Mathworks) matrix for processing.  

Analysis with a custom MATLAB script is described in the results section; the 

full script is attached as an Appendix.  Colormetric traces were rendered in 

MATLAB, three dimensional images were rendered in Imaris (Bitplane) or Fiji.  

Statistics were calculated using SPSS software (IBM).

2.4 Results 

2.4.1 Morphological differences in ddaC neurons before and 
after metamorphosis 

Previous reports have noted morphological differences between the class 

IV neuron dendrites of larval versus adult animals (Kuo et al., 2005; Shimono et 

al., 2009; Williams and Truman, 2005a).  This difference was most striking in the 

dorsal dendritic arborizing neuron, ddaC, so we have decided to focus our 

research on this cell.  As the morphological differences could provide an avenue 

to understand how genetic programs might differ between initial patterning and 
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regeneration, we set out to better understand how these dendrites regenerate.  To 

do this, we employed confocal imaging and Drosophila lines carrying insertions 

of fluorescently labeled proteins, including pickpocket-GFP (Grueber et al., 2007) to 

label class IV neurons.   

Maximum projections of animals at the onset of metamorphosis (white 

pupa, WP) and 95 hour after puparium formation (APF) stage revealed that the 

dendrite morphology had changed considerably (Figure 1A).  As can be seen in 

the representative examples, the white pupa dendrites covered a field 

approximately three times larger than that of the 95 hours APF dendrites (Figure 

1B).  Similarly, the number of branch points was also greater in white pupa 

neurons compared to the later time point (Figure 1B).  Interestingly, we noticed 

that while white pupa neurons usually had 2-4 primary dendrites, 95 hours APF 

neurons usually had only one (Figure 1B). 

Previous reports have demonstrated that larval class I and class IV 

neuron dendrites are largely restricted to a two-dimensional plane underneath – 

and in places enclosed by – the epidermis (Han et al., 2012; Kim et al., 2012).  By 

taking a cross-section of the confocal slice scans, we corroborated these findings 

in the white pupa, where the we observed the dendrites to occupy a planar space 

below the surface of the cuticle (Figure 1C).  In contrast, we noticed that the 95 

hours APF neuron dendrites were not all restricted to the same plane.  Of note, 

the single primary dendrite was observed to reside deeper in the tissue than the 

higher order branches (Figure 1C and 1E). 

Although this phenomenon was visible in cutaway projections of the 

neuron, we wished to observe the morphology of these dendrites in greater 

detail.  To do so, we manually traced the dendrites using a three dimensional 
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analysis tool, Simple Neurite Tracer in the Fiji imaging software package 

(http://fiji.sc/Fiji).  These traces could then be rendered as three-dimensional 

space fill models and rotated in space (Figure 1D).  From these projections, it was 

apparent that the morphological differences of early and late stage dendrites also 

included a change from two-dimensional to three-dimensional morphology. 

Unfortunately, many of the common methods of rendering and 

quantifying dendrites were not well suited to highlight the difference in dendrite 

depth.  We set out to create a customized MATLAB program to quantify the 

depth of individual dendrites from the surface.

2.4.2 A computational approach to quantify dendrite 
regeneration 

The primary difficulty in quantifying depth was in identifying and 

mapping the surface of the body wall.  Our script was designed to convert the 

entire image stack into a three dimensional matrix with each location in the 

matrix representing a single pixel and registering the eight bit value of that pixel 

intensity.  Using the increased intensity caused by light diffraction around the 

cuticle, the user can input threshold values for the exterior and interior surface.  

The program then scans the matrix top-to-bottom at each X,Y coordinate to 

identify the location of the body wall.  Once identified, the matrix of identified 

X,Y,Z coordinates are passed through a median filter to create a contoured 

surface structure.  This matrix can be visualized using a colormetric plot where 

blue indicates shallow regions and red indicates deeper regions (Figure 2A). 

Once the surface is identified, the program then accesses the data point 

array generated by Fiji Simple Neurite Tracer and computes a depth value for 

each point along the dendritic tree.  The dendrites can then be represented as a 
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colormetric trace, allowing for two-dimensional visualization of three-

dimensional data (Figure 2B).  Dendrite area and tip locations are also 

recognized by the matrix and can then be plotted for visualization (Figure 2C).  

By sorting each dendritic branch into separate vectors, the program can calculate 

many numeric properties of the dendrite branches, including length, depth, and 

density (Figures 1E, 3B, and 3D).

2.4.3 Quantitative analysis of dendrite regeneration during 
metamorphosis 

By using this analysis, we quantified the depth of primary and higher 

order dendrites in white pupa and 95 hours APF animals.  The average depth of 

both primary and higher order branches of white pupa neurons was within 4 to 8 

µm below the surface, as was the case for the depth of higher order branches in 

95 hours APF neurons (Figure 1E).  Consistent with our observations, the 

average primary dendrite at 95 hours APF was greater than 20 µm below the 

body wall, which indicates an average depth difference of greater than 15 µm 

between primary and higher order branches (Figure 1E).  It is expected that a 

sensory neuron would be most useful to the organism if its dendrites were 

located proximately to the site of expected stimuli, in this case the body wall.  

Using the arbitrary cutoff of 15 µm to separate deep and shallow arbors, analysis 

showed that the majority of both white pupa and 95 hours APF class IV 

dendrites were located in the shallow region (Figure 1E). 

The development of larval sensory neuron dendrites requires many 

factors, some of which are reviewed in the introduction of this document.  It is 

known that neurites are extended during the embryonic period (Ashburner et al., 

1976), and then scale along with the epidermis during larval growth (Parrish et 
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al., 2009).  Given that the shape of the ddaC neuron is significantly different at 95 

hours APF compared to white pupa, we hypothesized that these neurons would 

follow a different anatomical growth pattern during the regeneration phase as 

compared to initial patterning. 

To test this hypothesis, we imaged and quantified neurons at five equally 

spaced time periods during metamorphosis: white pupa, 24, 48, 72, and 95 hours 

APF (Figure 3A).  Neurons at 24 hours APF had a very small field area and few 

branch points but an exuberance of small primary dendrites protruding from the 

soma (Figure 3A and 3B).  By 48 hours APF, most of the primary dendrites had 

been eliminated, but generally one dendrite remained and had grown longer.  

This trend continued at 72 hours APF, where most neurons had only one 

primary dendrite and very few higher order branches.  It was not until the final 

time point that we observed a significant increase in arborization and field 

coverage of the regenerating dendrites (Figure 3A and 3B). 

Our quantitative analysis allowed us to notice a few phenomena that 

were not readily apparent to us by visual inspection.  First of all, the density of 

dendrite tips increase dramatically from the white pupa to 24 hours APF stage 

(Figure 3B).  This high density of dendrite tips slowly declined, even as the 

number of tips and field area increased, until 95 hours APF, when the density 

was equivalent to the white pupa phase.   

Additionally, we noticed that although the average length of the primary 

dendrite roughly doubled every 24 hours, the average length of the higher order 

dendrites remained relatively constant throughout (Figure 3B).  Even at the 95 

hours APF stage when the total higher order dendrite length was very high, the 
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length of the average higher order dendrite was relatively consistent with 

previous time points (Figure 3B). 

To investigate the origins of the previously observed deep primary 

dendrite at 95 hours APF, we analyzed the depth of dendritic arbors at regular 

intervals during metamorphosis.  We found that after dendrites prune and 

detach, the neurons sink to a depth of approximately 30 microns deep to the 

surface (Figure 3C and 3D).  Both primary and higher order branches are deep 

for the majority of metamorphosis; targeting of higher order branches to the 

body wall does not occur until some time between 72 and 95 hours APF. 

Our still images at various time points indicate that the neuron is 

undergoing significant morphological transition in all three spatial dimensions.  

We wondered how the neuron transitions between the various phases of 

regeneration, and how dynamic the arbors might be at this time.  Specifically, we 

wondered how the neuron was establishing higher order arbors after 72 hours 

APF.  To address these questions, we used live imaging to follow the 

morphology of single neurons over time.

2.4.4 Live imaging reveals dendrite dynamics and targeting 

To understand the dynamic nature of dendrite regeneration, we acquired 

images of live animals over time.  Although normal confocal scanning modes 

quickly bleached the fine developing neurites, we used resonance scanning 

confocal microscopy to image at high speeds.  Although this acquisition mode 

does result in higher imaging noise, we were able to image single neurons for up 

to twelve hours with minimal bleaching. 

Beginning with the 24 hour time point, we observed the development of 

the primary dendrite (Figure 4A).  We noted that this dendrite began as a large 
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protrusion from the soma, and elongated steadily throughout.  We did not note 

any retraction of the primary dendrite, although we did note a subtle drift of the 

entire neuron toward the dorsal midline, consistent with previous reports 

(Williams and Truman, 2004). 

In contrast to the primary dendrite, the small secondary branches were 

highly dynamic and underwent significant extension and retraction over time 

(Figure 4B).  These neurites moved more quickly than the primary dendrite, and 

most were only transiently established before receding back into the primary 

dendrite.  By 72 hours APF, few of the small secondary branches were observable 

(Figure 3 and 5).  We should note that at 72 hours, the tissue is more opaque than 

earlier time points and there is a possibility that some neurites were undetectable 

using our imaging capabilities. 

Although the primary dendrite continues to grow at a slow, steady rate 

throughout metamorphosis, most higher order branches are established after 72 

hours APF (Figure 3A and 3B).  To understand this process, we performed live 

imaging on neurons beginning at 72 hours APF (Figure 5A).  Interestingly, we 

observed small neurites protruding out from the primary dendrite and upwards 

toward the body wall.  This mode of growth is in contrast to earlier periods, 

where secondary branches are largely in the same plane as the primary dendrite 

(Figure 3C).  Once secondary branches reached the body wall, they quickly 

arborized and developed higher order branches that spread within the shallow 

plane along the body wall (Figure 5A). 

Interestingly, we noted a stochastic property to this development.  By 

creating successive tiles scans over time, we could visualize the development of 

several neurons over time.  When comparing paired left and right neurons of the 
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same hemisegment, the cells did not always establish higher order branches at 

the same time (Figure 5B).  However, the process of targeting secondary 

dendrites to the body wall and arborization to cover the field was complete 

across all segments by 95 hours APF (Figure 3B and 5C). 

These observations lead us to question why higher order arbors could be 

established after 72 hours APF, but not earlier in metamorphosis.  We had 

observed that the cells were capable of producing dynamic secondary branches 

shortly after pruning, so we hypothsized that the establishment of the dendritic 

tree relied on extracellular factors.  To better understand the role of other tissues 

in dendrite regeneration, we used fluorescence imaging to visualize other tissues 

and their relationship to neurons during dendrite remodeling.

2.4.5 Dendrite regeneration in the context of tissue remodeling 

We noted that targeting of higher order branches to the body wall 

occurred coincidentally with pigmentation of the tissue and growth of bristles.  

We wondered how other tissues were developing nearby the class IV neuron and 

how that development might affect dendrite regeneration.  The tissues we 

expected to find in this anatomical area included epidermis, connective tissue, 

and muscle (Ashburner et al., 1976). 

Using transgenic flies carrying a GFP construct knocked into the armadillo 

gene (also known as β-catenin, a protein of the apical adherens junction), we 

were able to observe the developing epidermis along with the GFP-labeled 

neuron (Hatzfeld, 1999; Ninov and Martín-Blanco, 2007).  At 16 hours APF, we 

could detect both the remnants of large, larval epithelial cells and the appearance 

of  new epithelial cells arising from histoblasts (Figure 6A).  Consistent with 

previously published reports, most of the larval epithelium was replaced by 24 
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hours APF, and the arrangement of epithelial markers was relatively static by 48 

hours APF (Bischoff and Cseresnyés, 2009).  Furthermore, three dimensional 

analysis did not detect any direct correlation between the path of secondary 

branches and the expression of armadillo::GFP (Figure 6B).  From these 

observations, it is unclear how, if at all, the epithelium influences dendrite 

regeneration. 

Previous reports have noted that epithelial cells are necessary for 

deposition and remodeling of the basement membrane in Drosophila (Yasunaga et 

al., 2010).  One critical component of the basement membrane is type IV collagen, 

encoded in Drosophila by the viking gene (Yasothornsrikul et al., 1997).  Initial 

observations noted significant viking::GFP signal in the area of the class IV 

neuron, but we were unable to differentiate the fluorescence emission arising 

from the neuron from that of the viking::GFP protein (data not shown).  To 

circumvent this problem, we employed the Gal4-UAS system to express 

mCD8::RFP protein under the control of a pickpocket-Gal4 promoter (Grueber et 

al., 2007).  This approach allowed us to visualize and distinguish both neuron 

and collagen (Figure 7). 

At 16 hours APF, we could visualize small pockets of intact larval 

collagen, but most of the field contained degraded blebs of extracellular matrix 

(Figure 7A).  Very little GFP signal was detectable until approximately 60 hours 

APF, when fine streaks were just barely visible transecting the neuron.  By 95 

hours APF, collagen signal was apparent in multiple overlapping bands; three 

dimensional analysis showed that the collagen bands made tube-like structures 

above the primary dendrite of the ddaC neurons (Figure 7B).  Interestingly, we 
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noted that secondary arbors tracked along with the GFP signal, in between the 

dark spaces circumscribed by the collagen tubes.   

Previous reports have noted that adult dendritic class IV neuron 

dendrites are located between the epidermal and muscle layer (Yasunaga et al., 

2010).  We asked if the primary dendrite was also located above the muscle layer, 

so we employed mef2-Gal4, UAS-mCD8::RFP flies to label the muscle cells 

(Schnorrer, 2009) and pickpocket-GFP to visualize dendrite regeneration (Figure 

8). 

As previously reported, certain larval abdominal muscles are retained in 

the adult, while others degrade and are replaced by myoblasts during 

metamorphosis (Currie and Bate, 1991).  We noted that the class IV neuron and 

all arbors remained above the persistent larval muscles throughout 

metamorphosis (Figure 8A).  However, at 95 hours APF, the newly formed 

lateral tergosternal muscles were observed above the primary dendrite, but 

below the branched higher order arbors at the surface (Figure 8A).  Based on 

previous reports on the relationship of muscle and collagen in the developing 

pupa (Borchiellini et al., 1996), we surmised that the lateral tergosternal muscles, 

surrounded by extracellular matrix, is the tissue separating the class IV primary 

dendrite from its higher order arbors. 

These results do not demonstrate an active, direct role for the epidermis, 

extracellular matrix, or musculature in class IV neuron development during 

metamorphosis.  However, the colocalization of dendrites and collagen during 

targeting suggests a role for these extracellular factors in dendrite regeneration.  

Whether that role might be simple mechanical support or a more complex 

signaling phenomena remains to be seen. 
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2.5 Discussion 
In this study, we have described a new method of analysis of Drosophila 

class IV dendritic arborizing neuron dendrite regeneration during 

metamorphosis.  We discovered that the primary dendrite of remodeled arbors 

lies in a separate, deeper plane than higher order arbors, a feature not observed 

in the white pupa developmental stage.  To study this in more detail, we 

developed new computational methods to visualize and quantify the three 

dimensional morphology of these dendrites.  We then employed live imaging to 

understand the process of dendrite regeneration in the context of depth.  We 

observed that between 60 and 95 hours APF, secondary arbors target the body 

wall and begin a period of rapid elaboration.  This dendrite targeting was 

coincidental with the appearance of extracellular matrix proteins in the 

subepithelial space.  These results give new insights into the anatomy of dendrite 

regeneration and could provide a new screening platform for genetic regulators 

of dendrite regeneration. 

Although it has been previously shown that class IV neurons assume a 

different shape after metamorphosis, previous studies have not remarked on a 

difference in dendrite depth after development (Kuo et al., 2005; Shimono et al., 

2009; Williams and Truman, 2005a).  Recent papers have noted that in larval 

stages dendrites are restricted to a two-dimensional space under (and 

occasionally within) the epithelial layer (Han et al., 2012; Kim et al., 2012).  This is 

established by inserting early dendrites into the body wall, followed by dendritic 

growth that is scaled to concurrent growth of the organism and receptive fields 

(Parrish et al., 2009).  In contrast, we have observed a different anatomical shape 
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for primary dendrites after these neurons undergo regeneration during 

metamorphosis. 

In vivo live imaging revealed a different mode of growth during 

metamorphosis.  After establishment of a single primary dendrite, secondary 

arbors target the body wall and radiate additional branches along the surface 

plane.  Interestingly, a similar targeting process has been observed in zebrafish 

retinal ganglion cells, where dendrites target laminated afferents early in 

development (Mumm et al., 2006).  These and other observations support the 

concept that dendritic targeting is an important mechanism in setting up neural 

circuits (Jontes and Smith, 2000). 

In the zebrafish retina, it was postulated that amacrine cells influence 

dendritic targeting.  In contrast, Drosophila olfactory projection neurons target 

specific glomeruli with the direction of homotypic attraction and hetereotypic 

repulsion (Jefferis et al., 2001; Jefferis et al., 2004).  Do regenerating Drosophila 

class IV neurons regenerate under the control of an extracellular factor or 

through cell-intrinsic mechanisms?   

Although both are likely to influence targeting, circumstantial evidence 

points to a role for the extracellular matrix as a cofactor in proper targeting.  

Remodeling of the basement membrane has already been shown to influence 

dendrite remodeling post-eclosion (Yasunaga et al., 2010), so it is conceivable that 

dendrite regeneration also requires this tissue.  Whether the extracellular matrix 

is necessary merely for mechanical support, or whether it has a more complex 

role, remains to be seen.   

Analysis of the surrounding tissue has shed light on the changing context 

during dendrite regeneration as compared to initial larval morphogenesis.  As 
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the extracellular environment changes, does the regenerating neuron receive 

information from that environment?  If so, how does the cell respond?  We 

predict that regeneration involves pre-established genetic pathways directing 

initial morphogenesis as well as unique mechanisms induced by development to 

facilitate regeneration.  Our current observations could provide some insight in 

helping differentiate between new and reused mechanisms regulating dendrite 

morphogenesis. 

It is likely that many of the intrinsic developmental pathways used to 

elaborate larval sensory neuron dendrites will be used again during regrowth.  

From these data, one could find many morphological similarities between larval 

and adult dendrites: multiple branch points, self-avoidance, tiling, and pickpocket 

expression.  It is reasonable to expect that these consistent features share similar 

pathways in the two modes of growth. 

However, there are some morphological differences between the two 

developmental phases that point to divergent regulatory pathways.  Specifically, 

primary dendrite depth and dynamic secondary branch targeting are 

morphological features unique to regeneration in this system.  We hypothesize 

that if variation in molecular programs are needed to grow two different sets of 

dendrites in the same neuron, then the genes involved will likely change their 

expression levels in a context-dependent manner. 

It remains to be seen what implication this research might have on 

dendrite regeneration in the context of injury.  Previous research in Drosophila 

has shown both similarities and differences in the molecular mechanisms of 

developmental pruning and injury-induced pruning in class IV neurons (Song et 

al., 2012; Tao and Rolls, 2011).  Although mammals do not undergo 
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metamorphosis as certain insects do, injurious stimuli after initial development 

can induce radical morphological changes (Emoto, 2011).  Dendrite remodeling 

has been observed in humans as a result of many neurological conditions 

(Armstrong et al., 1995; Becker et al., 1986; Ruan et al., 2006; Spigelman et al., 

1998).  Moreover, live imaging of the peripheral nervous system in vertebrates 

has highlighted the dynamic nature of regeneration in these systems 

(Kerschensteiner et al., 2005; O'Brien et al., 2009).  With these ongoing advances in 

our knowledge of dendrite regeneration in various contexts, there is need for a 

tractable screening platform to identify new genetic regulators of remodeling.  

The regenerating Drosophila class IV dendritic arbors may provide new insights 

in this area. 

In the next section, we will undertake a genetic screen to identify genes 

directing dendrite morphogenesis.  Identifying molecular mechanisms necessary 

to grow two different sets of dendrites will increase our understanding in this 

field and allow us to identify new pathways regulating dendrite regeneration. 
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2.6 Figures 

 

Figure 1: Class IV dendritic arborizing neuron ddaC three-dimensional 
morphology during metamorphosis. 
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Figure 1.  Class IV dendritic arborizing neuron ddaC three-dimensional 

morphology during metamorphosis.  A.  X-Y view maximum projections from 

live imaging of abdominal segment ddaC neuron prior to pruning (white pupa) 

and just before eclosion (95 hours APF) using pickpocket-eGFP reporter.  Red 

dashed lines indicate cross sectional fragments in Figure 1C.  Scale bar = 50 µm.  

B.  Quantitative analysis of ddaC neuron dendritic arbor complexity changes 

during regrowth: number of primary dendrites, branch points, and field area.  

Error bars represent standard error of mean, asterisk (*) indicates significance at 

p<0.01 using two-tailed Student’s t-test, n≥10 for all conditions.    C.  X-Z cross 

section views of ddaC neuron dendrites at white pupae and 95 hours APF. 

Primary dendrites are indicated by red arrows, and secondary dendrites by 

green arrowheads. Note the deeper primary dendritic branch at 95 hours APF. 

Dashed line demarks the body wall, scale bar = 10 µm.  D.  Reconstruction of 

ddaC neuron dendrites at white pupae and 95 hours APF at two different 

rotational angles.  Arrows point to soma positions.  E.  Quantitative analysis of 

ddaC neuron dendritic arbor depth changes during regrowth: dendrite depth of 

both primary (1°) and higher order (2°+) dendrite branches and percentage of 

dendrite length shallow (≤15 µm from body wall) or deep (>15 µm).  Error bars 

represent standard error of mean, asterisk (*) indicates significance at p<0.01 

using two-tailed Student’s t-test, n≥10 for all conditions. 
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Figure 2: Quantitative processing of dendrite imaging data. 
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Figure 2.  Quantitative processing of dendrite imaging data.  A.  X-Y 

scatter plot of surface location for white pupa and 95 hours APF animals.  Depth 

(Z) represented colormetrically (blue = shallow, red = deep) per scalebar at right.  

Dimensions are rendered in pixels; this example displays a 1024 x 1024 pixel scan 

where 1 pixel = 0.37842 µm.  B.  X-Y scatter plot of dendrite points for white pupa 

and 95 hours APF animals.  Depth (Z) is calculated by subtracting absolute depth 

in the matrix from surface depth (Figure 1A) and rendered colormetrically per 

scalebar at right.  C.  X-Y rendering of area (line) and branch tips (points) of 

traced neurons. 
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Figure 3: The process of ddaC dendrite regeneration during 

metamorphosis. 

 

Figure 3 

24 48 A 72 95 h APF 

X
Y 

Tr
ac

e 

0 

2 

4 

6 

0 24 48 72 96 
0 
1 
2 
3 
4 
5 

0 24 48 72 96 
0 

0.5 

1 

1.5 

0 24 48 72 96 

0 

10 

20 

30 

0 24 48 72 96 

Hours APF 

P
rim

ar
y 

de
nd

rit
es

 

Hours APF Hours APF Hours APF 

B
ra

nc
h 

po
in

ts
 (x

10
0)

 

Fi
el

d 
ar

ea
 (1

00
 u

m
2 )

 

Ti
p 

de
ns

ity
  

0 
50 

100 
150 
200 
250 

24 48 72 95 

Average primary 
dendrite length 
(microns) 

Average higher 
order dendrite 
length (microns) 

0 

1000 

2000 

3000 

4000 

24 48 72 95 

Total primary 
dendrite length 
(microns) 

Total higher order 
dendrite length 
(microns) 

Hours APF Hours APF 

C 24 48 72 95 h APF 

-40 

-30 

-20 

-10 

0 
0 24 48 72 95 

Average primary 
dendrite depth 
(microns) 

Average higher 
order dendrite 
depth (microns) 

0% 

25% 

50% 

75% 

100% 

0 24 48 72 95 

Percentage of 
dendrite length 
!15 microns 
deep to surface 

Percentage of 
dendrite length 
>15 microns 
deep to surface 

Hours APF 

Hours APF 

B 

D * 

* 



 

 61 

Figure 3.  The process of ddaC dendrite regeneration during 

metamorphosis.  A.  X-Y view maximum projections from live imaging of 

abdominal segment ddaC neuron at 24, 48, 72, and 95 hours APF, using 

pickpocket-eGFP reporter.  Scale bar = 50 µm.  B.  Quantitative analysis of ddaC 

neuron dendritic arbor complexity changes during regrowth: number of primary 

dendrites, branch points, field area, tip density, average dendrite length, total 

dendrite length.  Error bars represent standard error of mean, n≥10 for all 

conditions.    C.  Colormetric trace of dendrites analogous to images in Figure 1A.  

Depth (Z) from surface represented by color (blue = shallow, red = deep) per 

labeled scale bar, black scale bar = 50 µm (X-Y).  D.  Quantitative analysis of 

ddaC neuron dendritic arbor depth changes during regrowth: dendrite depth of 

both primary and higher order dendrite branches and percentage of dendrite 

length shallow (≤15 µm from body wall) or deep (>15 µm).  Error bars represent 

standard error of mean, asterisk (*) indicates significance at p<0.01 using two-

tailed Student’s t-test, n≥10 for all conditions.     
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Figure 4: Dynamics of early ddaC neuron dendrite regeneration after 

pruning. 
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Figure 4.  Dynamics of early ddaC neuron dendrite regeneration after 

pruning.  A.  Representative time-lapse live-imaging of ddaC neuron primary 

dendrite initiation and growth, at 24, 29, and 34 hours APF.  Red dashed-area in 

Figure 4A is enlarged in Figure 4B panel time-lapse series.  Scale bar = 10 µm.  B.  

Time-lapse imaging of ddaC neuron secondary branch dynamics at 5, 10, and 15 

minutes after 34 hours APF.  Green arrows track an extending neurite branch, 

red arrows track a retracting neurite.  Note the transient nature of most neurites 

coming from the primary dendrite at these early time points during regeneration. 
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Figure 5: ddaC neuron dendrite targeting during metamorphosis. 
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Figure 5.  ddaC neuron dendrite targeting during metamorphosis.  A.  

Representative time-lapse live-imaging of ddaC neuron secondary dendrite 

growth from primary dendrite, during regrowth at 72, 75, and 78 hrs APF. Depth 

of arbors from body wall is colormetrically represented in corresponding traces 

below.  B.  Wide field two-photon scan of paired segment ddaC neurons during 

metamorphosis at 75 and 80 hours APF.  Note that the left neuron begins 

arborizing during this period, while the right neuron does not.  C.  Large-field 

tile views of abdominal ddaC neurons during dendrite regeneration at 60 hours 

APF and 95 hours APF, via live-imaging.  Arrowheads point to soma, dashed 

lines represent dorsal midline.  Note that neurons in all segments have 

elaborated higher order dendrite branches by 95 hours APF.  Scale bars = 50 µm.  
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Figure 6: Epithelial regeneration during ddaC neuron dendrite 

remodeling. 
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Figure 6.  Epithelial regeneration during ddaC neuron dendrite 

remodeling.  A.  X-Y view maximum projections from live imaging of abdominal 

segment ddaC neuron just after pruning (16 hours APF), just before targeting (60 

hours APF), and just prior to eclosion (95 hours APF), imaged with pickpocket-

eGFP and armadillo::GFP reporters.  B.  X-Z reconstruction of images from Figure 

6A, sliced along axis of primary dendrite.  Points of dendrite targeting are 

marked with white arrowhead.  Scale bar = 50 µm. 
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Figure 7: Extracellular matrix regeneration during ddaC neuron 

dendrite remodeling. 
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Figure 7.  Extracellular matrix regeneration during ddaC neuron 

dendrite remodeling.  A.  X-Y view maximum projections from live imaging of 

abdominal segment ddaC neurons just after pruning (16 hours APF), just before 

targeting (60 hours APF), and just prior to eclosion (95 hours APF), imaged with 

pickpocket-Gal4, UAS-mCD8::RFP and viking::GFP reporters.  B.  X-Z 

reconstruction of images from Figure 6A, sliced along axis of primary dendrite.  

Points of dendrite targeting are marked with white arrowhead, examples of 

tubular structures marked with asterisk (*).  Scale bar = 50 µm. 
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Figure 8: Abdominal muscle regeneration during ddaC neuron dendrite 

remodeling. 
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Figure 8.  Abdominal muscle regeneration during ddaC neuron 

dendrite remodeling.  A.  X-Y view maximum projections from live imaging of 

abdominal segment ddaC neuron just after pruning (16 hours APF) and just prior 

to eclosion (95 hours APF), imaged with pickpocket-eGFP and mef2-Gal4; UAS-

mCD8::RFP reporters.  B.  X-Z reconstruction of images from Figure 6A, sliced 

along axis of primary dendrite.  Points of dendrite targeting are marked with 

white arrowhead, examples of lateral tergosternal muscles marked with asterisk 

(*), persistent larval muscles marked with a capital letter “P.”  Scale bar = 50 µm.
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3. A genetic screen reveals Cysteine proteinase-1 
as a regulator of dendrite regeneration 

3.1 Summary 
Although dendrite regeneration has been observed in various 

developmental and injury/repair contexts, the molecular mechanisms regulating 

these processes are poorly understood.  The regeneration of Drosophila class IV 

dendritic arborizing neuron dendrites during metamorphosis provides a 

genetically tractable platform to screen for regulators of remodeling.  Here, we 

describe a forward genetic expression screen for genes differentially expressed in 

class IV neurons during development.  One identified gene, Cysteine proteinase-1 

was found to be upregulated early in metamorphosis under control of the steroid 

hormone ecdysone.  We established reagents to generate single-cell knockouts to 

study the role of Cysteine proteinase-1 in class IV neurons.  We found that the gene 

was not necessary for dendrite pruning, neurite extension, or primary dendrite 

development, but was necessary for targeting and elaboration of secondary 

dendritic arbors to and along the body wall.  Interestingly, Cysteine proteinase-1 

was not necessary for dendrite regeneration in nearby class I neurons, hinting at 

a possible mechanism for context-dependent regeneration during 

metamorphosis.  These studies are the first, to our knowledge, to demonstrate a 

genetic regulator of dendrite regeneration during metamorphosis in class IV 

dendritic arborizing neurons. 

3.2 Introduction 
What are the mechanisms governing dendrite remodeling?  As reviewed 

previously, the Drosophila dendritic arborizing neurons have proven especially 

fruitful in revealing regulators of this process (Emoto, 2011; Parrish et al., 2007).  
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The Endopterygota life cycle includes metamorphosis, a phase of radical 

morphological transition.  This presents a unique opportunity in the genetically 

tractable Drosophila system to study dendritic structures during remodeling.  One 

particular set of sensory neurons, the class IV dendritic arborizing neurons, have 

been shown to prune and regrow their dendrites during metamorphosis (Kuo et 

al., 2005; Williams and Truman, 2005a).   

Genetic screens focused on class IV neuron dendrite remodeling have 

identified several regulators of dendrite remodeling.  Identified genes include 

the transcription factor Sox14 (Kirilly et al., 2009), the E2 ubiquitin ligase effete 

(Kuo et al., 2006), and Matrix metalloproteinase2 released by supporting epithelial 

cells (Yasunaga et al., 2010).  Although these screens have identified genes 

involved in early pruning or late reorientation of dendrites, as yet no screen has 

directly identified regulators of dendrite regeneration. 

There are several limitations to common screening approaches when 

studying dendrite regeneration.  Genetic mutations might result in embryonic or 

larval lethality, neuronal cell death, or failure of dendrite pruning.  Given these 

limitations, we chose to screen by directly visualizing protein expression in vivo.  

Using the Flytrap collection (http://flytrap.med.yale.edu/) of GFP fusion 

proteins (Buszczak et al., 2007; Kelso et al., 2004; Morin et al., 2001; Quiñones-

Coello et al., 2007), we were able to screen for genes expressed in class IV neurons 

at the time of dendrite regeneration.   

One gene identified, Cysteine proteinase-1, has been implicated in cell 

survival in Drosophila oogeneisis (Neumüller et al., 2012).  Moreover, this 

protease shares significant homology to cathepsin L, a cysteine protease 

conserved across many animal phyla.  Details of the role of Cysteine proteinase-1 
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in Drosophila sensory neuron dendrite regeneration will be discussed in the 

results section below.  However, a review of cathepsin L proteins in mammals is 

warranted as their function has implications for this research. 

Cathepsins are a class of proteases conserved across all animal species 

and found in many different cell types.  Of the 15 known human cathepsins, 

there are 2 serine proteases, 2 aspartyl proteases, and 11 cysteine proteases 

(Reiser et al., 2010).  Cathepsins were originally identified as lysosomal proteases, 

but recent work has uncovered nontraditional roles for cathepsins in the cytosol 

and nucleus.  The most ubiquitously expressed cathepsin, cathepsin L, has been 

implicated in a variety of clinical conditions, including acute pancreatitis, cardiac 

remodeling, proteinuric kidney disease, and Alzheimer’s deisease (Reiser et al., 

2010). 

The first in vivo validation of the role of brain cathepsin L came from 

analysis of a cathepsin B/L double knockout mice (Felbor et al., 2002).  These mice 

suffered from selective neuronal vulnerability: rapid loss of cerebral cortical 

neurons as well as cerebellar Purkinje and granule cells.  These mice had a poor 

survival prognosis (>80% mortality by P10), but those that did survive beyond 

P21 showed significant gross loss of brain size.  In a subsequent paper, it was 

found that human cathepsin L was sufficient to rescue the neurodegeneration and 

lethality in cathepsin B/L knockout neurons (Sevenich et al., 2006). 

Cathepsin L has been implicated in the pathogenesis of several 

neurodegenerative diseases, though functional targets of the protease are not 

well understood.  Proteomic analysis of the aforementioned knockout mouse 

brains showed upregulation of Rab14 and Delta/Notch-like epidermal growth 

factor-related receptor (DNER) (Felbor et al., 2002; Sevenich et al., 2006).  These 
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proteins were shown to be enriched in the swollen axons of cathepsin B/L 

knockout mice, which led the authors to speculate a role for cathepsins B/L in 

recycling during axon outgrowth. 

Cathepsin L has also been shown to function as a processing enzyme for 

prohormones and proneurotransmitters in the brain (Hook, 2006).  It was shown 

that cathepsin L protein can specifically localize to secretory vesicles and convert 

proenkephalin to enkephalin peptide neurotransmitter (Yasothornsrikul et al., 

2003).  Later, it was described that adrenal chromaffin cells require cathepsin L to 

produce neuropeptide Y, ACTH, MSH and β-endorphin (Funkelstein et al., 2010; 

Funkelstein et al., 2008a; Funkelstein et al., 2008b).  Finally, in the cerebral cortex, 

cathepsin L protein was found to participate in dynorphin production by 

proteolytic cleavage of prodynorphin in secretory vesicles (Minokadeh et al., 

2010). 

Cathepsin inhibitors have been proposed as potential therapeutic agents 

for the treatment of neurodegenerative disease (Hook et al., 2007).  It is therefore 

of medical interest to understand the many roles of these proteins in healthy 

neurons.  Although there has been some research on this class of protein in 

mammals, there are likely many functions of this protein that are not yet fully 

understood (Reiser et al., 2010).  One genetically tractable system in which to 

study these proteins is the Drosophila dendritic arborizing neurons.  The 

stereotyped morphology and regenerative potential of these neurons allows for 

genetic studies to understand the regulators of dendrite arborization. 

Here, we have conducted a protein expression screen for regulators of 

dendrite regeneration in vivo.  We identified four genes, including Cysteine 

proteinase-1, that are differentially expressed during regeneration compared to 
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earlier stages.  We report the creation of Cysteine proteinase-1 MARCM alleles and 

the generation of single cell knockouts to study the function of this gene in ddaC 

neurons.  Our results indicate that Cysteine proteinase-1 is not necessary for early 

dendrite branching and growth, but is necessary for the targeting and 

elaboration phase of dendrite regeneration.  To our knowledge, this gene has not 

been previously studied in the Drosophila nervous system, nor has it been directly 

described as affecting dendrite regeneration in any system.  Taken together, these 

results represent an advance in our knowledge of the genetic regulators of 

dendrite regeneration and may provide useful material for applications in other 

model systems.

3.3 Materials and Methods 
The fly stocks used in this section include the entire protein trap 

collection from the Flytrap repositories operated by L. Cooley and A. Spradling 

(Buszczak et al., 2007; Kelso et al., 2004; Morin et al., 2001; Quiñones-Coello et al., 

2007), pickpocket-Gal4 (Grueber et al., 2007), UAS-mCD8::RFP (E. Gavis, Princeton 

University), UAS-EcR-B1-W650A , FRT42D (Bloomington stock #1802), Cp1llcnbw38 

(Gray et al., 1998), and Cp1f00385 (Bellen et al., 2004).  MARCM analysis was 

performed as previously described (Kuo et al., 2005; Wu and Luo, 2006) using 

stock w, elaV-Gal4, UAS-mCD8::GFP, hs-FLP; FRT42D, tub-Gal80 (L. Luo, Stanford 

University).  Imaging and Fiji/MATLAB analysis were performed as previously 

described. 

To create UAS-Cp1 flies, Berkeley Drosophila Genome Project cDNA 

LP06554 (Genbank #BT016071) was amplified by PCR using primers 

ATCTGCGGCCGCCAATGCGCACAGC and 

TCCTCTAGACTAGACCAGGGGATAGC and ligated into NotI and XbaI sites in 
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pUASt (Brand and Perrimon, 1993).  Injections of plasmid DNA into embryos 

were performed by the Duke University Model Systems Genomics Group with 

the assistance of E. Spana. 

Primary screening of fluorescently-tagged proteins was performed by 

imaging one wandering 3rd instar larvae and two pupae aged 16-48 hours APF of 

each strain of Flytrap insertions under a Zeiss Discovery V20 SteREO 

microscope.  Animals were scored visually based on fluorescence intensity in 

dorsal segments A4-A8 in larvae, or the dorsal abdominal segment in larvae.  

Secondary screening was performed by crossing Flytrap males with females of 

geneotype pickpocket-Gal4; UAS-mCD8::RFP and imaging their progeny by 

confocal microscopy.  Data acquisition and analysis were performed by two 

separate researchers, and gene information was blinded until primary and 

secondary screens were completed. 

To quantify Cp1::GFP fluorescence, animals were imaged at all time 

points under standard conditions (single optical slice, 20x objective, 12% power 

488 λm excitation, 500-560 nm emission, 715 gain, airy 1 pinhole, 20x zoom) and 

acquired in sequence with RFP (19% power 561 λm excitation 570-700 nm 

emission, 682 gain, airy 1 pinhole).  Fluorescence intensity was quantified in Fiji. 

A custom rabbit polyclonal Cp1 antibody was prepared by Prosci against 

a synthetic peptide C-FRYIKDNGGIDTEK for use in western blots (1:200) and 

immunohistochemistry (1:20) with fluorescence-linked secondary antibodies 

(1:200; Jackson). 

To knockdown Cp1 in Schneider 2 cells, two Cp1 RNAi templates were 

made by PCR of CP1 cDNA using primers 1) 

GAAATAATACGACTCACTATAGGCGGTGGCTCAGGCCGTTTCC, 
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GAAATAATACGACTCACTATAGGCAGTGTCCCTGATCCTTGACGGC, and 

2) GAAATAATACGACTCACTATAGGCGCCCTCGAGGGTCAGCATTTCC, 

GAAATAATACGACTCACTATAGGACTCGTCGGTGCCGAAGCCAACG.  

dsRNA was prepared by T7 in vitro transcription (http://www.flyrnai.org/)  

and transfected into Schneider 2 cells as described (Worby and Dixon, 2004; 

Worby et al., 2001). 

Production of GST-Cp1 protein in bacteria was carried out by cloning Cp1 

in frame with N-terminal GST into BamHI and SalI sites of pGex6p1 (Genbank 

#U78872) and transfection into BL21pLysS bacteria (Invitrogen).  Batch protein 

purification was performed using glutathione sepharose as previously described 

(Invitrogen).  Western blots were performed using standard protocols.

3.4 Results

3.4.1 A genetic screen to identify regulators of dendrite 
regeneration 

While there have been some advances in understanding the processes 

governing Drosophila class IV neuron dendrite pruning, our understanding of the 

molecular mechanisms of dendrite regeneration remains limited.  Previous 

attempts to screen for genes using ethyl methanesulfonate mutagenized or RNA 

interference collections have failed to identify genes involved in regeneration.  In 

this study, we decided to use an expression screen to attempt to identify novel 

genes. 

The Flytrap collection is a publicly available set of Drosophila stocks made 

by several independent labs (Buszczak et al., 2007; Kelso et al., 2004; Morin et al., 

2001; Quiñones-Coello et al., 2007).  Although each lab used slightly different 

strategies to generate their flies, the result is very similar.  A p-element was 
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created containing the coding sequence for GFP, but in place of stop and start 

codons, strong splice acceptor and donor sites were used.  This p-element was 

randomly inserted throughout the genome with the use of Δ2-3 retrotransposase 

(Robertson et al., 1988).  The resultant progeny were screened for GFP expression 

and the insert was mapped by sequencing genomic regions flanking the p-

element.  The result is a series of protein-trap Drosophila lines, where GFP is 

directly fused to a variety of target proteins.  This strategy enables visualization 

of both expression and cellular localization of proteins of interest. 

We performed a two-stage screen of the 407 Flytrap lines available from 

the laboratories of L. Cooley (Yale University) and A. Spradling (Carnegie 

Institution).  For the first stage, our plan was to inspect larvae and pupae from 

each line at low magnificiation to identify changes in fluorescence in the 

abdomen of these animals (Figure 9A and 9B).  Positive hits from the primary 

screen would then be crossed to pickpocket-Gal4, UAS-mCD8::RFP animals.  The 

secondary screen involves confocal imaging of the progeny and identification of 

cells expressing GFP (Figure 9A and 9D).  As we were looking for both negative 

and positive regulators of dendrite regeneration, we searched for genes that were 

both upregulated and downregulated during metamorphosis. 

Of 407 lines studied, 39 were identified in the primary screen as being 

either upregulated or downregulated in the Drosophila abdomen during 

metamorphosis (Figure 9B and 9C).  Of these 39 lines, 23 were not expressed in 

class IV neurons, twelve were found to be expressed in class IV neurons in both 

larval and pupal stages, and four were found to be differentially expressed 

during metamorphosis (Figure 9D and Table 1).   
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The four lines identified from our screen included two cation ATPases: 

Na+ pump α subunit (also known as Atpalpha) was upregulated during 

metamorphosis, and Vacuolar H+ ATPase subunit 16-1 (also known as Vha16-1) 

was downregulated during metamorphosis (Table 1).  Furthermore, we also 

identified two different insertions into the Cysteine proteinase-1 gene (also known 

as Cp1) that demonstrated protein upregulation during metamorphosis.  

Increased expression levels of Na pump α subunit and Cysteine proteinase-1 were 

further corroborated by cross-referencing previously published reports of whole 

animal stage-specific transcriptome data (Graveley et al., 2011). 

These results presented the enticing possibility that one of these genes 

might be influential in dendrite regeneration.  Because we had identified two 

separate insertions into the Cysteine proteinase-1 gene, we had a high degree of 

confidence that expression  of Cysteine proteinase-1 was in fact upregulated at this 

time.  For this reason, we decided to focus further study on this gene. 

3.4.2 Expression of Cysteine proteinase-1 is upregulated in 
response to ecdysone during metamorphosis 

To further refine our observations from the secondary screen, we 

followed the fluorescence of Cp1::GFP class IV neurons over time (Figure 10).  

Although we imaged with consistent microscope settings over time, we expected 

some artifact in intensity levels due to the changing anatomical features of the 

animal.  To normalize for this feature, we co-expressed mCD8::RFP reporter 

under control of pickpocket-Gal4 and simultaneously captured GFP and RFP 

emission.  GFP fluorescence was then reported as a ratio relative to detected RFP 

signal (Figure 10B). 
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Although we could not detect fluorescence in class IV neurons at the 

second instar larval stage, wandering third instar animals did weakly express the 

protein (Figure 10A and 10B).  This expression then increased dramatically 

during the first 24 hours of metamorphosis, with peak expression greater than 

three fold over baseline.  Expression then subsided near to baseline in the last 24 

hours of metamorphosis (Figure 10A and 10B).   

Noting that expression of Cysteine proteinase-1 coincided with the timing 

of a large pulse of ecdysone during metamorphosis (Thummel, 2001), we 

predicted that this gene might be controlled by steroid hormone signaling.  

Previous reports in vitro have implicated Cysteine proteinase-1 as a target of 

ecdysone through microarray analysis and RNA interference screens 

(Chittaranjan et al., 2009; Gorski et al., 2003).  However, to our knowledge this 

association has not been directly tested in vivo. 

Using a dominant negative form of ecdysone receptor, we were able to 

block the receptor from binding DNA specifically in class IV neurons (Cherbas et 

al., 2003).  At 16 hours APF, when ecdysone titers are high, cells expressing the 

mutated receptor had reduced levels of Cysteine proteinase-1 expression (Figure 

10C).  We were able to validate the cellular specificity of this result by imaging 

nearby neurons; cells not expressing the dominant negative retained GFP 

expression.  Quantifying Cp1::GFP expression over time in ecdyone receptor 

dominant negative cells, we noted that relative fluorescence ratios did not 

increase significantly over baseline (Figure 10B).   

These results are the first to describe upregulation of Cysteine proteinase-1 

by ecdysone signaling in the Drosophila nervous system.  Given the temporal and 
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spatial expression of this protein, we considered it as a candidate regulator of 

class IV neuron dendrite remodeling during metamorphosis. 

3.4.3 Generation and validation of Cysteine proteinase-1 
MARCM alleles 

As we had identified two separate GFP insertions indicating specific class 

IV neuron expression during metamorphosis, we asked what the role of Cysteine 

proteinase-1 might be during metamorphosis.  The structure of the Cysteine 

proteinase-1 gene is relatively simple, with four exons spanning approximately 8 

kilobases of chromosome 2R (Gray et al., 1998).  We acquired two mutations of 

Cysteine-proteinase-1 (Figure 11A), a piggyback insertion in the 5’ untranslated 

region, Cp1f00385 (Bellen et al., 2004), and an imprecise p-element excision resulting 

in partial excision of exons 3 and 4, Cp1llcnbw (Gray et al., 1998).  In our hands, 

homozygous animals of these stocks were early larval lethal, so we were unable 

to study them in metamorphosis. 

To circumvent this problem, we then created reagents for MARCM 

analysis by recombining Cp1 mutations with FRT insertions on the distal portion 

of the 2R chromosome arm (Figure 11B).  With these recombinant flies, we were 

then able to induce cell-specific recombination to create homozygous mutant 

cells in an otherwise heterozygous animal background (Lee and Luo, 1999). 

To confirm that we had indeed generated knockout cells, we developed a 

rabbit polyclonal antibody against a synthetic peptide of the Cysteine proteinase-

1 protein.  To validate the antibody, we created a GST-fused recombinant 

bacterial Cysteine proteinase-1 protein and purified it using gluthione sepharose.  

Purified protein from GST-Cp1 cells was detected by western blot, and purified 

product from cells lacking the Cp1 protein was not detected by the antibody 
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(Figure 11C).  Additionally we exploited the fact that Schneider 2 cells are known 

to express Cysteine proteinase-1 transcripts (Cherbas et al., 2011).  We created 

scrambled and targeted RNA interference oligomers to knockdown expression of 

the gene.  Western blot analysis revealed significant knockdown of the expected 

37 kilodalton band representing Cysteine proteinase-1 protein (Figure 11D).   

These results indicated that our antibody was sensitive for Cysteine 

proteinase-1 protein, so we tested control and knockout MARCM clone cells for 

protein expression.  We found Cysteine proteinase-1 protein to be enriched in 

both cytoplasm and nucleus of cells at 24 hours APF, but knockout cells had little 

to no discernable signal (Figure 11E).  In both cases, nearby cells not labeled with 

GFP were found to be positive for Cysteine proteinase-1, indicating that our 

staining conditions were capable of detecting protein.  These data demonstrate 

that we have accurately created Cysteine proteinase-1 MARCM reagents and can 

successfully generate single-cell knockouts of the gene.  With these fly lines in 

hand, we then asked what role Cysteine proteinase-1 might have in dendrite 

remodeling. 

3.4.4 Cysteine proteinase-1 is necessary for establishment of 
higher order branches during dendrite regeneration 

As Cysteine proteinase-1 upregulation begins at the onset of 

metamorphosis, we wondered if the gene might affect pruning or early stages of 

development.  To study this question, we performed MARCM as previously 

described to generate single-cell knockout clones in a heterozygous animal 

background (Wu and Luo, 2006).   

Cysteine proteinase-1 mutant clones at the white pupa stage were highly 

arborized, with an average of 18 primary and secondary arbors attached to the 
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soma (Figure 12A and 12B).  By 18 hours APF, nearly all clones had no larval 

dendrites attached to the soma, similar to controls.  In this analysis, we were 

unable to detect a role for the gene in dendrite pruning in metamorphosis. 

After identifying mutant clones as class IV neurons in white pupae, we 

then followed them and imaged at 24 and 72 hours APF.  As with control 

MARCM clones, 24 hours APF Cysteine proteinase-1 clones appeared to have 

many small, dynamic neurites protruding from the cell body (Figure 13A).  No 

difference in dendrite branch points or depth was noted at this time (Figure 13C).  

At the 24 hour stage, Cysteine proteinase-1 mutants had developed a long primary 

arbor and most of the secondary branches had been retracted (Figure 13B).  No 

difference was noted against controls in gross dendrite morphology, branch 

points, or depth (Figure 13B and 13CE).  In summary, we did not note any defect 

in the development of Cysteine proteinase-1 knockout neurons during dendrite 

pruning or in the early stages of regeneration. 

However, when we observed Cysteine proteinase-1 clones at 95 hours APF, 

we noted several gross morphological defects (Figure 14).  Compared to controls, 

the knockout neurons lacked most of the higher order arbors usually present at 

this stage (Figure 14A).  This defect led to a dramatic decrease in both dendrite 

field area and branch point number (Figure 14B). 

When we analyzed the depth of the dendritic arbors, we noted that 

Cysteine proteainase-1 clones failed to target the body surface as control neurons 

do.  Although mutant primary dendrites were of appropriate length and depth, 

their secondary arbors were shorter and deeper than those of their control 

counterparts (Figure 14B).  While control clones had 92% of their arbors located 

less than 15 µm shallow to the surface, knockout clones had only 23% of their 
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arbors located less than 15 µm shallow (Figure 14B).  Moreover, those few mutant 

dendrites that did reach the surface did not branch out from the point of contact 

(Figure 14A).  This observation was not likely due to a general delay in 

metamorphosis, as heterozygous animals still eclosed at 95 hours APF.  Mutant 

MARCM clones from 1 day old adult animals appeared similarly unbranched as 

those of 95 hours APF pupae. 

One intrinsic limitation to the MARCM technique is the presence of 

knockout clones that are unlabeled by GFP (Lee and Luo, 2001).  It is therefore 

possible that the phenotype visualized might be due to genetic disruption in a 

nearby mutant but unlabeled cell.  To address this concern, we created a pUASt-

Cp1 expression vector, injected it into embryos, identified germline p-element 

transformants, and crossed this transgenic line into our Cysteine proteinase-1 

MARCM stock.  Since Gal4 is only active in GFP-labeled cells, this allows for a 

cell-intrinsic rescue of the knockout genotype. 

Expression of UAS-Cp1 in mutant MARCM clones resulted in a nearly 

complete rescue of the knockout phenotype (Figure 14A).  Dendrite field area 

and branch point number were similar to controls (Figure 14B).  Importantly, 

secondary arbors projected upwards, contacted the surface, and elaborated to 

cover the body wall (Figure 14A).  94% of the average dendrite length of all 

rescue clones was located less than 15 µm shallow to the surface (Figure 14B).  

From these results, we concluded that the defect observed in Cysteine 

proteinase-1 clones is in fact due to cell-specific requirements for the gene during 

metamorphosis.  The genetic knockout, which yields no detectable Cysteine 

proteinase-1 protein, results in class IV neurons being unable to completely 

regrow or correctly target their dendrites.  This knockout was cell-specific, as 
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expression of a UAS-Cp1 insertion in the cell was sufficient to rescue the 

phenotype.  To our knowledge, this is the first gene reported as being a necessary 

component of the class IV neuron dendrite regeneration machinery during 

metamorphosis. 

We then wondered how this gene might act, and if the dendrite 

regeneration functions of the gene were broadly applicable.  Does Cysteine 

proteinase-1 regulate a complicated signaling pathway, or does it perhaps serve a 

general biological function necessary for all dendrite growth?  To answer this 

question, we turned our attention to the nearby ddaE class I neuron. 

3.4.5 Cysteine proteinase-1 is not required for remodeling of 
class I dendrites during metamorphosis 

Although we have not focused on the remodeling of the ddaE class I 

dendritic arborizing neuron, it is also known to survive, prune, and regrow 

during metamorphosis (Williams and Shepherd, 1999; Williams and Truman, 

2004; Williams and Truman, 2005b).  This neuron is the least complex of the 

dendritic arborizing neurons in the larval stage (Grueber et al., 2002), but 

regenerates a highly arborized, densely packed dendritic tree (Williams and 

Truman, 2004; Williams and Truman, 2005b).  Interestingly, most class I neurons 

die in early adulthood (Shimono et al., 2009), so it is unclear why it might be 

maintained and regenerated during metamorphosis.  However, this neuron 

allows us to probe the function of Cysteine proteinase-1 in a similar but distinct 

system to the ddaC neuron. 

As previously reported, wild type ddaE class I neurons developed into 

highly arborized tress covering a small, densely packed field area (Figure 15).  

Interestingly, Cysteine proteinase-1 MARCM clones also regenerated with a 
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normal morphology (Figure 15).  Dendrite branch number and field area were 

unchanged by the genetic mutation. 

This result led us to ask what molecular function might be directed by 

Cysteiene proteinase-1 that is necessary in class IV neurons but unnecessary in 

class I neurons.  Further investigation into this topic is continued in the ensuing 

chapter.

3.5 Discussion 
In this chapter, we have described a forward genetic screen in Drosophila 

class IV dendritic arborizing neurons for regulators of regeneration during 

metamorphosis.  Inspection of 407 protein trap GFP lines identified four unique 

insertions representing three genes differentially expressed in ddaC neurons 

between larval and pupal stages.  We demonstrated that one of these genes, 

Cysteine proteinase-1, is upregulated early in metamorphosis under control of 

ecdysone signaling.  To study the cell-intrinsic function of this gene during 

dendrite regeneration, we created MARCM knockout alleles and observed 

mutant neurons via live imaging.  Cells missing Cysteine proteinase-1 correctly 

pruned their dendrites and initiated regeneration, but failed to completely 

regenerate in the targeting and elaboration phases.  Interestingly, no defect was 

observed in knockout class I neurons, indicating that Cysteine proteinase-1 

mutants do not have a generalized dendritic phenotype, but rather, they affect 

some process specific to class IV neurons in this system.  These results are the 

first, to our knowledge, to identify a cell-intrinsic genetic regulator of class IV 

regeneration during metamorphosis and the first study of Cysteine proteinase-1 in 

the Drosophila nervous system. 



 

 88 

Interestingly, Cysteine proteinase-1 was shown to be an ecdysone-

responsive gene, a finding that has been corroborated by other groups in vitro 

(Gorski et al., 2003).  However, previous screens of ecdysone-dependent 

regulators of dendrite remodeling have only reported genes with dendrite 

pruning phenotypes (Kirilly et al., 2009; Kirilly et al., 2011).  It is unclear how 

ecdysone signaling induces these two processes separately and in series.  It will 

be interesting to develop a system to block ecdysone signaling temporally after 

pruning to study its specific effects in the regenerative phase of dendrite 

development. 

Cysteine proteinase-1 bears significant homology to human cathepsin L, a 

proteolytic enzyme implicated in neurodegenerative diseases (Reiser et al., 2010).  

Mice lacking cathepsin B and L suffer from poor survival, neuronal atrophy, and 

axon pathologies (Felbor et al., 2002; Sevenich et al., 2006).  Moreover, cathepsin L 

has been shown to process many essential prohormones and 

proneurotransmitters in the brain (Hook, 2006).  As this gene has been implicated 

in many nervous system functions, it is of interest to understand its role in 

dendrite structural plasticity. 

What is the mechanism of action for Cysteine proteinase-1 in dendrite 

regeneration?  The Drosophila literature reports both pro-apoptotic (Chittaranjan 

et al., 2009; Gorski et al., 2003) and anti-apoptotic (Neumüller et al., 2012) 

functions for the gene, but little guidance on its direct targets.  An inhibitor of 

Cysteine proteinase-1, crammer, has been shown to affect long term memory 

formation in the Drosophila mushroom body, but the downstream effectors of this 

pathway are also unknown (Comas et al., 2004; Deshapriya et al., 2007).  Because 

neurons carrying the Cysteine proteinase-1 mutation are able to elaborate neurites 
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at 24 hours APF and extend the primary dendrite through 72 hours APF, we 

suspect that the Cysteine proteinase-1 phenotype is not due to a generalized failure 

to sustain dendritogenesis.  Moreover, class I dendrites regenerated without any 

observed phenotype.  This leads us to suspect a class-specific regulatory role for 

Cysteine proteinase-1 in dendritic arborizing neuron regeneration. 

Of the many genes known to regulate dendrite morphogenesis, there are 

a small number whose function can exert class-specific control, including the 

homeobox transcription factor cut (Grueber et al., 2003a; Grueber et al., 2005).  In 

larvae, mutations in cut cause severe branching phenotypes in class IV neurons, 

but do not affect class I neurons.  Since this parallels the phenotype we observed 

in dendritic arborizing neurons during metamorphosis, we hypothesized that a 

possible mechanism of action for Cysteine proteinase-1 was through cut. 

A hint of the possible interactions of these genes comes from the 

mammalian literature, where cathepsin L has been shown to proteolytically 

cleave the homolog of cut, cut-like transcription factor 1 (Goulet et al., 2004; Moon 

et al., 2001).  In this model, cleavage generates a truncated isoform of cut-like 

protein 1 that lacks inhibitory DNA binding elements and is therefore able to 

differentially activate certain transcriptional targets (Moon et al., 2001; Nepveu, 

2001).  A functional consequence to cut-like protein 1 isoform switching was 

observed in vivo in the nervous system: leptin receptors in hypothalamic neurons 

cluster in response to cleaved cut-like protein 1 product but do not cluster in 

response to the full-length protein (Stratigopoulos et al., 2011).   

Could Cysteine proteinase-1 cleave cut in a context-dependent manner?  

Perhaps upregulation of ecdysone, and concurrently, Cysteine proteinase-1, 

changes the cut isoforms present in the cell to direct dendrite regeneration.  This 
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intriguing possibility could be the first hint at a mechanism for the repurposing 

of genes involved in dendrite morphogenesis for the later regeneration of arbors 

in metamorphosis.  The following chapter will detail our investigations on this 

exciting possibility. 



 

 91 

3.6 Figures 

 

Figure 9: A genetic screen to identify regulators of dendrite 
regeneration. 
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Figure 9.  A genetic screen to identify regulators of dendrite 

regeneration.  A.  Diagram representing screening approach.  Primary screen 

involved macroscopic inspection of fluorescence changes between larval and 

pupal stages, secondary screen involved a cross to an RFP reporter line and 

confocal imaging for colocalization in class IV neurons.  B.  Example images from 

primary screen showing lines scored positively and negatively in each stage.  

Genes differentially expressed between stages (indicated by red boxes) were 

subjected to the secondary screen.  C.  Graphical representation of screen positive 

hit rate.  10% of genes were found to be differentially expressed in the primary 

screen, 10% of those were found to be differentially expressed in class IV neurons 

in the secondary screen.  D.  Single slice, two color confocal images of four lines 

identified from the genetic screen.  Scale bar = 10 µm. 
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Table 1: Genetic screen results 

Flytrap Name  Regulation  Localization  Gene  Gene Function  

CC00319  ↑  Cell membrane  Atpalpha  
Sodium/potassium-

exchanging ATPase  

CC01377  ↑  Cytoplasmic  Cp1 Cysteine-type endopeptidase  

ZCL2854  ↑  Cytoplasmic  Cp1  Cysteine-type endopeptidase  

ZCL2071  ↓  Cytoplasmic  Vha16  Hydrogen-exporting ATPase  
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Table 1.  Genetic screen results.  Four lines representing three genes 

were found to be differentially expressed in class IV neurons between larval and 

pupal stages.  The arrows in the regulation column indicate whether the gene 

was upregulated or downregulated in pupa compared to larva. 
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Figure 10: Cysteine proteinase-1 is upregulated during metamorphosis 

under control of ecdysone hormone. 
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Figure 10.  Cysteine proteinase-1 is upregulated during metamorphosis 

under control of ecdysone hormone.  A.  Live imaging of Cp1::eGFP fluorescence 

in ddaC neurons during larval and pupal stages.  Dashed lines outline the border 

of the neuron soma as determined by concurrently acquired RFP expression 

(data not shown).  Scale bar = 10 µm.  B.  Quantitative analyses of Cp1::eGFP 

fluorescence levels: average ratio of eGFP/RFP signal to noise from ddaC 

neurons, normalized to 1 in 2nd instar larva.  Error bars represent standard error 

of mean, asterisk (*) indicates significance at p<0.01 using two-tailed Student’s t-

test, n≥10 for all conditions.  C.  Live-imaging of Cp1::eGFP fluorescence in ddaC 

neurons expressing dominant negative ecdysone receptor.  Arrows point to RFP+ 

ddaC neurons.  Note that Cp1::eGFP expression in neighboring cells (*) are 

unaffected by UAs-EcR-DN expression via pickpocket-Gal4 driver. 
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Figure 11: Generation and validation of Cp1 MARCM alleles. 
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Figure 11.  Generation and validation of Cp1 MARCM alleles.  A.  

Schematic of Cysteine proteinase-1 genomic structure and location of relevant 

insertions and knockouts as previously described (see text).  The letter “P” 

indicates the location of the peptidase domain.  B.  Recombination strategy for 

generating MARCM alleles of genotype FRT42D, Cp1* (where the astersisk 

represents one of two Cysteine proteinase-1 mutations).  C.  Western blot for 

purified Cysteine proteinase-1 protein expressed in bacteria plasmid pGex6p1.  

The Cp1 band is located at approximately 35 kilodaltons.  D.  Western blot for 

endogenous Cysteine proteinase-1 protein expressed in Schneider 2 cells under 

control or knockdown conditions.  E.  Confocal scans of immunostained 

MARCM clones under control or Cysteine proteinase-1 knockout conditions. 
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Figure 12: Cysteine proteinase-1 is not required for pruning of ddaC 
neurons during metamorphosis. 
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Figure 12.  Cysteine proteinase-1 is not required for pruning of ddaC 

neurons during metamorphosis.  A.  Representative examples of ddaC neurons 

at white pupa and 18 hours APF stages.  Scale bar = 50 µm.  B.  Quantification of 

the number of primary and secondary dendrites attached to the soma.  Error bars 

represent standard error of mean, asterisk (*) indicates significance at p<0.01 

using two-tailed Student’s t-test, n≥8 for all conditions. 
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Figure 13: Cysteine proteinase-1 is not required for early regeneration of 

ddaC neurons during metamorphosis. 
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Figure 13.  Cysteine proteinase-1 is not required early regeneration of 

ddaC neurons during metamorphosis.  A.  Control and Cp1* MARCM clones at 

24 hours APF X-Y maximum projections and dendrite depth trace.  Depth (Z) 

from surface is represented colormetrically (blue = shallow, red = deep) per 

labeled scale bar, black scale bar = 50 µm (X-Y).  A.  Control and Cp1* MARCM 

clones at 72 hours APF X-Y maximum projections and dendrite depth trace.  

Depth per scale bar in Figure 13A, black scale bar = 50 µm (X-Y).  C.  Quantitative 

analysis of complexity (branch points) and depth in control and Cp1* ddaC 

MARCM clones at 24 and 72 hours APF.  Error bars represent standard error of 

mean, n≥10 for all conditions. 
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Figure 14: Cysteine proteinase-1 is necessary for establishment of 

higher order branches during dendrite regeneration. 
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Figure 14.  Cysteine proteinase-1 is necessary for establishment of 

higher order branches during dendrite regeneration.  A.  Representative 

confocal images of live MARCM clones of control, Cp1*, or CP1*;UAS-CP1 

(Rescue) genotypes as X-Y maximum projections and colormetric traces (blue = 

shallow, red = deep) per labeled scale bar, black scale bar = 50 µm.  Note the 

defects in surface dendrite growth (blue) in Cysteine proteinase-1 mutant clones.  

B.  Quantitative analyses of Cysteine proteinase-1 mutant dendrite regrowth 

defects: field area, branch points, depth of primary (1°) and higher-order (HO) 

dendrites from surface, and percentages of total dendrite length that are shallow 

(≤15 µm from body wall) or deep (>15 µm).  Error bars represent standard error 

of mean, asterisk (*) indicates significance at p<0.01 using one-way ANOVA with 

Turkey post-hoc comparison, n≥10 for all conditions. 
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Figure 15: Cysteine proteinase-1 is not required for remodeling of class I 

dendrites during metamorphosis. 
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Figure 15.  Cysteine proteinase-1 is not required for remodeling of class 

I dendrites during metamorphosis.  Live imaging maximum projection (X-Y) of 

representative class I dendritic arborizing neurons 95 hours APF of MARCM 

control or Cp1* genotype.  Scale bar = 50 µm. 
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4. Context-dependent cut isoforms regulate 
dendrite regeneration 

4.1 Summary 
Initial dendrite patterning and subsequent dendrite regeneration occur in 

differing contexts.  How can neurons adapt their intrinsic genetic program to the 

context of dendrite regeneration?  We have observed that Drosophila class IV 

sensory neurons require Cysteine proteinase-1 to correctly regenerate their 

dendrites, however, the mechanism of action remains unclear.  Based on 

previous reports and our observations in other neuronal cell types, we suspected 

Cysteine proteinase-1 might act through the transcription factor cut.  Using 

previously published mutations of cut, we found that the gene is necessary for 

dendrite regeneration during metamorphosis.  Immunostaining of a tagged cut 

protein revealed a change from punctate to diffuse nuclear localization early in 

metamorphosis.  This change required proper function of the Cysteine proteinase-1 

gene.  We suspect that Cysteine proteinase-1 is required to generate a truncated 

cut protein isoform, which has a different effect on dendrite morphogenesis as 

compared to full-length product.  Ectopic expression of truncated cut rescued the 

Cysteine proteinase-1 defect in regeneration, but was deleterious to dendrite 

morphogenesis in larval stages.  These results suggest that upregulation and 

nuclear localization of Cysteine proteinase-1 during metamorphosis might induce 

production of context-specific cut isoforms, which are specifically required 

during dendrite regeneration.  New directions arising from this study include 

potential conservation of this mechanism across species, downstream effectors of 

identified genes, and characterization of other systems subject to context-

dependent dendrite regeneration.
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4.2 Introduction 
This document has thus far described in detail the process of ddaC 

dendrite regeneration and identified the gene Cysteine proteinase-1 as a necessary 

regulator of this process.  Little is known about Cysteine proteinase-1 in Drosophila, 

but better understanding of its downstream targets might yield valuable insights.  

If Cysteine proteinase-1 is necessary for proper dendrite regeneration, what are the 

molecular mechanisms through which this gene can act?   

To answer this question, we consulted the scientific literature for known 

interacting genes.  Few reports have studied Cysteine proteinase-1 in detail in 

Drosophila, but its mammalian homologue, cathepsin L has been studied more 

extensively (Neufeld et al., 1992). As reviewed above, cathepsin L has been 

described in the pathogenesis of several neurodegenerative diseases (Reiser et al., 

2010).  Mice lacking cathepsin B and L suffered from poor survival, neuronal 

dropout, and axonal defects (Felbor et al., 2002). 

As more roles for cathepsin L are being discovered, of particular interest in 

neurobiology is the finding that cathepsin L can localize to the nucleus and 

process the homeobox transcription factor, cut-like protein 1, alternatively known 

as cux1 (Goulet et al., 2004; Moon et al., 2001).  Cut-like protein-1 is a molecularly 

complex transcription factor with four known DNA binding domains: three cut 

repeats and one homeodomain (Jack, 1985; Nepveu, 2001).  Cleavage of the 

protein by cathepsin L has been shown to remove one cut repeat domain and 

alter the transcription of downstream target genes (Goulet et al., 2004).  Although 

this discovery was performed in non-neuronal heterologous cells, there is some 

data implicating a role for cut-like protein 1, and cleavage thereof, in the nervous 

system. 
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Cut-like protein 1 has previously been shown to regulate dendritic 

branching, spine morphology, and synapses in the cerebral cortex (Cubelos and 

Nieto, 2010; Cubelos et al., 2010).  Recently, it was shown that leptin receptors in 

hypothalamic neurons cluster in response to cleaved cut-like protein 1 product but 

do not cluster in response to the full-length protein (Stratigopoulos et al., 2011).  

Perhaps cleavage of cut-like protein 1 by cathepsin L may be a mechanism for the 

control of development and function of neurons.  

In Drosophila, a role for cut in the nervous system (the homolog of 

mammalian cut-like protein 1), has been well established.  In developing olfactory 

projection neurons, mutants for cut failed to target their dendrites to the proper 

glomeruli (Komiyama and Luo, 2007).  Conversely, ectopic expression of cut in a 

subset of normally cut-negative projection neurons also induced targeting 

defects.  From these results, the authors speculated that cut has a role in global 

dendrite targeting, rather than specific targeting to certain glomeruli. 

In the larval dendritic arborizing neurons, cut expression levels were 

found to regulate arbor shape amongst the various neuron classes (Grueber et al., 

2003a).  Higher levels of cut protein were found in the more complex class III and 

IV neurons, while more simple class I and II neurons had low or undetectable 

levels of the protein.  Ectopic expression of cut, or its human homolog, in class I 

neurons induced excessive arborization of larval dendrites (Grueber et al., 2003a). 

Interestingly, cut expression has been shown to persist in larval ddaC 

neurons into late metamorphosis (Shimono et al., 2009).  This implies that, in 

addition to larval morphogenesis, the transcription factor may have a role in 

dendrite remodeling during metamorphosis. 
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In addition to the previous reports of mammalian cathepsin L and cut-like 

protein 1 interaction (Goulet et al., 2004; Moon et al., 2001), one other piece of 

evidence caused us to suspect a relationship in Drosophila.  It was observed that 

although class IV arbors deficient for Cysteine proteinase-1 failed to regenerate 

correctly, class I dendrites regenerated normally (Figure 14).  Although we have 

not focused on this neuron class in this study, these cells are also known to 

undergo pruning and regeneration during metamorphosis (Williams and 

Truman, 2004; Williams and Truman, 2005b).  Given that class I neurons are 

known to lack cut protein and are unaffected by Cysteine proteinase-1 mutation, 

we speculated that there might be a link between these two genes in the cut-

expressing class IV neuron.   

To test this hypothesis, we studied previously reported MARCM alleles 

of cut (Grueber et al., 2003a).  In this section, we report that cut MARCM clones 

are defective in dendrite regeneration in a manner that phenocopies the Cysteine 

proteinase-1 defect.  We further provide genetic evidence that these genes interact 

to yield a truncated cut transcription factor isoform.  This shortened cut protein 

localizes differently in the nucleus as compared to full-length protein.  Ectopic 

expression of truncated cut in larvae leads to gross dendritic defects, suggesting 

that this process is specific to regeneration during metamorphosis.  Taken 

together, these results suggest a pathway that links ecdysone signaling to cut 

processing via Cysteine proteinase-1.

4.3 Materials and Methods 
The fly stocks used in this section include pickpocket-Gal4; pickpocket-Gal4, 

UAS-mCD8::GFP (Grueber et al., 2007), FRT19A, cut145 (Grueber et al., 2003a), w, 

FRT19A, tub-Gal80; 109(2)80-Gal4, UAS-mCD8::GFP, hs-FLP (Y-N. Jan, University 
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of California, San Francisco), cutn (Bloomington stock #XXX), FRT42D, CP1llcnbw 

(described above), and w, elaV-Gal4, UAS-mCD8::GFP, hs-FLP; FRT42D, tub-Gal80 

(L. Luo, Stanford University). 

To create UAS-myc-Cut-HA flies, the cut coding sequence (a gift from W. 

Grueber, Columbia University) was PCR amplified with primers 

GCGGTACCATGGAACAAAAACTAATATCAGAAGAAGACCTACAGCCAA

CATTGCCACAAGCCGC and GCCCCGGGAGTAGTTCCAACCGGCTGCCGC 

and subcloned into KpnI and XmaI  sites of pCMV-HA (a gift from V. Bennett, 

Duke University), then transferred to KpnI and XbaI sites of pUASt-attB 

(Genbank EF362409).  Insertions were targeted to the attP2 site with ΦC31 

integrase-expressing flies (Groth et al., 2004).  UAS-myc-Cut1176-2207-HA flies was 

created by excising 3.6 kb with EcoRI and XhoI and inserting an oligonucleotide 

of sequence GAATTCATGCAAGATCTCTCGAG; this construct was targeted to 

attP2 as above. 

Immunostaining was performed as previously described (Grueber et al., 

2003a) using mouse anti-cut 2B10 (1:20, Developmental Studies Hybridoma 

Bank), custom rabbit polyclonal anti-Cp1 (1:20), mouse anti-HA (1:500, Covance), 

goat anti-myc (1:250, Abcam), chicken anti-GFP (1:2000, Aves), and fluorescence-

linked secondary antibody (1:200; Jackson).  Dendrites of third instar larval 

animals were filleted, fixed one hour, briefly washed, mounted on glass slides, 

and imaged immediately without antibody amplification of GFP signal. 

Expression of cut protein in Schneider 2 cells was performed by co-

transfecting a 4:1 molar ratio of cut-containing plasmid and spaghetti squash-Gal4 

plasmid using standard calcium phosphate methods (Echalier, 1997). 
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Western blots were performed according to standard protocols using 

mouse anti-cut 2B10 (1:100, Developmental Studies Hybridoma Bank), mouse 

anti-HA (1:2000, Covance), and mouse anti-actin (1:5000, Abcam). 

4.4 Results 

4.4.1 Transcription factor cut expression in class IV neurons 
during metamorphosis 

In the previous chapter, we showed that dendrite regeneration in class IV 

dendritic arborizing neurons requires Cysteine proteinase-1.  While this gene was 

identified in a forward genetic screen, its mechanism of action in the developing 

neuron remains unclear.  Two facts caused us to suspect the homeobox 

transcription factor cut as a possible interacting partner with Cysteine proteinase-1: 

1) we observed that mutations in the protease affected cut-positive class IV 

neurons but not cut-negative class I neurons and 2) prior studies have shown 

interactions between the mammalian homologs of the two genes.  In this study, 

we decided to study the role of cut and its potential regulator, Cysteine proteinase-

1 during dendrite regeneration. 

Although cut expression has been reported in larval and pharate adult 

ddaC neurons (Grueber et al., 2003a; Shimono et al., 2009), we wondered if the 

gene is expressed earlier in metamorphosis.  Staining with a monoclonal mouse 

antibody at 1:20 dilution against cut protein identified cut expression in both 

white pupa and 24 hours APF class IV neurons (Figure 16A).  However, 

consistent with previous reports, we found cut staining to be variable and 

difficult to reproduce in certain conditions.  

For this reason, we created a UAS-cut-HA p-element insertion to express a 

tagged cut specifically in class IV neurons (Figure 18C).  We next crossed this line 
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to pickpocket-Gal4; UAS-mCD8::eGFP transgenes to visualize HA-tagged cut 

protein in ddaC neurons during metamorphosis.  Staining with anti-HA and 

anti-eGFP antibodies showed that Cut-HA is localized to nuclear punctae in 

ddaC neurons in white pupae at the start of metamorphosis (Figure 16B). These 

punctae did not appear to colocalize with DAPI spots.  Interestingly, at 24 hours 

APF, HA antibody staining showed a change in nuclear localization patterns 

from punctate to diffuse (Figure 16B). 

These results confirm cut nuclear expression into metamorphosis, but 

yield new insight into the localization of the protein at various stages.  As cut is 

expressed in the right place at the right time to be implicated in dendrite 

regeneration, we decided to use previously published MARCM knockout alleles 

to test for the role of the gene in dendrite regeneration during metamorphosis. 

4.4.2 Establishment of higher order branches during dendrite 
regeneration requires cut 

As cut expression persists into metamorphosis, we wondered if it might 

have a role in dendrite regeneration.  To study this question, we performed 

MARCM as previously described to generate single-cell cut knockout clones in a 

heterozygous animal background (Wu and Luo, 2006).   

After identifying mutant clones as class IV neurons in white pupae, we 

then followed them into metamorphosis and imaged at various time points.  

Knockout cut clones were observed to prune larval dendrites, elaborate neurites, 

and extend a primary dendrite without defect in dendrite branch points, field 

area, or dendrite depth (Figure 17B).  However, when we observed cut clones at 

95 hours APF, we noted several gross morphological defects (Figure 17).  

Compared to controls, the knockout neurons lacked most of the higher order 
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arbors usually present at this stage (Figure 17A).  This defect led to a dramatic 

decrease in both dendrite field area and branch point number (Figure 17B). 

When we analyzed the depth of the dendritic arbors, we noted that cut 

clones failed to target the body surface as control neurons do.  Although mutant 

primary dendrites were of appropriate length and depth, their secondary arbors 

were shorter and deeper than the control counterparts (Figure 17B).  While 

control clones had 92% of their arbors located less than 15 µm below the surface, 

knockout clones had only 11% of their arbors located less than 15 µm shallow 

(Figure 17B).  Moreover, those few mutant dendrites that did reach the surface 

did not branch out from the point of contact (Figure 17A).   

This observation was not likely due to a general delay in metamorphosis, 

as heterozygous animals still eclosed at 95 hours APF.  Mutant MARCM clones 

from 1 day old adult animals appeared similarly unbranched as those of 95 hours 

APF pupae.  Moreover, this observation was not likely due to a tiling defect 

caused by over-exuberant, nearby, unlabeled dendrites.  In rare instances when 

class IV clones were generated in adjacent hemisegments, both neurons were 

observed to have a similar phenotype. 

One intrinsic limitation to the MARCM technique is the presence of 

knockout clones that are unlabeled by GFP (Lee and Luo, 2001).  It is therefore 

possible that the phenotype visualized might be due to genetic disruption in a 

nearby, mutant but unlabeled cell.  To address this concern, we used the 

aforementioned UAS-cut transgenic line in the background of cut MARCM.  

Since Gal4 is only active in GFP-labeled cells, this allows for a cell-intrinsic rescue 

of the knockout genotype. 
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Expression of UAS-cut in mutant MARCM clones resulted in substantial 

rescue of the knockout phenotype (Figure 17A).  Dendrite branch point number 

was increased and field area was similar to controls (Figure 17B).  Importantly, 

secondary arbors projected upwards, contacted the surface, and elaborated to 

cover the body wall (Figure 17A).  84% of the average dendrite length of all 

rescue clones was located less than 15 µm shallow to the surface (Figure 17B).  

From these results, we concluded that the defect observed in cut clones is 

due to cell-specific requirements for the cut gene during metamorphosis.  The 

genetic knockout results in class IV neurons being unable to completely regrow 

or correctly target their dendrites.  This knockout was cell-specific, as expression 

of a UAS-cut insertion in the cell was sufficient to rescue the phenotype.  To our 

knowledge, this is the first gene known to direct larval dendrite morphogenesis 

that has also been implicated in IV neuron dendrite regeneration during 

metamorphosis. 

4.4.3 A truncated protein isoform of cut genetically interacts 
with Cysteine proteinase-1 

The similarities in higher-order dendrite defects between cut and Cysteine 

proteinase-1 mutant ddaC neurons led us to probe further their molecular 

connections.  We wondered if there was an interaction between these two genes 

that might affect dendrite regeneration. 

The cut gene is so named for the appearance of cut wings on flies carrying 

certain alleles of the gene (Johnson and Judd, 1979; Morgan et al., 1925; Plough 

and Ives, 1935).  We used the cutn allele to study transheterozygous interactions 

between cut and Cysteine proteinase-1 (de Celis and Bray, 1997).  In our hands, 

transheterozygous animals did not display an enhancement of the wing 
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phenotype.  However, Cysteine proteinase-1 is not known to be expressed in the 

developing wing (Blanco et al., 2010), so from this experiment we were unable to 

conclude definitively if an interaction exists between these genes.  Moreover, we 

are interested in the function of these genes in class IV dendrite regeneration, so 

we decided to continue probing possible genetic interactions in this system. 

Previously, we showed that nuclear localization of cut protein changes 

from punctate to diffuse in the nucleus early in metamorphosis (Figure 16B).  If 

these nuclear localization changes reflect binding specificities of full-length cut in 

white pupae (punctate) and a putative truncated cut isoform at 24 hours APF 

(diffuse), then we predicted a defect in this transition in the absence of Cysteine 

proteinase-1. When UAS-cut-HA was expressed in Cysteine proteinase-1 mutant 

ddaC neurons, HA-antibody staining showed distinct nuclear spots in both 

white pupae and at 24 hours APF (Figure 18A), suggesting that Cysteine 

proteinase-1 is necessary for changes in cut localization patterns during 

metamorphosis. 

In mammalian systems, the homolog of Cysteine proteinase-1 is known to 

proteolytically cleave the homolog of cut to produce a truncated isoform (Goulet 

et al., 2004).  To our knowledge it is currently unclear whether Drosophila cut can 

be processed into distinct isoforms.  Nevertheless, we set out to test whether a 

portion of Cysteine proteinase-1 function in ddaC neuron dendrite regrowth is to 

produce a truncated cut protein isoform with divergent functions from the full-

length protein.  To test for the existence of a truncated isoform, we performed 

western blotting for cut protein on total protein lysates from larvae and 24 hours 

APF pupae.  We detected a significant increase in the overall levels of cut protein 

from larval to pupal stages; additionally, we were able to detect several protein 
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bands in pupal samples smaller than the predicted 260 kilodalton full length 

protein (Figure 18B).  The monoclonal anti-cut antibody was raised against a 

peptide fragment of the far c-terminal portion of the protein, near the 

homeodomain (Figure 18C).  Therefore, we surmised that our western blot data 

might be detecting truncated isoforms of cut protein lacking portions of the n-

terminal end of the protein. 

Previously, it has been noted that Drosophila embryos have two distinct 

isoforms of cut, both over 200 kilodaltons in size (Blochlinger et al., 1990).  In 

contrast, Drosophila pupae appear to have at least three detectable isoforms of cut 

of approximately 260, 160, and 120 kilodaltons in size.  Interestingly, the 160 

kilodalton fragment corresponds by homology to a known 110 kilodalton 

truncated isoform of mammalian cut-like protein 1 (Goulet et al., 2004; 

Stratigopoulos et al., 2011).  Since we have demonstrated that this size protein 

exists in Drosophila pupae, we decided to study this isoform in greater detail. 

Based on homology to mammalian cut-like protein 1, we generated a UAS-

cut1176-2207-HA expression vector line containing amino acids 1176 to 2207 from the 

full-length 2207 amino acid cut protein, including 2nd and 3rd cut repeats and 

homeodomain (Figure 18C).  To validate that expression of our truncated cut 

protein could yield a similarly-sized protein to the endogenous form, we co-

transfected tagged full-length and truncated cut vectors into Schneider 2 cells 

along with spaghetti squash-Gal4 expression vector.  Western blot analysis with 

anti-HA antibody verified the presence of a 260 kilodalton band in the full-length 

expression vector (Figure 18D).  In the UAS-cut1176-2207-HA condition, the largest 

detectable band was approximately 160 kilodaltons in size, corresponding to the 

endogenous truncated cut protein length (Figure 18B and 18D).  It bears 
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mentioning at this point that we also created three other truncated cut constructs 

and transgenic flies: one lacking the N-terminal region but with no disruption to 

the cut repeats, one lacking cut repeats 1 and 2, and one lacking all 3 cut repeats.  

We did not observe any phenotype in these other truncation mutants and 

therefore we do not discuss them further in this report. 

We then created transgenic fly lines capable of expressing UAS-cut1176-2207-

HA truncated cut protein to understand the role of cut isoforms in Cysteine 

proteinase-1 mutants.  Importantly, we targeted both UAS-cut-HA and UAS-cut1176-

2207-HA to the attP2 site on chromosome 3 with ΦC31 integrase-expressing flies 

(Groth et al., 2004).  This site-directed insertion helps control for any positional 

effects influencing gene expression differently between the two transgenes. 

When expressed in Cysteine proteinase-1 ddaC MARCM clones, HA 

antibody staining for truncated cut1176-2207-HA showed consistently diffuse 

nuclear localization at 24 hours APF (Figure 18E).  These results suggest that a 

truncated cut protein could serve different functions than the full-length protein 

in the developing neuron.   

To test this hypothesis, we analyzed dendrite regeneration in Cysteine 

proteinase-1 mutants carrying either UAS-cut-HA or UAS-cut1176-2207-HA 

transgenes.  Cysteine proteinase-1 mutants expressing UAS-cut-HA were still 

defective in dendrite targeting (Figure 19A).  By quantitative metrics of branch 

point number, field area, dendrite depth, and percentage dendrite length above 

15 µm, the mutants expressing cut-HA were not significantly different from 

straight Cysteine proteinase-1 knockout cells (Figure 19B).  Interestingly, 

expression of cut1176-2207-HA transgene allowed for partial rescue of the Cysteine 

proteinase-1 mutant phenotype (Figure 19A).  Neurons of this genotype were 



 

 119 

found to have more branch points and fill a larger area than controls (Figure 

19B).  Noticeably, these neurons were able to target secondary dendrite branches 

to the body wall and arborize in this plane.  While only 18% of dendrites in cut-

HA expressing neurons were less than 15 µm from the body wall, 91% of 

dendrites in cut1176-2207-HA expressing neurons were targeted to this space. 

From these results, we have evidence of a context-dependent interaction 

between cut and Cysteine proteinase-1.  The stage-dependent changes in cut 

protein levels raised the intriguing possibility that cut1176-2207 may function to 

translate hormonally-induced signals from Cysteine proteinase-1 into lasting 

changes in dendritic structure.  If this is the case, then one would predict that 

activating this program out of context should induce dendritic arbor alterations. 

4.4.4 Ectopic expression of context-dependent cut isoforms 
disrupts dendrite morphogenesis 

Although the cut1176-2207 isoform may serve to promote dendrite 

regeneration, we did not detect the presence of this protein in larval stages.  If 

this protein is able to direct dendrite arbor development, we expect that ectopic 

expression in an earlier stage will disrupt dendrite morphogenesis.  To test this 

hypothesis, we expressed both cut-HA and cut1176-2207-HA with pickpocket-Gal4 and 

visualized larval dendrites with a UAS-mCD8::GFP reporter.   

By gross inspection, control and cut-HA expressing neurons were 

morphologically similar, but cells expressing cut1176-2207-HA appeared abnormal 

(Figure 20A).  Quantitative analysis determined that neurons in all three 

conditions elaborated primary dendrites, and the outer bounds of all dendrites 

circumscribed the same field area (Figure 20B).  However, neurons expressing 

cut1176-2207-HA had a significantly diminished number of branch points and total 
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dendrite length.  In short, the cells expressing truncated cut protein had low 

density fields and skeletonized dendrite appearance (Figure 20A).  Some small 

spiked protrusions were observed in these dendrites, although it is not clear if 

these represent the stunted growth of class IV-type dendrites or the new 

emergence of class III-type dendrites. 

To better understand the nuclear activity of truncated cut protein, we 

stained overexpressing larval neurons for GFP and HA and imaged the nuclei 

(Figure 20C).  As expected, cells expressing cut-HA had punctate nuclear HA 

staining, a finding consistent with the expression pattern in white pupa (Figure 

16B).  In contrast, neurons expressing cut1176-2207-HA had a diffuse nuclear 

localization pattern at the 3rd instar larval stage (Figure 20C).  Interestingly, the 

staining pattern of cut1176-2207-HA protein mimics the staining pattern of cut-HA 

protein at 24 hours APF during metamorphosis (Figure 16B and 20C). 

Although cut1176-2207-HA has been shown to promote dendrite regeneration 

(Figure 19), here we have shown that precocious expression can be deleterious to 

dendrite morphogenesis (Figure 20).  These results suggest that different 

isoforms of the transcription factor cut, expressed in different locations at 

different times, might be a mechanism to regulate context-dependent changes in 

gene function.  Based on nuclear staining and dendrite phenotypes (Figure 18 

and 19), we hypothesized that Cysteine proteinase-1 might play a role in this 

process. 

4.4.5 Cysteine proteinase-1 protein localization changes during 
metamorphosis 

We speculated that a direct protein-protein interaction between Cysteine 

proteinase-1 and the transcription factor cut might be responsible for the 
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generation of truncated cut isoforms.  It is unclear, however, how these proteins 

might interact only in certain conditions to generate context-specific changes. 

To address this, we first asked how Cysteine proteinase-1 might come in 

direct contact with cut protein only under certain conditions.  We revisited 

earlier data demonstrating the nuclear localization of endogenous cut (Figure 

16), but noted the cytoplasmic localization of Cp1::GFP fusion protein (Figure 

10).  This observation is consistent with previous reports that Cysteine 

proteinase-1 protein is a lysosomal enzyme in vitro (Tryselius and Hultmark, 

1997).  However, we noted that both Cp1::GFP insertion lines were lethal prior to 

metamorphosis in animals homozygous for the inserted transgene.  We 

suspected that the GFP insertions into the Cysteine proteinase-1 locus might result 

in a nonfunctional protein, which could in turn be mislocalized in the cell. 

We crossed Cp1::GFP males with pickpocket-Gal4, UAS-mCD8::RFP females 

and stained the progeny with antibodies against GFP, RFP, and the Cysteine 

proteinase-1 antibody (Figure 21A).  We noted that in white pupa animals, 

staining of Cp1::GFP and endogenous protein were both enriched in the 

cytoplasm.  However, at 24 hours APF, Cp1::GFP staining remained mostly 

cytoplasmic, while staining for endogenous protein was mostly found in the 

nucleus (Figure 21A).  

To test the role of ecdysone in this cytoplasmic to nuclear shift in Cysteine 

proteinase-1 localization, we expressed a dominant negative form of the ecdysone 

receptor in class IV neurons (Cherbas et al., 2003).  As previously indicated, this 

dominant negative blocks expression of Cysteine proteinase-1 (Figure 10).  To 

study the role of ecdysone on protein localization, we concurrently expressed 

Cysteine proteinase-1 under GAL4-UAS control in the ecdysone dominant 
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negative cells (Figure 21B).  Interestingly, the Cysteine proteinase-1 protein in 

cells with dominant negative ecdysone receptor was found to be cytoplasmic 

whereas control cells had nuclear Cysteine proteinase-1 protein (Figure 21B).   

This result demonstrates a context-dependent change in the localization 

of Cysteine proteinase-1 protein during metamorphosis.  Moreover, we have 

presented evidence that ecdysone signaling controls Cysteine proteainase-1 at the 

level of both genetic expression and protein localization.  Although we have 

indicated the possibility for direct proteolytic cleavage of cut protein at this 

phase, the exact sequence of events leading to the presence of truncated cut 

remains unclear.

4.5 Discussion 
In this section, we have described several context-dependent changes in 

cut and Cysteine proteinase-1 function and provided evidence for a genetic 

interaction between the two.  Expression of an HA-tagged cut construct allowed 

us to visualize changes from punctate to diffuse nuclear localization patterns 

during metamorphosis.  Mutations in the cut gene caused a dendrite 

regeneration defect similar to that observed in Cysteine proteinase-1 knockout 

neurons.  We then demonstrated that Cysteine proteinase-1 is necessary to induce 

cut nuclear localization changes during metamorphosis.  Biochemical analysis 

indicated the presence of a truncated cut protein isoform present in pupa.  This 

truncated cut isoform was sufficient to promote dendrite regeneration while the 

full-length protein was not.  In the converse experiment, ectopic expression of 

truncated cut in larval stages disrupted dendrite morphogenesis, while the full 

length protein had no deleterious effect.  We believe that Cysteine proteinase-1 

protein may be able to regulate the production of distinct cut isoforms through 
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upregulation and translocation to the nucleus in a context-dependent manner 

during metamorphosis.   

Further experiments will be required to demonstrate direct protein-

protein interaction between cut and Cysteine proteinase-1.  Additionally, it will 

be of interest to study the potential conservation of this mechanism across 

species, the possible downstream effects of cut target genes, and characterization 

of other systems subject to context-dependent dendrite regeneration.  We believe 

our findings, as well as the unique reagents generated in this study, will provide 

researchers with valuable tools to begin answering these questions. 

The downstream effectors of cut are not well understood.  In Drosophila, 

only a few genes have been directly linked to cut, including the noncoding RNA 

bereft (Hardiman et al., 2002) and the immunoglobulin superfamily member turtle 

(Sulkowski et al., 2011).  Meanwhile, the mammalian literature has benefited 

from high-throughput methods to identify potential targets of cut-like protein 1 

and 2 (Cubelos et al., 2010; Khanna-Gupta et al., 2003; Li et al., 2010).  Until now, 

experimental conditions were prohibitive to perform chromatin 

immunoprecipitation in Drosophila to determine cut targets.  However, we could 

conceive of a project using HA-tagged cut to pull down DNA-bound protein 

from Schneider 2 cells in culture and assay for binding targets.  Performing this 

experiment in parallel with truncated cut could also point to genes that are 

differentially regulated between morphogenesis and regeneration.  These data 

would be especially valuable because the Drosophila system provides an 

established, tractable platform to screen microarray-generated gene lists in vivo. 

In addition to the transcriptional targets of cut, we are curious about the 

potential roles of cut in chromatin modification.  In mammalian systems, cut-like 
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protein 1 and 2 were shown regulate expression the chromatin remodeling genes 

X-linked lymphocyte regulated 4b and 3b (Cubelos and Nieto, 2010; Cubelos et al., 

2010).  Cux1 has additionally been shown to directly recruit a histone 

methyltransferase to specific sites to repress transcription (Nishio and Walsh, 

2004).  Our data indicating a transition from punctate to diffuse cut localization, 

all the while not localizing with DAPI heterochromatin, also suggest there might 

be a role for cut in epigenetic modifications in class IV neurons.  How such a 

process might be regulated would be of interest in this and other systems. 

Regulation of cut itself is a complex process.  Reports on cut-like protein-1 

have implicated serine/threonine phosphorylation and dephosphorylation, 

proteolytic processing by cathepsin L and an unidentified caspase, and acetylation 

by an acetyl-transferase (Sansregret and Nepveu, 2008; Truscott et al., 2007).  

How these many regulators work as an ensemble remains unclear.  Our data and 

other reports point to context-dependent induction of regulatory systems that 

modify cut function to respond to stimuli.  This interesting avenue of research 

will provide understanding in how transcriptional programs are reused with 

modifications in a context-dependent manner. 

Finally, these data raise the question as to how Cysteine proteinase-1 can 

translocate to the nucleus specifically during metamorphosis.  We have 

presented evidence that ecdysone signaling, in addition to promoting expression, 

is also necessary for nuclear localization of the protein.  The exact mechanism 

whereby Cysteine proteinase-1 is translocated to the nucleus remains unclear at 

this time.  There is evidence that Cysteine proteinase-1 itself could take on several 

different isoforms with different localization signals (Goulet et al., 2004).  In this 

model, a modification to a lysosomal protease can affect the transcriptional 
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activity of an important transcription factor and, by extension, result in long-

term structural changes.  Understanding the many regulatory mechanisms 

influencing this and other pathways in dendrite regeneration will provide useful 

insight into nervous system function in health and disease.  
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4.6 Figures 

 

Figure 16: Transcription factor cut expression in class IV neurons 
during metamorphosis. 
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Figure 16.  Transcription factor cut expression in class IV neurons 

during metamorphosis.  A.  Representative confocal images of fluorescence 

immunostaining of endogenous cut protein at white pupa and 24 hour APF 

stages.  Scale bar = 10 µm.  B.  Representative confocal images of fluorescence 

immunostaining of HA-tagged cut protein at white pupa and 24 hour APF 

stages.  Note in Cut-HA panels the presence or absence of puncta depending on 

developmental stage.  Moreover, note that cut-HA does not colocalize with 

bright DAPI spots.  Scale bar = 10 µm. 
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Figure 17: Establishment of higher order branches during dendrite 

regeneration requires cut. 
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Figure 17.  Establishment of higher order branches during dendrite 

regeneration requires cut.  A.  Representative confocal images of live MARCM 

clones of control, Cut*, or Cut*;UAS-Cut (Rescue) genotypes as X-Y maximum 

projections and colormetric traces (blue = shallow, red = deep) per labeled scale 

bar, black scale bar = 50 µm.  Note the defects in surface dendrite growth (blue) 

in cut mutant clones.  B.  Quantitative analyses of cut mutant dendrite regrowth 

defects: field area, branch points, depth of primary (1°) and higher-order (HO) 

dendrites from surface, and percentages of total dendrite length that are shallow 

(≤15 µm from body wall) or deep (>15 µm).  Error bars represent standard error 

of mean, asterisk (*) indicates significance at p<0.01 using one-way ANOVA with 

Turkey post-hoc comparison, n≥8 for all conditions. 
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Figure 18: A naturally-occurring truncated isoform of cut protein 

interacts with Cysteine proteinase-1. 
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Figure 18.  A naturally-occurring truncated isoform of cut protein 

interacts with Cysteine proteinase-1.  A.  Representative confocal images of 

fluorescence immunostaining of HA-tagged cut protein at white pupa and 24 

hour APF stages in Cp1* neurons.  Note the persistently punctate localization of 

HA at both time points.  Scale bar = 10 µm.  B.  Western blot of whole animal 

lysates from 3rd instar larvae or 24 hours APF pupae for endogenous cut and 

actin.  Note the presence of ~160 kilodalton band in the pupal stage.  C.  

Schematic full length and truncated cut expression vectors.  CR = cut repeat, HD 

= homeodomain, HA = Human influenza hemagglutinin tag.  The numbers in 

Cut1176-2207-HA correspond to the amino acid residue numbers preserved from full 

length Cut-HA.  D.  Western blot against HA and actin proteins of Schneider 2 

cell lysates after transfection with spaghetti squash-Gal4 and either empty vector, 

UAS-Cut-HA, or UAS-Cut1176-2207-HA.  Note the size of the ~260 kilodalton full-

length form and the ~160 kilodalton truncated form.  E.  Representative confocal 

images of fluorescence immunostain against HA in 24 hours APF animals 

expressing  Cut1176-2207-HA protein in Cp1* neurons.  Note the diffuse localization 

of HA at this time point.  Scale bar = 10 µm. 
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Figure 19: A truncated isoform of cut protein promotes dendrite 

regeneration in Cysteine proteinase-1 mutant neurons. 
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Figure 19.  A truncated isoform of cut protein promotes dendrite 

regeneration in Cysteine proteinase-1 mutant neurons.  A.  Representative 

confocal images of live MARCM clones of CP1*;UAS-Cut-HA or CP1*;UAS-

Cut1176-2207-HA genotypes as X-Y maximum projections and colormetric traces 

(blue = shallow, red = deep) per labeled scale bar, black scale bar = 50 µm.  Note 

the defects in surface dendrite growth (blue) in Cut-HA expressing clones, but 

the relative restoration in Cut1176-2207-HA expressing clones.  B.  Quantitative 

analyses of CP1*;UAS-Cut-HA and CP1*;UAS-Cut1176-2207-HA mutant dendrite 

regrowth defects: field area, branch points, depth of primary (1°) and higher-

order (HO) dendrites from surface, and percentages of total dendrite length that 

are shallow (≤15 µm from body wall) or deep (>15 µm).  Error bars represent 

standard error of mean, asterisk (*) indicates significance at p<0.01 using one-

way ANOVA with Turkey post-hoc comparison, n≥8 for all conditions. 
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Figure 20: Ectopic expression of context-dependent cut isoforms 

disrupts dendrite morphogenesis. 
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Figure 20.  Ectopic expression of context-dependent cut isoforms 

disrupts dendrite morphogenesis.  A.  Fixed-tissue images of ddaC neurons 

from 3rd instar larvae expressing either Cut-HA or Cut1176-2207-HA.  Red dashed-

boxes are shown as corresponding close-up panels.  Scale bar = 50 µm.  B.  

Quantitative analyses of 3rd instar ddaC neuron dendrite phenotypes: field area, 

branch points.  Cont. = control cells.  Error bars represent standard error of 

mean, asterisk (*) indicates significance at p<0.01 using one-way ANOVA with 

Turkey post-hoc comparison, n≥10 in all groups.  C.  Representative confocal 

images of fluorescence immunostain against HA in 3rd instar larval ddaC 

neurons expressing either UAS-Cut-HA or UAS-Cut1176-2207-HA.  Scale bar = 10 µm. 
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Figure 21: Cysteine proteinase-1 protein localization changes during 

metamorphosis under ecdysone control. 
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Figure 21.  Cysteine proteinase-1 protein localization changes during 

metamorphosis under ecdysone control.  A.  Representative confocal images of 

fluorescence immunostaining against GFP, anti-Cp1, and RFP at white pupa and 

24 hours APF stages.  Note the cytoplasmic localization of endogenous Cp1 at 

white pupa stage and nuclear localization of the same at 24 hours APF stage.  

Scale bar = 10 µm.  B.  Representative confocal images of fluorescence 

immunostainng against GFP and anti-CP1 at 24 hours APF in animals expressing 

Cp1 under UAS control with or without co-expression of dominant-negative 

ecdysone receptor.  Scale bar = 10 µm.  
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5. Discussion 

5.1 Context-dependent dendrite remodeling 
How does a neuron grow two distinct sets of dendrites?  In this study, we 

have characterized the regeneration of Drosophila class IV neuron ddaC dendrites 

during metamorphosis.  In this new analysis, we noted that the primary dendrite 

of remodeled neurons lies in a deeper plane than higher order arbors.  Previous 

reports have remarked on the change in shape of pupal dendrites (Kuo et al., 

2005; Shimono et al., 2009; Williams and Truman, 2005a) and the two dimensional 

restrictions of larval dendrites (Han et al., 2012; Kim et al., 2012), however, the 

three dimensional aspect of dendrite remodeling has not been previously 

described. 

This deep primary dendrite, not observed in white pupa stages, indicates 

a distinct mode of growth for the neuron.  Live imaging revealed a dynamic 

process where the neuron, deeper in the tissue, initially sends out many 

branches.  Only one primary dendrite is stabilized and subsequently secondary 

arbors stabilize and branch out after contacting the body wall.   

This mode of growth might also occur in other systems.  For example, 

Drosophila olfactory projection neurons are known to target dendrites to discreet 

glomeruli during metamorphosis via homeotypic attraction and heterotypic 

repulsion (Jefferis et al., 2001).  In vertebrates, zebrafish retinal ganglion cells 

elaborate many fine dendritic processes and target certain dendrites to laminated 

afferents, possibly under the direction of nearby amacrine cells (Mumm et al., 

2006).  How intracellular regulators and extracellular cues work together to 

direct remodeling is an area of ongoing interest in both dendrites and other 

tissues.   
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In class IV neurons, analysis of the surrounding tissue has shed light on 

dendrite growth and remodeling in different contexts.  For example, larval 

dendrites have been shown to insert into the epidermis as a mode of dendrite 

growth and maintenance (Han et al., 2012; Kim et al., 2012; Parrish et al., 2009).  

Adult dendrites have been shown to remodel in response to epithelial-regulated 

basement membrane modifications (Yasunaga et al., 2010).  During 

metamorphosis, we have shown the developing class IV neuron in context with 

several extracellular factors, including epidermis, muscle, and extracellular 

matrix.  As the extracellular environment changes, does the regenerating neuron 

receive signals from that environment?   

In our Drosophila system, the extracellular changes we observed were due 

to normal developmental maturation.  In class IV neurons subjected to injurious 

stimuli, researchers noticed similarities and differences in the mechanisms 

regulating this remodeling compared to developmental pruning (Tao and Rolls, 

2011).  If some regulatory processes are conserved across these two contexts, it 

will be interesting to see what mechanisms are conserved in other species and in 

medically relevant conditions.  

In Drosophila metamorphosis, one extracellular signal acting on the class 

IV neuron is the steroid hormone ecdysone.  We performed a genetic screen for 

genes upregulated in class IV neurons during metamorphosis and identified the 

ecdysone-dependent protease Cysteine proteinase-1.  We generated single-cell 

mutants of this gene and noted that the mutation disrupted dendrite 

regeneration in class IV neurons.  When lacking Cysteine proteinase-1, class IV 

neurons were able to elaborate transient neurites and stabilize a primary 

dendrite, but failed to target and elaborate higher order arbors at the body wall. 
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Although Cysteine proteinase-1 has not been previously described in the 

function of the Drosophila nervous system, it has been studied in the context of 

apoptosis (Chittaranjan et al., 2009; Gorski et al., 2003; Neumüller et al., 2012).  In 

humans, the homologous gene cathepsin L has been implicated in a variety of 

clinical conditions outside the nervous system (Reiser et al., 2010).  In the nervous 

system, it has been linked to Alzheimer’s disease (Hook et al., 2007), shown to 

proteolytically process peptide neurotransmitters (Yasothornsrikul et al., 2003), 

promote axon outgrowth (Sevenich et al., 2006), and prevent cortical atrophy 

(Felbor et al., 2002).  How is the pleotropic nature of this gene controlled?  

Studying the context of expression, localization, and other interacting proteins 

will provide answers to this question. 

In our system, we noticed that Cysteine proteinase-1 mutations in 

regenerating class I neurons failed to yield a dendrite phenotype.  This argues 

against a role for the gene in general dendrite development, say, as a necessary 

regulator of actin branching or membrane transport.  Instead, this suggests a 

more context-dependent regulatory role for Cysteine proteinase-1 suited to the 

needs of the individual class IV cell.   

While many genes have been described as important for the regulation of 

dendrite morphogenesis in Drosophila dendritic arborizing neurons, few have 

been implicated in exerting class-specific control.  One such gene is the 

homeobox transcription factor cut.  Differential levels of the cut protein have 

been shown to affect dendrite class type with the general trend that more cut 

leads to more complex structures (Grueber et al., 2003a).  In larvae, class IV 

mutants lacking the cut gene had defects in dendrite morphogenesis, but 
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mutations in class I cells had no effect.  This result prompted us to study the role 

of cut in relation to Cysteine proteinase-1 in dendrite regeneration.   

We used previously published cut alleles to generate single-cell 

knockouts of the gene during dendrite regeneration.  Mutant neurons were able 

to prune their dendrites and subsequently stabilize a primary dendrite, but were 

unable to complete the targeting and elaboration phases of dendrite 

regeneration.  Interestingly, the resultant dendrite phenotype observed at the 

end of metamorphosis is different from the branching defects observed during 

larval stages.  Since dendrite regeneration occurs in a different context than 

initial dendrite patterning, we speculated that a context-dependent change was 

influencing cut function in these cells.  Such a change could provide insights into 

the general mechanism of how this cell is able to generate two morphologically 

distinct sets of dendrites during its lifetime.  Because the phenotype in cut-

deficient neurons was similar to that induced by Cysteinie proteinase-1 mutation, 

we suspected a link between these two proteins. 

Although not directly demonstrated in this study, one likely link between 

these two proteins is regulation of transcription factor function by proteolysis 

(Goodbourn and King, 1997).  This phenomenon has been observed in several 

other systems, including NFκB (Henkel et al., 1993) and Notch transcription 

factors (Jarriault et al., 1995; Kopan et al., 1996).  In the nervous system, 

transcription factor proteolytic processing can serve as an activity-dependent 

mechanism for transcriptional specificity (Lyons and West, 2011), such as in the 

case of the C-terminal fragment of L-type voltage gated calcium channel Cav1.2 

(Gomez-Ospina et al., 2006).  Cathepsin proteins, related by homology to Cysteine 
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proteinase-1, have been hypothesized to have a role as transcriptional activators 

(Chapman, 2004). 

Interestingly, a link between the mammalian homologs of cut and 

Cysteine proteinase-1 (cut-like protein 1 and cathepsin L, respectively) has been 

previously reported.  In cell culture experiments, it was observed that cathepsin 

L protein can localize to the nucleus and proteolytically process cut-like protein-1 

(Goulet et al., 2004; Moon et al., 2001).  The structure of cut-like protein 1 is 

complex and includes three DNA-binding cut repeats and a DNA-binding 

homeodomain (Jack, 1985; Nepveu, 2001).  Processing by cathepsin L removes 

one cut repeat and changes the activation state of the transcription factor (Goulet 

et al., 2004).   

The current model for understanding cut-like protein 1 activation after 

processing entails switching between suppressor and activator roles at the same 

binding site.  The presence of cut repeat 1 causes the protein to fold and 

aggregate cut repeats 1 and 2 into a DNA-binding cluster (Moon et al., 2000).  

This cluster has CCAAT-displacement activity and acts as a transcriptional 

repressor; the remaining cut repeat and homeodomain are only weakly active in 

this state.  In contrast, with cut repeat 1 removed, the protein reorganizes and 

aggregates cut repeats two and three with the homoedomain to activate 

transcription (Moon et al., 2001).  This indicates a significant role for cut repeat 1 

as an intramolecular regulator of cut transcription factor activity.  Additionally, 

other factors including phosphorylation, caspase cleavage, and acetylation have 

all been implicated in cut-like protein 1 regulation (Sansregret and Nepveu, 

2008). 
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In our experiments, we demonstrated that Cysteine proteinase-1 is 

necessary to induce cut nuclear localization changes from punctate to diffuse 

during metamorphosis.  Additionally, in the absence of Cysteine proteinase-1, 

expression of full-length cut protein was unable to rescue the dendrite 

regeneration phenotype.  Western blots in wild-type animals revealed the 

upregulation of a truncated cut isoform during metamorphosis.  We then created 

an artificial expression transgene for this truncated mutant that lacked the N-

terminal region of the protein, including the first cut repeat.  This cut isoform 

was found to localize diffusely throughout the organism and promote dendrite 

targeting and regeneration in metamorphosis; it was also capable of rescuing the 

mutant Cysteine proteinase-1 dendritic phenotype. 

To our knowledge, this is the first report of a truncated cut isoform 

regulating dendrite development and remodeling.  This isoform has been 

implicated in DNA replication and cell cycle regulation in vitro and leptin 

receptor clustering in vivo (Harada et al., 2008; Li et al., 2010; Stratigopoulos et al., 

2011).  While it is interesting that truncated cut can induce certain functions that 

the full-length protein cannot, how the transcription factor can direct such 

divergent processes indicates that further regulatory mechanisms might control 

this process.  

Although we were able to promote dendrite regeneration in pupa with 

expression of truncated cut, we demonstrated that temporal misexpression of this 

protein caused a significant decrease in the density and complexity of larval 

dendritic arbors as compared to full-length cut and controls.  This deleterious 

effect in larval dendrites (and pro-dendritic function in pupa) indicates the need 

for careful regulation of cut isoform switching within the cell.  Proposed 



 

 144 

mechanisms for controlling cut protein processing include ecdysone-dependent 

expression of Cysteine proteinase-1 and controlled translocation from the 

cytoplasm to nucleus.  Whether these processes are in turn solely controlled by 

ecdysone signaling or are regulated by other signals remains to be seen.   

How does cut function in class IV neurons to influence dendrite 

regeneration?  Early studies of cut in the nervous system identified mutant alleles 

that could induce transformation of external sensory neurons into chordotonal 

neurons in the developing embryo (Blochlinger et al., 1991; Bodmer et al., 1987).  

Later, identification of the four morphological classes of dendritic arborizing 

neurons led to the observation that cut levels controlled dendrite branching in 

these cells (Grueber et al., 2002, 2003a).  However, the role for cut in cell-lineage 

specification presented a problem for understanding its role in developing 

dendrites.  Was the protein affecting both dendritogenesis and cell fate 

independently, or was the former merely a sequelae of the latter?  Persistent 

expression of cut into late larval stages argued for its independent role in 

dendrite morphogenesis (Grueber et al., 2003a).  Moreover, post-mitotic 

overexpression of the gene could also affect dendrite morphology, thereby 

indicating that dendrite shape was not determined by cut in an all-or-nothing 

manner at the time of differentiation.   

Studying cut during metamorphosis provides a unique platform to 

understand the post-mitotic effects of this gene in dendrite morphology.  

Dendrite remodeling in metamorphosis begins with pruning, but pickpocket 

expression remains, so the process of cell fate-specification is temporally 

removed from dendrite regrowth.  The continued presence of cut indicates an 

active role for the gene even at this later stage in development.  We have 
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provided evidence that at this later stage the actions of cut are at least in part 

mediated by a truncated isoform with different localization properties.  What 

exactly the downstream targets of cut might be remains to be seen.   

In Drosophila, few transcriptional targets of cut have been directly 

identified or linked to dendrite morphology.  Overexpression of cut has been 

shown to induce expression of the noncoding RNA bereft, but its function beyond 

bristle morphogenesis is not well understood (Hardiman et al., 2002).  In class IV 

neurons, cut protein has been shown to bind to the promoter region of turtle, an 

immunoglobulin superfamily member necessary for larval dendrite 

morphogenesis (Sulkowski et al., 2011).  There are undoubtedly many more 

genes regulated by the transcription factor cut, some of which might be 

differentially regulated by specific isoforms. 

In mammals, mice lacking cut-like protein 1 and 2 were shown to have 

defects in branching and spine formation in cortical neurons (Cubelos and Nieto, 

2010; Cubelos et al., 2010).  This effect was found to be mediated by the chromatin 

remodeling genes X-linked lymphocyte regulated 4b and 3b.  In another study, cut-

like protein 1 has further been shown to directly recruit a histone 

methyltransferase to specific sites in the genome to repress transcription (Nishio 

and Walsh, 2004).  These results offer interesting insights into the role of cut in 

epigenetic regulation.  Based on cut protein and chromatin staining, we speculate 

that context-dependent cut isoforms might also function at the level of DNA 

structure regulation. 

Other genes regulating and being regulated by cut will likely come from 

genetic screens and high-throughput approaches (Hulea and Nepveu, 2012).  In 

this study, I have reported the results of a genetic screen that identified Cysteine 
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proteinase-1 as a potential regulator of cut.  In mammals, the use of microarray 

technology has generated many potential targets of the cut-like protein 1 and 2 

genes (Khanna-Gupta et al., 2003; Li et al., 2010).   

This approach might now be more feasible in Drosophila with the 

generation of transgenic flies expressing recombinant, tagged cut protein.  

Furthermore, it would be interesting to understand the functions of the various 

cut isoforms by running parallel experiments using the two recombinant tagged 

cut constructs.  These data would be especially valuable because the Drosophila 

system provides an established, tractable platform to screen microarray-

generated gene lists in vivo. Elucidating the processes regulating dendrite 

remodeling will provide useful insight into nervous system function in health 

and disease.

5.2 How do dendrites regenerate? 
Several years ago, I set out to answer a simple question, “How do 

dendrites regenerate?”  In the ensuing time, I identified a novel regulator of 

dendrite regeneration in Drosophila and provided evidence for a context-

dependent mechanism governing this process.  However, this question is still 

very much open; these studies have only served to raise new ones.  What are the 

downstream effectors of these genes?  How are genetic programs of dendrite 

regeneration induced in a context-dependent manner?  What other genetic 

pathways might be repurposed to induce remodeling?  I expect new research in 

this area will offer some answers and more questions that cannot be predicted at 

this time.  It is my hope that I have offered some useful insights into dendrite 

regeneration for others who study the biology of the nervous system. 
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Appendix 

 

  1 %By Gray Lyons, Kuo Lab, Duke University 2012
  2 %{
  3 Data should be in Nx6 matrix exported from Fiji Simple Neurite Tracer,
  4 saved as CSV file in the same directory with the same name as the images
  5 as exported from LAS software.  Adjust path of myfolder variable (line 
  6 11) as appropriate before beginning.
  7 %}
  8 clear
  9 disp(’ ’)
 10 ident=input(’Enter folder name: ’,’s’);
 11 myfolder = [’/Users/graylyons/Desktop/Data/’ ident ’/’];
 12 filelist = dir(myfolder);
 13 printquery=input(’Print graphs and figures to file (Y/N)? ’,’s’);
 14 if printquery==’y’;
 15     printquery=’Y’;
 16 end
 17 if printquery==’Y’
 18     stackquery=input(’Print dendrite stacks to file (Y/N)? ’,’s’);
 19     if stackquery==’y’;
 20         stackquery=’Y’;
 21     end
 22 end
 23 dataquery=input(’Save matlab workspace data to file (Y/N)? ’,’s’);
 24 if dataquery==’y’;
 25     dataquery=’Y’;
 26 end
 27 %xydim=input(’Enter the X/Y pixel size in microns: ’);
 28 %zdim=input(’Enter the Z pixel size in microns: ’);
 29 primnum=input(’Enter number of primary dendrites: ’);
 30 medfiltpx=input(’Enter pixel edge length for median filter: ’);
 31 ethreshold=input(’Enter exterior surface minimum threshold value 0 255: 
’);
 32 ithreshold=input(’Enter interior surface minimum threshold value 0 255: 
’);
 33 if dataquery==’Y’ || printquery==’Y’
 34     mkdir (ident);
 35     if dataquery==’Y’;
 36         copyfile([myfolder ’/’ ident ’*’],ident);
 37     end
 38 %direction=input(’Enter dendrite pixel intensity fluctuation bias: ’);
 39 dthresholdmin=input(’Enter dendrite minimum threshold value 0 255: ’);
 40 dthresholdmax=input(’Enter dendrite pixel maximum threshold value 0 255: 
’);    
 41 end
 42 count=1;
 43 for c=3:size(filelist,1)
 44     fname=filelist(c).name;
 45     if strcmp(fname(size(fname,2) 3:size(fname,2)),’.tif’) == 1
 46     tmp=imread([myfolder fname]);
 47     imageseq(:,:,count)=tmp;
 48     count=count+1;
 49     end
 50 end
 51 cxyz=size(imageseq);
 52 clear c count filelist fname tmp;
 53 depth=ones(cxyz(1,1),cxyz(1,2),2)*cxyz(1,3);
 54 for x=1:cxyz(1,1);
 55     for y=1:cxyz(1,2);
 56         current=0;
 57         for z=1:cxyz(1,3);
 58             if current==0 && imageseq(x,y,z)>=ethreshold;
 59                 depth(x,y,1)=z;
 60                 current=1;
 61             end
 62             if current==1 && imageseq(x,y,z)<=ithreshold;
 63                 depth(x,y,2)=z;
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 64                 current=2;
 65             end
 66             if current==2;
 67                 break
 68             end
 69         end
 70     end
 71 end
 72 depth2(:,:,1)=medfilt2(depth(:,:,1),[medfiltpx medfiltpx]);
 73 depth2(:,:,2)=medfilt2(depth(:,:,2),[medfiltpx medfiltpx]);
 74 clear x y z;
 75 figure;
 76 image([0 size(depth2,2)], [0 size(depth2,1)], depth2(:,:,1))
 77 colormap(jet);
 78 colorbar;
 79 caxis auto;
 80 if size(depth2,1)==size(depth2,2);
 81     axis square;
 82 else
 83     axis auto;
 84 end
 85 if printquery==’Y’;
 86     eval(sprintf(’print r600 dtiff ’’%s/edepth_colormap.tif’’’, 
ident))
 87 end
 88 figure;
 89 image([0 size(depth2,2)], [0 size(depth2,1)], depth2(:,:,2))
 90 colormap(jet);
 91 colorbar;
 92 caxis auto;
 93 if size(depth2,1)==size(depth2,2);
 94     axis square;
 95 else
 96     axis auto;
 97 end
 98 if printquery==’Y’;
 99     eval(sprintf(’print r600 dtiff ’’%s/idepth_colormap.tif’’’, 
ident))
100 end
101 data=csvread([myfolder ident ’.csv’]);
102 xydim=0;
103 zdim=0;
104 for count=2:size(data,1);
105     if xydim>0 && zdim >0;
106         break
107     end
108     if xydim==0 && abs(data(count,4) data(count 1,4))>0;
109         xydim=abs(data(count,4) data(count 1,4));
110     end
111     if zdim==0 && abs(data(count,6) data(count 1,6))>0;
112         zdim=abs(data(count,6) data(count 1,6));
113     end
114 end
115 clear count;
116 data((find(data(:,1)==0)),1)=1;
117 data((find(data(:,2)==0)),2)=1;
118 data((find(data(:,3)==0)),3)=1;
119 data((find(data(:,4)==0)),4)=xydim;
120 data((find(data(:,5)==0)),5)=xydim;
121 data((find(data(:,6)==0)),6)=zdim;
122 data(data(:,2)==0)=1;
123 for countd=1:size(data,1);
124     data(countd,7)=((data(countd,3) depth2(data(countd,2),data(countd,
1),2))*zdim);
125     if data(countd,7)<zdim;
126        data(countd,7)=zdim;
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127     end
128 end
129 clear countd current;
130 data(:,8)=0;
131 countdend=1;
132 data(1,9)=countdend;
133 for countd=2:size(data,1);
134     data(countd,8)=sqrt((xydim*((data(countd,1) data((countd 1),1))))^2+
(xydim*((data(countd,2) data((countd 1),2))))^2+(zdim*((data(countd,3) data
((countd 1),3))))^2);
135     if data(countd,8)>sqrt((2*xydim)^2+zdim^2);
136        data(countd,8)=0;
137        countdend=countdend+1;
138     end
139     data(countd,9)=countdend;
140 end
141 clear countd;
142 data(:,10)=0;
143 %rows=dendrite number, column 1=length 2=depth 3=realtive weight
144 primary=zeros(primnum,3);
145 higherorder=zeros(countdend primnum,3);
146 quantify=zeros(1,17);
147 for countd=1:primnum;
148    tmp=find(data(:,9)==countd);
149    primary(countd,1)=sum(data(tmp,8));
150    for count=1:size(tmp,1);
151        data(tmp(count),10)=data(tmp(count),8)/primary(countd,1);
152        primary(countd,2)=primary(countd,2)+data(tmp(count),7)*data(tmp
(count),10);
153    end
154 end
155 quantify(1,5)=sum(primary(:,1));
156 for countd=1:primnum;
157    primary(countd,3)=primary(countd,1)/quantify(1,5);
158 end
159 clear countd count tmp;
160 for countd=(primnum+1):countdend;
161    tmp=find(data(:,9)==countd);
162    higherorder(countd primnum,1)=sum(data(tmp,8));
163    for count=1:size(tmp,1);
164        data(tmp(count),10)=data(tmp(count),8)/higherorder(countd
primnum,1);
165        higherorder(countd primnum,2)=higherorder(countd primnum,2)+data
(tmp(count),7)*data(tmp(count),10);
166    end
167 end
168 quantify(1,6)=sum(higherorder(:,1));
169 for countd=(primnum+1):countdend;
170    higherorder(countd primnum,3)=higherorder(countd primnum,1)/quantify
(1,6);
171 end
172 clear countd count tmp;
173 dendpoints=zeros(countdend,2);
174 dendpoints(1,1)=data(1,1);
175 dendpoints(1,2)=data(1,2);
176 for countd=2:size(data,1);
177     if data(countd,8)==0;
178         dendpoints(data(countd,9),1)=data(countd 1,1);
179         dendpoints(data(countd,9),2)=data(countd 1,2);
180     end
181 end
182 clear countd;
183 if length(dendpoints(:,1))>2
184     k=convhull(dendpoints(:,1),dendpoints(:,2));
185 else
186     if length(dendpoints(:,1))==2; k=[1,2,1]; end
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187     if length(dendpoints(:,1))==1; k=1; end
188 end
189 figure
190 scatter(dendpoints(:,1),dendpoints(:,2),50,’k’,’.’)
191 axis([ 20 max(cxyz)+20 20 max(cxyz)+20]);
192 axis square
193 if printquery==’Y’;
194     eval(sprintf(’print r600 dtiff ’’%s/dendritepoints.tif’’’, ident))
195 end
196 figure
197 plot(dendpoints(k,1),dendpoints(k,2),’k’)
198 axis([ 20 max(cxyz)+20 20 max(cxyz)+20]);
199 axis square
200 if printquery==’Y’;
201     eval(sprintf(’print r600 dtiff ’’%s/dendritearea.tif’’’, ident))
202 end
203 quantify(1,1)=countdend primnum;
204 quantify(1,2)=abs(xydim^2*trapz(dendpoints(k,1),dendpoints(k,2)));
205 quantify(1,3)=countdend/(quantify(1,2)/1000);
206 quantify(1,4)=quantify(1,5)+quantify(1,6);
207 quantify(1,7)=quantify(1,4)/(size(primary,1)+size(higherorder,1));
208 quantify(1,8)=mean(primary(:,1));
209 quantify(1,9)=mean(higherorder(:,1));
210 for countd=1:size(primary,1)
211     quantify(1,11)=quantify(1,11)+primary(countd,2)*primary(countd,3);
212 end   
213 for countd=1:size(higherorder,1)
214     quantify(1,12)=quantify(1,12)+higherorder(countd,2)*higherorder
(countd,3);
215 end    
216 quantify(1,10)=(quantify(1,11)*quantify(1,5)+quantify(1,12)*quantify
(1,6))/(quantify(1,5)+quantify(1,6));
217 quantify(1,13)=quantify(1,11) quantify(1,12);
218 figure;
219 datatmp=sortrows(data,7);
220 scatter(datatmp(:,1), datatmp(:,2), 50 , datatmp(:,7),’.’)
221 axis([ 20 max(cxyz)+20 20 max(cxyz)+20]);
222 caxis([5 25]);
223 colorbar;
224 axis square;
225 whitebg(’w’);
226 if printquery==’Y’;
227     eval(sprintf(’print r600 dtiff ’’%s/trace_colormap.tif’’’, ident))
228 end
229 clear datatmp;
230 for countd=2:size(data,1);
231     if data(countd,7)>15;
232         quantify(1,14)=quantify(1,14)+data(countd,8);
233     else
234         quantify(1,15)=quantify(1,15)+data(countd,8);
235     end
236 end
237 quantify(1,16)=quantify(1,14)/(quantify(1,14)+quantify(1,15));
238 quantify(1,17)=quantify(1,15)/(quantify(1,14)+quantify(1,15));
239 disp(’ ’)
240 disp(’Output:’)
241 disp([’Number of dendrite branch points: ’, num2str(quantify(1,1))])
242 disp([’Area bound by dendrite tips (square microns): ’, num2str(quantify
(1,2))])
243 disp([’Density of dendrite tips (tips per 1000 square microns): ’, 
num2str(quantify(1,3))])
244 disp([’Total dendrite length (microns): ’, num2str(quantify(1,4))])
245 disp([’Total primary dendrite length (microns): ’, num2str(quantify
(1,5))])
246 disp([’Total higher order dendrite length (microns): ’, num2str(quantify
(1,6))])
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247 disp([’Average dendrite length (microns): ’, num2str(quantify(1,7))])
248 disp([’Average primary dendrite length (microns): ’, num2str(quantify
(1,8))])
249 disp([’Average higher order dendrite length (microns): ’, num2str
(quantify(1,9))])
250 disp([’Average dendrite depth (microns): ’, num2str(quantify(1,10))])
251 disp([’Average primary dendrite depth (microns): ’, num2str(quantify
(1,11))])
252 disp([’Average higher order dendrite depth (microns): ’, num2str
(quantify(1,12))])
253 disp([’Difference between primary and higher order dendrite depth 
(microns): ’, num2str(quantify(1,13))])
254 disp([’Total dendrite length >15 microns deep to surface (microns): ’, 
num2str(quantify(1,14))])
255 disp([’Total dendrite length <=15 microns deep to surface (microns): ’, 
num2str(quantify(1,15))])
256 disp([’Percentage of dendrite length >15 microns deep to surface: ’, 
num2str(quantify(1,16))])
257 disp([’Percentage of dendrite length <=15 microns deep to surface: ’, 
num2str(quantify(1,17))])
258 disp(’ ’)
259 if dataquery==’Y’
260     tmp=[xydim zdim primnum medfiltpx ethreshold ithreshold 
dthresholdmin dthresholdmax];    
261     foldername=sprintf(’./%s/’,ident);
262     cd(foldername)
263     csvwrite([ident ’_input.csv’],tmp);
264     csvwrite([ident ’_output.csv’],quantify);
265     cd ../
266     clear tmp
267 end
268 if dataquery==’Y’ || printquery==’Y’
269 tracefill = zeros(cxyz(1,1), cxyz(1,2), cxyz(1,3));
270 depthfill = zeros(cxyz(1,1), cxyz(1,2));
271 for countd=1:size(data,1);
272     tracefill(data(countd,2), data(countd,1), data(countd,3))=1;
273     for angletheta=(pi/10):(pi/10):pi;
274         for anglephi=(pi/10):(pi/10):(2*pi);
275             lastvalue=imageseq(data(countd,2), data(countd,1), data
(countd,3));
276             direction=3;
277             for lengthrow=1:(round(cxyz(1,1)/60));
278                 x=round(data(countd,2)+lengthrow*sin(anglephi)*cos
(angletheta));
279                 y=round(data(countd,1)+lengthrow*sin(anglephi)*sin
(angletheta));
280                 z=round(data(countd,3)+lengthrow*cos(anglephi));
281                 if x<1 || y<1 || z<1 || x>cxyz(1,1) || y>cxyz(1,2) || 
z>cxyz(1,3);
282                    break
283                 end
284                 datapoint=[x, y, z];
285                 if imageseq(datapoint(1,1), datapoint(1,2), datapoint
(1,3))>lastvalue && direction==0;
286                    break
287                 end
288                 if imageseq(datapoint(1,1), datapoint(1,2), datapoint
(1,3))>=lastvalue && direction>=1;
289                    if imageseq(datapoint(1,1), datapoint(1,2), datapoint
(1,3)) < dthresholdmax;
290                        direction=direction 1;
291                    end
292                    tracefill(datapoint(1,1), datapoint(1,2), datapoint
(1,3))=1;
293                    depthfill(datapoint(1,1), datapoint(1,2))=data
(countd,7);
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294                 end

295                 if imageseq(datapoint(1,1), datapoint(1,2), datapoint

(1,3))<lastvalue;

296                    tracefill(datapoint(1,1), datapoint(1,2), datapoint

(1,3))=1;

297                    depthfill(datapoint(1,1), datapoint(1,2))=data

(countd,7);

298                 end

299                 lastvalue=imageseq(datapoint(1,1), datapoint(1,2), 

datapoint(1,3));

300                 if lastvalue<dthresholdmin && direction<=2;

301                     break

302                 end

303             end

304         end

305     end

306 end

307 medfiltpx2=round(medfiltpx/8);

308 depthfill=medfilt2(depthfill,[medfiltpx2 medfiltpx2]);

309 [depthfilllist(:,1),depthfilllist(:,2)]=find(depthfill>0);

310 depthfilllist(:,3)=0;

311 for countd=1:size(depthfilllist,1);

312     depthfilllist(countd,3)=depthfill(depthfilllist(countd,1), 

depthfilllist(countd,2));

313 end

314 figure;

315 scatter(depthfilllist(:,1), depthfilllist(:,2), 10, depthfilllist(:,3), 

’.’)

316 axis([ 20 max(cxyz)+20 20 max(cxyz)+20]);

317 caxis([5 25]);

318 colorbar;

319 axis square;

320 whitebg(’w’);

321 if printquery==’Y’;

322     eval(sprintf(’print r600 dtiff ’’%s/depthfilltrace_colormap.

tif’’’, ident))

323 end

324 clear countd lastvalue datapoint direction angletheta anglephi lengthrow 

medfiltpx2 i x y z;

325 imageseqonly=imageseq;

326 for z=1:cxyz(1,3);

327     for x=1:cxyz(1,1);

328         for y=1:cxyz(1,2);

329             if tracefill(x,y,z)==1;

330                 imageseqonly(x,y,z)=0; 

331                 tracefill(x,y,z)=imageseq(x,y,z);

332             end

333         end

334     end

335 end

336 if printquery==’Y’;

337     tmp=max(tracefill,[],3);

338     tmp=uint8(tmp);

339     t = Tiff(sprintf(’./%s/onlydendrites.tif’,ident),’w’);

340     tagstruct.ImageLength = size(imageseq,1);

341     tagstruct.ImageWidth = size(imageseq,2);

342     tagstruct.Photometric = Tiff.Photometric.MinIsBlack;

343     tagstruct.BitsPerSample = 8;

344     tagstruct.SamplesPerPixel = 1;

345     tagstruct.PlanarConfiguration = Tiff.PlanarConfiguration.Chunky;

346     tagstruct.Software = ’MATLAB’;

347     t.setTag(tagstruct);

348     t.write(tmp);

349     t.close();

350     clear t tmp;

351     tmp=max(imageseqonly,[],3);
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352     tmp=uint8(tmp);
353     t = Tiff(sprintf(’./%s/notdendrites.tif’,ident),’w’);
354     tagstruct.ImageLength = size(imageseq,1);
355     tagstruct.ImageWidth = size(imageseq,2);
356     tagstruct.Photometric = Tiff.Photometric.MinIsBlack;
357     tagstruct.BitsPerSample = 8;
358     tagstruct.SamplesPerPixel = 1;
359     tagstruct.PlanarConfiguration = Tiff.PlanarConfiguration.Chunky;
360     tagstruct.Software = ’MATLAB’;
361     t.setTag(tagstruct);
362     t.write(tmp);
363     t.close();
364     clear t tmp;
365 if stackquery==’Y’;
366     mkdir ([myfolder, ’ONLYDENDRITES_’,ident]);
367 for count=1:cxyz(1,3);
368     tracefilltemp=tracefill(:,:,count);
369     tracefilltemp=uint8(tracefilltemp);
370     filename=([myfolder,’ONLYDENDRITES_’,ident,’/ONLYDENDRITES_’,num2str
(count),’.tif’]);
371     t = Tiff(filename,’w’);
372     tagstruct.ImageLength = size(imageseq,1);
373     tagstruct.ImageWidth = size(imageseq,2);
374     tagstruct.Photometric = Tiff.Photometric.MinIsBlack;
375     tagstruct.BitsPerSample = 8;
376     tagstruct.SamplesPerPixel = 1;
377     tagstruct.PlanarConfiguration = Tiff.PlanarConfiguration.Chunky;
378     tagstruct.Software = ’MATLAB’;
379     t.setTag(tagstruct);
380     t.write(tracefilltemp);
381     t.close();
382     clear t;
383 end    
384 clear count tracefilltemp filename tagstruct;
385 mkdir ([myfolder, ’NOTDENDRITES_’,ident]);
386 for count=1:cxyz(1,3);
387     imageseqtemp=imageseqonly(:,:,count);
388     imageseqtemp=uint8(imageseqtemp);
389     filename=([myfolder,’NOTDENDRITES_’,ident,’/NOTDENDRITES_’,num2str
(count),’.tif’]);
390     t = Tiff(filename,’w’);
391     tagstruct.ImageLength = size(imageseqonly,1);
392     tagstruct.ImageWidth = size(imageseqonly,2);
393     tagstruct.Photometric = Tiff.Photometric.MinIsBlack;
394     tagstruct.BitsPerSample = 8;
395     tagstruct.SamplesPerPixel = 1;
396     tagstruct.PlanarConfiguration = Tiff.PlanarConfiguration.Chunky;
397     tagstruct.Software = ’MATLAB’;
398     t.setTag(tagstruct);
399     t.write(imageseqtemp);
400     t.close();
401     clear t;
402 end    
403 end
404 clear myfolder count imageseqtemp filename tagstruct;
405 end
406 end
407 clear x y z xy tagstruct;
408 if dataquery==’Y’
409     foldername=sprintf(’./%s/’,ident);
410     cd(foldername)
411     save(ident, ’ v7.3’);
412     cd ../
413 end
414 clear myfolder printquery dataquery foldername;
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