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Programmed cell death (PCD) is a critical process during development and

maturity of vertebrates and invertebrates. Aberrations in PCD are responsible for

numerous developmental abnormalities and diseases in humans. Cell death pathways are

surprisingly similar across species, so the study of PCD in simpler organisms such as

insects provides important insight into the roles of cell death in higher animals including

humans.

Metamorphosis of the fruit fly, Drosophila melanogaster, provides an excellent

model system in which to study PCD. During metamorphosis, many obsolete larval

structures undergo PCD, largely in response to changes in circulating levels of steroid

hOffil0nes known as ecdysteroids. These effects of ecdysteroids are particularly striking
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in the nervous system, where many larval neurons undergo PCD or functional remodeling

during metamorphosis. One wave of neuronal PCD takes place during the first 24 hours

of metamorphosis while a second follows adult emergence. Studies in another insect,

Manduca sexla, suggested that the rise in ecdysteroids that initiates metamorphosis, the

prepupal pulse, may trigger the first wave of neuronal PCD in Drosophila.

This dissertation investigated steroid-regulated neuronal PCD in Drosophila by

studying an individually-identified larval motoneuron, RP2. Using molecular genetics,

immunocytochemistry and primary cell culture, I showed that abdominal RP2s undergo

PCD within the first 24 hours ofDrosophila metamorphosis; identified a role for

previously-identified PCD genes and ecdysteroid receptors in RP2's demise; and

demonstrated that the prepupal pulse of ecdysteroids acts directly and cell-autonomously

on RP2s to activate PCD. These experiments advance our understanding of hormonally

induced cell death and its regulation within the developing nervous system. This

dissertation includes unpublished co-authored material.
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CHAPTER I

INTRODUCTION

Significance

The elimination of cells by programmed cell death (PCD) is a critical process in

the development and maintenance ofboth vertebrates and invertebrates (review in

Baehrecke, 2002). During PCD, cells that are no longer required in the course of

development or maintenance ofhomeostasis, are virally infected, or contain mutations

that result in potentially dangerous dysfunction are eliminated in a form of se1f

destruction. In this process, cellular contents are degraded and prevented from spilling

into the surrounding environment. PCD, which includes apoptosis and autophagy, is

indispensable in embryonic and post-embryonic development and is required for proper

development and function of anatomical structures, the nervous, immune and other

systems (reviewed in Thompson, 1995; Vaux and Korsmeyer, 1999; Mattson, 2000;

Yuan and Yanker, 2000).

Defects in PCD, whether due to its aberrant occurrence or failure to take place,

have been implicated in developmental abnormalities, diseases and pathologies, making

the study of this process critical. Examples of diseases associated with failure ofPCD to

take place include certain types of cancers (e.g., Soengas et al., 2001; reviewed in Green

1
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and Evan, 2002), autoimmune disorders and viral infection (reviewed in Thompson,

1995). Undesired peD is associated with Acquired Immune Deficiency Syndrome

(AIDS), myocardial infarction and liver disease (reviewed in Thompson, 1995). Within

the central nervous system of humans, diseases associated with aberrant peD cause a

significant burden. peD of cortical neurons due to oxidative stress is a hallmark of

Alzheimer's disease, while the degeneration of neurons within the substantia nigra and

striatum underlie Parkinson's disease and Huntington's disease, respectively (reviewed in

Mattson, 2000). Amyotrophic lateral sclerosis (ALS) is characterized by peD of

motoneurons within the spinal cord, leading to paralysis and death usually as a result of

respiratory failure (reviewed in Mattson, 2000; Yuan and Yanker, 2000). Following

stroke, areas surrounding the initial brain lesion show high levels of peD due to

oxidative stress following reperfusion (restoration of blood flow), which can result in

additional brain damage (reviewed in Thompson, 1995; Won et aI., 2002). For these

reasons, an understanding of the mechanisms underlying peD is of paramount

importance. Indeed, much research into the treatment of these pathologies is centered on

the development of drugs that interact with the peD pathway (e.g., Amelio et aI., 2008).

Although peD occurs in many contexts, the internal or external cues and

intracellular pathways are surprisingly similar among mammals, insects and nematode

worms (Caenorhabditis elegans) whether during development, the maintenance of

homeostasis, or in disease models (reviewed in Mattson, 2000; Baehrecke, 2002; Weeks,

2003; Dania1 and Korsmeyer, 2004; Hay and Guo, 2006; Kumar, 2007). Therefore

research into peD using simpler model systems can give insight into the mechanisms
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behind disease pathologies. The metamorphosis ofho10metabo10us insects (those that

undergo complete metamorphosis) provides an excellent and relatively simple model.

During metamorphosis, larvae whose behaviors are focused on feeding, locomotion, and

defense are transformed into adults capable of flight and reproduction. During this

process many larval structures are destroyed through PCD, providing a fruitful

opportunity to study PCD in a natural context (reviewed in Baehrecke, 2000; Tissot and

Stocker, 2000).

The greatest amount of study in this area has utilized the hawkmoth, Manduca

sexta, and the fruit fly, Drosophila melanogaster. The nervous system of both insects is

of particular interest. During metamorphosis the nervous system of the larva must

undergo a dramatic reorganization to accommodate adult-specific behaviors. This

reorganization includes the elimination of obsolete larval neurons through PCD.

Metamorphosis of both insects is regulated by steroid hormones. Detailed studies have

been undertaken investigating the role hormones play in the death ofManduca neurons

(reviewed in Weeks, 2003) but little is known about PCD in the Drosophia nervous

system during metamorphosis and its hormonal control. The available genetic tools in

Drosophila, its experimental accessibility, and extensive data on its development from

embryogenesis to adulthood (reviewed in Bangs and White, 2000), make the

understanding of this process in the nervous system during metamorphosis a feasible area

of study.

This dissertation focuses on PCD in the Drosophila nervous system during early

metamorphosis. In particular it identifies a specific motoneuron that undergoes PCD and
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the hormonal cues responsible for its demise. It also provides insight into the

intracellular death pathway utilized by this motoneuron. Background information on

PCD, steroid hOlIDones, and Drosophila metamorphosis will first be provided.

Overview of PCD mechanisms

At the core of the death machinery is a family of cysteine proteases termed

caspases that cleave target proteins at aspartate residues within the cell leading to its auto

degradation. This includes DNA fragmentation by caspase activated DNAases (CADs)

(reviewed in Strasser et al., 2000; Danial and Korsmeyer, 2004; Kumar, 2007). The

number of caspases varies between species and not all caspases function in PCD. Seven

caspases have been identified in Drosophila, four in C. elegans, and at least eleven and

ten in humans and mice, respectively (see Kumar, 2007 and references cited therein).

Two types of caspases, the initiator and effector caspases, participate in PCD. Both

normally remain inactive due to the presence of a stabilizing N-terminal prodomain that

must be proteolytically cleaved. Initiator caspases have long prodomains that contain

critical protein-protein interaction motifs that include caspase recruitment (CARD)

domains or death effector (DED) domains, while effector caspases have short prodomains

(reviewed in Strasser et a1., 2000; Kumar, 2007). Effector caspases are activated through

proteolytic cleavage by the upstream initiator caspase(s). Following cleavage, effector

caspases become active heterodimers, containing two subunits which can dimerize with

other heterodimers to form tetramers. These effector caspases then degrade the cell's
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proteins through a series of intracellular cascades. The induction of PCD therefore lies in

the activation ofthe initiator caspases, which is discussed below.

A detailed discussion of all the caspase-dependent PCD pathways in mammals,

insects and worms and their regulation is beyond the scope ofthis dissertation.

Therefore, a brief overview of the basic pathway will be described here for mammals and

C. elegans before the focus shifts specifically to insects.

Initiator caspases in mammals include caspases-2, 8, 9, and 10 (reviewed in

Danial and Korsmeyer, 2004; Kumar, 2007). In mammals, two pathways are prominent

in PCD: the death receptor pathway and the mitochondrial pathway. In the death receptor

pathway, the initiator caspase-8 (and/or possibly caspase-l 0) is activated following a

complex signaling cascade mediated by extracellular cues acting on a death receptor.

The death receptors belong to the tumor necrosis factor receptor (TNFR) superfamily and

include the TNFRl, Fas, and Trail receptor families. The cytoplasmic tail of the death

receptor contains a protein-protein interacting death domain (DD). The activation of a

death receptor via a TNFR ligand results ultimately in the recruitment of intracellular

adaptor proteins that include the Fas-associating-death-domain-protein (FADD) and

contain both a DD and DED. The cytoplasmic tails ofthe death receptor and adaptor

proteins interact via their DDs to form a death-inducing-signalling-complex (DISC). The

DED ofthe adaptor protein then interacts with the DED of caspase-8 resulting in the

recruitment of caspase-8 proteins. The aggregation of caspase-8 proteins likely results in

their auto-proteolytic activation possibly due to a proximity effect. Once activated,

caspase-8 can then activate the effector caspases, of which caspase-3 and caspase-7 seem
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to be most critical, leading to cell death (reviewed in Vaux and Korsmeyer, 1999;

Strasser et aI., 2000; Danial and Korsmeyer, 2004; Kumar, 2007).

The details of the mitochondrial PCD pathway remain controversial but strong

evidence suggests that this pathway depends on the Bcl-2 family ofproteins which

includes both pro-and anti-apoptotic members (reviewed in Strasser et aI., 2000; Danial

and Korsmeyer, 2004; Kumar, 2007). In response to a death-activating stimulus,

cytochrome c is released from mitochondria and interacts with the apoptotic-protease

activating-factor-l (Apafl) adaptor protein. Apafl contains a CARD and C-terminal

domain containing WD40 repeats. Cytochrome c binds the WD40 domain of Apafl,

facilitating the subsequent binding of ATP/dATP to Apafl. It is thought that this causes

Apafl to undergo a conformational change that both exposes its CARD and causes the

formation of a seven-member Apafl-oligomer known as the apoptosome. The exposed

CARDs recruit the initiator caspase-9, resulting in its aggregation and autoactivation and

subsequent effector caspase activation (reviewed in Strasser et aI., 2000; Danial and

Korsmeyer, 2004; Kumar, 2007; Amelio et aI., 2008). A detailed description of the Bcl-2

proteins and the roles they play in this process remain controversial and are beyond the

scope of this dissertation. However, studies indicate that the release of cytochrome c

requires permeabilization of the outer mitochondrial membrane. It is not known clearly

how this occurs but in response to death activating stimuli, certain pro-apoptotic Bcl-2

proteins such as Bax and Bak may be able to insert into the outer mitochondria

membrane and oligomerize to form pores. Indeed, certain anti-apoptotic Bcl-2 proteins
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block PCD by preventing pore formation by the pro-apoptotic members (reviewed in

Strasser et al., 2000; Green and Evan, 2002; Danial and Korsmeyer, 2004; Kumar, 2007).

In addition to regulation at the level of the Bcl-2 proteins and death receptor

pathway proteins, caspases can also be inhibited by inhibitor of apoptosis proteins (lAPs)

that bind caspases. The most prominent lAP in mammals, X-linked lAP (XIAP), can

bind caspase-3, 7 and 9 and cause their degradation through ubiquitination. Other lAPs

have also been characterized but their roles remain controversial. lAPs themselves are

also subject to inhibition by other mitochondrial proteins that are released during

permeabilization. Among these are Smac/DIABLO and Htra/Omi (reviewed in Green

and Evan, 2002; Danial and Korsmeyer, 2004; Kumar, 2007).

PCD in C. elegans is regulated in a similar fashion (reviewed in Conradt and Xue,

2005). The proteins CED-3, CED-4 and CED-9 are at the core of the death machinery.

CED-4, which is homologous to Apafl, bears a CARD and is required for activation of

the initiator caspase, CED-3. CED-9 has homology to Bcl-2 and inhibits the activity of

CED-4 by binding it and keeping it localized to the mitochondria. The specification of a

cell to die depends on the activity of a protein, EGL-l, that is expressed at high levels in

doomed cells. The EGL-l protein contains a BH3 domain that allows it to interact with

CED-9, causing the liberation of CED-4 from the mitochondria. Liberated CED-4 may

itself oligomerize at the perinuclear membrane and recruit CED-3 via its CARD domain.

The aggregation of CED-3 likely results in its auto-activation, whereby it then activates

downstream effector caspases (reviewed in Baehrecke, 2002; Danial and Korsmeyer,

2004; Conradt and Xue, 2005; Kumar, 2007).
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Programmed cell death in Drosophila

The seven identified caspases in Drosophila are Dronc (Dorstyn et al., 1999a),

Dredd (Chen et al., 1998), DCP-1 (Song et al., 1997), Drice (Fraser and Evan, 1997),

Dream (Doumanis et al., 2001), Damm (Harvey et al., 2001), and Decay (Dorstyn et al.,

1999b). Dronc, Dredd and Dream have long N-terminal pro-domains suggesting that

they function as apical caspases. Only Dronc contains a CARD. Dredd contains two

DEDs in its prodomain, while Dream contains no DEDs or CARDs, but has multiple

Ser/Thr residues in its pro-domain (reviewed in Kumar, 2007). Of the three identified

apical caspases, Dronc appears to be the most essential in developmental PCD (reviewed

in Mills et al., 2005). Indeed, the majority ofPCD that takes place during Drosophila

development and metamorphosis appears to require Dronc (Chew et al., 2004; Daish et

al., 2004; Waldhuber et al., 2005; Xu et al., 2005). The function of Dream remains

obscure while Dredd appears to playa prominent role in the innate immune response

(Leulier et al., 2000; reviewed in Cashio et al., 2005).

In contrast to mammals, the activity of caspases in Drosophila is strongly

dependent on the balance between death-activating and death-inhibiting proteins. The

critical death-activating proteins are encoded by genes that lie within the 75C1-2 genomic

interval and include reaper, hid and grim (White et al., 1994; Grether et al., 1995; Chen

et al., 1996). The Df(3L)H99 (H99) deletion, which removes all three genes, results in

complete failure of developmentally-dependent or stress-induced PCD during embryonic
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development. H99 homozygous embryos fail to hatch and the normal spatial and

temporal patterns ofPCD during embryogenesis are completely absent (White et aI.,

1994). Analysis of H99 embryos reveals numerous extra cells especially in the central

nervous system (White et aI., 1994). Furthermore, transgenic mis-expression of Reaper,

Grim or Hid results in ectopic PCD in the target tissue (reviewed in Rodriguez et aI.,

1998; Bergmann et aI., 2003). Yet co-expression of the viral caspase inhibitor p35 is able

to block PCD induced by Reaper, Grim or Hid, indicating that the protein products of

these genes act upstream of caspases and are likely involved in their activation (White et

aI., 1994; Grether et aI., 1995; Chen et aI., 1996). These data together indicate a critical

role for these genes and the proteins they encode in most modes of PCD in Drosophila.

PCD in Drosophila is negatively regulated by the Drosophila inhibitor of

apoptosis protein 1 or 2 (Diapl/2) (Hay et aI., 1995). In addition to Diap1 and 2, another

protein, that bears lAP homology, dBruce, has been identified. Little is known about the

roles of dBruce and Diap2 (reviewed in Hay and Guo, 2006). However, studies have

revealed much about Diapl and the critical role it plays in Drosophila PCD. In contrast

to mammalian lAPs, Diap 1 is a critical point of control in PCD in Drosophila. The N

terminal region of Diap1 contains two baculovirus inhibitor of apoptosis repeat (BIR)

domains, and the C-terminus contains a critical RING domain (Hay et aI., 1995).

The important role of Diap1 carne from studies revealing that Reaper interacted

with Diap1, and that mutations resulting in the loss of Diap1 resulted in embryonic

lethality due to massive PCD of virtually all cells (Vucic et aI., 1997; Wang et aI., 1999).

These studies revealed that the intracellular PCD machinery is constitutively expressed
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and capable ofbecoming active, but is held in check by Diap1. An initial hypothesis was

that Reaper, Hid, or Grim (RHG) somehow activates the apical and effector caspases and

that Diap1 blocks PCD by binding RHG proteins thereby interfering with their activity

(Vucic et aI., 1997, 1998). Later studies, however, revealed that Diap1 is actually a

caspase inhibitor and that RHG causes PCD by binding to Diap1 and antagonizing its

inhibition (Goyal et aI., 2000).

The BIR and RING domains of Diap 1 are critical in its function. Reaper and

Grim proteins specifically interact with BIR1 while evidence suggests that Hid interacts

with BIR2 (Vucic et aI., 1998; Lisi et aI., 2000). Mutations in BIR1/2 that affect RHG

binding result in inhibition ofPCD induced by mis-expression ofRHG protein (Goyal et

aI., 2000; Lisi et aI., 2000). In contrast, loss of function mutations in diapl result in

enhanced PCD (Wang et aI., 1999).

The ability of Diap1 to bind and inhibit caspases lies in its BIR2 and RING

domains. Studies have shown that the function ofDiapllies in its ability to bind to the

pro-domain of Dronc, and that this binding requires the BIR2 domain ofDiapl (Meier et

aI., 2000; Wilson et aI., 2002). Mutations in BIR2 that affect the binding of Dronc to

Diap1 result in enhanced PCD, indicating that this interaction prevents the activation of

Dronc (Wilson et aI., 2002). Furthermore, removal of the pro-domain from Dronc makes

this protein resistant to inhibition by Diap1, demonstrating the critical role of this Diap1

Dronc interaction (Meier et aI., 2000).

The RING domain ofDiapl allows it to act as an E3 ubiquitin ligase. This is

confirmed by the short half-life ofDiap1, indicating that this protein is subject to self-
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ubiquitination leading to its degradation (Muro et aI., 2002; Wilson et aI., 2002).

Mutations in the RING domain ofDiapl do not affect its ability to bind RHG or Dronc

but still nevertheless result in enhanced PCD (Wilson et aI., 2002). Mutations in the

RING domain also increase the stability of Diap1 and prevent both the ubiquitination and

inactivation of Dronc (Muro et aI., 2002; Wilson et aI., 2002). These data indicate that

the binding of Dronc to Diap1 results in the ubiquitination and deactivation of Dronc or

auto-processed Dronc, and its ability to undergo further catalytic autoprocessing (see

below). This Diap-Dronc mechanism may also interfere with the required interaction

between Dronc and Dark (see below). PCD occurs when RHG binds to the BIR ofDiapl

and either prevents Diap 1 from binding Dronc or causes the release of Dronc from Diap1.

Diap1 along with RHG then undergoes self-ubiquitination and degradation, allowing for

the accumulation of the more stable Dronc protein (reviewed in Martin, 2002). Diapl

levels can also be reduced through other mechanisms involving RHG (Yoo et aI., 2002).

Although a general mechanism ofDiapl function and inactivation by RHG has emerged,

the details still are not concrete.

Diapl also may block PCD by binding the effector caspases Drice and DCPl. In

this model, Diapl acts as a substrate for Drice/DCPl. The cleavage ofDiapl by either

caspase exposes an unstable amino acid residue that promotes the ubiquitination of Diapl

and the bound effector caspase (reviewed in Bergmann et aI., 2003). Thus Diapl may

also protect against PCD caused by spontaneous effector caspase activation.

The activation of Dronc remains poorly understood, but it appears that Dronc is

able to undergo several auto-catalytic cleavage events (Yan et aI., 2006). One cleavage
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event occurs at a glutamate residue and is required for Dronc activation (Muro et a1.,

2002). The cleaved active sites then form a stable active dimer (reviewed in Hay and

Guo, 2006). This activation requires the Drosophila Apafl homologue, Dark. Like

Apafl, Dark carries a CARD and WD-repeat domain (Rodriguez et a1., 1999). Initial

studies using hypomorphic mutations in dark revealed a requirement for Dark in several

modes ofPCD. darkhypomorphs were able to rescue PCD caused by loss of Diapl or

ectopic RHG expression (Rodriguez et a1., 1999, 2002). Although the dark hypomorphs

survived to adult stages, visible defects consistent with failed PCD were frequently

observed (Rodriguez et a1., 1999). Stronger null mutations in dark in the absence of any

maternal contribution result in late embryonic lethality with loss of virtually all normally

occurring cell deaths (Akdemir et a1., 2006). This phenotype strongly mimics that of

drone null mutants which, in the absence of any maternal contribution, also result in

embryonic lethality and failure of almost all PCDs (Xu et a1., 2005).

Studies have demonstrated formation of a double 8-member apoptosome by Dark

(Yu et a1., 2005). It is thought that apoptosome assembly with Dark recruits Dronc via a

CARD interaction resulting in the auto-processing of Dronc to an active form. Auto

processed Dronc can then undergo further autocatalytic-activation leading to release from

the apoptosome, Diap1 resistance, and activation of effector caspases (reviewed in

Martin, 2002; Hay and Guo, 2006). The mechanisms behind apoptosome formation

remain unresolved, particularly since apoptosome formation does not seem to require

cytochrome c (Dorstyn et a1., 2004; Yu et a1., 2005). PCD in Drosophila depends

therefore on the tight regulation of death-inducing and death-inhibiting factors. When the
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balance is shifted in favor of death promoting factors (e.g., by loss of Diap 1 activity) by

some external or internal cue, caspases, normally held in-check, are activated.

PCD in Drosophila is prominent during embryogenesis, certain stages of larval

development, metamorphosis, and the first 24 h following metamorphosis (reviewed in

Bangs and White, 2000). One external cue that causes PCD in the developing nervous

system is the withdrawal of trophic factors. For instance, developmental PCD of a subset

of midline glial cells occurs when they are separated from neurons that secrete the

epidermal growth factor (EGF) ligand SPITZ. In this case, SPITZ normally acts through

EGF to mediate Ras-MAPK dependent signaling that results in the repression of hid

expression. Loss of SPITZ results in hid expression and PCD (Bergmann et al., 2002).

Many of the dying cells during Drosophila development are neuroblasts that have

completed the generation of their neural lineages. In this instance, PCD is used to

regulate the number of neurons generated by embryonic and post-embryonic

asymmetrical neuroblast divisions. Failure of such PCD results in the generation of extra

neurons (Peterson et al., 2002; Ortmann et al., 2007; reviewed in Truman et al., 1993).

PCD of a subset of postembryonic neuroblasts midway through larval development

depends on the Hox protein Abdominal-A which acts to induce expression ofRHG

(Bello et al., 2003). There are also examples ofPCD outside of the nervous system that

depend on external cues. Following adult eclosion for example, wing epidermal cells

undergo PCD in response to the peptide hormone bursicon (Kimura et al., 2004).

However, the detailed cues for most cell deaths including neuroblasts and other cells
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remain unclear. During metamorphosis, however, some cell deaths are regulated by

steroid hormones as discussed below.

Steroid hOffilones and programmed cell death

Steroid hormones are small lipophilic molecules, resulting from fatty acid

metabolism and synthesized from cholesterol derivatives, that have the ability to regulate

gene expression. They do this by binding a special class ofproteins belonging to the

well-characterized nuclear receptor superfamily (reviewed in Aranda and Pascual, 2001).

These nuclear receptors have the ability to act as transcriptional activators or repressors

by binding special hormone response elements in DNA, in response to ligand. Numerous

vertebrate nuclear receptors have been identified and classified into six subfamilies.

These receptors include thyroid hormone, retinoic acid, vitamin D, hepatocyte proteins,

glucocorticoid, androgen, estrogen, and retinoic X receptors. In addition, numerous

orphan receptors whose ligands remain unknown have also been characterized (reviewed

in Aranda and Pascual, 2001).

Receptors for steroid hormones belong to the third subfamily ofnuclear receptors,

and include receptors for estrogens, androgens, glucocorticoids, progestins and, in the

case of insects, ecdysteroids (reviewed in Aranda and Pascual, 2001; Truman and

Riddiford, 2002). Steroid hormone receptors normally bind palindromic sequences in the

DNA response elements in response to ligand (reviewed in Aranda and Pascual, 2001).

In vertebrate development steroid hormones play critical roles during pre-and postnatal
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development and sexual maturation. Such critical roles include specification of systemic

anatomical and local cellular sexual differences. Two prime examples of this are the

sexual dimorphisms within the nervous and reproductive systems which ultimately affect

sexual behavior (reviewed in Breedlove, 1992; Morris et aI., 2004).

Since PCD is a critical component of organ system development and homeostasis,

it is not surprising that organizational effects of steroid hormones include regulation of

PCD. Circulating androgens for instance are indirectly responsible for protecting spinal

motoneurons in spinal nucleus of the bulbocavernosus (SNB) (Freeman et aI., 1996).

These motoneurons normally innervate male-specific muscles inma111l11als. Hence, adult

females have fewer SNB motoneurons. Studies in rats have demonstrated that, in

females, SNB motoneurons and muscles undergo PCD around the time ofbirth. In this

instance, it is the degeneration of the muscles that triggers death of the motoneurons. In

male rats, testosterone prevents the degeneration the muscles, which in tum keeps the

motoneurons intact (reviewed in Morris et aI., 2004). Steroid hormones can also induce

PCD in the immune system. Glucocorticoids are well known for their ability to cause

PCD of lymphoid cells, making them useful in treating lymphoid cancers (reviewed in

Schmidt et aI., 2004). Other hormones are also known for their ability to cause PCD in

both development and disease (reviewed in Kiess and Gallaher, 1998).

Metamorphosis provides an ideal opportunity to study developmentally

dependent PCD regulated by steroids and other hormones. During amphibian

metamorphosis, for example, the destruction of tissues unique to the tadpole including the

tail and cells in the intestine is mediated by thyroid hormone (reviewed in Su et aI.,
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1999). Studies have shown that thyroid hormone acts cell autonomously via nuclear

receptors in target tissues to induce PCD (Su et aI., 1997). The same hormone can also

cause proliferation of adult-specific cells, adding to the complexity of the actions of

hormones during metamorphosis (reviewed in Su et aI., 1999). A similar situation is

observed during insect metamorphosis in response to steroids, as discussed below.

Steroid hormones and PCD during insect metamorphosis

In ho10metabo10us insects including M sexta and Drosophila, circulating levels

of steroid hormones regulate both growth and metamorphosis. Drosophila development

consists of embryonic development and three larval stages (instars) and then

metamorphosis. As in other insects, metamorphosis in Drosophila is driven by

ecdyteroids, including the active metabolite 20-hydroxyecdysone (20E) (reviewed in

Truman and Riddiford, 2002). Ecdysteroids are produced in Drosophila by the

prothoracic ring gland in response to prothoracicotropic hormone, PTTH. PTTH is

normally produced by a set of neurosecretory cells in the insect brain. In response to

PTTH, the ring gland secretes ecdysteroids which are then converted into active

metabolites including 20E by target organs or fat body (reviewed in Riddiford, 1993).

Levels of ecdysteroids are responsible for the growth and eventual transformation

of the larva to an adult (see chapter II Fig. 1). Each ofthe three larval molts in

Drosophila is preceded by a small pulse of ecdysteroids. However, metamorphic

changes in response to these small pulses are held in check by juvenile hormones (JH)
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(review in Truman and Riddiford, 2002). Small ecdysteroid fluctuations during the third

(final) larval instar are responsible for the initiation of wandering behavior in which the

larva leaves the food substrate and locates a suitable place for pupariation (Warren et a1.,

2006; reviewed in Riddiford, 1993). Pupariation is initiated by a larger, "late larval

pulse" of ecdysteroids in the absence of JH during which the larva ceases locomotion and

forms a white prepupa. This marks the onset of metamorphosis. A smaller "prepupal

pulse" of ecdysteroids approximately 10 h after puparium formation (APF) causes

pupation, marked by head eversion at 12 h APF (reviewed in Baehrecke, 1996). A much

larger and long-lived "pupal pulse" is responsible for the bulk of metamorphosis.

Following adult eclosion, ecdysteroid levels decline and remain low or absent during

adult life (Handler, 1982; reviewed in Richards, 1981; Riddiford, 1993).

Ecdysteroids exert their response in Drosophila by binding to three isoforms of

the ecdysone receptor (EcR): A, Bl and B2 which vary in their N-terminal domains.

EcR-A is transcribed from a separate promoter while EcR-BI and EcR-B2 are splice

variants of the same transcript (Talbot et al., 1993). Like most nuclear receptors, the

EcRs contain an N-terminal AlB domain, a DNA binding domain, ligand binding

domain, and a C-terminal F domain (reviewed in Truman and Riddiford, 2002).

Transcriptional activation lies within the N-terminal AlB region (AFl) and the ligand

binding domain (AF2) (reviewed in Aranda and Pascual, 2001; Truman and Riddiford,

2002). All three isoforms have strong transcriptional activation in AF2 but, only EcR-Bl

and B2 have strong activation in AFI. EcR-A may have transcriptional repressive

function in this region (Hu et al., 2003). Despite being steroid hormone receptors, EcRs
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form very poor homodimers and instead dimerize with the retinoic X receptor

homologue, ultraspiracle (USP), similar to the heterodimerization ofthyroid hormone

receptor (Yao et aI., 1992; Hall et aI., 1998). Unliganded EcRlUSP can act as a repressor,

while liganded EcRlUSP can strongly stimulate transcription (reviewed in Truman and

Riddiford, 2002).

The metamorphic fates of different tissues, such as the larval midgut and salivary

glands, and neurons within the nervous system, in response to changes in 20E, are

determined in part by the spatial and temporal patterns ofEcR expression, and include

PCD (Talbot et aI., 1993; Truman et aI., 1994). For instance, the destruction of the larval

midgut and salivary glands during Drosophila metamorphosis occurs in direct response

to the respective late larval and prepupal pulses of 20E (Jiang et aI., 1997). In the

nervous system, many existing larval neurons are either remodeled to an adult phenotype,

which may include dendritic regression and regrowth, or die by PCD. Both responses are

hormone dependent as demonstrated in studies ofM sexta and Drosophila (reviewed in

Tissot and Stocker, 2000). There is strong circumstantial evidence in Drosophila that

dendritic regression is dependent on EcR-B isofoITlls while regrowth is EcR-A dependent

(Truman et aI., 1994).

In M sexta two major waves ofPCD take place in the nervous system during

metamorphosis. At the beginning of metamorphosis, accessory planta retractor (APR)

motoneurons, which innervate the larval prolegs in segments AS, A6 and AI, undergo

PCD (Weeks and Truman, 1985; reviewed in Weeks, 2003). Studies have shown that the

death of these motoneurons is a cell-autonomous response to the prepupal pulse of 20E
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(Streichert et aI., 1997). In this instance, a rise steroid hormone levels acts on the

motoneurons to bring about their demise. At the end ofmetamorphosis, a second wave

of neuronal PCD takes place that includes the remaining APR motoneurons in abdominal

segments A2-A4 (Weeks and Ernst-Utzschneider, 1989). In this instance, it is the decline

of20E at the end ofmetamorphosis that activates PCD in APRs (Zee and Weeks, 2001).

In both instances ofPCD, the motoneurons, as demonstrated in cell culture, respond cell

autonomously to changes in 20E levels and not some other cue.

Dendritic regression is another response to 20E in M sexta. The APR

motoneurons in all abdominal segments, along with many other motoneurons, undergo

dendritic regression during the prepupal pulse of 20E. Studies have shown this event to

be a response to the prepupal rise in 20E, independent of cues from target muscles

(Levine and Truman, 1985; Weeks and Truman, 1985; Weeks et aI., 1992). Likewise the

dendritic regrowth ofmotoneurons is also a 20E response (Weeks and Ernst

Utzschneider, 1989; Prugh et aI., 1992).

During Drosophila metamorphosis, existing larval neurons are also remodeled in

a hormone-dependent manner. At the onset of metamorphosis, motoneurons that

innervate the dorsolongitudinal indirect flight muscles (DLM) undergo marked dendritic

regression during the first 4 h APF (Consoulas et aI., 2002). This is followed by the

initiation of dendritic regrowth to an adult-specific pattern beginning at approximately 20

h APF (Consoulas et aI., 2002, 2005). Dendritic regrowth of the DLM motoneurons

requires an ecdysteroid-induced member of the broad complex (BRe) family of

transcription factors. However, in this instance, the DLM motoneurons do not express
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any BRe proteins, indicating a non-cell-autonomous role of ecdysteroids in dendritic

regrowth (Consoulas et aI., 2005). These experiments suggest that regression is induced

by the late larval pulse of ecdysteroids while regrowth is mediated by the rise of

ecdysteroids during the pupal pulse.

The dendritic pruning of thoracic ventral FMRFamide-expressing neurons also

immediately follows the late larval pulse of ecdysteroids in Drosophila. Analysis of

EcR-B-specific mutations reveals a requirement for EcR-B isoforms for this process to

occur (Schubiger et aI., 1998,2003). Transcriptional de-repression of EcR-A by

ecdysteroids may playa role in the dendritic regrowth of these FMRFamide neurons

(Brown et aI., 2006). The dendritic regression of certain mushroom body neurons during

the same period requires EcR-B 1 and can be rescued in EcR-Bl mutants by cell

autonomous expression of either EcR-B isoform (Lee et aI., 2000b). The dendritic re

growth of the neurons occurs during early pupal development during the period ofthe

rise of the pupal pulse of ecdysteroids and may require the cell-autonomous action of

ecdysteroids (Kraft et aI., 1998).

PCD in the Drosophila nervous system during metamorphosis occurs in two

waves. The second wave, involves roughly 300 "Type II" neurons that express high

levels of EcR-A during the latter half of the pupal stage, and a subset of neurons that

express the crustacean cardioactive peptide (CCAP). PCD of the Type II and CCAP

neurons occurs during the first 24 h following adult eclosion and requires the decline in

ecdysteroids that follows the pupal pulse. Injecting newly eclosed adults with 20E delays

the death of both sets of neurons (Robinow et aI., 1993; Draizen et aI., 1999). Death of at
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least some Type II neurons also requires an unknown cue that correlates with eclosion

and subsequent wing inflation behaviors and can be perturbed by decapitation

immediately following eclosion (Kimura and Truman, 1990; Robinow et al., 1997).

Although it is not known for certain, evidence strongly suggests that ecdysteroids, acting

through EcR-A, repress expression of Reaper and Grim in these neurons, until the

hormones decline at the end of metamorphosis. Indeed, both Reaper and Grim playa

role in the death of these neurons, and delaying the decline in ecdysteroids also delays the

accumulation of reaper and grim transcripts in some doomed cells (Robinow et al., 1997;

Draizen et al., 1999).

At the onset of metamorphosis, dying neurons are also observed shortly after the

late larval pulse of ecdysteroids (reviewed in Truman et al., 1993). Dying neurons are

observed through the first 24 h APF but their full identities and the hormonal cues

responsible for their demise are unknown. Choi et al. (2006) identified a set of

peptidergic neurons that express the neuropeptide corazonin (Crz), among these dying

neurons. They provide evidence that the late larval pulse, acting through EcR-B

isoforms, is responsible for the deaths of the Crz neurons. Interestingly, PCD of the

larval midgut and salivary glands also occurs during this period, and is induced by

ecdysteroids (Jiang et al., 1997). Since PCD in the nervous system during this period

remains largely unexplored, it remains an intriguing area of study. For instance, it is not

known for certain if all PCDs are hormonally dependent. If they are dependent on

steroids, the exact hormonal cues remain unknown.
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Bridge

The following chapter examines peD within the Drosophila nervous system

during early metamorphosis. It details findings surrounding the fate of the larval

abdominal motoneuron, RP2, during this period. It also tests the hypothesis that peD of

the abdominal RP2 motoneuron is a cell-autonomous response to the prepupal pulse of

ecdysteroids, acting via previously identified genes in the Drosophila peD pathway. The

chapter includes information that will be included in an upcoming publication with Janis

e. Weeks as a co-author.
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CHAPTER II

STEROID-TRIGGERED, CELL-AUTONOMOUS PROGRAMMED CELL

DEATH OF IDENTIFIED DROSOPHILA MOTONEURONS DURING

METAMORPHOSIS

Intended for publication with Janis e. Weeks as co-author. All experiments and
writing were performed by me with J.e. Weeks providing editorial assistance.

Introduction

Metamorphosis of the fruitfly, Drosophila melanogaster, entails the

transformation of a crawling, feeding larva into an adult capable of flight and

reproduction. During this process the larval nervous system undergoes a systematic

reorganization to accommodate these new adult-specific behaviors, including both

neuronal remodeling and the elimination of obsolete larval neurons by programmed cell

death (peD) (reviewed in Truman et aI., 1993; Tissot and Stocker 2000). Metamorphic

events in larval tissues are regulated in large part by a class of steroid hormones

collectively called ecdysteroids including the active metabolite, 20-hydroxyecdysone

(20E). 20E exerts its effect by binding one of three isoforms of the ecdysteroid receptor

(EcR): EcR-A, EcR-Bl or EcR-B2. Transcriptional activation or repression by liganded

and unliganded EcRs depends on upon fonnation of a heterodimer with Ultraspiracle

(USP) (Yao et aI., 1992; Talbot et aI., 1993).
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Changes in circulating levels of ecdysteroids drive the transformation from larva

to pupa to adult during metamorphosis (Fig. 1). A 'late larval pulse' of ecdysteroids is

responsible for the transformation of the wandering larva into a white prepupa at

puparium formation. A smaller 'prepupal pulse' of ecdysteroids at approximately 10 h

APF initiates pupation whose hallmark, head eversion, occurs at about 12 h APF. A

more prolonged 'pupal pulse' of ecdysteroids beginning at approximately 24 h APF

drives remaining development of the adult fly. As adult eclosion (emergence)

approaches, ecdysteroid levels decline and remain low or absent during early adult life

(reviewed in Riddiford, 1993).

Programmed cell death is the process by which obsolete, excess or damaged cells

are removed. In Drosophila, PCD in individual cells is controlled through a balance

between death-activating and death-inhibiting proteins. The core cell death machinery

includes a family of caspase proteases which, upon activation, target cellular proteins for

degradation (reviewed in Hay and Guo, 2006). In most tissues, caspases are

constitutively expressed but remain inactive until they are cleaved by an upstream

initiator caspase. In Drosophila, the apical caspase Drone appears to govern most PCD

during embryonic development and metamorphosis (Daish et aI., 2004; Xu et aI., 2005).

There is also strong evidence that Drone activation requires the Drosophila Apaf-l

related killer (Dark) protein. The formation of an apoptosome by Dark and Drone allows

Dark to recruit Drone via its caspase recruitment domain leading to Drone activation.
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Figure 1 Endocrine events during Drosophila metamorphosis. Timeline illustrates
changes in ecdysteroid levels during the larval-pupal-adult transformation, at 25°C. The
late larval (LL) pulse of 20E triggers pupariation, with subsequent development timed by
hours after puparium formation (APF). The prepupal (PP) pulse at approximately 12 h
APF triggers pupation, and the prolonged pupal (P) pulse drives development ofthe adult
fly. Emergence of the adult (ec1osion) occurs at approximately 96 h APF. An open
arrow indicates the time (8 h APF) at which neuronal cultures were prepared to test the
effects ofprepupal 20E on RP2s. Adapted from Kraft et al. (1998), based on hormone
titers from Riddiford (1993) and Truman et al. (1994).
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Animals carrying dark mutations show significant defects in PCD which are exacerbated

in the presence of drone mutations (Rodriguez et aI., 1999; Akdemir et aI., 2006; Mills et

aI., 2006). Drone is normally inhibited by the Drosophila inhibitor of apoptosis protein

(Diap1), which may exert its effect through the ubiquitination Drone (Meier et aI., 2000;

Wilson et aI., 2002; reviewed in Bergmann et aI., 2003). Death-activating stimuli cause

the deactivation of Diap1 through the expression of a special class ofproteins encoded by

the genes reaper, hid, and grim. Reaper, Hid, or Grim cause PCD by antagonizing the

activity ofDiapl, resulting in the liberation of Drone (Goyal et aI., 2000; Yin and

Thummel 2004; reviewed in Bergmann et aI., 2003).

A role for 20E in both neuronal remodeling and PCD has been demonstrated in

both Drosophila and the hawkmoth Manduea sexta (reviewed in Tissot and Stocker,

2000). The remodeling ofmotoneurons in Manduea, including those that innervate the

abdominal body wall muscles is dependent on the prepupal and pupal pulses of

ecdysteroids as opposed to some muscular cue (Levine and Truman, 1985; Weeks and

Truman, 1985; Weeks and Emst-Utzschneider, 1989; Prugh et aI., 1992; Weeks et aI.,

1992; reviewed in Weeks, 2003). In Drosophila, the remodeling oflarval motoneurons

(Consoulas et aI., 2002), mushroom body neurons in the larval brain (Lee et aI., 2000b;

Zheng et aI., 2003), and the FMRFamide-expressing thoracic ventral neurons (Schubiger

et aI., 1998, 2003; Brown et aI., 2006) is regulated by the late larval pulse of ecdysteroids.

Re-growth and establishment of adult specific connections is dependent on the prepupal

and pupal pulses of ecdysteroids (Kraft et aI., 1998; Consoulas et aI., 2005).
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In Manduca, the PCD of accessory p1anta retractor (APR) motoneurons during

metamorphosis is a direct, cell-autonomous response to 20E, as demonstrated by placing

the motoneurons in cell culture and exposing them to appropriate changes in 20E levels

(Streichert et aI., 1997; Zee and Weeks, 2001). APRs that undergo PCD during the

larval-pupal transformation die in response to the rise of the prepupa1 pulse of20E

(Streichert et aI., 1997; Hoffman and Weeks, 1998,2001). In like manner, APR

motoneurons that undergo PCD at the end of metamorphosis do so cell-autonomously in

response to the decline in 20E following the pupal pulse (Zee and Weeks, 2001).

In Drosophila PCD is highly prevalent in thoracic and abdominal neuromeres

during embryogenesis, the first 24 h APF, and the first 24 h following adult eclosion

(Kimura and Truman 1990; Abrams et aI., 1993; White et aI., 1994; reviewed in Truman

et aI., 1993). PCD after adult emergence includes approximately 300 "Type II" neurons

identifiable by their high levels of EcR-A expression, and a subset of neurons that

express the neuropeptide crustacean cardioactive peptide (CCAP) (Robinow et aI., 1993;

Draizen et aI., 1999). In the case of the Type II and CCAP neurons, PCD appears to

depend on both the decline in 20E at the end ofmetamorphosis and, for a subset of those

neurons, an unknown cue that appears linked to eclosion behaviors and subsequent wing

inflation (Kimura and Truman, 1990; Robinow et at., 1993; Robinow et at., 1997;

Draizen et aI., 1999). Less is known about the identities and potential hormonal cues

responsible for neuronal PCD during the first 24 h of metamorphosis.

The findings in Manduca and Drosophila, that ecdysteroids drive PCD during

certain periods throughout the insect's life cycle, suggests a possible role for ecdysteroids
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in the death of larval neurons during early metamorphosis. Such a role has already been

demonstrated in Drosophila for other larval tissues that degenerate during this period.

For example, PCD of the larval midgut and salivary glands occurs in direct response to

the late larval and prepupal pulses of ecdysteroids respectively (Jiang et aI., 1997; Lee

and Baehrecke, 2001; reviewed in Yin and Thummel, 2005). Furthermore, PCD of a

subset of neurons in the larval nervous system (ventral ganglion) that express the

neuropeptide Corazonin (Crz) and are eliminated within the first 6 h APF requires EcR-B

isoforms (Choi et aI., 2006). This study however did not determine whether 20E was

acting cell-autonomously on the doomed Crz-positive neurons.

In the present experiments we sought to investigate the PCD of individually

identified larval motoneurons in the Drosophila ventral ganglion during early

metamorphosis. Our studies made use of the abdominal RP2 motoneurons which have

been studied extensively in other contexts and whose location and pattern of peripheral

muscle innervation is well characterized (e.g. Sink and Whitington, 1991; Choi et aI.,

2004; Hartwig et aI., 2008). The goal of the present experiments was to investigate the

hormonal cues, genes and proteins involved in their demise and test whether it's a cell

autonomous response to the prepupal pulse of ecdysteroids.
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Methods

Drosophila Rearing and Staging

Drosophila were reared in 25x95mm polystyrene vials on standard cornmeal-yeast-agar

medium as described in Lewis (1960), with the addition of propionic acid (4.71 ,uL/mL;

Sigma-Aldritch, S1. Louis MO) and tegosept (7,ug/mL; Genesee Scientific, San Diego,

CA), on a 12 h light, 12 h dark photoperiod at 25°C. Animals were collected from vials

at the onset of pupariation, held at 25°C on H20-moistened tissues in tissue culture

dishes, and staged by hours after puparium fonnation (APF).

Stocks and Crosses

All stocks used to maintain reporter gene expression in RP2 and aCC neurons

were obtained from the Drosophila stock center (Bloomington, IN). A Green Fluorescent

Protein (GFP) reporter was driven in the RP2 and aCC neurons using flies homozygous

for the RN2-GAL4, UASmCD8GFP transgene recombinants (2nd or 3rd chromosome). In

these flies, GAL4, driven by upstream promoter fragments of the even-sldpped gene,

drives expression of membrane-bound GFP in RP2s and aCCs during embryonic

development but not during subsequent larval and pupal stages (Lee and Lou, 1999;

Fujioka et al., 2003). We therefore crossed males of this genotype to females doubly

homozygous for a UAS-FLP (1 st chromosome) and Act>y+>GAL4, UAS-GFP
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transgenes(s) (2nd chromosome); in these flies, GAL4 falls under the control of the

ubiquitous Aetin5C promoter following the removal of an FRT cassette by UAS-driven

FLP-recombinase (Ito et aI., 1997; Duffy et aI., 1998; Hartwig et aI., 2008). Fl progeny

from these crosses, which maintained GFP expression in the RP2s and aCCs, were used

for all cell culture and TUNEL-staining experiments. For cell culture experiments, a

subset of progeny in which GFP was expressed more strongly in RP2s than aCCs (see

Results) was used.

For experiments using reaper, hid, dark, and drone and EeR mutations, animals

carrying both a UAS-FLP, Aet>y+>GAL4 and RN2-GAL4, UASmCD8GFP recombinant

chromosome within the appropriate mutant background were generated to maintain GFP

expression in the RP2s and aCCs. The following deficiencies and alleles were used to

generate reaper and hid deletions: Df(3L)H99 (H99) was obtained from the Drosophila

stock center. The hidpo5014 and Df(3L)XR38, (XR38) lines were generously supplied by

Kristen White (Massachusetts General Hospital). The XR38/H99 transheterozygous

combination results in a deletion of reaper (Peterson et aI., 2002) while hidP05014/H99

results in a loss of hid function (White et aI., 1994; Grether et aI., 1995; Peterson et aI.,

2002). The following dark and drone alleles were obtained from the Drosophila stock

center: drone51 , droneKG02994 and darkCD4• Both darkcN and droneKG02994 are

hypomorphic alleles while drone5
] is a null mutation (Rodriguez et aI., 1999; Chew et aI.,

2004; Daish et al:, 2004). darkCD4
/ darkcD4 homozygotes or drone5

]/droneKG02994

transheterozygotes were used in the assessment of dark and drone function respectively.

EeR-A mutants were generated by transheterozygous combination of the EeR]39 and
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EcRM554Fs alleles (generously supplied by Michael Bender, University of Georgia)

(Bender et aI., 1997; Carney et aI., 2004; Davis et aI., 2005). For misexpression

experiments, standard methods were used to generate progeny containing at least one

UAS-FLP, Act>y+>GAL4 and RN2-GAL4, UASmCD8GFP recombinant chromosome

along with UAS-p35 (Hay et aI., 1994), UAS-DIAPI (Hay et aI., 1995), or UAS-EcR

BIF645A (Cherbas et aI., 2003; Hu et aI., 2003).

Immunohistochemistry and TUNEL processing

Using microsurgery forceps, ventral ganglia were dissected under ice-cold phosphate

buffered saline (PBS; pH 7.2) and fixed overnight in 4% paraformaldehyde (Electron

Microscopy Sciences, Hatfield, PA) in PBS at 4°C. Immunohistochemisty against GFP

was performed using a rabbit anti-GFP polyclonal antibody at 1:500 dilution and an

Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary antibody (Invitrogen, Eugene

OR) at a 1:200 dilution. EcR-A and EcR-B 1 staining was performed by double staining

ventral ganglia for both GFP and either EcR-A using the monoclonal antibody 15Gla

(l: 10) or EcR-Bl using the monoclonal antibody AD4.4 (l: 10) (Talbot et aI., 1993).

Both EcR antibodies were obtained from the Developmental Studies Hybridoma Bank

developed under the auspices of the NICHD and maintained by the University ofIowa

(Iowa City, IA). In some experiments ventral ganglia were subjected to Terminal

Deoxynucleotidyl Transferase mediated dUTP nick end labeling (TUNEL) using the
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Apop Tag ® Red In Situ Apoptosis Detection Kit (Chemicon IntI., Temecula, CA.)

according to the manufacturer's instructions, using a rhodamine-conjugated antibody to

detect TUNEL-1abe1ed nuclei. Ganglia were imaged on a Bio-Rad Radiance 2100

confocal microscope; Alexa Fluor 488 was detected using a 488nm excitation maximum

argon laser while rhodamine was detected using a 543nm excitation maximum he1ium

neon laser. Images were processed and converted into 8 bit Bitmap images using ImageJ

1.37 (NIH, Bethesda, MD).

Cell Culture

For all cell culture experiments, animals were allowed to develop to 8 h APF, a

time that precedes the prepupa1 pulse (see Fig. 1). The dorsal surfaces of intact prepupae

were examined under a Zeiss Axiovert 25 inverted microscope under epifluorescence and

those in which GFP was expressed strongly in RP2s and weakly or not at all in aCCs (see

Results) were selected for experiments. Neuronal cell cultures were generated using

methods modified from those described previously (Kraft et aI., 1993; Su and O'Dowd,

2003). Prepupae were sterilized in 95% ethanol (EtOH) and rinsed in sterile H20 prior to

dissections. All dissections were performed inside a laminar flow hood in glass wells

(pre-sterilized with 95% EtOH) containing modified Drosophila defined medium

(DDM2) which consisted of Ham's F-12 DMEM (high glucose) (Irvine Scientific, Santa

Ana, CA) supplemented with 1.2 mg/mL sodium bicarbonate, 20 mM HEPES, 100 pM

putrescine, 30 nM sodium selenite, 20 ng/mL progesterone, 50 pg/mL insulin, 100 pg/mL



33

transferrin (Sigma-Aldrich, S1. Louis, MO) and 1% Pen-Strep (Invitrogen). Ventral

ganglia were removed using microsurgery forceps. Following removal, the abdominal

portion of each ventral ganglion was severed from the thoracic portion using a sterile 28

gauge needle (Monoject, S1. Louis MO).

Either 6 or 8 abdominal ventral ganglia were then divided evenly into two groups

and enzymatically treated in Rinaldini's saline (Wu et aI., 1983) containing 50 U/mL of

papain and 1.32 mM L-cysteine (Sigma) for 15 min, rinsed three times in DDM2 and

mechanically dissociated using a fine-tipped, fire-polished Pasteur pipette. This

produced two 20 ,uL suspensions each of which was dispensed into a well formed by

punching an 8 mm hole into a 35 mm culture dish and attaching with Sylgard (Dow

Corning Corp., Midland, MI) an alphanumeric gridded coverslip (Bellco Biotechnology,

Vineland, NJ) coated with Concanavalin A (200 ,ug/mL) (Sigma) and laminin (3.55

,ug/mL) (Invitrogen). Each well contained 80,uL DDM2 resulting in a final volume of

100,uL. Pairs of cultures prepared in this manner were termed "sister cultures." Cells

were allowed to settle for 30 min before each dish was flooded with a 3:1 mixture of

DDM2 and unconditioned neurobasal medium (Invitrogen) supplemented with B27

(20fll/mL; Invitrogen) to a final volume of 3 mL. One culture of each sister pair received

medium containing 20-hydroxyecdysone (20E; Sigma) at a final concentration of 6

,ug/mL while the control culture received 20E-free medium. Cultures were maintained in

a humidified 23°C, 5% CO2 ambient-02 incubator.

Cultured neurons were photographed immediately after flooding (Day 0) and

again at 48 or 72 h in vitro. Fields containing one or more putative RP2 neurons,
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identified by their strong OFP expression (see Results), were selected randomly and

photographed under phase contrast and OFP epifluorescence optics using a Nikon

Coolpix 4500 digital camera attached to a Zeiss Axiovert 25 inverted microscope.

Typically, 5-13 fields were photographed per dish. Using the alphanumeric gridded

coverslips, the same fields of cells were relocated and re-photographed 48 or 72 h later.

For propidium iodide (PI; Invitrogen) staining, PI was added to cultures at a final

concentration of 20 ,ug/mL, after 48 or 72 h in vitro. Live cells exclude PI from their

somata while the nucleic acids of dead cells label strongly (e.g., Jordan et aI., 1998). PI

treated cultures were photographed as described above and also under rhodamine

epifluorescence optics.

Scoring Neurons as Alive or Dead

As in previous studies, cultured neurons were scored as alive or dead by

morphological criteria (Streichert et aI., 1997; Zee and Weeks, 2001). Live neurons had

smooth somata, ovoid shapes and well-defined nuclei (see Results). Only putative RP2s

that fulfilled these criteria were entered into the study on Day O. In some experiments we

also examined the effect of 20E on the survival of control "non-RP2" neurons. In this

case, for each putative RP2 selected on Day 0, a OFP-negative neuron located in the

same photographic field that was of similar size and appearance to the putative RP2, and

that met the above morphological criteria, was entered into the study.
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By definition, all putative RP2s and control neurons were alive on Day 0. The

status of these neurons after 48 or 72 h was scored as follows, by an observer blind to the

treatment conditions. The observer was provided digital images (phase-contrast and GFP

fluorescence) of each putative RP2 or control neuron on Day 0, and of the same neurons

at 48 or 72 h. Neurons were scored as dead if the soma was rounded and shrunken or

showed significant degradation, and the nucleus was no longer discemable; many dead

neurons also became uniformly phase bright (see Results). For cultures stained with PI,

the observer was also provided a digital image taken under rhodamine fluorescence.

These neurons were scored as dead or alive by morphological criteria and also,

independently, by the presence of absence of PI staining.

Chi square with Yates Continuity Correction, or Fisher Exact statistical tests were

used to compare the proportions of neurons surviving under different conditions.

Results

Loss of RP2 motoneurons during metamorphosis

To trace the fate of RP2 motoneurons during metamorphosis we used the

GAL4/UAS system combined with FLP/FRT-mediated excision to drive and maintain the

expression of membrane-bound GFP in RP2 and aCC motoneurons postembryonically

(see Methods). The bilaterally-paired RP2s and aCCs were identified in situ by their

characteristic locations and projections (Figure 2; Goodman et aI., 1984; Sink and
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Figure 2 Identification of RP2 and aCC motoneurons in situ. Left, low-power confocal
image shows repeating pattern of GFP-expressing neurons along the anterior-posterior
axis of the abdominal region of the ventral ganglion, at 8 h APF. The dashed box
demarcates one neuromere. Right, magnified view showing GFP expression in the
somata and axons of a bi lateral pair of RP2s (arrows) and aCCs (arrowheads) in one
neuromere. The aCC somata lie anterior to those of RP2s and their axons (single
asterisks) project posteriorly to join the peripherally-projecting intersegmental nerve
(lSN). RP2 axons (two asterisks) project anteriorly from the somata to join the ISN. In
some neuromeres GFP expression was observed in pCC interneurons, which lie posterior
to the aCCs. Scale bars, 15flm.
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Whitington, 1991; Fujioka et aI., 2003). The somata of both neurons lie near the dorsal

surface of the ventral ganglion, with RP2's soma located posterior to the aCC

motoneuron of the next anterior neuromere. Both motoneurons produce ipsilateral axons;

RP2's axon projects anteriorly while aCC's axon projects posteriorly, both exiting the

CNS via the intersegmental nerve. RP2s and aCCs are present in both thoracic and

abdominal neuromeres but the present study examined only abdominal neuromeres due to

less reliable patterns of GFP expression in the thorax.

Two patterns of GFP expression were observed in larvae and young prepupae. In

some animals, GFP expression was strong in both RP2s and aCCs [Fig. 2, 3(A1)]

whereas, in others, GFP expression was strong in RP2s but weak or absent in aCCs [Fig.

3(A2)]. These two phenotypes occurred at approximately equal frequency (see below).

In both phenotypes, unidentified GFP-Iabeled neurons were present in other regions of

the ventral ganglia and appeared to increase in number in older prepupae and in pupae;

these neurons were less salient in animals in which GFP expression in aCCs was weak or

absent (data not shown). Ventral ganglia often had one or more neuromeres that lacked

GFP-Iabeled RP2s and aCCs (Fig. 3A2), likely due to variable efficacy of the

GAL4/UAS and FLP/FRT method (e.g., Duffy et aI., 1998).

Previous reports documented an intense period of PCD in the ventral ganglion

during the first 24 h after puparium formation (Truman et aI., 1993; Choi et aI, 2006).

We examined the fate of RP2s in ventral ganglia removed from animals at various times

between 0 and 30 h APF. GFP-Iabeled abdominal RP2s were present in 100% of ventral

ganglia examined at 8 h APF [Fig. 3(A1, A2); n=45 animals]. In51% of these ganglia
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Figm'e 3. The fate ofRP2s and aCCs during metamorphosis. A-D show confocal
images of the abdominal region of ventral ganglia, with anterior up. RP2s (arrows) and
aCCs (arrowheads) are marked. At 8 h APF (A), approximately 50% of animals
exhibited strong GFP expression in both RP2s 'lIld aCCs while the remainder (B) had
strong GFP expression in RP2s but weak or absent expression in aCCs (see Results). C,
D. At 30 h APF, RP2s were invariably absent and the number ofGFP-labeled aCCs
varied. Scale bars, 20~Lm.
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we also observed GFP-labeled aCCs [Fig. 3(Al); n=23 of 45 animals]. In contrast, in

ventral ganglia examined at 30 h APF, GFP-labeled abdominal RP2s were never

observed (n=39 animals). In 46% of these ganglia [Fig. 3(Bl); n=18 of39 animals], we

observed GFP-labeled aCCs, suggesting that the developmental disappearance of

abdominal RP2s was specific to these motoneurons.

RP2s die by programmed cell death

To determine whether the disappearance of the abdominal RP2s between 8 and 30

h APF resulted from PCD rather than, for example, the loss of GFP expression, we used

the TUNEL method to label nuclei containing fragmented DNA, a hallmark of PCD

(Gavrieli et a1., 1992). Ventral ganglia examined at 6 to 10 h APF exhibited many

TUNEL-positive nuclei, but no TUNEL-positive RP2s were observed during this period

[Fig. 4(A); n=6 animals]. However, at 15 h APF, every ventral ganglion examined had

one or more TUNEL-positive RP2 [Fig. 4(B); n=l 0 animals]. At no time did we observe

TUNEL-positive aCC motoneurons (n=16 animals). These results indicate that

abdominal RP2 motoneurons initiate PCD between 10 to 15 h APF, while the aCCs

survIVe.

Embryonic and metamorphic PCD in Drosophila depends on protein products

encoded by the death activating genes reaper, hid, and grim (White et a1., 1994; Grether

et a1., 1995; Chen et a1., 1996). Animals homozygous for the Df(3L)H99 deficiency,

which removes all three genes, arrest during embryogenesis with numerous extra cells
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Figure 4 Developmental disappearance ofRP2s is accompanied by TUNEL.labeling.
Confocal images of abdominal portions of ventral ganglia show GFP expression (green)
and TUNEL labeling (red). Anterior is up. A. At 8 h APF, numerous TUNEL-positive
nuclei were present but no RP2s or aCCs exhibited TUNEL labeling. BI-B3. Ventral
ganglia from three different animals at 15 h APF are shown. TUNEL-positive RP2s
(arrows) were present in all ventral ganglia examined at this time whereas TUNEL
positive aCC neurons were never observed. Scale bars, 20/l111.
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(White et aI., 1994). The death of Type II and CCAP neurons at eclosion is impaired by

mutations affecting reaper and grim (Draizen et aI., 1999; Peterson et aI., 2002).

Likewise, PCD of the larval salivary glands is maximally impaired in a reaper mutant

background following the targeted knockdown of hid, pointing to a role for both genes in

their demise (Yin and Thummel, 2004). We therefore tested the requirements of reaper

and hid in PCD of abdominal RP2s. In a H99+1
- mutant background, in which reaper,

hid, and grim have been reduced to one copy (White et aI., 1994), we did not see any

significant impairment in PCD of the abdominal RP2s. In all ventral ganglia examined at

8 h APF, the abdominal RP2 neurons were present at expected (Fig 5A; n=5 animals). In

ventral ganglia removed from animals at 24 h APF, the abdominal RP2s were missing,

leaving behind only the aCCs (Fig. 5B; n>17 ventral ganglia). Likewise in a

hidP05014/H99 background that removes hid function and reduces reaper and grim to one

copy (White et aI., 1994; Grether et aI., 1995; Peterson et aI., 2002), PCD of the

abdominal RP2s occurred normally (Fig. 5C n=12 animals). In contrast, in ventral

ganglia removed at 24 h APF from Df(3L)XR38/H99 animals in which reaper was

eliminated and hid and grim were reduced to one copy (Peterson et aI., 2002), abdominal

RP2s persisted (Fig. 5D; n=9 animals) along with aCCs, indicating that PCD of

abdominal RP2s was impaired in this mutant. It must be noted that in all the XR38/H99

ventral ganglia examined at 24 h APF, some neuromeres had missing RP2 neurons (data

not shown). However, we could not determine whether this was due to PCD ofthose

neurons or failure to transform them into Act5C-GAL4 clones (see Methods). Therefore

we could not quantify this result in greater detail. However, the presence of abdominal
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Figure 5 Reaper is necessary for PCD of abdominal RP2s. A. Representative abdominal
ventral ganglion removed at 8 h APF from an H99/+ animal that is heterozygous for a
deletion that removes reaper, hid, and grim shows GFP-expressing RP2s (arrows) and
aCCs (arrowheads). B. In a ventral ganglion removed from an H99/+ animal at 24 h
APF, the abdominal RP2 motoneurons have undergone normal PCD leaving only the
aCCs (arrowheads). C. Ventral ganglion removed from a hid mutant (hidPIJ5IJ/4/H99), at
24 h. PCD of abdominal RP2s has taken place leaving behind the aCCs (arrowheads).
D. In a deletion that removes reaper (XR3R/H99), persisting abdominal RP2s (arrows) are
present along with aCCs (arrowheads) in a ventral ganglion removed at 24 h APF
indicating that PCD has failed to take place in this mutant. Scales bars, 2.0/lm.
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RP2s inXR38/H99 animals at 24 h APF, strongly suggests that PCD of abdominal RP2s

reqUIres reaper.

The antagonization of Diap1 by Reaper, Grim, or Hid results in the liberation of

the apical caspase, Dronc, which may in tum activates effector caspases such as Drice

(Jiang et aI., 1997; Meier et aI., 2000; reviewed in Hay and Guo, 2006). Such is the case

in the salivary glands whose PCD depends on the down-regulation and antagonization of

Diap1 (Yin et aI., 2007). We therefore first tested whether persistent Diap1 expression

could block PCD of the abdominal RP2s by ectopically expressing Diapl in the RP2s and

aCCs. In ventral ganglia removed at 8 h APF from UAS-DIAP1 animals (see methods)

all abdominal RP2s were present as expected (Fig. 6A; n=5 animals). In ventral ganglia

removed from at 24 h APF from these animals, abdominal RP2s underwent normal PCD,

suggesting that Diapl cannot antagonize their deaths (Fig. 6B; n=15 animals). However,

this result could be the result of poor ectopic expression of Diap1 in the abdominal RP2s.

As a positive control we repeated this experiment in the salivary glands using the GAL4

enhancer trap line, 4G, which we observed to express GFP in the salivary glands. In

animals carrying a 4G-GAL4, UASmCD8GFP and UAS-FLP, Act>y+>GAL4

recombinant chromosome, the GFP-expressing salivary glands were present at 8 h APF

(data not shown n=IO) but showed considerable degeneration by 20 h APF with only

faint levels of detectable GFP (Fig 6Cl; n=3). Consistent with previous literature (Yin et

aI., 2007), ectopic expression of Diap1 in this same transgenic background using UAS

DIAP1 resulted in persistent salivary glands at 20 h APF as indicated by persistent intact

GFP expression (Fig 6C2; n=4). This result suggests that unlike the salivary glands, PCD
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Figure 6 RP2 death is unaffected by Diap 1 misexpression, but impaired by
misexpression of p35 or in dark mutants. All panels are confocal images of abdominal
pOliions of ventral ganglia showing GFP expression. A. Ventral ganglion at 8 h APF,
removed from a UAS-DJAP J animal showing GFP-expressing RP2s (arrows) and aCCs
(arrowheads). B. Ventral ganglion from a UAS-DJAP J animal at 24 h; abdominal RP2s
are absent and only the aCCs (arrowheads) remain. C. Expression ofDiapl in salivary
glands blocks their death. Both panels depict an intact pupa at 20 h APF viewed
ventrally under fluorescent optics. Dashed outline identifies the upper thorax in which
the salivary glands, visible due to GAL4-driven GFP (see results), reside. Cl. At 20 h
APF, the salivary glands have degenerated considerably. C2. Salivary glands expressing
Diapl (UAS-DJAPJ) however, remain intact at 20 h APF. D. Ventral ganglion removed
from animals in which p35 is expressed in RP2s and aCCs (UAS-p35) at 24 h APF shows
persisting abdominal RP2s (arrows) in addition to the aCCs. E. In ventral ganglia
removed from animals homozygous for a dark hypomorphic allele (darkCD4

j darl/D4
) at

24 h APF, abdominal RP2s (arrows) persist along with the aCCs (arrowheads), having
failed to undergo peD. Scale bars, 20jJ.m.
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of the abdominal RP2s may not depend on the on the antagonization or downregulation

of Diapl.

To test whether PCD of abdominal RP2s was caspase dependent, we

misexpressed the viral caspase inhibitor p35 in RP2s and aCCs using a UAS-p35

responder (see Methods). P35 blocks PCD by acting as a cleavage substrate for the

effector caspase, Drice (Hay et aI., 1994; Bump et aI., 1995). As expected, in the UAS

p35 genetic background, abdominal RP2s and aCCs were present at 8 h APF (n=ll

animals; data not shown). At 24 h APF, RP2s were still present in all UAS-p35 animals

examined (Fig. 6D; n=17 animals), consistent with a requirement for effector caspase

activity for PCD of abdominal RP2s. Together these results demonstrate that PCD of

abdominal RP2s is caspase dependent but cannot be blocked by ectopic expression of

Diapl.

To test the role of Dronc in the demise of the abdominal RP2 neurons we assessed

the survival of the RP2 neurons in drone5
]/droneKG02994 mutants. In ventral ganglia

removed even as early as 18 h APF, abdominal RP2s were absent (n=6 ventral ganglia

data not shown) indicating, PCD of the RP2s proceeded normally. Although drone5
] is a

null, the droneKG02994 allele represents a hypomorph from which low levels of dronc

protein can still be produced (Chew et aI., 2004) which may explain our results. The

activation of Dronc requires apoptosome assembly, with the Drosophila apafl

homologue Dark (reviewed in Mills et aI., 2005), and mutations in dark appear to

phenocopy null mutations in drone (Akdemir et aI., 2006). We tested for the requirement

of dark in PCD of abdominal RP2s using animals homozygous for the darkcD4 allele. In



46

ventral ganglia removed from dark mutants at 24 h APF we observed persistent

abdominal RP2 neurons (Fig. 6E; n=8 ventral ganglia) suggesting that apoptosome

assembly involving Dark and Drone is required for PCD of abdominal RP2s.

Programmed cell death ofRP2s is triggered by 20E

In M sexta, the PCD of APR motoneurons during metamorphosis is triggered

directly and cell-autonomously by 20E, as demonstrated by placing APRs in cell culture

and exposing them to appropriate changes in 20E levels (Streichert et aI., 1997; Zee and

Weeks, 2001). In Drosophila, the PCD of RP2s occurs during the same time period as

the degeneration oflarval salivary glands, which has been shown in tissue culture to be

triggered directly by the prepupal pulse of 20E (Fig. 1; Jiang et aI., 1997). We therefore

tested whether ecdysteroids triggered the PCD of abdominal RP2s.

Immunostaining of ventral ganglia between 8 and 10 hrs APF revealed both EcR

A and EcR-Bl expression in the abdominal RP2s and aCCs (Fig. 7A, B; n=6 and 5

animals respectively). However, levels of staining for both isoforms were low compared

to the levels of EcR-A expression seen in the ventral ganglia during late metamorphosis,

or EcR-Bl expression seen during puparium formation (unpublished observations). To

test the possible requirement of EcR-A in PCD of abdominal RP2s we traced their fate in

an EcR-A null (EcR/39/EcRM554Fs) (Carney et aI., 2004; Davis et aI., 2005). Abdominal

RP2s were present in ventral ganglia rerrioved at 8 h APF (data not shown n=3 animals),

and were missing at 24 h APF (Fig. 7C; n=10 animals) suggesting that their PCD did not
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Figure 7 Programmed cell death of the abdominal RP2s is ecdysteroid-receptor
dependent. A. Abdominal RP2 neurons express low levels of EcR-A at 10 h APF, just
prior to head eversion. High-magnification image of two neuromeres within a abdominal
ventral ganglion containing GFP-positive RP2s (arrows) and aCCs (arrowheads) stained
for EcR-A (red) reveals low levels of EcR-A expression in both motoneurons. B. Similar
to (A), ventral ganglia removed at 10 h APF and stained for EcR-B I reveal low levels of
EcR-BJ expression by both the abdominal RP2s (arrows) and aCCs (arrowheads). C, D
Programmed cell death of abdominal RP2s proceeds through an EcR-B dependent
pathway. C. In ventral ganglia removed from an EcR-A mutant (EcR/ 39/EcR''vl554/.1) at 24
h APF, normal PCD of the abdominal RP2s taken place and only the aCCs (arrowheads)
remain. D. In ventral ganglia removed from a UAS_EcR_Bl/-{i45A background at 24 h APF
in which a dominant-negative EcR-BJ mutation was expressed specifically in the RP2s
and aCCs, PCD of the RP2s (arrows) has failed to take and they persist along with the
aCCs (arrowheads). Scale bars in A, B, lO).lm; C, D, 20~lm.
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depend on EcR-A function. Such was not the case in ventral ganglia in which the RP2s

and aCCs were made to express a dominant-negative EcR-Bl mutant that binds

ecdysteroids but lacks transcriptional activation (UAS_EcR_BI F645A
) (Hu et aI., 2003). In

ventral ganglia removed from this background at 24 h APF, abdominal RP2s persisted

(Fig. 7D arrows; n=9 animals), due to failure ofPCD. This indicates that ecdysteroids

may act through one or both of the EcR-B isoforms to induce PCD of the abdominal RP2

neurons. However, the pattern of EcR isoform expression, does not appear to be a

determinant as to whether a neurons dies or persists, as spatial and temporal patterns of

EcR expression were similar between the RP2s and aCCs.

We next tested the hypothesis that PCD of the RP2s is a direct cell-autonomous

response to the prepupal pulse of 20E. Low-density cell cultures were prepared from the

abdominal portions of ventral ganglia at 8 h APF, a time immediately prior to the

prepupal pulse of20E (Fig 1). We used animals in which GFP expression was strong in

RP2s and weak or absent in aCCs (Fig. 3B), to substantially reduce the number ofGFP

labeled non-RP2 neurons in the cultures. Pools of dissociated neurons were divided into

paired 'sister' cultures; one culture received medium containing 6 ,ug/mL 20E while the

other culture of each pair received medium without 20E (see Methods).

Immediately after flooding the dishes (designated Day 0) we photographed fields

of cells that contained one or more putative RP2, as identified by strong GFP expression.

We use the term 'putative' because, although cultures were prepared from animals in

which GFP expression was largely limited to RP2s, it is possible that a small proportion

of neurons identified in this study as RP2s had other identities. Figure 8 A-D (left
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Figure 8 Effects of 20E on putative RP2s in culture. Photomicrographs show putative
RP2s at 0 h (left panels) and 48 h (right panels) in culture. All cultures were prepared at
8 h APF, immediately prior to the prepupal pulse. The pair ofphotomicrographs in each
panel shows the same neuron(s) under phase contrast (left) and GFP epifluorescence
(right). When more than one neuron is present, arrows mark putative RP2s (as identified
by GFP expression) in the phase contrast image. A, B. Two examples of putative RP2s
cultured without 20E. At 0 h, both had smooth, ovoid somata with well-defined nuclei.
Neurite outgrowth is apparent in B. At 48 h, both neurons were still alive and exhibited
extensive neurite outgrowth and GFP labeling. C, D. Two examples of putative RP2s
cultured with 20E (6 flg/mL). At 0 h, both neurons resembled the RP2s in A and B. By
48 h (right), both were dead by morphological criteria (see Methods). The putative RP2
in C became shrunken and phase-bright, while retaining GFP fluorescence. The putative
RP2 in D was shrunken, had an irregular, fragmented outline, and the nucleus was
reduced to a small spot. Only faint, irregular GFP fluorescence remained. Scale bars,
lOflm.
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panels) shows representative phase contrast and fluorescence images of four putative

RP2s on Day O. For each putative RP2 included in the study, we also selected a non

GFP-labeled neuron in the same field of cells, of similar size and appearance as the

putative RP2, to serve as a control (not shown). The same putative RP2s and control

neurons were photographed at the end of the culture period (48 or 72 h). From

photomicrographs, neurons were scored as alive or dead by morphological criteria (see

Methods; Streichert et al. 1997; Zee and Weeks, 2001).

All neurons in the study were alive on Day 0, with smooth, ovoid somata and

well-defined nuclei (Fig. 8). In many cases, neurite outgrowth was already underway.

Neurons were scored as dead if the soma was rounded and shrunken or showed

significant degradation, and the nucleus was no longer discemable (e.g., Fig. 8D); many

shrunken neurons also became uniformly phase bright (e.g., Fig. 8C). The putative RP2s

that underwent PCD in Figure 8 (C, D) were from cultures treated with 20E for 48 h

whereas the putative RP2s that survived (Fig. 8A, B) were from hormone-free cultures;

this effect is quantified below. Neurons scored as alive after 48 or 72 h typically

maintained strong GFP labeling (Fig. 8A, B). Among neurons scored as dead, GFP

fluorescence was sometimes strong (Fig. 8C) and sometimes weak or absent (Fig. 8D).

Accordingly, GFP fluorescence was not a useful criterion for assessing neuronal viability:

it was used only to identify putative RP2s on Day O.

Figure 9A shows the percentage of control neurons alive after 48 h or 72 h in

culture, in the presence or absence of 20E. The hormone had no effect on the survival of

control neurons at either time point. Slightly fewer neurons were alive in the older
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Figure 9 20E decreases survival of putative RP2s but not control neurons. Sister cultures
were prepared at 8 h APF and treated with medium containing 6 J..Lg/mL 20E (+20E) or no
hormone (-20E). On Day 0, putative RP2 neurons were identified by GFP expression and
a similar-appearing neuron in the same field of cells was selected to serve as a control for
each putative RP2. At either 48 h or 72 h (4 pairs of sister cultures at 48 hand 2 pairs at
72 h) the putative RP2s and control neurons were scored as dead or alive by
morphological criteria (see Methods). Histograms show percentage of neurons alive,
with n given above each bar. A, The percentage of control neurons alive at 48 or 72 h did
not differ significantly between +20 and -20E cultures. B, In contrast, at both 48 and 72
h, significantly fewer putative RP2s survived in cultures containing 20E (* p<0.05, **
p<O.OI, two-tailed Chi square test with Yates Continuity Correction).
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cultures but this was seen with or without 20E. In contrast, 20E significantly decreased

the survival ofputative RP2s at both 48 and 72 h; approximately twice as many putative

RP2s died in cultures containing 20E (Fig. 9B). These results indicate that the PCD

inducing effect of 20E was specific to putative RP2s.

Propidium iodide confirmation of neuronal death

To independently assess the validity of the morphological criteria for PCD, we

performed another set of experiments in which neurons were treated with propidium

iodide (PI, a positive marker of dead cells; e.g. Jordan et aI., 1998) at the end of the

culture period (48 or 72 h; see Methods). Putative RP2s were photographed as described

above, with the addition of PI imaging at the end of the culture period.

From photomicrographs, each putative RP2 was scored independently as dead or

alive by morphological criteria and by PI staining. All putative RP2s were alive on Day

o(data not shown). Figure 10 shows representative photomicrographs of putative RP2s

after 48 h in culture without (Fig. lOA) or with (Fig. lOB) 20E. The putative RP2 in

Figure lOA was alive by morphological criteria and lacked PI staining ("PI-negative")

whereas the putative RP2 in Figure lOB was dead by morphological criteria and showed

PI staining ("PI-positive"). Figure 11 compares the results obtained with the two scoring

methods. As seen in the previous experiments (Fig. lIB), 20E significantly reduced the

percentage of putative RP2s alive after 48 h (Fig. 11A) or 72 h (Fig. lIB) in culture. The
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Figure 10 Comparison of morphology and PI staining of RP2s. Phase contrast (PC) and
epifluorescent (GFP or PI) photomicrographs of an RP2 neuron grown in the absence (A)
or presence of 20E (B) for 48 h and stained with PI. A, The neuron was scored as alive
by morphological criteria, and shows uniform GFP fluorescence; however, no fluorescent
PI staining is observed. B, By contrast, an RP2 neuron grown in the presence of 20E for
48 h was scored as dead and shows both GFP fluorescence and strong nuclear PI staining
(arrow). Scale bars, lOJ.!m.
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Figure 11 Comparison of morphological criteria and PI staining for scoring cell death.
Putative RP2s were cultured for 48 or 72 h (two independent experiments) in the absence
or presence of 20E (6 j.!g/mL). At the end of the culture period, percentages of surviving
RP2 neurons were assessed independently, using either criterion. When scored using
either morphological criteria or PI staining, the percentage of surviving RP2 neurons is
significantly lower in the presence of 20E. *p<O.Ol (Chi2

).
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two scoring methods - morphological criteria and PI staining - yielded nearly identical

results: neurons judged to be alive by morphological criteria were PI-negative whereas

neurons judged to be dead by morphological criteria were PI-positive.

Role of neuronal contacts in programmed cell death

In M sexta, contact with other neurons does not influence the ability of 20E to trigger

appropriate PCD in cultured motoneurons (Streichert et aI., 1997). The current

experiments utilized relatively high-density cultures, so most putative RP2s had somatic

and/or neuritic contact with other neurons during the culture period. To test the

hypothesis that 20E acts directly on RP2s to trigger PCD, independently of neuronal

contact, we analyzed separately a subset of putative RP2s that had no contact with other

neurons throughout the culture period.

The number of putative RP2s without contacts was relatively small, so we pooled

data from 48 and 72 hr experiments (same data as Figs. 9 and 11). Of 39 contact-free

putative RP2s, 50% (5 of 10) cultured in hormone-free medium were alive at the end of

the culture period whereas only 14% (4 of29 neurons) cultured with 20E were alive at

this time. These proportions differ significantly (p = 0.028; Fisher's Exact Test),

consistent with the idea that neuronal contact was not required for RP2s to initiate PCD

in response to 20E.

Taken together, the above results demonstrate that putative RP2s placed in cell

culture immediately prior to the prepupal pulse of 20E undergo PCD when exposed to
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20E, whether in contact with other neurons or completely isolated, supporting the

hypothesis that this rise in 20E is the normal cue for PCD in vivo. Furthermore, our

findings suggest that 20E acts directly and cell-autonomously on RP2s to trigger PCD.

Discussion

During Drosophila metamorphosis, most existing larval motoneurons are

remodeled and some also undergo PCD. We have identified one such abdominal

motoneuron, RP2, which undergoes PCD during the first 24 h ofDrosophila

metamorphosis. The abdominal RP2s survive pupariation but undergo PCD shortly after

pupation. Their death is caspase-dependent, mediated through Reaper, and depends on

the transcriptional activation of EcR-Bl or EcR-B2. Finally, we have also demonstrated

that PCD of the abdominal RP2 neurons occurs cell-autonomously in response to the

small prepupal pulse of ecdysteroids that induces pupation.

Time course of RP2 death

Our data indicate that PCD of the abdominal RP2s is initiated after 8 h APF. In

all tissue examined at 8 h APF and earlier larval and prepupal stages, GFP-labeled

abdominal RP2s are readily identifiable (Fig. 2A, B). However, in ventral ganglia

removed from animals at 30 h APF, the RP2s were missing (Fig. 2C, D). That this

elimination occurs through PCD is confirmed by TUNEL-labeling experiments. We
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observed TUNEL-positive abdominal RP2 neurons in ventral ganglia removed at 15 h

APF (Fig. 3BI-3), indicating that the RP2 neurons undergo PCD, and do not simply

down-regulate their GFP expression. It must be noted that TUNEL staining did not

positively label every abdominal RP2 neuron in a given ventral ganglion removed at this

stage. This is likely due to minor temporal variations among RP2 neurons in their

progress along the cell death pathway within and between animals. Similar asynchrony is

reported for the PCD of Manduca motoneurons (Kinch et aI., 2003). We conclude from

these results that PCD of abdominal RP2s is initiated sometime after 8 h APF, most likely

during pupation. A similar time course is observed in the larval salivary glands which

become TUNEL-positive at 15 h APF and degenerate shortly thereafter (Jiang et aI.,

1997).

We were unable to accurately trace the fate of the thoracic RP2s in these

experiments. It is not known therefore if the thoracic RP2s have a fate similar to their

abdominal partners in terms of death vs. survival and time course. Limited observations

of the thoracic RP2 neurons suggest that they may survive (unpublished observations). In

Manduca sexta, PCD of the APR motoneurons during metamorphosis is determined in

part by segmental identity (Choi and Fahrbach, 1992; Streichert et aI., 1997; Zee and

Weeks, 2001). A similar mechanism may regulate the fates of thoracic and abdominal

RP2 motoneurons.
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Cell death pathway in abdominal RP2s

PCD in Drosophila depends on the tight regulation of death-activating and death

inhibiting proteins. The three death activating genes reaper, hid, and grim are

collectively or independently responsible for activating the cell death machinery in

different cells and tissues (White et a1., 1994; Grether et a1., 1995; Chen et a1., 1996).

These three proteins exert their effect in part by liberating the apical caspase Dronc from

inhibition by Diap1. PCD is initiated when levels of Reaper, Grim, or Hid become high

enough to effectively antagonize Diap1 (Goyal et a1., 2000). The destruction of the larval

salivary glands at pupation depends on the induced expression of several early response

genes by ecdysteroids including E93, Broad complex (BR-C), and E74A, which in tum

induce maximal expression of Reaper and Hid (Jiang et a1., 2000; Lee et a1., 2000a; Yin

and Thummel 2004). PCD ofthe Type II and CCAP neurons is mediated by reaper and

grim but not hid (Robinow et a1., 1997; Draizen et a1., 1999).

In our experiments, death of the abdominal RP2s appears to depend exclusively

on reaper function. The reduction of reaper, hid, and grim to one copy did not affect

PCD of the abdominal RP2 neurons (Fig. 5A, B). This is in contrast to CCAP neurons, in

which a reduction of all three genes caused a significantly delays the death of some

neurons (Draizen et a1., 1999). Likewise, the removal of hid function in the same

background did not affect the death ofthe abdominal RP2 neurons (Fig. 5C). Only when

reaper function was removed did we observe a rescue of these neurons (Fig. 5D).
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Although we did not test the requirements ofgrim, it seems unlikely that grim is required.

In the reaper mutants, there was still an intact copy ofgrim, yet death of the abdominal

RP2s was still impaired.

Despite a role for reaper in the death of the abdominal RP2s, we were not able to

block their degeneration by ectopic expression of Diapl. This is in contrast to the

salivary glands whose death depends on the loss of Diap I function; expression of a UAS

DIAP1 transgene is sufficient to block salivary gland degeneration in both our

experiments (Fig. 6C) and those reported previously (Yin et al., 2007). Based on this

result alone however, it cannot be concluded that PCD of the abdominal RP2 neurons

does not depend on Diap I dowmegulation since expression of UAS-DIAP1 in our genetic

background may not have been effective. A more in-depth analysis of Diap I expression

in the RP2s, and analysis of diapl mutants (e.g. Lisi et al., 2000) are required.

Expression of the viral caspase inhibitor p35 in abdominal RP2s blocked their

demise (Fig. 6D) demonstrating that their death depends in part on the activation of

caspases. We also tested the requirement for the apical caspase drone in the death of the

abdominal RP2s. Although death of the RP2s still proceeded normally in the drone

mutants tested, there was significant impairment in the dark mutants (Fig. 6E).

Apoptosome assembly requires both Drone and Dark and our results suggest a possible

role for both proteins in the death of abdominal RP2s. The rescue of PCD of abdominal

RP2s in the drone51/droneKG02994 mutant was probably due to droneKG02994 not being a

true null. Still, it would be wise to confirm that PCD of abdominal RP2s requires Drone

using a stronger drone mutant.
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20E as a hormonal cue for the death ofRP2s

Pupation is initiated by the small prepupa1 pulse in 20E at ~10 h APF (Fig. 1).

The hallmark of pupation is the eversion of the adult head which occurs by 12 h APF

(Riddiford, 1993). The histolysis of the larval salivary glands is triggered cell

autonomously by this prepupa1 pulse (Jiang et aI., 1997). Given the time course ofPCD

of the abdominal RP2 neurons, there was a high likelihood that their demise was initiated

in response to the prepupa1 pulse as well.

This hypothesis was tested first by examining the requirements of EcRs for PCD

of the abdominal RP2s. Both EcR-A and EcR-B1 are expressed in the abdominal RP2s at

8-10 h APF (Fig. 7A, B). However, in an EcR-A mutant, death of the abdominal RP2s

was not affected (Fig. 7C). Although EcR-A is probably involved in PCD ofthe Type II

neurons at the end of metamorphosis (Robinow et aI., 1993), it would appear that this

isoform plays a more substantial role in the growth of adult-specific neurons during early

metamorphosis (Truman et aI., 1994). Thus it is unlikely that EcR-A plays a role in the

death of abdominal RP2s. The failure ofthe abdominal RP2s to die when they are made

to express the dominant negative EcR-B1 (UAS_EcR_BI F645A
; Fig. 7D) however

demonstrates a requirement for transcriptional activation from one or both EcR-B

isoforms.

The strongest evidence for a cell-autonomous response to the prepupa1 pulse of

ecdysteroids in the death of abdominal RP2s comes from our cell culture experiments.
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Neuronal cultures generated from animals at 8 h APF and grown in the presence of 20E

had a significantly lower percentage of surviving putative RP2 neurons after 48 or 72 h in

culture (Fig. 9B). Our assessment of cultured putative abdominal RP2 neuron survival

was verified by both morphological criteria and PI staining (Fig. 11). This effect of 20E

on survival did not occur in randomly selected control neurons (Fig. 9A); no significant

differences were observed between the survival of control neurons grown in the same cell

cultures in the presence or absence of 20E for 48 or 72 h. This indicates that the 20E

effect on neuronal survival was limited to the putative RP2 neurons in our cultures and

was not a non-specific response. These data combined with our in vivo observations

provide strong support for the hypothesis that the prepupal pulse in 20E causes the cell

autonomous death of the abdominal RP2 neurons during metamorphosis.

Some limitations in cell culture experiments should be noted. Even in cultures

that were allowed to grow for 72 h, some putative abdominal RP2 neurons failed to

degenerate (Fig. 9B; 11). Two factors may account for this finding: although we selected

tissue in which strong GFP expression was limited to the RP2 neurons there was still low

levels ofGFP expression in the aCC neurons and a few unidentifiable neurons (Fig. 3).

This raises the possibility that some of the neurons in our cell cultures that we identified

as RP2s may have had a different identity (hence the use of the term "putative").

Furthermore, the time period during which cultures were maintained, may not have been

sufficiently long for all the putative RP2s to complete PCD (see below). Similar results

were obtained in Manduca cell culture experiments investigating PCD of the APRs. Not

all APR(6) motoneurons, cultured during or prior to pupal ecdysis, underwent PCD in the
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presence ofhonnone (Streichert et aI., 1997; Hoffman and Weeks, 1998). Likewise, the

removal ofhonnone from late pupal APR(4) motoneurons grown in culture also did not

result in all of their deaths (Zee and Weeks, 2001). Since APR motoneurons were

unambiguously identifiable in these cell cultures, there are likely other unknown

limitations associated with cell culture

In our cell cultures, a significant number of putative abdominal RP2 neurons

underwent PCD by 48 or 72 h in vitro. This is substantially slower than the observed

time course in vivo, and is likely due to somewhat slower metabolic process in the

cultured neurons due to temperature and other conditions associated with cell culture.

Mechanisms of RP2 fate

Based on the present experiments it can be concluded that PCD of abdominal

RP2s is initiated by the prepupal pulse of ecdysteroids. The increased expression of

Reaper and Drone by ecdysteroids has been previously demonstrated in the salivary

glands during the same period, and in other systems (Dorstyn et aI., 1999; Jiang et aI.,

2000; Lee et aI., 2000a; Cakouros et aI., 2002, 2004) and a similar mechanism may take

place in abdominal RP2s; however this has yet to be demonstrated. Several questions

remain unresolved. Not all neurons, which die during early metamorphosis, do so at the

same time as the abdominal RP2s pointing to other factors that control PCD during this

period. For instance, pupariation is initiated in the wandering larvae by a "late larval

pulse" in 20E (Fig. 1). This honnonal cue may be responsible for the death of the vCrz



64

neurons (Choi et aI., 2006). PCD of the vCrz neurons is initiated very rapidly after

pupariation and is complete by 6 h APF. Disruption ofEcR B-specific expression in the

ventral ganglion using EcR B specific mutants significantly impairs PCD of the vCrz

neurons indicating that 20E likely plays a critical role in their demise (Choi et aI., 2006).

Although it has not been shown conclusively that the late larval pulse of 20E is directly

responsible for the PCD of these and other early dying neurons, the evidence strongly

favors this possibility.

Taken together with our data, it would appear the same hormonal cues that initiate

the morphological changes associated with pupariation and pupation are also responsible

for the observed neuronal changes including at least two periods of PCD. The second

period of PCD includes the abdominal RP2 neurons. In Manduca there is also a second

period ofPCD in the nervous system during pupation that includes sex-specific neurons

(Weeks and Giebultowicz, unpublished observations). This raises the question of why

the abdominal RP2 neurons survive the late larval pulse pulse of 20E but are eliminated

by the prepupal pulse. A more in depth investigation into the .function of Diap I in the

abdominal RP2s may provide answers to this question. Other factors however are likely

involved in the persistence of the abdominal RP2 neurons until pupation as well. Cao et

al. (2007) identified another transcription factor Fork head (Fkh) which appears to protect

the salivary glands during pupariation through the inhibition of reaper and hid expression

by ecdysteroids. Loss of Fkh expression during pupariation allows for the subsequent

prepupal pulse of ecdysone to activate reaper and hid. Similar mechanisms may regulate

the survival of the abdominal RP2 motoneurons as well.
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The specification of neurons for death as opposed to remodeling during

metamorphosis in response to the same hormonal cues remains unclear as well. The fate

of a particular tissue or neuron during development and metamorphosis is determined in

part by its EcR expression profile both spatially and temporally (Robinow et aI., 1993;

Talbot et aI., 1993; Truman et aI., 1994; Schubiger et aI., 1998; Cherbas et aI., 2003;

Davis et aI., 2005). However, the distinct role of EcR-B1 and EcR-B2 in either fate

remains unclear since neurons that are remodeled and neurons destined for PCD both

express EcR-Bl. Differences in EcR-B2 expression remain unknown due to the lack of

an available antibody, and may be a determining factor. A similar complexity occurs in

Manduca as well: the prepupa1 pulse of 20E induces dendritic regression of APR

motoneurons in all segments but selectively kills only a subset of those neurons

(Streichert et aI., 1997; Sandstrom and Weeks, 1998). Despite these unique responses to

the same hormonal cue, no segmental differences in EcR expression were found (Ewer J,

Kinch GA, and Weeks JC., unpublished data). This result is similar to the result obtained

in our studies in which EcR expression did not differ between the doomed abdominal

RP2s and persisting aCCs. It may be that differences were too minute to be detected in

by our immunocytochemistry. Likewise, other factors downstream of EcRs probably

also playa role.

This study has identified a unique motoneuron whose PCD occurs in a previously

unexplored manner during metamorphosis. A more in depth investigation into the

intracellular death pathway and its regulation by specific EcR isoforms, will provide



additional insight into how a systemic hormonal cue is uniquely interpreted individual

neurons.
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CHAPTER III

CONCLUDING REMARKS

Summary

The genetic tools available in Drosophila have made this insect an excellent

model in which to study developmental processes at the cellular level. During

metamorphosis, changes in circulating levels of ecdysteroids induce a variety of

responses in the nervous system including peD of some existing larval neurons. This has

allowed for an opportunity to study steroid-induced peD in its natural context. In

contrast to M sexta however, there has been little research into steroid-induced peD in

the Drosophila nervous system during the early stages of metamorphosis.

In this study, I have identified a motoneuron, RP2, which undergoes peD during

the first 24 h ofmetamorphosis. Its demise occurs in a caspase-dependent manner

utilizing previously identified death-activating proteins. I have also provided strong

evidence that their peD is ecdysteroid-dependent by showing a requirement for EcR-B

activity. Finally, using neuronal cell culture and in vitro hormonal manipulation, I have

shown that peD of the RP2s is a cell-autonomous response to ecdysteroids. These data

lead to the conclusion that the prepupal pulse of ecdysteroids is responsible for the death

of the RP2s during metamorphosis.
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Future directions

This study has demonstrated a requirement of the death activating protein,

Reaper, for the death of the RP2s. A reasonable hypothesis, that requires testing, is that

ecdysteroids cause the upregulation of Reaper expression in the RP2s. Studies have

shown this to be the case in the salivary glands which degenerate during the same period

in response to the prepupal pulse (Jiang et aI., 1997). In their case ecdysteroids cause

ecdysteroid-specific transcription factors to be expressed. These transcription factors

then upregulate the expression of Reaper and Hid (Jiang et aI., 2000). In addition to

Reaper, other proteins in the cell death pathway such as Dronc and Dark may also be

upregulated by ecdysteroids in the RP2s.

Another unresolved issue concerns the survival of the RP2 neurons of the earlier

late larval pulse of ecdysteroids. It is of importance to see if Diap1 is expressed in the

RP2s at any time during this period and whether other transcriptional repressors such as

Fkh are responsible for protecting the RP2s until the appropriate time.

Post-metamorphic PCD

As stated earlier, a second wave of neuronal PCD takes place at the end of

Drosophila metamorphosis. Studies demonstrated that these deaths take place

throughout the first 24 h following adult ec1osion, and that the doomed neurons express
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high levels of EcR-A (Kimura and Truman, 1990; Robinow et aI., 1993). These Type II

neurons begin expressing EcR-A at 24 h APF and, by 48 h APF, a maximum of roughly

300 Type II neurons are present (Robinow et aI., 1993). Another set of neurons that

express CCAP also die during the same period as the Type II neurons (Draizen et aI.,

1999). The post-metamorphic death of the Type II and CCAP neurons occurs following

the decline in ecdysteroid levels that takes place during the final 24 h of metamorphosis.

Intriguingly, injection of newly eclosed adults with 20E immediately following eclosion,

is sufficient to delay to the death of both sets of neurons (Robinow et aI., 1993; Draizen

et aI., 1999). Therefore, the decline of 20E at the end of metamorphosis is necessary for

the deaths of these identified neurons. However, it is not known, if their deaths are

triggered directly and cell-autonomously by this decline.

I attempted to test the hypothesis that the decline in 20E at the end of

metamorphosis triggered the deaths of the Type II neurons. To drive GFP expression in a

subset of Type II neurons, I used transgenic flies in which, GAL4 is driven by upstream

regulatory elements of the EcR-A gene (GET-AG) (Sung and Robinow, 2000). These

flies were crossed to a UAS-GFP reporter line resulting in flies in which GFP is

expressed in a large number of Type II neurons. Using the same methods described in

the previous chapter, sister neuronal cell cultures were generated from the dissociation of

at least two ventral ganglia. However, in this case, sister cultures were generated at 72 h

APF just prior to the completion of the decline in ecdysteroids at the end of

metamorphosis.
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One neuronal culture out of each sister pair, received 20E (lllg/ml), and cultures were

monitored over a period of at least 48 h while tracking the survival of the GFP-positive

neurons.

In these cell culture experiments, I did not observe any significant differences in

the survival of GFP-positive neurons between cultures grown in the presence or absence

of 20B. This result occurred even in cultures that were allowed to grow for 7 days. Two

factors may have accounted for this result and warrant further investigation. When the

post-eclosion behavior of wing inflation is disrupted in flies through decapitation or

confinement immediately after adult eclosion, the death of many of these neurons is

blocked (Kimura and Truman, 1990). This lends support to the likelihood that at least

some of the Type II neurons require both the decline of ecdysteroids and some other

"competence factor" associated with eclosion and wing inflation that I was unable to

reproduce in my cultures. Furthermore, the GET-AG line drives GAL4 expression in

numerous other neurons in addition to the Type lIs (Sung and Robinow, 2000). Many of

these imposter neurons inevitably ended up in my cultures. These two compounding

factors limited my ability to test my hypothesis using cell culture.

In order to effectively generate cultures in which only Type II neurons express

GFP, it is necessary to specifically drive GAL4-expression exclusively in subsets of Type

II neurons using the GET-AG line. This may be possible using the mosaic analysis with

a repressible cell marker (MARCM) technique (Lee and Luo, 1999). This method would

allow one to limit GET-AG-driven GAL4 expression to a subset of Type II neurons. This

would then allow for the generation of cultures in which the GFP-expressing neurons are
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all Type II. In this setup, one can then determine if the decline in ecdysteroids can cell

autonomously cause peD of at least some Type II neurons or whether an additional

signal is required. The Type II neurons are an intriguing area of study, since they die in

response to a hormonal cue that is distinct to that of the RP2s, and only express EcR-A.

These studies will help to provide insight into the big question of how individual cells

respond uniquely to universal hormonal cues.
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