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Abstract 

Several genes involved in the regulation of apoptosis can influence longevity. Although 

observations in several different systems imply that apoptosis and aging are closely linked, the 

relationship between the two remains largely unknown. In this study, Drosophila melanogaster 

was used as a model organism to explore the relationship between aging and apoptosis regulation. 

Apoptosis was investigated using two apoptotic hallmarks: caspase activity and DNA 

fragmentation. The results showed that apoptosis occured in adult flies at all ages and the changes 

in apoptosis associated with aging were linked to physiological age and were tissue-specific. 

During normal fly aging, apoptosis increased gradually within the muscle and was activated in 

the fat of old flies. However, neither of the two apoptotic signs were shown in the nervous 

system. The analysis of the apoptotic response to starvation and oxidative stress suggested that 

the increased apoptosis in muscle resulted from the accumulation of oxidative damage associated 

with aging. Once the presence of apoptosis during Drosophila aging was confirmed, the 

expression of anti-apoptotic genes was manipulated in specific tissues to examine the impact of a 

localized alternation of apoptosis on aging. The overexpression of anti-apoptotic genes in muscle 

extended Drosophila mean and maximum life span up to 99% and 65%, respectively. This 

extension was mediated by apoptosis inhibition using the detection of caspase activity and DNA 

fragmentation. In addition, the long-lived animals exhibited increased resistance to oxidative 

stress and preserved flight ability. Overall this study establishes that muscle apoptosis limits life 

span and participates in sarcopenia. This finding may have applications in the development of 

interventions to improve the life quality of elderly human. 
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Chapter 1 
Introduction and literature review 

1.1 Mechanisms of Aging 

Aging is a complex biological process accompanied by a progressive decline of physiological 

functions that eventually leads to the death of organisms. The aging process is regulated by 

genetic and environmental factors. Many theories have been proposed to explain the basis of 

aging (Balaban et al., 2005; Campisi, 2005; Finkel and Holbrook, 2000; Guarente and Kenyon, 

2000; Kenyon, 2005; Kirkwood, 2005; Kirkwood and Austad, 2000; Kujoth et al., 2007; 

Partridge and Gems, 2002; Partridge et al., 2005a). However, to date no single theory has been 

completely successful in explaining the aging process. The complex details of the aging 

mechanism still remain unclear. Here the currently most widely accepted aging theory, the 

oxidative stress theory, and one of the best known signaling pathway involved in aging 

regulation, insulin/insulin-like growth factor-1 (IGF-1) pathway, are reviewed. 

1.1.1 Oxidative stress theory 

In 1956, Harman proposed the “free radical theory” of aging, postulating that the deleterious 

effects of the oxygen radicals generated in aerobic organisms on various cell components cause 

aging (Harman, 1956). Free radicals are chemical species with an unpaired electron in their outer 

shell, making them extremely unstable and highly reactive. It was subsequently discovered that 

some of reactive oxygen species (ROS) contributing to oxidative damage on cellular 

macromolecules are not free radicals. Thus, the “free radical theory” has been modified and 

renamed as the “oxidative stress theory”, which supposes that ROS cause the accumulation of 

oxidative damage in a variety of macromolecules, such as DNA, proteins, and lipids, that in turn 

lead to dysfunction of organelles and ultimately the death of organisms (Balaban et al., 2005; 
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Bokov et al., 2004; Finkel and Holbrook, 2000, Partridge and Gems, 2002). ROS, such as 

superoxide anions (O2⋅¯), hydroxyl radicals (⋅OH) and hydrogen peroxide (H2O2), are primarily 

generated as byproducts of normal aerobic metabolism. Organisms have evolved defense 

mechanisms to eliminate ROS before they cause cellular damage. Various antioxidant enzymes, 

such as superoxide dismutase (SOD), catalase and glutathione peroxidase, and a variety of non-

enzymatic molecules scavenge and remove ROS to protect the cells from oxidative damage 

(Balaban et al., 2005; Finkel and Holbrook, 2000). SOD is a key component of this defense 

system. Three forms of SOD, cytosolic copper/zinc SOD (Cu/ZnSOD) (SOD1), mitochondrial 

manganese SOD (MnSOD) (SOD2), and extracellular Cu/ZnSOD (SOD3), exist in mammals 

(Golden et al., 2002). Cytosolic Cu/ZnSOD is the most abundant form of SOD (Sturtz et al., 

2001). SOD converts superoxide into water and hydrogen peroxide, a less reactive intermediate. 

Hydrogen peroxide is further broken down into water and oxygen by catalase or into water and 

glutathione by glutathione peroxidase (Balaban et al., 2005; Golden et al., 2002).  

Over the past half-century, extensive experimental data have provided substantial evidences to 

support that oxidative damage is the major determinant of aging and consequently, the oxidative 

stress theory has become the most widely accepted aging theory to date (Balaban et al., 2005; 

Finkel and Holbrook, 2000; Golden et al., 2002; Sohal et al., 2002). 

Oxidative stress theory predicts that oxidative damage accumulates with age. Indeed, oxidative 

damage to macromolecules, such as DNA, protein, and lipid, increases with age in many 

organisms ranging from invertebrates to humans (Bokov et al., 2004; Golden et al., 2002).  

The balance between ROS production and elimination determines the levels of ROS or oxidative 

stress. The oxidative stress theory predicts that longer-lived animals should exhibit lower levels 

of oxidative stress (lower levels of ROS generation and/or higher level of antioxidants). In fact, 
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many direct and indirect evidences have demonstrated that oxidative stress and life span are 

closely linked (Bokov et al., 2004). 

The organismal life span is positively correlated to oxidative stress resistance within and between 

species. In reptilian species, long-lived snakes exhibit decreased ROS production compared to 

short-lived snakes (Robert et al., 2007). Long-lived Drosophila derived from a normal-lived 

population display elevated oxidative stress resistance (Arking et al., 1991). Among five species 

(mouse, rat, rabbit, pig, and pigeon) with varying life span, the long-lived species have shown 

less susceptible to oxidative damage than the short-lived species (Agarwal and Sohal, 1996).  

Genetic studies have shown that long-lived mutants are often associated with increased resistant 

to oxidative stress in a variety of organisms. Long-lived yeast mutant strains, which exhibit a 

three-fold increase in life span, are found to exhibit more resistant to oxidation (Fabrizio et al., 

2001).  In worms, mutations in daf-2 produce a 59% increase in mean life span and enhance 

resistance to ROS (Honda and Honda, 1999). Long-lived C. elegans age-1 mutants have 

increased resistant to oxidative stress (Larsen, 1993). In the fruit fly, methuselah mutants display 

a 35% life span extension and increased resistance to various forms of stress including paraquat, a 

free radical generating agent (Lin et al., 1998). Mutations in p66shc induce stress resistance and 

prolong longevity of mice (Migliaccio et al., 1999). Inactivation of the IGF-1 receptor in mice 

results in a 26% life span extension and a greater resistance to oxidative stress (Holzenberger et 

al., 2003).  

Caloric restriction (CR) is a robust environmental intervention that alters aging in diverse 

invertebrate and vertebrate organisms ranging from yeast to mammals. CR results in a large 

extension of life span in the yeast Saccharomyces cerevisiae (Kaeberlein et al., 2004). The life 

span of the worm C. elegans and the fruit fly Drosophila also increases in response to CR 

(Partridge et al., 2005b). Drosophila shows reduced lipid oxidative damage under CR condition 
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(Zheng et al., 2005). Mice fed 40% fewer calories have a 30% - 40% life span extension (Lass et 

al., 1998). Calorically restricted mice show a lower rate of oxidant generation and a reduction in 

oxidative damage when compared to ad libitum fed mice (Lass et al., 1998; Sohal et al., 1994). 

CR slows down the rate of metabolism, which in turn decreases ROS generation and is associated 

with an extended life span (Gredilla and Barja, 2005; Sohal and Weindruch, 1996). Thus, one 

rationale for CR retarding aging is oxidative damage reduction (Gredilla and Barja, 2005; Sohal 

and Weindruch, 1996). 

Genetic manipulation of the genes related to ROS production or scavenging is sufficient to alter 

the organismal life span. Reducing the level of ROS, either by increasing antioxidant defenses or 

by decreasing ROS generation, prolongs life span in a wide range of species from yeast to 

mammals. SOD and catalase function as antioxidant enzymes to eliminate ROS in animals. Co-

overexpression of sod1 and sod2 in yeast yields dramatic survival increase (Fabrizio et al., 2003). 

C. elegans treated with synthetic SOD/catalase mimetics display significant increases in life span 

(Melov et al., 2000). Co-overexpression of Cu/Zn SOD and catalase genes in Drosophila results 

in a 34% increase in life span compared to control flies (Orr and Sohal, 1994). Induction of 

Cu/ZnSOD expression by mild heat shock extends the mean life span of flies up to 48% (Sun and 

Tower, 1999).  Transgenic flies that overexpress human sod1 in motorneurons have increased 

oxidative stress resistance and their longevity is extended by 40% (Parkes et al., 1998a). 

Overexpression of human catalase in mice reduces oxidative damage and increases both median 

and maximum life span (Schriner et al., 2005). Conversely, cSOD null mutation in flies results in 

premature aging and reduces life span (Parkes et al., 1998b). C. elegans iron sulfur protein (isp-1) 

gene encodes a component of the mitochondrial complex III in the electron transport chain. 

Mutations in isp-1 result in reduced oxygen consumption and increased life span (Feng et al., 



 5 

2001). These genetic data are consistent with the predictions of the oxidative stress theory of 

aging. 

There are some exceptions to this theory. Conflicting findings indicate that the level of oxidative 

damage is not always correlated with organismal life span. The naked mole rat, which is the 

longest-living rodent (maximum lifespan > 28 years), has a poor antioxidant capacity and a high 

level of oxidative damage when compared to mice (maximum lifespan ~3.5 years) at a 

physiologically equivalent age (Andziak et al., 2006). In addition, increasing SOD activities in 

worm fails to extend life span (Keaney et al., 2004). Although some conflicting results exist 

regarding to the oxidative stress theory, large amounts of experimental data support the 

hypothesis that oxidative damage plays a role in limiting aging.  

1.1.2 Insulin/insulin-like growth factor-1 (IGF-1) signaling pathway 

Insulin/IGF-1 signaling (IIS) pathway is an evolutionary conserved pathway found in various 

species ranging from nematodes to mammals. The principal components of IIS pathway are 

insulin-like ligands, insulin/IGF-1 receptor, phosphatidylinositol-3-OH kinase (PI3K), protein 

kinase B (PKB) (also known as AKT) that is the target of PI3K, and forkhead box class O 

(FOXO) transcription factor (Figure 1.1) (Kenyon, 2005; Longo and Finch, 2003; Tatar et al., 

2003). AKT/PKB can phosphorylate FOXO, a transcription factor, thereby inhibiting its 

regulation of genes that are involved in metabolism, stress response, reproduction, and longevity 

(Kenyon, 2005; Longo and Finch, 2003; Tatar et al., 2003). Phosphatase and tensin homolog 

(PTEN) protein negatively regulates the IIS pathway (Kenyon, 2005). The IIS pathway is 

involved in the regulation of aging.  Reduction of IIS extends the life span in a wide range of 

organisms including worm, fly, and mouse (Bartke, 2008; Giannakou and Partridge, 2007; 

Kenyon, 2005; Tatar et al., 2003). 
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Figure 1.1 Evolutionarily conserved insulin/IGF-1 signaling pathway in various species, 

Nematode, Drosophila, and mouse.  

The functional homologues between species are represented with same background color.   

: indicates stimulatory interaction,      : indicates inhibitory interaction. 
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the mammalian insulin/IGF-1 receptor-like protein. Mutations in daf-2 that reduce the activity of 

daf-2 double the life span of worms (Kenyon et al., 1993). age-1, a gene that encodes a PI3K-like 

catalytic subunit, functions in the IIS pathway. Mutations in age-1 that decrease PI3K signaling 

yield dramatic life span extensions (Larsen, 1993; Wolkow et al., 2000). Increasing the activity of 

DAF-16, a homologue of the mammalian FOXO protein, extends the worm’s life span by 

reducing IIS signaling (Libina et al., 2003). In contrast, inactivation of daf-18, a gene that 

encodes a PTEN phosphatase, significantly shortens the worm’s life span (Mihaylova et al., 

1999). 

Genetic studies in Drosophila also support the role of IIS pathway in the control of aging. 

Drosophila insulin-like peptides (DILPs) are orthologous to mammalian insulin. Ablation of 

DILP-producing cells in the adult brain significantly extends the life span of both male and 

female flies (Broughton et al., 2005). The Drosophila insulin-like receptor (InR) is homologous 

to the mammalian insulin receptors as well as to the worm DAF-2. Mutations that inactivate InR 

lead to dwarf flies and female flies that have a dramatic increase in life span (Tatar et al., 2001). 

Loss of chico, a gene encodes an insulin receptor substrate (IRS), extends animal median life 

span by up to 48% (Clancy et al., 2001). Interfering with IIS signaling by overexpressing 

Drosophila foxo (dfoxo) in adult fat body prolongs the fly’s longevity (Giannakou et al., 2004; 

Hwangbo et al., 2004). 

Studies in mouse also suggest that reduced IIS is sufficient to extend the life span in mammals. In 

Midi mice, reduction of IGF-1 signals lead to dramatic extensions in life span (Bartke, 2008). 

Like worm daf-2 and fly InR mutants, mice with an inactive IGF-1 receptor have deceased 

insulin/IGF-1 signaling and live over 20% longer than their wild type controls (Holzenberger et 

al., 2003).  
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Life span extension caused by reducing the activity of the IIS pathway is often associated with the 

enhancement of oxidative stress resistance (Broughton et al., 2005; Holzenberger et al., 2003; 

Larsen, 1993). This raises the possibility that the IIS and the oxidative stress mechanisms of 

aging are related. Indeed, mutations that reduce daf-2 expression and lead to increased longevity 

require the activity of cytosolic catalase, a free radical-scavenging enzyme (Taub et al., 1999).  

Both heterozygotes and homozygotes chico mutants are long-lived; however a slightly increased 

resistance to oxidative stress is observed in heterozygotes but not homozygotes, whereas an 

increased SOD level is seen in homozygotes (Clancy et al., 2001). Therefore, chico-dependent 

life span extension in flies cannot be fully explained by the enhancement of oxidative stress 

resistance, suggesting that the two mechanisms of aging operate, at least in part, independently.  

The IIS pathway influences longevity in both a tissue- and time-dependent manner. Regulation of 

the IIS pathway in the nervous system and/or adipose tissue, rather than in muscle, controls the 

longevity of worms (Libina et al., 2003; Wolkow et al., 2000). In Drosophila, reducing the 

function of IIS in the fat body significantly increases the life span (Giannakou et al., 2004; 

Hwangbo et al., 2004). Lowering IIS activity during development reduces fecundity without 

increasing life span in worms. However, reduction of IIS signaling during the adult stage is 

sufficient to prolong the worm’s life span (Dillin et al., 2002). Overexpression of dFOXO, which 

mimics the reduction of IIS activity, in the earlier ages of flies is more important for extending 

life span than in the later ages (Giannakou et al., 2007).    

1.2 Apoptosis 

Apoptosis, a prevalent form of programmed cell death (PCD), is an evolutionarily conserved 

process that removes unwanted or damaged cells during development and in the adult. Apoptosis 

plays a crucial role in many physiological and pathological conditions such as embryo and organ 
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development, tissue homeostasis, immune responses, tumor development and growth (Hay et al., 

2004). The apoptotic process is characterized by a series of morphological changes, including 

membrane blebbing, cell shrinkage, chromatin condensation, nuclear fragmentation, and 

fragmentation into apoptotic bodies sequestered by macrophages or other engulfing cells. 

Apoptosis usually accompanies DNA fragmentation and cysteinyl aspartate-specific proteases, 

termed caspases, activation. In vivo, the process of apoptotic cell death takes about 6–24 h 

depending on various cell types (Saraste and Pulkki, 2000). Apoptosis is executed in either a 

caspase-dependent or caspase-independent manner. Since Drosophila melanogaster is used as a 

model system in this study, we will highlight the fly caspases and their regulators in apoptotic cell 

death.   

1.2.1 Caspase-dependent apoptosis pathways 

The core molecular genetic pathways of apoptosis are remarkably conserved in a wide range of 

organisms (Figure 1.2) (Hay and Guo, 2006; Hay et al., 2004; Oberst et al., 2008). Here I will 

review the caspase-dependent apoptotic pathways in worm C. elegans, fruit fly Drosophila and 

mammals and focus on the similarities and differences among these animals. 

1.2.1.1 In C. elegans 

Four core genes, ced-3, ced-4, ced-9 and egg-laying defective-1 (egl-1), mediate apoptotic cell 

death in the worm (Figure 1.2A) (Danial and Korsmeyer, 2004; Horvitz, 2003; Igaki and Miura, 

2004; Yan et al., 2005; Yuan and Horvitz, 2004). ced-3 encodes a caspase with a long prodomain 

that is responsible for the execution of the apoptotic cell death. The CED-4 protein, a pro-

apoptotic adaptor that is homologous (both sequence and function similar) to the mammalian 

apoptotic protease activating factor (APAF-1), promotes apoptosis by activating CED-3. CED-9 

is an ortholog of the anti-apoptotic members of the Bcl-2 family.  CED-9 prevents apoptosis by 
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Figure 1.2 Schematic diagrams of caspase-dependent apoptosis pathways in (A) C. elegans, 

(B) D. melanogaster (C) Mammals.  

The functional homologues between species are represented with same background color and 

symbol. CASP: represents caspase; Cyt C: represents cytochrome c;         : indicates stimulatory 

interaction;       : indicates inhibitory interaction. In all three species, caspases are activated by 

appropriate adaptors with either CARD or DED domains. Drosophila and mammalian caspases 

are inhibited by IAPs, and IAPs are inactivated by GHR proteins. See text for further details.  
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acting as an inhibitor of caspase activation. EGL-1 is a Bcl-2 homology (BH) 3-only protein, a 

subclass of the Bcl-2 family, which induces apoptosis by directly binding  to  CED-9  protein.  

CED-3  and  CED-4  are present ubiquitously in worm. Cells are protected  against  apoptotic cell 

death by the expression of CED-9. Through direct interaction, CED-9 protein sequesters CED-4 

to the outer mitochondrial membrane that results in the inhibition of CED-3 activation. In cells 

chosen to die, egl-1 is expressed and binds to CED-9. The binding of EGL-1 to CED-9 triggers 

the conformational changes of CED-9 that lead to the release of CED-4 from the CED-4/CED-9 

complex. Oligomerization of the released CED4 facilitates the autoactivation of CED-3 that 

promotes cell death. In this system, the decision on whether to invoke apoptosis is primarily 

determined by the upstream component, CED-9. 

1.2.1.2 In D. melanogaster 

A worm CED-4 and mammalian APAF-1 homologue, Drosophila APAF-1-related killer 

(DARK) (also known as Dapaf-1/HAC-1) has been identified in Drosophila (Kanuka et al., 1999; 

Rodriguez et al., 1999; Zhou et al., 1999). DARK has an N-terminal caspase recruitment domain 

(CARD) and several WD-40 repeats in the C-terminal region. DARK is associated with the fly 

initiator caspase DRONC through a CARD motif that leads to the activation of DRONC (Quinn 

et al., 2000). Active DRONC subsequently cleaves and activates the downstream caspases, 

DRICE and DCP-1, which invokes cell death (Figure 1.2B)(Cashio et al., 2005; Danial and 

Korsmeyer, 2004; Hay and Guo, 2006; Hay et al., 2004; Igaki and Miura, 2004; Vernooy et al., 

2000; Yan and Shi, 2005). 

Drosophila inhibitor of apoptosis protein 1 (DIAP1) inhibits apoptosis by suppressing the activity 

of caspases. In the fly, apoptotic cell death can be triggered by the expression of a set of genes: 

reaper (rpr) , head involution defective (hid), and grim (Danial and Korsmeyer, 2004). The 
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product of rpr, hid, and grim can directly bind to DIAP1 and displace bound DRONC from 

DIAP1 resulting in the release of DRONC from DIAP1 inhibition. Free DRONC binds to the 

adaptor protein DARK and brings about the activation of effector caspases leading to the ultimate 

demise of the cell (Figure 1.2B) (Cashio et al., 2005; Danial and Korsmeyer, 2004; Hay and Guo, 

2006; Hay et al., 2004; Vernooy et al., 2000; Yan and Shi, 2005). 

1.2.1.3 In Mammals 

In mammals, apoptotic cell death can be executed via two caspase-dependent signaling pathways, 

intrinsic and extrinsic pathways, which are triggered by the death signals from intracellular and 

extracellular environments, respectively (Chen and Wang, 2002; Danial and Korsmeyer, 2004; 

Hay and Guo, 2006; Hay et al., 2004; Salvesen and Duckett, 2002; Yan and Shi, 2005). 

One of the caspase-dependent pathways in mammals is the intrinsic (also known as 

mitochondrial-mediated) pathway (Figure 1.2C) (Chen and Wang, 2002; Danial and Korsmeyer, 

2004; Hay and Guo, 2006; Hay et al., 2004; Li et al., 2004; Salvesen and Duckett, 2002; Yan and 

Shi, 2005). Pro- and anti-apoptotic Bcl-2 family members regulate the caspase activation of this 

pathway. Various cellular stresses, such as DNA damage, promote the activation of the BH3-only 

Bcl-2 family proteins that stimulate pro-apoptotic multidomain Bcl-2 family members, such as 

BAX and BAK, to induce the release of proapoptotic factors, such as cytochrome c and 

Smac/DIABLO, from the mitochondria into the cytoplasm. In the presence of ATP/dATP, the 

released cytochrome c binds to APAF-1 via WD-40 repeats and induces a conformation change in 

APAF-1 to expose its CARD domain. The cytochrome c, APAF-1, and ATP/dATP form a large 

complex, known as the apoptosome. Procaspase-9 is recruited to the apoptosome through the 

CARD domains of the APAF-1 proteins, which activates procaspase-9 into active caspase-9. 



 13 

Capase-9 initiates the activation of the downstream effector caspases, caspase-3 and -7, which in 

turn leads to the destruction of the cell that we observe as apoptosis.  

In the extrinsic (also known as death receptor-mediated) pathway, extracellular death stimuli, 

such as the Fas ligand, interact with the death receptors, which  are  members of a tumor  necrosis  

factor receptor (TNF-R) family (Figure 1.2C) (Danial and Korsmeyer, 2004; Hay and Guo, 2006; 

Hay et al., 2004; Salvesen and Duckett, 2002; Yan and Shi, 2005). Upon binding to their ligands, 

the death receptors recruit the Fas-associated death domain (FADD) protein via C-terminal death 

domain (DD)-DD interaction and form a death-inducing signaling complex (DISC). Then the 

adaptor FADD associates with procaspase-8 through the N-terminal death effector domains 

(DEDs) and brings procaspase-8 into the DISC, which leads to caspase-8 dimerization and 

subsequent autocatalysis. The active caspase-8 cleaves and activates the effector caspases, 

caspase-3 and -7, which leads to the ultimate destruction of the cells.   

In some cases, the extrinsic death signals can trigger the intrinsic pathway through the activation 

of the Bcl-2 family member BID (Figure 1.2C) (Chen and Wang, 2002; Salvesen and Duckett, 

2002). The cleavage of BID by active caspase-8 can lead to the translocation of BID to the 

mitochondria when it induces the release of cytochrome c from the mitochondria and the 

activation of the intrinsic pathway.  

The apoptotic pathways can be modulated by inhibitor of apoptosis proteins (IAPs). X-linked IAP 

(XIAP) and possibly other IAPs directly bind to caspase-9, -8, -3, and -7 and inhibit their activity 

(Oberst et al., 2008; Salvesen and Duckett, 2002). This inhibition is relieved by the release of 

IAP-antagonizing proteins from mitochondria, such as Smac/Diablo and Omi/HtrA2 (Chen and 

Wang, 2002). Smac/Diablo and Omi/HtrA2 are able to bind to and suppress IAPs  (Oberst et al., 

2008). 
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1.2.1.4 Similarity and difference of apoptosis pathways among various organisms 

The molecules involved in the control and execution of apoptosis are highly conserved 

throughout evolution. The higher multicellular organisms have more evolved and sophisticated 

mechanisms of apoptosis. Although a broad similarity of apoptosis pathways and their regulation 

exists in a wide range of organisms, some apparent differences in the regulation of apoptosis are 

evident among various animals. Furthermore, although some components of apoptotic pathways 

are shared in various organisms, they may not function in an identical way. 

C. elegans has the core components of the mammalian intrinsic pathway, but lacks the extrinsic 

pathway. More apoptotic caspases, adaptors, and regulators are involved in mammalian apoptosis 

when compared with worms. In the worm, CED-3 is the only caspase participating in apoptosis 

and functions as both an initiator and an effector caspase. Multiple initiator and effector caspases 

are used in mammalian apoptosis. The CED-4 protein in C. elegans has large regions of 

homology with mammalian APAF-1. However, CED-4 lacks the C-terminal WD-40 repeats, 

which contributes to the interaction of mammalian APAF-1 with cytochrome c (Oberst et al., 

2008). Unlike mammals, neither cytochrome c nor mitochondrial outer membrane 

permeabilization plays a role in the onset of apoptosis in worms (Oberst et al., 2008). The 

activation of CED-3 does not require cytochrome c, which is one of the core components of the 

apopotsome which is required to activate mammalian caspase-9. Moreover, no IAPs and IAP 

antagonists have been identified in worms (Yan and Shi, 2005; Yuan and Horvitz, 2004). 

Molecular mechanisms of apoptosis in the fly display an intermediate complexity between that in 

worms and in mammals. D. melanogaster shares many of the apoptotic components that are used 

in mammals, but has less redundancy. In mammal, apoptosis can be initiated by several initiator 

caspases acting redundantly, either dependent or independent of mitochondria.  
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In mammals, cytochrome c released from mitochondria is required for the activation of the 

adaptor protein APAF-1 to further activate caspase-9. However, the role of cytochrome c in 

Drosophila apoptosis remains highly controversial. The Drosophila APAF-1 homologue DARK, 

containing WD-40 repeats, is structurally more similar to mammalian APAF-1 than to the worm 

CED-4. The WD-40 repeats of DARK are predicted to bind cytochrome c like those of APAF-1. 

Although DARK can bind to cytochrome c in vitro, cytochrome c is not required for the assembly 

of the apoptosome in fly (Dorstyn and Kumar, 2006). DARK is able to activate the initiator 

caspase DRONC in a cytochrome c-independent fashion (Dorstyn and Kumar, 2006; 

Zimmermann et al., 2002). By contrast, genetic studies reveal that cytochrome c play a role in 

developmental apoptosis in the fly retina (Mendes et al., 2006).   

Pro-apoptotic proteins, RPR, GRIM, HID, SICKLE, and JAFRAC2, promote apoptosis in the fly 

by interacting with DIAP1 to relieve DRONC, DRICE, and DCP-1 from inhibition (Muro et al., 

2006). These apoptosis inducers are functional homologues of the mammalian Smac/DIABLO 

proteins (Hay and Guo, 2006; Shi, 2002). 

In mammals, pro- and anti-apoptotic members of the Bcl-2 family of proteins regulate the release 

of apoptotic factors, such as cytochrome c and Smac/DIABLO, from mitochondria and play a 

major role in determining cell fate (Igaki and Miura, 2004). Two Bcl-2 family members, encoded 

by debcl (also known as drob1/dbrog1/dbok) and buffy (also known as dbrog2), have been 

identified in the fly. DEBCL and BUFFY have pro- and anti-apoptotic activities, respectively; 

however, they do not appear to play a critical role in the caspase-dependent apoptosis pathway of 

the fly (Igaki and Miura, 2004). The precise function of these proteins in apoptosis is unclear.  

 

 



 16 

The members of the IAP family bind to caspases and inhibit the activity of caspases in both flies 

and mammals. Removal of DIAP1 is sufficient to provoke apoptosis in the fly (Wang et al., 

1999). However, no clear apoptotic phenotype is observed in the mutations of mammalian IAPs 

(Srinivasula and Ashwell, 2008). This indicates that IAP-mediated inhibition of caspase activity 

plays a much more important role in apoptotic regulation in the fly than in the mammal.  

The “Gas and Brake” model is proposed to illustrate the regulation of caspases by both activators 

(‘gas’) and inhibitors (‘brake’) (Salvesen and Abrams, 2004; Steller, 2008). In Drosophila, fly 

caspases are constitutively active and this activity must be neutralized by IAPs to ensure cell 

survival (Muro et al., 2002). The onset of the apoptotic program is driven by the release of 

caspases from their complexes with IAPs (releasing the brakes). However, apoptosis is initiated 

by caspase activation (stepping on the gas) in mammals (Hay and Guo, 2006; Salvesen and 

Abrams, 2004). 

Core components of the extrinsic apoptosis pathway exist in flies. Drosophila Fas-associated 

death domain (dFADD) protein, a mammalian FADD homologue, contains a C-terminal DD 

motif and a N-terminal DED motif. dFADD binds to fly caspase DREDD via DED-DED 

interaction and promotes the proteolytic processing of DREDD (Hu and Yang, 2000). These 

findings imply that the mammalian extrinsic pathway may also be present in Drosophila. 

However, recent studies reveal DREDD activation by dFADD binding is predominately involved 

in the innate immune response rather than apoptosis (Leulier et al., 2002). No studies have 

reported that dFADD binds to DREDD, activates the processing of DREDD, and then induces 

apoptosis in vivo. Only the intrinsic apoptotic pathway has been identified in Drosophila up to 

date (Salvesen and Abrams, 2004). 
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1.2.2 Fly caspases 

The core components of apoptosis pathways are caspases. Caspases are a family of cysteine 

proteases that cleave their substrates after an aspartate residue (Degterev et al., 2003; Thornberry 

and Lazebnik, 1998; Vernooy et al., 2000). Caspases are synthesized as relatively inactive 

zymogens, known as procaspases, and require proteolytic processing for activation. A procaspase 

consists of an N-terminal prodomain of varying lengths, a large subunit (~20 kD), and a small 

subunit (~10 kD). In general, caspases are activated by cleaving after aspartic acid residues that 

separate the prodomain from the catalytic region and separate the large and small subunits of the 

catalytic region. An active enzyme is a heterotetramer consisting of two small and two large 

subunits of the capase protease. Based on the length of the prodomain, caspases are divided into 

two groups: one group containing relatively long prodomain and one group containing very short 

or no prodomain. Caspases containing long prodomain are initiator caspases. The long 

prodomains in procaspases generally contain protein-protein interaction motifs, such as the 

CARD or DED. These motifs are crucial for the recruitment of the caspases to the appropriate 

death complexes, which are important for caspase activation. Upon receiving the death signals, 

initiator caspases are recruited by the death adaptor molecules via the CARD or DED motifs, 

which lead to their autocatalytic activation and trigger a cascade of caspase activation. Caspases 

with a short or no prodomain are effector caspases that are required to be activated by initiator 

caspases and responsible for the actual destruction of the cell. 

Fourteen mammalian caspases, named caspase-1 through -14 have been reported. Some caspases 

are mainly involved in apoptosis, whereas others predominantly play a role in inflammation (Shi, 

2002). Caspase-2, -8, -9, and -10 with long prodomains are initiator caspases. Caspase-2 and -9 

have a CARD motif, whereas caspase-8 and -10 contain two DED motifs in their prodomain 
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regions. Caspase-3, -6, and -7 with very short prodomains are effector caspases and thought to 

coordinate the execution phase of apoptosis (Degterev et al., 2003).  

A total of seven caspases have been identified in Drosophila: Drosophila Caspase-1 (DCP-1), 

death-related CED-3/Nedd2-like protein (DREDD), Drosophila ICE (DRICE), Drosophila 

Nedd2-like caspase (DRONC), Drosophila executioner caspase related to Apopain/Yama 

(DECAY), Death-associated molecule related to Mch2 (DAMM), and serine-threonine rich 

caspase (STRICA) (Chen et al., 1998; Dorstyn et al., 1999a; Dorstyn et al., 1999b; Doumanis et 

al., 2001; Fraser and Evan, 1997; Harvey et al., 2001; Kumar and Doumanis, 2000; Song et al., 

1997) (Kumar, 2007). Three fly caspases, DRONC, DREDD and STRICA, contain a long 

prodomain and are considered as initiator caspases. DCP-1, DRICE, DECAY, and DAMM have a 

short or no prodomain, which suggest that they are effector caspases. 

DRONC contains a CARD motif in its long prodomain region and is the only known initiator 

caspase in Drosophila (Dorstyn et al., 1999a). DRONC is structurally and functionally 

homologous to mammalian caspase-9 and requires DARK for activation (Quinn et al., 2000).  

DRONC cleaves and activates the effector caspases, DRICE and DCP-1, which suggests that 

DRONC is required for downstream caspase activation (Hawkins et al., 2000; Meier et al., 2000; 

Mills et al., 2005). In addition to aspartate, DRONC may cleave after glutamate residues in some 

proteins including itself (Hawkins et al., 2000; Snipas et al., 2008). DRONC is widely expressed 

during Drosophila development (Dorstyn et al., 1999a). Genetic studies of DRONC activities 

have shown that DRONC is a key upstream caspase of apoptotic cell death (Daish et al., 2004; 

Kumar, 2007; Leulier et al., 2006; Quinn et al., 2000).  

DREDD contains a pair of DED domains, structurally similar to mammalian caspase-8 and -10 

(Chen et al., 1998). However, the overall sequence of DREDD displays more similarity to the 

CARD-containing mammalian caspase-2 than DED-containing caspase-8 (Kumar and Doumanis, 
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2000). The initial report suggested that DREDD functions in apoptosis because DREDD can 

induce apoptotic cell death in Drosophila SL2 cells (Chen et al., 1998). Later studies revealed 

that DREDD is predominantly involved in antibacterial immune response by regulating the 

activation of RELISH, an NF-kB-like transcription factor (Kumar, 2007; Leulier et al., 2000). 

STRICA bears an unusually long prodomain that is rich in serine and threonine residues and lacks 

any DED or CARD-like structures (Doumanis et al., 2001). STRICA can induce apoptosis in 

cultured cells and may contribute to the efficient removal of larval salivary glands (Doumanis et 

al., 2001; Leulier et al., 2006). Low level expression of STRICA is detected during all 

developmental stages and in the adult fly (Doumanis et al., 2001). Genetic data reveal that 

STRICA participates in HID induced apoptosis in vivo (Leulier et al., 2006). However, the 

precise function of STRICA in apoptosis is unclear. 

Lack of long prodomains suggests that DCP-1 and DRICE are effector caspases. The amino acid 

sequences of DRICE and DCP-1 are very similar. Furthermore, DCP-1 and DRICE are 

structurally and biochemically similar to mammalian caspase-3 and CED-3 (Fraser and Evan, 

1997; Song et al., 1997). DRICE and DCP-1 are activated by the upstream caspase DRONC 

(Hawkins et al., 2000). DRICE is the most abundant effector caspase and is widely expressed at 

all stages of Drosophila development that contain cell death. Genetic data show that DRICE is 

essential for normal development in Drosophila (Muro et al., 2006). DRICE is important for 

irradiation-induced cell death as well (Fraser and Evan, 1997; Muro et al., 2006; Xu et al., 2006). 

DCP-1 is required for oogenesis (Peterson et al., 2003). However, DCP-1 is dispensable for 

developmental cell death because DCP-1 null mutant animals are viable and develop normally 

(Muro et al., 2006; Xu et al., 2006). RNAi and genetic studies reveal that DCP-1 and DRICE 

have some functionally redundancy in apoptotic cell death (Leulier et al., 2006; Xu et al., 2006).  
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The amino acid sequence of DECAY shows that DECAY is similar to mammalian caspase-3 and 

caspase-7 and fly caspases DCP-1 and DRICE. DECAY can induce apoptosis in cultured cells. 

The expression of DECAY in all developmental stages and egg chambers suggests that DECAY 

may play a role in PCD during Drosophila development and oogensis (Dorstyn et al., 1999b). 

Recent studies suggest that DECAY may have redundant functions with DCP-1 and DRICE in 

developmental cell death (Xu et al., 2006). DECAY also contributes to apoptosis induced by HID 

(Leulier et al., 2006). However, the role of DECAY in apoptotic cell death is not fully understood 

(Kumar, 2007). 

DAMM shares 29% identity (43% similarity) with mammalian caspase-6 and 27% identity (44% 

similarity) with mammalian caspase-3. Despite the different length of prodomains in DAMM and 

STRICA, the closet homology to DAMM is STRICA based on the sequence similarity. Although 

DAMM can trigger apoptosis in vitro, little is known about the role of DAMM in apoptosis 

(Harvey et al., 2001; Kumar, 2007). 

Although caspases are clearly essential for apoptosis in Drosophila, they also have many 

nonapoptotic functions (Kuranaga and Miura, 2007). The primary role of DREDD is in the innate 

immune response (Leulier et al., 2000). Recent studies show that DREDD, DRONC, and DRICE 

are required for sperm individualization, where they eliminate most of the cytoplasm from 

spermatids (Huh et al., 2004b; Muro et al., 2006). In addition, DRONC is responsible for 

stimulating compensatory cell proliferation in the Drosophila wing disc in response to cell death 

(Huh et al., 2004a).  

The preferred amino acid sequences of cleavage site for caspase-1, caspase-2, caspase-3/7, 

caspase-4/5, caspase-6 and caspase-9 contain YVAD, VDVAD, DEVD, LEHD, VEID, and IETD 

sequence, respectively (Dorstyn et al., 1999b; Harvey et al., 2001). Caspase-3 also has VDVAD 

cleavage activity (Harvey et al., 2001). The substrate specificity of fly caspases in vitro is 
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generally analyzed using the synthetic caspase substrates of the known mammalian caspases. 

Various fly caspases display different preference for the caspase substrates. The preferred 

substrate of DRONC contains the VDVAD sequence, the optimal substrate of caspase-2 (Dorstyn 

et al., 1999a). In addition, DRONC is able to cleave DEVD but has no significant cleavage 

activity of the caspase-1 substrate YVAD (Dorstyn et al., 1999a; Hawkins et al., 2000). It is 

unknown whether DREDD is able to cleave these synthetic caspase peptide substrates (Chen et 

al., 1998). STRICA failed to cleave any available commercial caspase substrates (Doumanis et 

al., 2001). Both DRICE and DCP-1 can efficiently cleave the caspase-3 optimal substrate which 

contains the DEVD sequence (Fraser and Evan, 1997; Hawkins et al., 2000). The preferred 

substrate of DECAY is VDVAD. DECAY is able to efficiently cleave a substrate that contains 

DEVD as well (Dorstyn et al., 1999b). Although the sequence of DAMM is highly similar to 

caspase-6, DAMM does not show significant activity with the caspase-6 substrate VEID. The 

optimal substrate of DAMM is VDVAD. DAMM also displays low level of cleavage activity 

with substrates containing YVAD, LEHD, and IETD sequences. However, DAMM has no 

DEVD-specific activity (Harvey et al., 2001). 

1.2.3 Caspase regulators 

The activation of caspases is tightly controlled by both positive and negative regulators. On the 

one hand, the members of the IAP family can inhibit apoptosis by suppressing the activity of 

caspases. On the other hand, a second group of proteins act antagonistically to the IAP proteins, 

thereby stimulating caspase activity. 

IAPs were first discovered in baculovirus as a novel protein family and have been found in a 

variety of organisms since then (Vaux and Silke, 2005). The members of the IAP family prevent 

apoptosis by interacting with caspases and inhibiting their enzymatic activity. IAP proteins have a 
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common structure. The N-terminal region of IAPs contain one or more repeats of an 

approximately 70-amino-acid motif, known as the baculovirus IAP repeat (BIR), which are 

essential for the anti-apoptotic functions of IAPs (Salvesen and Duckett, 2002; Srinivasula and 

Ashwell, 2008; Vaux and Silke, 2005). Many IAPs also contain a Really Interesting New Gene 

(RING) domain in the C-terminal region. The RING domain of IAPs acts as E3 ubiquitin ligase 

that recruits ubiquitin-conjugating enzyme E2 and catalyzes the transfer of ubiquitin to the target 

proteins, including themselves, which lead to the degradation of the ubiquitinated proteins by the 

proteasome (Salvesen and Duckett, 2002; Srinivasula and Ashwell, 2008; Vaux and Silke, 2005). 

Although all members of the IAP family contain one or more BIR repeats, not all BIR-containing 

proteins are IAPs. 

At least three IAP proteins, DIAP1, DIAP2, and Drosophila BRUCE (dBRUCE), have been 

identified in Drosophila (Hay et al., 1995; Vernooy et al., 2002). The best-characterized IAP in 

the fruit fly is DIAP1. DIAP1, the product of the thread gene, consists of two BIR domains and a 

RING domain (Hay et al., 1995). The first BIR domain (BIR1) of DIAP1 binds to effector 

capases, DCP-1 and DRICE (Kumar, 2007; Vaux and Silke, 2005). The second BIR domain 

(BIR2) of DIAP1 recognizes a region between the prodomain and the catalytic subunit of the 

initiator caspase DRONC (Chai et al., 2003; Kumar, 2007). DIAP1 can bind both unprocessed 

and processed DRONC. The binding of DIAP1 to DRONC blocks the interaction of DRONC 

with DARK and prevents the activation of DRONC (Kumar, 2007; Vaux and Silke, 2005). 

Furthermore, the interaction of DIAP1 with DRONC mediates the degradation of DRONC by 

ubiquitination (Chai et al., 2003). DIAP1 binds to fly effector caspases, DCP-1 and DRICE, in 

their active form. This binding interferes with the ability of the effector caspases to cleave their 

target substrates during the destruction of the cells (Tenev et al., 2005). Although DIAP1 does not 

physically interact with fly caspase STRICA, it can suppress apoptosis induced by STRICA 
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(Doumanis et al., 2001). The absence of DIAP1 leads to embryonic lethality; this suggests a 

critical role for DIAP1 in Drosophila development (Hay et al., 1995). A reduction in the level of 

DIAP1 expression leads to almost all Drosophila cells undergoing PCD (Wang et al., 1999; Yoo 

et al., 2002; Zimmermann et al., 2002), indicating that DIAP1 is an essential inhibitor of 

apoptotic cell death in the fly. DIAP2 contains three BIR motifs and a RING domain (Hay et al., 

1995). dBRUCE is a very large IAP molecule that contains an N-terminal BIR motif and a C-

terminal ubiquitin conjugating enzyme (UBC) domain. Both DIAP2 and dBRUCE can suppress 

apoptosis in vivo, but their role and mechanism in inhibiting apoptotic cell death is not fully 

explored (Hay et al., 1995; Leulier et al., 2006; Vernooy et al., 2002).  

The baculovirus IAP, P35, is a universal caspase inhibitor that can prevent apoptotic cell death in 

a wide range of organisms including Drosophila (Hay et al., 1994). P35 functions as a caspase 

pseudosubstrate and masks the active catalytic site of the caspases (Callus and Vaux, 2007). In 

Drosophila, P35 inhibits the activity of fly effector caspases, DRICE and DCP-1, but does not 

inhibit the fly initator caspase DRONC (Leulier et al., 2006; Wang et al., 1999; Yoo et al., 2002).   

A family of pro-apoptotic proteins, which share a conserved N-terminal IAP-binding motif 

(IBM), also known as the Reaper-Hid-Grim (RHG) domain, induce apoptosis by antagonizing 

IAP function. These IAP antagonists, also known as RHG proteins, directly bind to BIR domain 

of IAPs to replace the bound caspases. They also promote the auto-ubiquitination and degradation 

of IAPs (Steller, 2008; Vaux and Silke, 2005). The IBM motifs of pro-apoptotic proteins are 

essential for IAP binding and apoptosis induction. 

Several RHG proteins, RPR, GRIM, HID, SICKLE, and JAFRAC2 have been identified in 

Drosophila (Chen et al., 1996; Grether et al., 1995; Srinivasula et al., 2002; Tenev et al., 2002; 

Vaux  and  Silke,  2005;  White   et  al.,  1994).   RPR,   GRIM,   HID,  SICKLE,  and  JAFRAC2 
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 antagonize the DIAP1-mediated inhibition of apoptosis by disrupting the interaction of DIAP1 

with fly caspases and promoting DIAP1 degradation by auto-ubqiuitylation (Chai et al., 2003; 

Vaux and Silke, 2005).  RPR, GRIM, and HID are essential for apoptosis during Drosophila 

development (Chen et al., 1996; Grether et al., 1995; White et al., 1994). Removal of rpr, hid, 

and grim (H99 deletion) completely blocks apoptotic cell death during embryogensis and causes 

embryonic lethality (White et al., 1994). In addition, overexpression of these RHG proteins is 

sufficient to induce apoptosis (Chen et al., 1996; Grether et al., 1995). Two mammalian pro-

apoptotic factors, Smac/DIABLO and Omi/HtrA2, have been identified that contain the IBM 

motif and behave functionally as IAP antagonists (Vaux and Silke, 2005). 

1.3 Genetic approaches to study aging in Drosophila 

Genetic studies on aging have focused on a number of model organisms for determining genes 

that can alter organismal life span. The commonly used model organisms in aging studies include 

yeast Saccharomycs cerevisiae, the nematode Caenorhabditis elegans, the fruit fly Drosophila 

melanogaster, and the mouse Mus musculus. In this thesis, Drosophila melanogaster is used as a 

model organism because of its relatively short life span (around 60-80 days), completely 

sequenced genome, well-characterized biology, and easy maintenance. In addition, there is a 

comprehensive set of powerful molecular and genetic tools available to manipulate genes at the 

organism level in the fruit fly. All the above mentioned advantages of the fruit fly make it an 

excellent model organism for studying the mechanisms of aging.  

A number of genes that are involved in the aging process have been successfully identified by 

various single-gene manipulation techniques, which greatly enhances our understanding of this 

complex biological process (Poirier and Seroude, 2005). Here two Drosophila gene expression 

systems that are commonly used in aging studies are reviewed. These genetic systems can 
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manipulate the expression of a gene of interest in a temporal and/or spatial manner and allow for 

the investigation of the effect of a single gene on the aging process.  

1.3.1 UAS/GAL4 system 

The UAS/GAL4 system is a tissue-specific gene expression system based on the yeast GAL4 

transcription factor and its upstream activating sequence (UAS) (Figure 1.3A) (Brand and 

Perrimon, 1993). GAL4 is a transcription factor that activates the transcription of genes that 

contains the GAL4 DNA binding site, known as UAS, in their promoter. The Drosophila 

UAS/GAL4 is a bipartite system. In this system, the UAS that controls expression of the gene of 

interest (the reporter) and the GAL4 that drives transcription of the genes under UAS control (the 

driver) are maintained separately. When the UAS and GAL4 lines are crossed, the progeny will 

express the gene of interest in a pattern corresponding to the GAL4 expression pattern. Using the 

UAS/GAL4system, a gene of interest can be introduced into a UAS line and expressed in a 

variety of spatial patterns by mating with various GAL4 drivers. It has been shown that 

expressing the human sod1 transgene in Drosophila motoneurons using this system is able to 

extend the fly’s life up to 40% (Parkes et al., 1998a). This finding provides direct support for a 

role of SOD in limiting longevity. 
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Figure 1.3 Schematic diagrams of gene expression systems.  

(A) GAL4/UAS system (B) GeneSwitch system. For more details see text. 

1.3.2 GeneSwitch system 

The GeneSwitch (GS) system is built onto the UAS/GAL4 platform, where the standard GAL4 is 

replaced with a chimeric gene (GeneSwitch) (Figure 1.3B) (Osterwalder et al., 2001; Roman et 

al., 2001). The chimeric gene encodes the GAL4 DNA binding domain, the human progesterone 

receptor ligand-binding domain, and the activation domain from the human protein p65. In the 

absence of the inducer, modified GAL4 protein is expressed but remains transcriptionally silent. 

The modified GAL4 protein only binds to the UAS to activate the transcription of the target gene 

in the presence of the antiprogestin mifepristone (also known as RU486), making this system 

inducible. Using this system, conditionally inducing dFOXO, one component of the IIS pathway, 

specifically in fat body of the adult fly significantly increased longevity (Giannakou et al., 2004; 

Hwangbo et al., 2004). This demonstrates that IIS pathway is involved in aging regulation in 

Drosophila.  
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1.3.3 Advantages and disadvantages of various gene expression systems 

Various cell types or tissues have different impacts on aging. Overexpression of sod exclusively 

in the nervous system extends life span (Parkes et al., 1998a). The IIS pathway regulates life span 

mainly through the nervous system and adipose tissue (Broughton et al., 2005; Giannakou et al., 

2004; Hwangbo et al., 2004). Overexpression of a gene of interest in a tissue-specific manner can 

be achieved with the UAS/GAL4 and GS systems. The primary advantage of the GAL/UAS 

system is that thousands of GAL4 lines have been generated for directed expression of target 

genes in a wide variety of tissues (Duffy, 2002). Many of the GAL4 strains have been well 

characterized and are available from the Bloomington Drosophila stock center (Seroude et al., 

2002). Lack of temporal control with the UAS/GAL4 system means that the researcher cannot 

regulate when transgene expression occurs. Consequently, it is impossible to separate effects on 

development from the effects on adult aging and the investigation of the role of developmentally 

lethal transgene on aging is not possible. 

Differences in genetic backgrounds may have effects on life span that can complicate the study of 

the effect on aging of a transgene under analysis (Spencer et al., 2003; Sun and Tower, 1999). 

The GS system is a conditional inducible gene expression system. In this system, control (inducer 

absent) and overexpression population (inducer present) have identical genetic backgrounds. 

Therefore, the effect observed in presence of the inducer must be due to the overexpression of the 

target gene and/or inducer. Furthermore, overexpressing a transgene may have toxic effects 

during Drosophila development and even induce developmental lethality. The conditional 

inducible GS system allows for the induction specifically at the adult stage, thereby avoiding any 

toxic effects on survival originating from development. As mentioned earlier temporal control of 

target gene expression in the GS system is accomplished by adding RU486. However, the inducer 
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itself might influence aging. In the GS system, up to 50 µg/ml of RU486 in fly food has no effect 

on adult survival (Hwangbo et al., 2004).  

The GS system is a gene expression system that can control target gene expressing in both a 

temporal and spatial fashion. As a modified UAS/GAL4system, the extensive UAS transgene 

library generated for the UAS/GAL4 system can be used in the GS system. The main limitation 

of the GS system is that it cannot take advantage of preexisting GAL4 strains and requires the 

reconstruction and characterization of additional GS GAL4 lines. Currently several GS strains 

that are specific to most major tissues in the fly are available (Osterwalder et al., 2001; Roman et 

al., 2001). However, expression patterns of these GS lines have not been well characterized 

throughout the entire life span of the fly. 

1.4 Apoptosis and Aging 

Apoptosis is essential for maintaining tissue homeostasis and removing unwanted or damaged 

cells in multicellular organisms. Apoptosis can be induced by various cellular stresses, such as 

DNA damage, ROS, environmental mutagens, and viral infections (Green and Evan, 2002; 

Norbury and Zhivotovsky, 2004). Dysregulation of apoptosis is associated with many diseases 

(Hay et al., 2004; Warner, 1999). Cell replacement is impossible in response to damage in post-

mitotic tissues. Thus, excessive apoptosis in post-mitotic tissues, such as the brain and skeletal 

muscle, will reduce total cell numbers in the tissue and eventually result in diminished tissue 

function (Higami and Shimokawa, 2000; Pollack et al., 2002). Apoptosis contributes to the 

premature death of neuron cells that cause aging related neurodegenerative diseases in human, 

such as Alzheimer’s disease, Huntington disease, and Parkinson’s disease (Warner, 1999; Zhu et 

al., 2004). Enhanced apoptosis in skeletal muscle might be responsible for muscle cell loss with 

age in mammals, which lead to muscle functional decline (Dirks and Leeuwenburgh, 2002). 
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Suppression of apoptosis can lead to the accumulation of the damaged mitotic cells and to the 

development of cancer (Green and Evan, 2002). Increasing apoptosis of preneoplastic cells in rat 

liver prevents carcinogenesis (Grasl-Kraupp et al., 1994). Thus, apoptosis is considered to act as a 

two-edged sword in aging: excessive apoptosis in post-mitotic tissues causes damage to tissue 

function and insufficient apoptosis in mitotic tissues leads to tumor initiation and progression.  

Several studies have shown that the level of apoptosis increases with age in several physiological 

systems including the immune system, hair follicle, liver, skeletal muscle, and heart in mammals 

(Arck et al., 2006; Dirks and Leeuwenburgh, 2002; Higami et al., 1997; Pollack et al., 2002; 

Song et al., 2006). This implies that apoptosis and aging are closely linked. However, it is 

unknown whether apoptosis is the cause or the consequence of aging.   

Most of the molecules of IIS pathway that regulate aging are also involved in the regulation of 

apoptosis. The IGFR-1 can block p53-mediated apoptosis. AKT can inhibit apoptosis via a 

number of mechanisms (Zhang and Herman, 2002). Tumor suppressor p53 controls cell cycle 

progression and apoptosis following DNA damage. Persistently active p53 in mice enhances 

resistance to tumorigenesis, increases apoptosis, but also shows the signs of accelerated aging and 

reduced life span (Maier et al., 2004; Tyner et al., 2002). P66shc is a member of the SHC protein 

family, members of which are involved in mitogenic signaling. Loss of p66shc mice reduce 

oxidative stress-induced apoptosis and live 30% longer than control mice (Migliaccio et al., 

1999). The mutant mice with increased mutations in mitochondrial DNA and higher caspase 

activaty than wild type controls have a reduced life span and reveal a premature aging phenotype 

(Kujoth et al., 2005).  

Taken together, these studies suggest that there is a close relationship between apoptosis and 

aging and that apoptosis alteration might contribute to the aging process. However, a direct 
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connection between apoptosis and aging has not been established and the relationship between 

the two remains largely unknown.  

The objective of this study is to explore the relationship between aging and apoptosis regulation 

and provide an extensive insight into apoptosis regulation during aging as well as the effect of 

apoptosis on aging. To accomplish this goal, D. melanogaster is used as a model organism. 

Besides the advantage of D. melanogaster in aging studies mentioned above, the sharing of many 

apoptotic components with mammals makes it an excellent model to study apoptosis and aging. 

In this study, apoptotic cell death during normal aging is examined and the effect of apoptosis on 

aging using a single gene approach is investigated. 
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2.1 Abstract 

Several lines of evidence suggest that programmed cell death may play a role in the aging process 

and the age-related functional declines of multicellular organisms. To pave the way for the use of 

Drosophila to rigorously test this hypothesis in a genetic model organism, this work examines the 

pattern of apoptosis in the adult fly during aging. The analysis across the lifespan of caspase 

activity and DNA fragmentation shows that apoptosis occurs in adult flies at all ages and that it is 

linked to physiological age. The results establish that under normal conditions, fly aging is 

coupled with a lifelong gradual increase of apoptosis within muscle cells and an activation of 

apoptosis in fat cells of old flies. The nervous system does not show signs of apoptosis. These 

time- and tissue-specific changes indicate that aging influences the levels and the nature of the 

cells that commit to apoptosis. The comparison with the apoptotic response to starvation and 

oxidative stresses strongly suggests that the lifelong increase in flight and leg muscles results 

from the accumulation of oxidative damage associated with aging. This finding presents an 

attractive mechanism to account for the decline of locomotor functions and muscle loss in the 

elderly and opens the way for the genetic analysis of sarcopenia in Drosophila. 
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2.2 Introduction 

Despite the tremendous interest in the potential role of apoptosis in aging and age-related 

diseases, the precise relationships among these processes remain to be established. Advanced age 

is known to influence death-inducing signals (1-5), and, therefore, aging has the potential to 

strongly affect multiple aspects of the apoptotic response in a tissue-specific manner. The critical 

role of apoptosis in tissue homeostasis may have significant implications during aging. In mitotic 

tissues, apoptosis maintains overall control of immunocompetent cells and also serves as a 

protective mechanism against age-associated tumorigenesis (6, 7). In these tissues, the effects of 

aging on apoptosis differ among different cell types or genetic backgrounds (7-9). In postmitotic 

tissues, however, aging is associated with a general enhancement of apoptosis, and this trend 

seems to be essential for the removal of damaged or dysfunctional cells (6, 7). These 

considerations suggest that a decline of the apoptotic response in mitotic tissues may decrease 

longevity as a consequence of a higher incidence of cancer or autoimmune diseases, whereas an 

increase of the apoptotic response in postmitotic tissues may diminish tissue function by 

removing nonreplaceable cells.  

Although a causal link between aging and apoptosis presents an attractive hypothesis, a 

mechanistic relationship between these processes remains to be demonstrated. Genetic model 

organisms such as Caenorhabditis elegans and Drosophila provide a unique opportunity to 

address this issue. They share with mammals the molecular components regulating or executing 

apoptosis (10). These components can be manipulated one at a time and in specific tissues to 

evaluate the impact of a localized alteration of the apoptotic response on the health and longevity 

of the whole organism. However, such studies require a priori knowledge of the natural 

progression of apoptosis that takes place during normal aging. Extensive microscopic 

examination during C. elegans aging did not reveal any cells undergoing apoptosis (11, 12). 

Therefore, it is not surprising that the prevention of apoptosis by a caspase mutation did not 
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modify longevity (11). Extensive analysis of the cellular and intracellular changes occurring 

during Drosophila aging indicates tissue-specific alterations, some of which are clearly associated 

with cell losses (13-15). However, these studies did not determine whether cells are eliminated 

through apoptotic cell death or necrotic cell death. This report investigates caspase-dependent 

apoptosis during normal Drosophila aging. 

2.3 Materials and Methods 

2.3.1 Drosophila Strains and Culture 

The wild-type Canton-S strain, the w1118 strain, and the GAL4 enhancer-trap strains 

w[*];P{w[+mW.hs]=GawB}how[24B], w[*];P{w[+mW.hs]=GAL4-da.G32}UH1 were obtained 

from the Bloomington Stock Center, Indiana University. The GAL4 enhancer-trap strain 

w[*];P{w[+mW.hs]=GawB}D42 was a gift from G. Boulianne (Hospital for Sick Children, 

Toronto). The GAL4 enhancer-trap strains w[*];P{w[+mW.hs]=GawB}DJ634, 

w[*];P{w[+mW.hs]=GawB}DJ651 and w[*];P{w[+mW.hs]=GawB}DJ694 were previously 

described and are available from the Bloomington Stock Center (16, 17). All GAL4 strains were 

crossed with w1118, and the resulting progeny heterozygous for the GAL4 transgene insertion was 

used. 

Age-synchronized cohorts were obtained by emptying cultures and collecting newly emerged 

flies within 48 h. Collection was done in <2 min under nitrogen anesthesia. Cohorts were 

maintained at 25°C on fresh Drosophila food (0.01% molasses/8.2% cornmeal/3.4% killed 

yeast/0.94% agar/0.18% benzoic acid/0.66% propionic acid) by changing the food every 3–4 

days.  
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2.3.2 RT-PCR 

RNA was extracted from 15 adult flies by using the RNAqueous kit (Ambion, no. 1912). 

Residual genomic DNA contamination was removed with the DNA-free kit (Ambion, no. 1906). 

RNA was quantified by spectrophotometry, and its integrity was confirmed visually by running 

on Tris-acetate-EDTA 0.7% agarose gel electrophoresis. All RT-PCR reactions were performed 

by using Ready-to-Go RT-PCR Beads (Amersham Pharmacia, no. 27-9267-01). Each reaction 

contained 0.3 µg of polyd(T), 400 nM primers, and 2 µl of the nucleic acid preparation of interest 

at varying concentrations in a final volume of 50 µl. Reactions with genomic DNA were 

systematically performed as a positive control for the PCR. When possible, the specificity of each 

reaction was tested by using primers surrounding at least one intron, allowing for the RNA- and 

DNA-derived fragments to be differentiated by size. When no introns lay between primers, 

specificity was tested by using negative control reactions in which the initial 42°C reverse 

transcription cycle was omitted, thereby eliminating any fragment amplification of RNA origin. 

All tests used the following conditions in a Biometra thermal cycler: a single 30-min reverse 

transcription cycle at 42°C and a single pre-PCR cycle at 95°C followed by a variable number of 

cycles (n) of 30 seconds of denaturation at 95°C, 1 minute at a variable hybridization temperature 

(D), and a variable time (E) for elongation at 72°C. Reactions were ended with a single 10-min 

post-PCR cycle at 72°C. The conditions for each gene of interest are listed as follows: STRICA, 

D = 56°C, E = 2 min, sense 5'-TTACCGCCTCTTTAGTTTGTGAGC-3', antisense 5'-

CCCAGGATGTGAAGGTCTTGC-3', n = 45; DRICE, D = 58.8°C, E = 1.5 min, sense 5'-

CGGCAAACCCAAGTTGTTCTTC-3', antisense 5'-GCAGTGGCACCAATCTCGTC-3', n = 32; 

DCP-1, D = 59.1°C, E = 2 min, sense 5'-TGACCGACGAGTGCGTAACC-3', antisense 5'-

TAACGAATGTAAGCAGGGTGAGC-3', n = 32; HID, D = 67°C, E = 1.5 min, sense 5'-

TTTGTCGTTCTCGCTCCACCTG-3', antisense 5'-ATCAACACCGCAGCCAATGC-3', n = 32; 

GRIM, D = 57.9°C, E = 1.5 min, sense 5'-GTCGTCCTCATCGTTGTTCTGAC-3', antisense 5'-
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CCATCGCCTATTTCATACCCG-3', n = 32; DIAP-1, D = 60°C, E = 2 min, sense 5'-

TCCTCCGATGAGAGTGATGTCTG-3', antisense 5'-ATGGTCGCCCAACTGTCCAC-3', n = 

32. 

2.3.3 Caspase Activity 

The caspase assay is based on the hydrolysis of the peptide substrate acetyl-asp-glu-val-asp-7-

amido-4-methylcoumarin (Ac-DEVD-AMC), resulting in the release of the fluorescent 7-amido-

4-methylcoumarin (AMC). This assay was performed by using a previously described procedure 

with some modifications (18). Five heads, two thoraces, or two abdomens were homogenized in 

40 µl of lysis buffer (50 mM Hepes, pH 7.5/100 mM NaCl/1 mM EDTA/0.1% CHAPS/10% 

sucrose/5 mM DTT/0.5% Triton X-100/4% glycerol) and centrifuged at 13,000x g for 5 min at 

4°C. The supernatant was used to quantify caspase activity. Ten microliters of head or thorax 

extracts (≈2 mg/ml protein) or 3 µl of abdomen extracts (≈3mg/ml protein) were incubated for 1 h 

at 27°C with 25 mM Ac-DEVD-AMC (Sigma no. A-1086) in lysis buffer with a final reaction 

volume of 50 µl. The specificity of the detection was controlled in a duplicate reaction pretreated 

for 15 min at 22°C with 2.5 mM Ac-DEVD-CHO inhibitor (Sigma no. A-0835). The fluorescence 

of this control reaction was subtracted from the test reaction. AMC fluorescence was determined 

by using a Spectra Max Fluorescent Microplate Reader (Molecular Devices) with the excitation 

and emission set at 360 nm and 460 nm, respectively. The concentration of the AMC released 

was calculated by using an AMC standard curve ranging from 100 nM to 20 mM. Protein 

concentrations in the various extracts were measured with a Bio-Rad protein assay dye reagent 

(no. 500-0006). Caspase activity was expressed as nM of AMC per second per milligram of 

protein in 50 µl, which was equal to pmol of AMC per second per milligram by multiplying 0.05. 

(modified after publication). 
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2.3.4 TUNEL Labeling 

Apoptosis-induced DNA fragmentation was detected by labeling free 3'-OH termini with FITC-

labeled dUTP by using a protocol derived from procedures described in refs. (19-21). Flies were 

collected under nitrogen, embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, 

CA, no. 4583) and cryosectioned. Frozen sections were fixed with Mirsky's fixative (National 

Diagnostics, nos. HS-102a and HS-102b) for 10 min at room temperature. The sections were 

rinsed with PBS (137 mM NaCl/2.68 mM KCl/10.14 mM Na2HPO4/1.76 mM KH2PO4, pH 7.4) 

three times, incubated in permeabilization solution (0.1% Triton X-100 in PBS) for 10 min, then 

rinsed three times in PBS. After equilibration with 200 µl of terminal deoxynucleotidyltransferase 

(TdT) buffer (25 mM Tris·HCl, pH 6.6/0.2 M potassium cacodylate/0.25 mg/ml BSA/1 mM 

cobalt chloride) for 5 min at room temperature, the slides were incubated in 200 µl of TdT buffer, 

supplemented with 60 units of terminal transferase (Roche Applied Sciences, Mannheim, 

Germany, no. 3333566) and 5 µM fluorescein-12-dUTP (Roche Applied Sciences, no. 1373242) 

at 37°C for 1 h. The reactions were terminated with TB buffer (0.3 M NaCl/0.03 M sodium 

citrate) for 15 min at room temperature. The sections were rinsed with PBS three times and 

mounted in 70% glycerol containing 2.5% DABCO (Sigma, no. D-2522). Images were captured 

on a Zeiss Axioplan2 Imaging Microscope with a Leica DC 500 high-resolution digital camera 

and the OPENLAB imaging software (Improvision, Lexington, MA). 

2.4 Results 

2.4.1 Many Apoptosis-Related Genes Are Expressed During Drosophila Aging 

Apoptosis is a very well characterized process, which depends on and is modulated by the activity 

of many genes. Hence, it is expected that for apoptosis to occur during aging, the molecular 

components of the apoptotic machinery must be present in adult flies as they age. Consequently, 

it is predicted that the genes encoding these components must be transcribed during adult stages, 
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because most of them are submitted to protein turnover and the targeting of some of them to 

proteolytic pathways is intrinsic to the execution of the cell death program (10, 22). Because most 

studies on apoptosis have been performed during Drosophila development, the expression of 

apoptosis-related genes is unknown during adult aging. Genome-wide analysis of gene expression 

did not reveal age-dependent changes in the expression of apoptosis-related genes (23). However, 

methods for determining whether a gene is expressed are somewhat arbitrary with the single-

channel microarray technology used in this study. Whatever molecular signals lead to the 

activation of caspase-dependent apoptosis, the signal transduction pathways converge to trigger 

caspases by acting on few positive and negative regulators. We therefore chose to examine the 

expression of genes encoding caspases (drice, strica, and dcp-1) or positive (hid and grim) and 

negative (diap-1) downstream regulators known to physically interact with caspases. RT-PCR 

analysis of RNAs extracted from 20-, 30-, and 40-day-old flies demonstrates that these genes are 

expressed at all ages with the exception of strica, which could not be detected past 20 days in 

males (Figure 2.1B and C; see also Figure 2.5, which is published as supporting information on 

the PNAS web site). The same results were obtained with different strains to exclude a possible 

influence of the genetic background on the expression of these genes (data not shown). 

2.4.2 Caspase Activity Is Differentially Regulated in Various Body Parts 

Once the presence of most components of the apoptotic machinery is established, the next logical 

step is to test whether apoptosis can be detected during aging. Because the activation of caspases 

is an early nonreversible hallmark of cells committed to die, a caspase Asp-Glu-Val-Asp 

(DEVD)-based assay is routinely used to detect and quantify apoptosis. Although Drosophila 

caspases display different substrate preferences, DEVD can report the activity of four of the five 

caspases with known substrate(s) (see Figure 2.6A, which is published as supporting  information  
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Figure 2.1 Expression of apoptosis-related genes with increasing age.  

Concentration represented as 1x = 520 ng RNA. (A) Example of RNA samples, with two 
extractions (a and b) performed on males aged to 20, 30, and 40 days. Marker sizes indicated at 
left of gel image (base pairs). (B and C) RT-PCR analysis of sets of two RNA extracts (a and b) 
taken from males at varying ages, shown in days, with expected band size indicated (base pairs) 
at left with arrow. (B) Size of genomic DNA fragment equals mRNA band, therefore negative 
controls performed as lack of initial 30 min reverse transcription step, indicated (-) after 
concentration. (C) Positive control genomic DNA band size indicated (base pairs) at right with 
arrow.  
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on the PNAS web site). VDVAD and IETD-based assays were also performed to complement the 

DEVD assay and identify the caspase(s) most likely to contribute to the DEVD activity (see 

Table 2.1, which is published as supporting information on the PNAS web site). Cellular extracts 

were prepared from heads, thoraces, and abdomens to determine the contribution of each body 

part as well as the contribution of major tissue types. The majority of the head extracts is 

contributed by the nervous system (brain) with minor contributions from fat and muscles. Thorax 

extracts are mainly composed of muscles, and the nervous (thoracic ganglion) and digestive 

(cardia, ventriculus, and crop and salivary glands) systems. Abdominal extracts consist mostly of 

digestive (ventriculus, crop, anterior intestine, and rectum), reproductive, and adipose systems. A 

relatively high caspase activity is detected in the head of freshly emerged adults (Figure 2.2A). 

This activity decreases very quickly and is barely detectable in 2-day-old animals, after which the 

assay does not detect any measurable activity. This observation is consistent with the known 

involvement of apoptosis in the remodeling of the nervous system during late metamorphosis and 

the first few days of adulthood (24-26). This phenomenon is also revealed in thorax extracts 

where high activity is observed in newly emerged adults before decreasing 7- to 8-fold after 2 

days of age. Afterward, in contrast with head extracts, significant amount of caspase activity not 

only remains at all ages examined, but also significantly increases with advancing age. The 

decrease at the oldest age is not consistently observed (Figure 2.2B) and is not statistically 

significant (see Table 2.2, which is published as supporting information on the PNAS web site), 

illustrating the sampling bias inherent to old populations where older individuals are survivors 

that account for a small percentage of the original population. The highest caspase activity is 

found in abdomen extracts. Unlike the other extracts, there is a significant increase in the 

abdomen of females from emergence to 2 days of adulthood. Although not statistically 

significant, a similar trend is visible in males. Thereafter, there are no significant changes until 40 
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Figure 2.2  DEVD activity as a function of age.  

(A) Contribution of various body parts. DEVD activity was quantified in head, thorax, and 
abdomen of freshly eclosed (<2 h), 2, 10, 20, 30, 40, and 50 days w1118 males (solid line) and 
females (broken line). Data are shown as mean ± SE (n = 3). (B) DEVD activity in different 
genetic backgrounds. Age is shown as percent of maximum lifespan for each genotype. DEVD 
activity is shown as nM AMC/sec/mg protein in 50 µl, which is equal to pmol AMC/sec/mg 
protein by multiplying 0.05 (modified after publication). Each point represents the mean of at 
least three samples. Caspase activity in both male and female thorax significantly increases with 
age. 
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days, at which time a significant decrease is observed in females, with a similar trend in males. 

This observation is in agreement with the importance of apoptosis and caspases in the male and 

female reproductive systems during gametogenesis and early embryogenesis (27-30). The 

decrease in older animals is well correlated with the reproductive decline associated with old 

ages. To exclude the possibility that these observations might reflect an abnormal situation linked 

to the genetic background of the strain used, similar results were obtained with a wild-type strain 

(data not shown) and several heterozygous GAL4 driver strains (Figure 2.2B). The high levels of 

activity obtained with DEVD as compared with VDVAD and IETD most likely indicate the 

contribution of downstream caspases (Table 2.1). Unlike abdomen extracts, the absence of 

detectable activity with VDVAD and IETD in thorax extracts suggests that the differential profile 

of DEVD activity between the thorax and the abdomen results from the activity of distinct 

caspases. Although AMC and AFC have different fluorescent properties, the difference of 

caspase activity based on various peptide substrates seen in our studies are due to substrates 

rather than the fluorescent properties (modified after publication).  

2.4.3 Caspase Activity Changes Are Associated with Physiological Age 

To evaluate whether changes in caspase activity associated with chronological age reflect changes 

on the scale of physiological age, the longevity and caspase activity of heterozygous GAL4 

strains has been measured (see Figures 2.7 and 2.8, which are published as supporting 

information on the PNAS web site). Data for six strains are shown in Figure 2.2B where time is 

normalized to the percentage of maximum lifespan. Similar trends are observed between the 

different strains, indicating that the length of the lifespan does not affect the nature of the 

changes, but the rate at which they occur. Therefore, the temporal pattern of apoptosis is 

regulated by physiological age as opposed to chronological age. 
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2.4.4 DNA Fragmentation Is Differentially Regulated in Specific Tissues 

The above results indicate that Drosophila aging is associated with dynamic and body part-

specific changes in the temporal pattern of caspase activity. The involvement of apoptosis in the 

modeling of the nervous system and the function of the reproductive system can easily account 

for the changes in caspase activity observed in the head and abdomen. To confirm this prediction 

and pinpoint the tissues represented by the changes detected in the thorax extracts, the next 

logical step is to examine apoptosis in situ by TUNEL labeling of DNA fragmentation, another 

widely used hallmark of apoptosis downstream of caspase activation. In agreement with the 

previous results and as expected, no staining can be consistently detected in the head after 2 days 

of adulthood (data not shown; David W. Walker, unpublished data) and has been independently 

reported (31). In the abdomen, the staining is equally distributed between the reproductive system 

and the digestive system (see Figure 2.9, which is published as supporting information on the 

PNAS web site). In young adults (20% of the lifespan), the examination of the thoracic region 

shows the presence of DNA fragmentation within a small number of nuclei in flight muscles and 

in the digestive system (Figure 2.3 A and B). In the digestive system, the fluorescent label is 

located on the outer layer of the cardia and ventriculus, highlighting the scattered muscle fibers 

associated with the digestive system (32). Some labeling is also detected in the space filled with 

longitudinal muscle fibers located between the two inner layers of the cardia that form the 

stomodaeal valve. These observations indicate that apoptosis is restricted to muscle cells early in 

life. The same tissue distribution is observed at middle age (40% of the lifespan), and the number 

of positive nuclei and the intensity of the staining are consistent with the elevation of caspase 

activity detected above with the biochemical assay (Figure 2.3 C and D). In old animals (60% of 

the lifespan), DNA fragmentation is still observed within the flight muscles and the digestive 

system (Figure 2.3 E and F).  Compared  to  young  animals,  there is  an  obvious  increase  in the  
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Figure 2.3 DNA fragmentation with increasing age.  

Representative TUNEL images show DNA fragmentation in the thorax of males at age 20% (A 
and B), 40% (C and D), and 60% (E and F) of lifespan. The fly diagrams at the top indicate the 
position of the sagital section in the pictures below. Inset shows the corresponding labeled area 
(c, f, and lm) at higher magnification. c, cardia; f, fat; lm, longitudinal muscle; vc, ventral nerve 
cord. 
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number and brightness of TUNEL-positive nuclei at this age. Old adults also show a more 

inclusive tissue distribution of the staining. In addition to muscle cells, labeling is observed 

within fat cells. 

2.4.5 Oxidative Stress Induces Apoptosis 

Oxidative stress is widely accepted as one of the driving force behind aging. If the lifelong 

gradual increase of apoptosis in muscle cells reflects the cumulative effects of oxidative damages, 

one would expect that an acute oxidative stress should increase the level of apoptosis in muscles. 

Indeed, exposure to hyperoxia (100% O2) induces widespread apoptosis in the flight muscle of 

young flies, as indicated by an abundance of TUNEL-positive nuclei and immunoreactivity for 

the apoptogenic configuration of cytochrome c ((33); data not shown). We find similar results by 

feeding the free-radical generator paraquat. Extracts made from young males and females 

thoraces exhibit higher DEVD activity (Figure 2.4; see also Figure 2.10, which is published as 

supporting information on the PNAS web site). No significant change is detected in the abdomen 

extracts. However, because of the dual contribution of the reproductive and digestive systems to 

the activity in abdominal extracts, the DEVD assay is not sensitive enough to uncover changes. 

Indeed, a TUNEL analysis reveals a strong staining in the digestive tract of paraquat-treated 

animals, whereas the reproductive system is unaffected (see Figure 2.11, which is published as 

supporting information on the PNAS web site). To establish that the induction of thoracic muscle 

apotosis is a specific response to oxidative stress rather than a general response to stress, identical 

analyses were performed after dry starvation treatment. No significant difference is detected 

between treated and untreated animals in the thorax. In contrast, a significant decrease is observed 

in the abdominal extracts as expected from the reduction of reproduction associated with nutrient 

deprivation. Identical results were obtained in older individuals (see Figure 2.12, which is 

published as supporting information on the PNAS website). 
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Figure 2.4 DEVD activity in response to dry starvation and oxidative stresses.  

Newly emerged w1118 outcrossed to Canton-S were sorted by gender and aged to 4 days at 25°C. 
Controls were fed 5% sucrose. After 20 h of dry starvation or 3 h of starvation followed by 17 h 
of exposure to 20 mM paraquat in 5% sucrose, the dead flies were counted and caspase activity 
was measured in both the thorax and abdomen of controls (open bars), paraquat-treated (black 
bars), and starved (gray bars) males and females that survived. DEVD activity is shown as nM 
AMC/sec/mg protein in 50 µl, which is equal to pmol AMC/sec/mg protein by multiplying 0.05 
(modified after publication). Paraquat stress increases caspase activity in both male and female 
thorax. However, starvation significantly reduces caspase activity in both male and female 
abdomen. Data are shown as mean plus SE (n = 10 for each group). *, 0.01 < P < 0.05; **, P < 
0.01 compared with control (t test). 
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2.5 Discussion 

Apoptosis is a genetically controlled cell death process essential for development and 

homeostasis by removing unwanted, damaged, or harmful cells. Several observations have led to 

speculation that apoptosis contributes to aging. The inability of a cell to induce apoptosis or an 

inappropriate activation of apoptosis can both lead to detrimental consequences. The former is 

associated with cancer and rheumatoid arthritis, whereas the latter is coupled with ischemic heart 

disease, AIDS, and neurodegenerative diseases. Numerous studies link aging with changes in 

apoptosis under physiological conditions and in the level of induction after a proapoptotic 

challenge (7, 34). Because aging is associated with cell loss in the heart, brain, and skeletal 

muscle, apoptosis is suspected to contribute to the impairment of cardiac function, the decline of 

brain functions, and sarcopenia. However, a mechanistic relationship between organism aging 

and apoptosis remains to be established. Toward addressing this issue with a genetically tractable 

organism, this study examines the temporal and spatial pattern of apoptosis during Drosophila 

aging. 

Our results demonstrate that most genes encoding critical components of the apoptotic machinery 

are expressed in adult flies during aging. Interestingly, the proapoptotic genes grim and hid 

appear to be up-regulated in 30 days and older animals. The detection of two apoptotic hallmarks, 

through caspase and TUNEL assays, confirms that apoptosis does occur in adult flies. As 

expected from its role in gametogenesis (27-30), this study estimates that roughly half of the 

apoptotic activity detected in the abdomen is localized in the reproductive system. The time 

course of this activity is consistent with the maturation, reproduction, and postreproduction 

phases. In freshly emerged adults, high levels of caspase activity are detected in the nervous 

system as anticipated from the involvement of apoptosis in its remodeling during metamorphosis 

and early adulthood (24-26). The ability to reproduce observations made previously in the 

nervous and reproductive systems is important because it validates the methodologies and 
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findings from this study. This report shows that apoptosis occurs in other tissues. Importantly, the 

pattern of apoptosis depends on the age of the animal and the nature of the tissue examined.  

The most striking finding indicates that aging influences apoptosis in muscle and fat cells. At all 

ages examined, apoptotic hallmarks are detectable in muscle cells, indicating that these cells can 

be committed to apoptosis at any time during aging. In addition, caspase activity and the number 

of nuclei undergoing DNA fragmentation increases in the thoracic and leg muscles of older 

animals. The apoptotic properties of these tissues provide an attractive mechanism to account for 

the decline of locomotor functions (13, 35-37) and muscle degeneration (15, 38) that occur during 

normal Drosophila aging. Similar observations and conclusions have been reported in 

vertebrates. Skeletal muscle atrophy and the loss of myofibers are associated with sarcopenia: a 

reduction of muscle mass and strength occurring during normal aging in rodents and humans (8, 

39). The rare reports on the incidence of apoptosis in muscles during normal aging did correlate 

sarcopenia and the loss of muscle cells with elevated DNA fragmentation in rats and humans (40, 

41). In this study, the course of apoptosis has been linked to the physiological age of the fly by 

taking advantage of variations in longevity resulting from the genetic background. The same 

interpretation can be drawn in rats from the manipulation of longevity by caloric restriction found 

to attenuate muscle fiber apoptosis (42). The similarity between flies and vertebrates is critical 

because it predicts that the Drosophila model has the potential to shed light on the genetic basis 

of sarcopenia.  

Our analysis of the apoptotic response to starvation and oxidative stresses suggests that the 

increased apoptosis in the flight and leg muscles results from the accumulation of oxidative 

damage with advancing age. Different apoptotic properties are observed in the nervous system, 

where no signs of apoptosis could be detected during normal aging. The nervous system is not 

simply refractory to apoptosis because DNA fragmentation can be revealed in several fly models 
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of neurodegenerative diseases (31, 43, 44), indicating a higher tolerance or a differential response 

to oxidative damages rather than the absence of the basic apoptotic machinery.  

It is evident that cell types and tissues respond differently to aging and oxidative stress. Fly aging 

is associated with the preferential increased hsp70 expression in flight and leg muscles (45). 

Different pattern of gene expression are observed in the skeletal muscle, brain, and heart during 

mice aging (46-48). However, it is difficult to predict from gene expression changes the 

mechanisms that act at the cellular level to ultimately contribute to how a multicellular organism 

age. Extensive studies of free radical scavenging enzymes have provided one such mechanism. 

The functional significance of this mechanism has been demonstrated by the fact that the 

manipulation of these enzymes in the nervous system extends longevity, whereas the same 

manipulation in muscles has no effects (49). The differential tissue-specific apoptotic properties 

revealed by this study offer another cellular mechanism to investigate with the power of 

Drosophila genetics.  
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2.6 Supporting Information 

 
Figure 2.5 Expression of apoptosis-related genes in females. 

Concentration represented as 1× = 140 ng RNA. RT-PCR analysis of sets of two RNA extracts (a 
and b) taken from females at varying ages, shown in days, with expected RNA-derived band size 
indicated (bp) at left with arrow. Genomic DNA was used as a positive control. DNA-derived 
band size is shown at right. –, Representative negative control in which the reverse transcription 
has been omitted. 
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A 
 Substrate 
 

Fly 
Caspase 

Structural 
Homologue DEVD VDVAD IETD 

Reference 

DCP Caspase-3,6,7 + NT NT 
Science, 275,536,1997(S1); JBC, 275, 27084, 
2000(S2) 

Drice Caspase-3,6,7 + NT NT EMBO J, 16, 6192, 1997(S3) 
Decay Caspase-3,6,7 + + (optimal) NT JBC, 274,30778,1999(S4) E

ffe
ct

or
 

DAMM Caspase-6 - + (optimal) + JBC, 276, 25342, 2001(S5) 

DRONC Caspase-2,9 + + (optimal) + 
JBC, 275, 27084, 2000(S2); PNAS, 96, 4307, 
1999(S6) 

Dredd Caspase-8 - - - Dev Biol, 201, 202, 1998(S7) 

In
iti

at
or

 

Strica Caspase-8 - - - Cell Death & Diff, 8, 387, 2001(S8) 

Figure 2.6 Caspase assays. 

(A) Substrate preferences of Drosophila caspases. +, detectable activity; –, no activity; NT, not 
tested or reported. (B) Caspase assays on w1118 extracts with various substrates. Ten microliter 
thorax extracts (≥2 mg/ml protein) or 3-ml abdomen extracts (≥3 mg/ml protein) were incubated 
with 25 mM of the indicated fluorometric caspase substrates, Ac-asp-glu-val-asp-7-amido-4-
methylcoumarin (Ac-DEVD-AMC) (Sigma, catalog no. A-1086), VDVAD-AFC, or IETD-AFC 
(MBLCaspase-Family Fluorometric Substrate Set, no. BV-K131-2) for 1h at 27°C. –, test 
reaction; +, test reaction preincubated 15 min at 22°C in the presence of 2.5 mM Ac-DEVD-CHO 
(Sigma, no. A-0835), 10 mM VDVAD-FMK, or 10 mM IETD-FMK (MBL Caspase-Family 
Inhibitor Set III, no. BV-K210-2). Data arepresented as the mean ± SE of at least three samples. 
RFU, relative fluorescence unit. 
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Figure 2.7 asp-glu-val-asp (DEVD) activity as a function of age in male thorax in several 

genetic backgrounds with different longevity.  

DEVD activity is shown as nM AMC/sec/mg protein in 50 µl, which is equal to pmol 
AMC/sec/mg protein by multiplying 0.05 (modified after publication). Each point represents the 
mean ± SE of at least three samples. 
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Figure 2.8 DEVD activity as a function of age in female thorax in several genetic 

backgrounds with different longevity.  

DEVD activity is shown as nM AMC/sec/mg protein in 50 µl, which is equal to pmol 
AMC/sec/mg protein by multiplying 0.05 (modified after publication). Each point represents the 
mean ± SE of at least three samples. 
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Figure 2.9 DNA fragmentation with increasing age.  

Representative TUNEL images show DNA fragmentation in the abdomen of males at age 20%, 
30%, and 40% of lifespan. At each age, three different positions of sectioning are presented. Ag, 
accessory glands; Ai, anterior intestine; Bej, ejaculatory bulb; Cr, crop; Ed, ejaculatory duct; f, 
fat; m, muscles; oe: oenocytes; R, rectum; T, testis; V, ventriculus.  
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Figure 2.10 DEVD activity in the thorax in response to oxidative stress.  

Newly emerged wild-type Canton-S were sorted by gender and aged to 4 days at 25°C. Controls 
were fed 5% sucrose. After 3 h starvation followed by 17 h of exposure to 20 mM paraquat in 5% 
sucrose (test) or 5% sucrose (control), the dead flies were counted, and DEVD activity was 
measured in thorax of controls (open bars) and paraquat-treated (filled bars) males and females 
that survived. DEVD activity is shown as nM AMC/sec/mg protein in 50 µl, which is equal to 
pmol AMC/sec/mg protein by multiplying 0.05 (modified after publication). The paraquat 
treatment significantly increases DEVD activity in both male and female thorax. Data are shown 
as mean + SE (n = 10 for each group). **, P < 0.01 compared with control (t test).  
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Figure 2.11 DNA fragmentation in response to dry starvation and oxidative stresses in the 

abdomen of Drosophila females with increasing age.  

Newly emerged w1118 outcrossed to Canton-S females were collected and aged to 4 days or 25 
days at 25°C. Controls: 5% sucrose for 20 h; Starvation: 20 h in an empty vial; Paraquat: 3 h in an 
empty vial before exposure to 20 mM paraquat in sucrose for 17 h. Paraquat induces DNA 
fragmentation in the digestive system but does not affect the reproductive system. In contrast, dry 
starvation does not affect the digestive system but decreases the size of the ovaries (reduced 
number of egg chambers) accounting for the reduced DEVD activity observed in the abdomen 
(Figs. 4 and 12). O, ovaries; R, rectum; V, ventriculus. 



 67 

 

Figure 2.12 DEVD activity in response to dry starvation and oxidative stresses.  

Newly emerged w1118 outcrossed to Canton-S were sorted by gender and aged to 30 days at 25°C. 
Controls were fed 5% sucrose. After 20 h of dry starvation or 3 h of starvation followed by 17 h 
of exposure to 20 mM paraquat in 5% sucrose, the dead flies were counted, and caspase activity 
was measured in both thorax and abdomen of controls (open bars), paraquat-treated (black bars), 
and starved (gray bars) males and females that survived. DEVD activity is shown as nM 
AMC/sec/mg protein in 50 µl, which is equal to pmol AMC/sec/mg protein by multiplying 0.05 
(modified after publication). Paraquat stress increases caspase activity in both male and female 
thorax. However, starvation significantly reduces caspase activity in both male and female 
abdomen. Data are shown as mean + SE (n = 10 for each group). *, 0.01< P < 0.05; **, P < 0.01 
compared with control (t test).  
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Table 2.2 Statistical analysis of DEVD activity with increasing age in several genetic 
backgrounds with different longevity. 

w;DJ694/+ 
  Males Females 

  
Average lifespan (mean ± SE): 42.7 ± 1.1 

Maximum lifespan (mean ± SE):  56.6 ± 1.3 
15 independent experiments, total 2,959 flies 

Average lifespan (mean ± SE):  43.4 ± 1.4 
Maximum lifespan (mean ± SE):  62.1 ± 2.1 

15 independent experiments, total 2,836 flies 

Age, 
days 

Independent 
measures  

no. of 
individuals 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

0 6 (12) 0.0 75.5 12.4   184.2 25.1   0.0 64.5 14.5   308.4 63.3   

2 6 (12) 3.5 5.2 0.7   208.0 24.6   3.2 8.0 1.1   429.6 60.9   

10 6 (12) 17.7 5.1 0.5 0.9540 0.9540 237.5 27.3 0.4406 0.4406 16.1 10.3 1.3 0.2023 0.2023 419.8 81.7 0.9256 0.9256 

20 6 (12) 35.3 15.8 2.6 0.009** 0.01** 371.9 37.0 0.006** 0.017* 32.2 29.0 6.3 0.02* 0.031* 456.6 58.7 0.7554 0.7225 

30 6 (12) 53.0 16.5 3.4 0.021* 0.8839 322.2 47.4 0.0671 0.4284 48.3 31.7 6.4 0.014* 0.7666 670.9 127.9 0.1313 0.1716 

40 6 (12) 70.7 19.5 2.8 0.001** 0.4335 243.2 25.3 0.3418 0.1814 64.4 39.8 5.1 0.002** 0.3468 558.2 91.6 0.2730 0.4919 

50 6 (12) 88.3 13.8 1.2 0.001** 0.006** 249.4 53.5 0.5047 0.9197 80.5 19.8 2.6 0.005** 0.01** 444.8 71.9 0.8749 0.3541 

60 6 (12) 100.0 18.7 3.0 0.006** 0.1846 366.3 40.9 0.011** 0.1150 96.6 33.5 4.4 0.002** 0.027* 546.6 28.6 0.1247 0.2323 
                    

w;;24B/+ 
  Males Females 

  
Average lifespan (mean ± SE):  42.1 ± 0.6 

Maximum lifespan (mean ± SE):  56.9 ± 1.6 
9 independent experiments, total 1,680 flies 

Average lifespan (mean ± SE):  43.1 ± 1.1 
Maximum lifespan (mean ± SE):  61.1 ± 2.0 
9 independent experiments, total 1,684 flies 

Age, 
days 

Independent 
measures  

no. of 
individuals 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

0 6 (12) 0.0 99.2 15.8   222.3 43.3   0.0 61.0 12.3   487.0 73.3   

2 6 (12) 3.5 5.7 0.8   285.4 32.0   3.3 6.7 0.8   566.2 72.4   

10 6 (12) 17.6 7.1 1.1 0.3109 0.3109 287.8 37.8 0.9615 0.9615 16.4 9.7 3.3 0.4109 0.4109 517.2 33.0 0.5576 0.5576 

20 6 (12) 35.1 13.0 2.2 0.021* 0.05* 410.2 64.0 0.1226 0.1379 32.7 24.2 4.0 0.007** 0.02* 715.8 60.3 0.1444 0.021* 

30 6 (12) 52.7 17.3 4.3 0.043* 0.4052 379.4 41.2 0.1038 0.6956 49.1 25.2 4.4 0.008** 0.8641 574.1 88.4 0.9464 0.2186 

40 6 (12) 70.3 26.2 4.9 0.009** 0.2035 358.9 45.6 0.2196 0.7467 65.5 19.1 1.9 0.001** 0.2408 550.1 55.0 0.8631 0.8233 

50 6 (12) 87.8 21.6 3.8 0.008** 0.4836 340.3 23.8 0.2010 0.7269 81.9 17.0 2.6 0.009** 0.5319 545.0 30.6 0.7952 0.9372 

60 6 (12) 100.0 28.4 4.1 0.003** 0.2510 317.2 34.5 0.5148 0.5947 98.2 19.8 4.0 0.022* 0.5620 456.0 37.9 0.2166 0.0991 
                    

w;;DJ634/+ 
  Males Females 

  
Average lifespan (mean ± SE):  49.7 ± 2.8 

Maximum lifespan (mean ± SE):  62.8 ± 4.6 
5 independent experiments, total 876 flies 

Average lifespan (mean ± SE):  55.1 ± 3.4 
Maximum lifespan (mean ± SE):  73.9 ± 5.5 
5 independent experiments, total 1,016 flies 

Age, 
days 

Independent 
measures  

no. of 
individuals 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

0 6 (12) 0.0 108.4 14.5   277.0 23.9   0.0 82.2 22.1   274.4 39.3   

2 6 (12) 3.2 6.7 1.1   232.2 8.8   2.7 6.7 0.7   423.2 31.0   

10 6 (12) 15.9 4.7 0.8 0.1834 0.1834 171.3 3.6 0.001** 0.001** 13.5 8.5 1.2 0.2294 0.2294 415.3 36.0 0.8715 0.8715 

20 6 (12) 31.8 10.2 2.2 0.1931 0.0545 282.4 38.6 0.2560 0.035* 27.1 13.9 3.2 0.0776 0.1643 416.2 64.3 0.9249 0.9902 

30 6 (12) 47.8 20.9 3.5 0.009** 0.031* 295.5 27.4 0.0698 0.7872 40.6 20.0 2.8 0.005** 0.1864 483.1 46.5 0.3124 0.4206 

40 6 (12) 63.7 21.5 3.0 0.004** 0.9010 300.6 21.4 0.023* 0.8870 54.1 22.0 2.9 0.003** 0.6292 422.0 47.4 0.9838 0.3791 

50 6 (12) 79.6 17.2 3.5 0.029* 0.3709 298.7 27.2 0.0591 0.9568 67.7 31.9 5.4 0.006** 0.1446 398.4 50.7 0.6864 0.7401 

60 6 (12) 95.5 18.8 4.6 0.046* 0.7906 260.8 29.2 0.3861 0.3658 81.2 16.5 1.9 0.003** 0.035* 394.2 59.7 0.6782 0.9584 
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w;;DJ651/+ 
  Males Females 

  
Average lifespan (mean ± SE):  52.3 ± 1.3 

Maximum lifespan (mean ± SE):  72.5 ± 0.5 
2 independent experiments, total 197 flies 

Average lifespan (mean ± SE):  64.4 ± 3.5 
Maximum lifespan (mean ± SE):  83.5 ± 2.5 
2 independent experiments, total 200 flies 

Age, 
days 

Independent 
measures  

no. of 
individuals 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

0 3 (6) 0.0 46.7 20.9   171.1 20.4   0.0 92.7 26.2   339.8 23.4   

2 3 (6) 2.8 8.9 0.3   285.9 12.2   2.4 10.5 1.4   493.3 23.1   

10 3 (6) 13.8 5.5 0.6 0.013* 0.013* 186.4 14.0 0.007** 0.007** 12.0 18.2 0.8 0.038* 0.038* 605.4 52.4 0.1537 0.1537 

20 3 (6) 27.6 6.0 0.8 0.049* 0.6131 171.1 14.8 0.005** 0.4945 24.0 14.4 1.0 0.1864 0.1027 959.0 135.9 0.0717 0.1073 

30 3 (6) 41.4 22.7 3.2 0.049* 0.03* 287.4 39.8 0.9746 0.0859 35.9 35.8 6.3 0.0995 0.1357 704.3 40.6 0.019* 0.1949 

40 3 (6) 55.2 21.9 2.2 0.025* 0.8390 160.2 16.7 0.005** 0.0692 47.9 30.6 3.3 0.034* 0.6436 520.2 89.2 0.7953 0.1635 

50 3 (6) 69.0 13.7 2.4 0.1780 0.0637 230.2 39.4 0.2908 0.2104 59.9 29.4 2.8 0.025* 0.8541 431.5 40.1 0.2684 0.4360 

60 3 (6) 82.8 9.2 1.6 0.8727 0.1999 236.2 47.4 0.4063 0.9272 71.9 15.2 1.5 0.1718 0.049* 472.4 46.3 0.7141 0.5409 
                    

w;;D42/+ 
  Males Females 

  
Average lifespan (mean ± SE):  53.6 ± 1.7 

Maximum lifespan (mean ± SE):  69.1 ± 1.3 
6 independent experiments, total 717 flies 

Average lifespan (mean ± SE):  59.7 ± 5.0 
Maximum lifespan (mean ± SE):  78.5 ± 3.4 
6 independent experiments, total 830 flies 

Age, 
days 

Independent 
measures  

no. of 
individuals 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

0 3 (6) 0.0 136.3 29.3   305.5 88.2   0.0 104.3 15.5   492.4 43.8   

2 3 (6) 2.9 7.6 1.1   312.7 12.0   2.5 14.5 1.9   570.3 73.9   

10 3 (6) 14.5 8.6 0.8 0.5150 0.5150 226.9 18.3 0.023* 0.023* 12.7 11.1 1.4 0.2278 0.2278 598.5 77.6 0.8051 0.8051 

20 3 (6) 28.9 9.5 1.3 0.3265 0.5947 327.0 33.8 0.7223 0.0778 25.5 18.4 1.4 0.1754 0.021* 897.8 47.6 0.027* 0.04* 

30 3 (6) 43.4 14.6 3.4 0.1630 0.2656 253.5 13.6 0.032* 0.1494 38.2 36.5 5.9 0.0542 0.0854 517.3 55.7 0.5999 0.007** 

40 3 (6) 57.9 18.9 3.4 0.0702 0.4301 268.6 8.5 0.046* 0.4080 51.0 27.9 3.9 0.0571 0.3034 898.3 22.6 0.038* 0.012* 

50 3 (6) 72.3 16.4 3.0 0.0832 0.6177 205.9 4.2 0.007** 0.008** 63.7 28.3 5.3 0.1089 0.9624 423.6 56.9 0.1956 0.008** 

60 3 (6) 86.8 30.5 5.3 0.044* 0.0969 475.3 34.9 0.033* 0.016* 76.4 18.0 3.6 0.4586 0.1934 390.6 39.7 0.1198 0.6622 
                    

w;;Da-GAL4/+ 
  Males Females 

  
Average lifespan (mean ± SE):  49.4 ± 7.2 

Maximum lifespan (mean ± SE):  65.0 ± 6.0 
2 independent experiments, total 1,232 flies 

Average lifespan (mean ± SE):  49.5 ± 8.4 
Maximum lifespan (mean ± SE):  83.0 ± 7.0 
2 independent experiments, total 1,203 flies 

Age, 
days 

Independent 
measures  

no. of 
individuals 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

Age,  
% 

lifespan 
Thorax SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 
Abdomen SE 

P 
value  
vs. 2 
days 

P value  
vs. 

previous 

0 3 (6) 0.0 69.6 12.4   105.5 18.4   0.0 78.2 13.4   282.7 19.9   

2 3 (6) 3.1 8.7 1.5   282.9 21.1   2.4 9.2 0.9   541.3 28.8   

10 3 (6) 15.4 9.8 2.0 0.6628 0.6628 154.6 7.9 0.017* 0.017* 12.0 13.3 0.5 0.023* 0.023* 470.6 33.5 0.1863 0.1863 

20 3 (6) 30.8 4.9 0.7 0.1082 0.1179 185.3 15.2 0.024* 0.1704 24.1 25.6 10.4 0.2554 0.3576 381.2 17.6 0.015* 0.0988 

30 3 (6) 46.2 18.8 4.6 0.1515 0.0924 168.0 30.8 0.044* 0.6493 36.1 18.0 5.7 0.2622 0.5625 502.7 30.4 0.4088 0.037* 

 

DEVD activity is shown as nM AMC/sec/mg protein in 50 µl, which is equal to pmol 
AMC/sec/mg protein by multiplying 0.05 (modified after publication). 
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Chapter 3 
Inhibition of apoptosis in muscle cells extends life span in 

Drosophila 

3.1 Summary 

Apoptosis increases in several tissues, such as liver, muscle, and brain during normal vertebrate 

aging (Dirks and Leeuwenburgh, 2002; Higami et al., 1997; Leeuwenburgh, 2003; Pollack et al., 

2002). Several genes are implicated in both the regulation of apoptosis and the regulation of 

longevity (Luo et al., 2001; Maier et al., 2004; Migliaccio et al., 1999; Tyner et al., 2002). These 

observations raise the question of whether aging and apoptosis are mechanistically related. 

Drosophila melanogaster provides a unique opportunity to address this issue since it shares with 

mammals the molecular components that regulate and execute apoptosis (Hay et al., 2004; 

Vernooy et al., 2000). These components can be individually manipulated in specific tissues to 

evaluate the impact of a localized alteration of the apoptotic response on the health and longevity 

of the whole organism. We have recently shown that tissue-specific apoptosis occurs during 

Drosophila aging and is linked to physiological age (Zheng et al., 2005). We show here that the 

overexpression of anti-apoptotic genes in muscle extends Drosophila mean and maximum life 

span up to 99% and 65% respectively. We further demonstrate that this extension is mediated by 

apoptosis inhibition. This is the first report that tissue-specific apoptosis inhibition can prolong 

life span and delay the decline in muscle performance associated with aging. 

3.2 Introduction 

Apoptosis, a form of programmed cell death, is a biological process that is evolutionarily 

conserved from worms to mammals (Hay et al., 2004; Vernooy et al., 2000). Several distinctive 

morphological characteristics define apoptosis, including cell shrinkage, membrane blebbing, 

chromatin condensation, DNA fragmentation, and apoptotic body formation. A family of 
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cysteine-dependent aspartate proteases, called caspases, has been demonstrated to be crucial in 

executing apoptosis. Caspase activation is essential for the occurrence of apoptotic cell death. In 

multicellular organisms, apoptosis plays a critical role in tissue homeostasis, in adult 

metamorphosis and in the elimination of nonfunctional, damaged, and harmful cells that threaten 

the integrity of the organism. Apoptosis can be induced by various cellular stresses, including 

DNA damage, reactive oxygen species (ROS), and environmental mutagens (Green and Evan, 

2002; Norbury and Zhivotovsky, 2004).  

Apoptosis is tightly regulated by both death activators and inhibitors. Loss of proper regulation of 

apoptosis has been demonstrated in many aging-related diseases, including cancer, 

neurodegenerative disorders, and autoimmune diseases (Green and Evan, 2002; Warner, 1999; 

Zhu et al., 2004). Insufficient apoptosis that does not eliminate malignant or autoreactive cells 

can lead to age-related tumorigensis in mitotic tissues or autoimmune diseases. In contrast, 

excessive apoptotic cell death in post-mitotic tissues may result in aberrant cell loss and 

eventually lead to diminished tissue function and pathologies such as neurodegenerative diseases 

and muscle atrophy (Campisi, 2003; Green and Evan, 2002; Higami and Shimokawa, 2000; 

Pollack et al., 2002; Warner, 1999). Thus apoptosis can act as a double-edged sword in a tissue-

specific manner with respect to aging (Campisi, 2003; Warner, 1999). 

A number of studies have found that in both Drosophila and mammals age-dependent apoptosis 

increases in various tissues, including muscle, liver, hair follicle, and heart (Arck et al., 2006; 

Dirks and Leeuwenburgh, 2002; Higami et al., 1997; Pollack et al., 2002; Song et al., 2006; 

Zheng et al., 2005). However, it remains largely unknown whether the alterations in apoptosis 

with increasing age are the consequence or the cause of aging. 

Several genes that are involved in the regulation of apoptosis can influence longevity as well. 

p53, a tumor suppressor protein, can be activated by many stresses such as DNA damage and 
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oxidative stress, which in turn induce apoptosis or cell senescence. p53 gain-of-function 

mutations in mice result in increased apoptosis and decreased cancer incidence; however, these 

mice experience premature aging phenotypes, including reduction of life span, of body weight, 

and of muscle mass, as well as organ atrophy (Maier et al., 2004; Tyner et al., 2002).  

p66shc encodes the mammalian proto-oncogene SHC that participates in oxidative stress-induced 

apoptosis in mammalian cells. Loss of function mutations of p66shc significantly reduce the 

apoptosis induced by H2O2 and these mutant mice display a 30% increase in longevity when 

compared with wild type mice (Migliaccio et al., 1999). These findings suggest a role for 

apoptosis in the determination of life span and consequently, an inhibition of apoptosis may yield 

a positive effect on aging.  

The pattern of apoptosis during normal aging in Drosophila has been well-characterized (Zheng 

et al., 2005). D. melanogaster, which has many apoptotic components in common with that of 

mammals and many versatile genetic tools, was used to investigate the mechanistic relationship 

between aging and apoptosis in this report. We examine the tissue-specific effect of inhibition of 

apoptosis on life span by overexpressing anti-apoptotic genes using the UAS/GAL4 system. We 

have discovered that the overexpression of anti-apoptotic genes specifically in muscle results in 

an increased life span. Furthermore, we have demonstrated that this extension of life span is 

mediated by an apoptotic-like mechanism by examining two apoptotic markers: caspase activity 

and DNA fragmentation. Long-lived animals with inhibition of apoptosis in muscle also show an 

increased oxidative stress resistance and preserved flight ability.  
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3.3 Materials and Methods 

3.3.1 Fly stocks and maintenance 

The w1118 strain and the UAS strains w[*]; P{w[+mC]=UAS-p35.H}BH1 and w[*]; 

P{w[+mC]=UAS-p35.H}BH2 were obtained from the Bloomington Stock Center (Indiana 

University, Bloomington). The UAS-DIAP1 (P{w[+mC]=UAS-DIAP1.H},w[1118]) strain with a 

transgene insertion on chromosome X, was a gift from Bruce A. Hay. UAS-DIAP1 lines carrying 

UAS-DIAP1 transgene on 2nd or 3rd chromosome were generated by P-element transposition. The 

GAL4 strain w[*];P{w[+mW.hs]=GawB}D42 was a gift from G. Boulianne (Parkes et al., 1998). 

The GAL4 strains w[*];P{w[+mW.hs]=GawB}how[24B], w[*];P{w[+mW.hs]=GawB}DJ634, 

w[*];P{w[+mW.hs]=GawB}DJ651, and w[*];P{w[+mW.hs]=GawB}DJ694 have been 

previously described and are available from the Bloomington Stock Center (Brand and Perrimon, 

1993; Seroude, 2002; Seroude et al., 2002). MHC GeneSwitch was obtained from S.L. Helfand 

and S. Plecher, S106, and ELAV GeneSwitch strains were obtained from S.L. Helfand and M. 

Tatar.  

The control strain used in this study was w1118, a white-eyed base stock, in which the UAS and 

GAL4 lines were constructed. Animals for all assays were generated from crosses of males of the 

specified GAL4 strain with virgin females of each UAS strain. GAL4 alone or UAS alone 

controls were generated from crosses of GAL4 males or UAS females with w1118 females and 

males respectively. All flies were maintained at 25oC on standard fly food containing 0.01% 

molasses, 8.2% cornmeal, 3.4% killed yeast extract, 0.94% agar, 0.18% benzoic acid, and 0.66% 

propanoic acid. To obtain flies at specific age, the animals were aged at 25oC and transferred  to 

fresh food every 3-4 days. 
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3.3.2 Development analysis 

30 virgin females and 30 young males were crossed and maintained at 25oC for two days to allow 

them to mate. The flies were then transferred to the egg collectors, which consisted of an inverted 

plastic beaker with air holes placed on a plate containing the standard fly food. Two hundred eggs 

for a given cross were collected and lined onto plates with 2.5% agar and 5% sucrose media (25 

eggs/plate x 8 plates). The eggs were maintained at 25oC and hatching, pupation, and adult 

eclosion rates were scored. Percent survival rates at each developmental stage were compared to 

the controls (UAS and GAL4 alone) using one-way ANOVA and Bonferroni post-test.  

3.3.3 Longevity tests 

Flies were allowed to emerge during a 48-hour time window, collected and sorted by gender 

under nitrogen with a two minutes maximum exposure time. Each genotype and sex was 

maintained separately in plastic vials containing standard fly food. Around 30 flies were kept in 

each vial and at least 100 flies were used for each genotype and sex. The flies were maintained at 

25oC and transferred to fresh food vials every three to four days at which time the mumber of 

dead flies was recorded. At least three independent experiments were performed. 

3.3.4 Stress tests 

Flies were collected and maintained as outlined for the longevity tests and aged to 10, 20, and 40 

days at 25oC. For dry starvation, the aged flies were transferred to an empty vial. For oxidative 

stress tests, the flies were starved for 3 hours in an empty vial before addition of a paraquat 

solution containing 20 mM paraquat (Aldrich #856177-1G) and 5% sucrose. The number of dead 

flis was counted in 3-5 hour intervals thereafter until virtually all flies were dead. A total of 40 

flies (20 flies/vial x 2 vials) per genotype and age were used. Two independent experiments were 

conducted for each treatment. 
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3.3.5 Caspase assay 

The assay is based on the hydrolysis of the peptide substrate acetyl-asp-glu-val-asp-7amido-4-

methylcoumarin (Ac-DEVD-AMC) resulting in the release of the fluorescent 7-amido-4-

methylcoumarin (AMC). The assay was performed using a protocol described previously (Zheng 

et al., 2005). For each assay, two fly thoraces or abdomens were homogenized in 40 µl lysis 

buffer (50 mM Hepes, pH 7.5/100 mM NaCl/1 mM EDTA/0.1% CHAPS/10% sucrose/5 mM 

DTT/0.5% Triton X-100/4% glycerol). The lysate was centrifuged at 13,000x g for 5 minutes at 

4oC and the supernatants were used to quantify caspase activity. 10 µl of thorax extracts or 3 µl of 

abdomen extracts were incubated for 1 h at 27°C with 25 mM Ac-DEVD-AMC (Sigma no. A-

1086) in lysis buffer with a final reaction volume of 50 µl. AMC fluorescence was measured at 

360 nm excitation and 460 nm emission with a Spectra Max Fluorescent Microplate Reader 

(Molecular Devices). The concentration of the AMC released was calculated by using an AMC 

standard curve ranging from 100 nM to 20 mM. Protein concentrations of the extracts were 

determined using a Bio-Rad protein assay dye reagent (no. 500-0006). The unit of caspase 

activity was expressed as picomole of AMC per second per milligram of protein. For a given 

cross, at least three replicates were performed. 

3.3.6 Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling 
(TUNEL) 

Apoptosis-induced DNA fragmentation was detected by labeling free 3’-OH termini with FITC-

labeled dUTP mediated by terminal deoxynucleotidyl transferase (TdT) using a protocol 

described previously (Zheng et al., 2005). Flies were collected under nitrogen, embedded in 

Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA, no. 4583) and cryosectioned 

sagittally. Frozen sections were fixed with Mirsky's fixative (National Diagnostics, nos. HS-102a 

and HS-102b) for 10 min at room temperature. The sections were rinsed with PBS (137 mM 

NaCl/2.68 mM KCl/10.14 mM Na2HPO4/1.76 mM KH2PO4, pH 7.4) three times, incubated in 
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permeabilization solution (0.1% Triton X-100 in PBS) for 10 min, then rinsed three times in PBS. 

After equilibration with 200 µl of TdT buffer (25 mM Tris·HCl, pH 6.6/0.2 M potassium 

cacodylate/0.25 mg/ml BSA/1 mM cobalt chloride) for 5 min at room temperature, the slides 

were incubated in 200 µl of TdT buffer, supplemented with 60 units of TdT (Roche Applied 

Sciences, Mannheim, Germany, no. 3333566) and 5 µM fluorescein-12-dUTP (Roche Applied 

Sciences, no. 1373242) at 37°C for 1 h. The slides that were incubated in 200 µl of TdT buffer 

with 5µM fluorescein-12-dUTP but with TdT omitted, were used as negative controls. The 

reactions were terminated with TB buffer (0.3 M NaCl/0.03 M sodium citrate) for 15 min at room 

temperature. The sections were rinsed with PBS three times and mounted in 70% glycerol 

containing 2.5% DABCO (Sigma, no. D-2522). Images were captured on a Zeiss Axioplan2 

Imaging Microscope with a Leica DC 500 high-resolution digital camera and the OPENLAB 

imaging software (Improvision, Lexington, MA). 

3.3.7 Flight assay 

Flight ability was measured using a previously described method (Walker and Benzer, 2004). The 

flies were dropped into a 2L-graduated cylinder (50cm high) coated with mineral oil. The 

distance between where the flies landed on the wall and the bottom of the cylinder was recorded. 

The good fliers tend to land near the top of the cylinder, whereas the poor fliers are often found 

close to the bottom. Each test consisted of around 30 flies. Tests were performed in triplicate for 

each genotype at each age. 

3.3.8 Geotaxis and phototaxis assay 

Negative geotactic and fast phototactic behaviors were measured using the countercurrent method 

described previously (Tempel et al., 1984). The behavioral countercurrent apparatus were made 

as shown in the figure by Quinn et al (1974). Around 25 flies were loaded into the first tube of 

the lower part of the apparatus that was set vertically. Flies were banged to the bottom of the 
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tubes and allowed to climb 30 sec to the upper part of the apparatus consisting of 6 tubes. Five 

runs with sequential shifts of the apparatus separated the flies into six fractions, from tube 1 (least 

geotaxis) to tube 6 (most geotaxis). Flies in each collecting tube were anesthetized and counted. 

Fast phototaxis was measured by the same procedure as negative geotaxis, except that the assays 

were performed in a dark room and the countercurrent apparatus was kept horizontal during the 

30 sec-period when flies could move towards a light source set at the other side of the apparatus. 

The geotactic or phototactic performance index (PI) is calculated as the sum (travel distance * fly 

number)/ (total fly number * maximum travel distance). The travel distance refers to the number 

of tubes that the fly travels in the countercurrent apparatus at the end of the assay. When the assay 

is finished, flies in tube 1, 2, 3, 4, 5, 6 score a travel distance of 0, 1, 2, 3, 4, 5, respectively. A PI 

of 1 indicates that all flies travel to the last tube and is a perfect geotactic or phototactic 

performance. A PI of 0 represents loss of geotactic or phototactic responses following mechanical 

stimulation. Five trials of the behavioral assays were performed for each genotype and gender.  

3.3.9 Fecundity assay 

Five males and five virgin females were set up in triplicate in food vials to measure fertility and 

fecundity. Flies were transferred to fresh food every 24 ± 0.5 hours. Transfers were continued 

until all the females were dead. The number of eggs laid was counted after each transfer.  Female 

fecundity for a given genotype was measured as the average of number of eggs laid per day per 

female through the entire life by mating with w1118 males.   

3.3.10 Statistical analysis 

Differences among groups were assessed using one-way ANOVA with Bonferroni post-test. A 

Log-rank test was used for stress and longevity assays. A log-rank test and proportional hazard 

regression (Cox regression) analysis were applied to the longevity tests across the multiple 
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replicates with different genetic backgrounds being combined. A P value < 0.05 was considered 

statistically significant. A P value < 0.01 was considered statistically highly significant. 

GraphPad Prism 5 (San Diego, USA) or R (version R. 2.4.0) was used for the statistical analysis. 

3.4 Results 

3.4.1 Overexpression of Drosophila inhibitor of apoptosis protein 1 (DIAP1) gene 
in muscle extends life span  

The anti-apoptotic protein DIAP1, a major inhibitor of apoptosis in Dorsophila, inhibits apoptosis 

by suppressing the activity of caspases (Hay et al., 1995; Tenev et al., 2005). In order to 

determine whether inhibition of apoptosis in specific tissues can influence longevity, we 

overexpressed DIAP1 gene in various tissue types using the tissue specific UAS/GAL4 system 

(Brand and Perrimon, 1993).  

Six GAL4 lines were selected for this study. An extensive analysis of the expression patterns of  

the various GAL4 strains with respect to aging is critical for interpreting the aging studies based 

on the manipulation of gene expression. Therefore, we first examined the expression patterns of 

GAL4 and RU486-inducible GAL4 strains with UAS-lacZ and UAS-GFP reporters to verify the 

ones appropriate for the overexpression of DIAP1 in various tissues, including the three most 

abundant tissue types (muscle, fat and nervous system) in the adult (Figures 3.1 and 3.2). DJ694-

driven expression was not detectable in any larval tissue. Later on the expression was restricted to 

oenocytes during metamorphosis and to muscle in adults. GeneSwitch MHC is a RU486-

inducible GAL4 strain. However, MHC-driven expression was detected specifically in muscle in 

the absence of the inducer RU486. The expression of MHC was detected in muscle tissues in 

larval and pupal stages with the GFP reporter and throughout the entire life with the lacZ reporter. 

Moreover, the expression of MHC is not restricted to muscle when it is induced with RU486 

(Poirier et al., 2008). Thus, uninduced MHC was used as a muscle-specific GAL4 driver in this 
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study. 24B-driven expression was detected in larval muscle and the eye-antennal imaginal discs. 

The expression was ubiquitous during metamorphosis but was clearly higher in muscle. In adults, 

the expression was detected in the fat, testis and muscle. Whereas fat expression remained 

constant, the expression increased in testis while it strongly decreased in most muscles with the 

exception of one vertical indirect flight muscle. DJ634 was weakly expressed in the larval brain 

before being widely expressed during metamorphosis with the highest level in the abdominal fat. 

In adults, the expression was found in the fat, midgut and oenocytes. Whereas the expression 

remained constant in the midgut, it increased with age in the fat and cannot be detected in the 

oenocytes in young adults. DJ651-driven expression was not detected during developmental 

stages. In the adult flies, DJ651 expressed in a few sensory neurons in early life and began to be 

expressed in abdominal oenocytes in mid-life and gradually increased in the oenocytes thereafter. 

Finally D42 was specific to the nervous system at all stages.  
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Figure 3.1 Expression pattern of various GAL4 drivers during developmental stages. 

Representative images of dissected larvae and pupae of various GAL4 drivers crossed with a 
UAS-GFP reporter. Pictures represent L3 larvae and 1, 2, 3 day(s) old pupae stages. Images were 
captured on a Zeiss Axioplan2 Imaging Microscope with a Leica DC 500 high-resolution digital 
camera. Exposure time is 1 sec for larval images and 100 ms for pupal images. 
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Figure 3.2 Expression pattern of various GAL4 drivers in young, mid-age, and old flies. 

Young animals are less than 7 days old, mid-age animals are 30 days old, and old animals are 50 
days old except for MHC wich is 40 days old. Sagittal sections of males reported by ß-gal 
staining of UAS-lacZ. Scale bar is 100 µm. am: abdominal wall muscle; b: brain; c: cardia; ds: 
digestive system; f: fat; fm: flight muscle; lm: labium muscle; lgm: leg muscle; oe: oenocytes; vc: 
ventral cord. 
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Three independent UAS-DIAP1 transgenic lines carrying the UAS-DIAP1 insertion on 

chromosome 1(X), 2, or 3 were used to control for the effects of the genetic background and the 

position of the insertion. A white w1118 strain in either a Canton-S or an Oregon R background 

was used as control in the study. Each UAS and GAL4 strain was backcrossed into the same 

control white stock to ensure co-isogenetic backgrounds. To exclude effects on longevity due to 

heterosis, the progeny of crosses between a UAS and a GAL4 strain are compared to two control 

progenies: a UAS-alone control and a GAL4-alone control obtained by crossing the UAS and 

GAL4 strains to w1118. The over-expression of DIAP1 with the UAS/GAL4 system was confirmed 

at the RNA and protein level by real-time PCR and Western-blot (Yeung, 2008). 

Apoptosis plays a critical role during development (Meier et al., 2000). Blocking apoptosis 

during Dorsophila development might lead to developmental lethality (White et al., 1994). We 

first investigated whether the overexpression of DIAP1 using the UAS/GAL4 system would 

interfere with normal development. Survival rates at three different stages of development (larva, 

pupa and adult) were measured. The survival rates of individuals containing both the UAS-

DIAP1 and GAL4 transgenes were not significantly different from controls carrying either the 

UAS-DIAP1 or GAL4 transgene alone (Figure 3.3).  Therefore the expression of DIAP1 

mediated by the six chosen GAL4 drivers does not affect pre-adult development and can be used 

to examine the consequences of increasing DIAP1 levels in the adult tissues. 
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Figure 3.3 Effects of overexpression of the DIAP1 gene using various GAL4 drivers on 

Drosophila development. 

Hatching (white bar), pupation (gray bar) and eclosion (dark gray bar) rates were calculated as the 
percentage of eggs aligned. Three independent UAS-DIAP1 transgenic lines (X, 2nd, and 3rd 
chromosome insertion) driven by six GAL4 drivers have been tested. There is no significant 
difference (one-way ANOVA with Bonferroni post-test) between the UAS-
DIAP1/GAL4combinations and controls (UAS or GAL4 alone). Error bars represent ±1 SD. 
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Differential effects on longevity with different GAL4 lines were clearly observed. Driving DIAP1 

expression with DJ694, MHC or 24B extends life span in both males and females, while no 

significant effect was seen with DJ634, DJ651, and D42 (Figures 3.4, 3.5, 3.6, 3.7, 3.8, 3.9, 3.10, 

3.11 and Table 3.1). First we examined the UAS-DIAP1 line with the transgene inserted on 

chromosome 3. Elevated DIAP1 expression in muscle driven by DJ694 leads to a mean life span 

extension between 39% and 71%, and a maximum life span extension between 21% and 38% 

(Figures 3.4 and 3.5). Over-expression of DIAP1 protein specifically in muscle using the MHC 

driver results in an extension of mean and maximum life span by up to 42% and 39% respectively 

(Figures 3.4 and 3.5). When DIAP1 expression is increased in both muscle and fat with 24B, the 

mean and maximum life span were extended up to 94% and 65% respectively (Figures 3.4 and 

3.5). Similar results were obtained with these drivers when combined with two other UAS-DIAP1 

strains, that contained the UAS-DIAP1 transgene inserted in different locations within the fly 

genome (Figures 3.6, 3.7 and 3.8).  

No consistent results were obtained with any of the three independent UAS-DIAP1 transgenic 

lines when DIAP1 was overexpressed using singly the DJ634, DJ651, and D42 drivers. Life span 

extensions were observed in males when DIAP1 was overexpressed by DJ634, but only when the 

DIAP1 transgene was located on the X or 2nd chromosomes (Figures 3.4, 3.5 and 3.9). No 

increase in longevity in females was observed with DJ634 with any of the three UAS-DIAP1 

transgenic lines (Figures 3.4, 3.5 and 3.9). Since an increased life span was not consistently 

obtained with the various UAS-DIAP1 lines, and was not seen in both genders (Table 3.1), the 

DIAP1 transgene is not likely responsible for the observed extension of life span. The same 

observations and conclusion is reached with the D651 and D42 GAL4 drivers (Figures 3.4, 3.5, 

3.10 and 3.11). An extension of longevity was observed with DJ651 in combination with one of 

three UAS-DIAP1 transgenic lines (2nd chromosome insertion) (Figure 3.10 and Table 3.1). This 

suggests that this extension was due to the insertion rather than the transgene. We found an 
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increase in life span when UAS-DIAP1 was combined with D42 in 6 out of 9 (males) and 3 out of 

9 (females) survival experiments (Table 3.1). Although across multiple trials log-rank and cox 

regression analysis showed that D42 in combination with UAS-DIAP1 inserted on chromosome 2 

or 3 increased life span in males (Figures 3.4, 3.5, and 3.11), this extension of life span is not 

robust.   

Since the expression pattern of DJ634 and 24B is similar in adipose tissue, the inability of DJ634 

to extend longevity indicates that the expression of DIAP1 in adipose tissue unlikely contributes 

to the life span extension observed with 24B. In addition, the results obtained with DJ634 suggest 

that elevated DIAP1 expression in the oenocytes at midlife and onward does not affect longevity. 

Consistent with this observation, the DJ651 GAL4 strain that initially drives expression in a few 

sensory neurons and then in a pattern identical to DJ634 in the oenocytes, does not prolong 

longevity.  

Using the GeneSwitch inducible gene expression system, the overexpression of DIAP1 in adipose 

tissue (S106 GeneSwitch strain) and the nervous system (ELAV GeneSwitch strain) further 

confirmed that overexpression of DIAP1 in fat or neural cells has no effect on longevity as 

previously obtained using UAS/GAL4 system (Table 3.2). This is consistent with the results 

obtained with the fat (DJ634) and neural (D42) GAL4 drivers. 
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Figure 3.4 Survival of males with tissue-specific overexpression of the DIAP1 gene. 

DJ694 and MHC are restricted to adult muscle. 24B is fat and muscle specific. D634, DJ651 and 
D42 are mainly expressed in fat, oenocytes, and the nervous system, respectively. DIAP1 
trangene is inserted on the 3rd chromosome. Survival experiments were performed at 25oC. The 
survival curves of UAS alone (green), GAL4 alone (blue), and UAS+GAL4 combination (red) 
are shown in the graph. Each curve represents replicate trials. The sample size of a survival curve 
is indicated by the corresponding curve color at the right top of each graph. Error bars represent 
95% confidence intervals on observed survivorship. A log-rank test and Cox regression analysis 
are used to compare the life span of the overexpression of DIAP1 with the controls across 
multiple replicates. P values obtained by a log-rank test are shown in each graph. Similar P 
values are obtained using Cox regression analysis. p = 0 means P value < 1E-16. 
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Figure 3.5 Survival of females with tissue-specific overexpression of the DIAP1 gene. 

DJ694 and MHC are restricted to adult muscle. 24B is fat and muscle specific. D634, DJ651 and 
D42 are mainly expressed in fat, oenocytes, and the nervous system, respectively. DIAP1 
trangene is inserted on the 3rd chromosome. Survival experiments were performed at 25oC. The 
survival curves of UAS alone (green), GAL4 alone (blue), and UAS+GAL4 combination (red) 
are shown in the graph. Each curve represents replicate trials. The sample size of a survival curve 
is indicated by the corresponding curve color at the right top of each graph. Error bars represent 
95% confidence intervals on observed survivorship. A log-rank test and Cox regression analysis 
are used to compare the life span of the overexpression of DIAP1 with the controls across 
multiple replicates. P values obtained by a log-rank test are shown in each graph. Similar P 
values are obtained using Cox regression analysis. p = 0 means P value < 1E-16. 
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Figure 3.6 Survival of males and females with overexpression of the DIAP1 gene in muscle 

using DJ694 GAL4 driver. 

Survival experiments were performed at 25oC. The survival curves of UAS DIAP1 alone (green), 
DJ694 GAL4 alone (blue), and DIAP1+DJ694 combination (red) are shown in the graph. Each 
curve represents replicate trials. The sample size of a survival curve is indicated by the 
corresponding curve color at the right top of each graph. Error bars represent 95% confidence 
intervals on observed survivorship. A log-rank test and Cox regression analysis are used to 
compare the life span of the overexpression of DIAP1 with the controls across multiple replicates. 
P values obtained by a log-rank test are shown in each graph. Similar P values are obtained using 
cox regression analysis. p = 0 means P value < 1E-16. 
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Figure 3.7 Survival of males and females with overexpression of the DIAP1 gene in muscle 

using MHC GAL4 driver. 

Survival experiments were performed at 25oC. The survival curves of UAS DIAP1 alone (green), 
MHC GAL4 alone (blue), and DIAP1+MHC combination (red) are shown in the graph. Each 
curve represents replicate trials. The sample size of a survival curve is indicated by the 
corresponding curve color at the right top of each graph. Error bars represent 95% confidence 
intervals on observed survivorship. A log-rank test and Cox regression analysis are used to 
compare the life span of the overexpression of DIAP1 with the controls across multiple replicates. 
P values obtained by a log-rank test are shown in each graph. Similar P values are obtained using 
cox regression analysis. p = 0 means P value < 1E-16. 
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Figure 3.8 Survival of males and females with overexpression of the DIAP1 gene in muscle 

and fat using 24B GAL4 driver. 

Survival experiments were performed at 25oC. The survival curves of UAS DIAP1 alone (green), 
24B GAL4 alone (blue), and DIAP1+24B combination (red) are shown in the graph. Each curve 
represents replicate trials. The sample size of a survival curve is indicated by the corresponding 
curve color at the right top of each graph. Error bars represent 95% confidence intervals on 
observed survivorship. A log-rank test and Cox regression analysis are used to compare the life 
span of the overexpression of DIAP1 with the controls across multiple replicates. P values 
obtained by a log-rank test are shown in each graph. Similar P values are obtained using cox 
regression analysis. p = 0 means P value < 1E-16. 
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Figure 3.9 Survival of males and females with overexpression of the DIAP1 gene in fat and 

oenocytes using DJ634 GAL4 driver. 

Survival experiments were performed at 25oC. The survival curves of UAS DIAP1 alone (green), 
DJ634 GAL4 alone (blue), and DIAP1+DJ634 combination (red) are shown in the graph. Each 
curve represents replicate trials. The sample size of a survival curve is indicated by the 
corresponding curve color at the right top of each graph. Error bars represent 95% confidence 
intervals on observed survivorship. A log-rank test and Cox regression analysis are used to 
compare the life span of the overexpression of DIAP1 with the controls across multiple replicates. 
P values obtained by a log-rank test are shown in each graph. Similar P values are obtained using 
cox regression analysis. p = 0 means P value < 1E-16. No consistently increased life span was 
observed in DIAP1+DJ634 combination. 
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Figure 3.10 Survival of males and females with overexpression of the DIAP1 gene in 

oenocytes using DJ651 GAL4 driver. 

Survival experiments were performed at 25oC. The survival curves of UAS DIAP1 alone (green), 
DJ651 GAL4 alone (blue), and DIAP1+DJ651 combination (red) are shown in the graph. Each 
curve represents replicate trials. The sample size of a survival curve is indicated by the 
corresponding curve color at the right top of each graph. Error bars represent 95% confidence 
intervals on observed survivorship. A log-rank test and Cox regression analysis are used to 
compare the life span of the overexpression of DIAP1 with the controls across multiple replicates. 
P values obtained by a log-rank test are shown in each graph. Similar P values are obtained using 
cox regression analysis. p = 0 means P value < 1E-16. No consistently increased life span was 
observed in DIAP1+DJ651 combination. 
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Figure 3.11 Survival of males and females with overexpression of the DIAP1 gene in 

nervous system using D42 GAL4 driver. 

Survival experiments were performed at 25oC. The survival curves of UAS DIAP1 alone (green), 
D42 GAL4 alone (blue), and DIAP1+D42 combination (red) are shown in the graph. Each curve 
represents replicate trials. The sample size of a survival curve is indicated by the corresponding 
curve color at the right top of each graph. Error bars represent 95% confidence intervals on 
observed survivorship. A log-rank test and Cox regression analysis are used to compare the life 
span of the overexpression of DIAP1 with the controls across multiple replicates. P values 
obtained by a log-rank test are shown in each graph. Similar P values are obtained using cox 
regression analysis. p = 0 means P value < 1E-16. No consistently increased life span was 
observed in DIAP1+D42 combination. 
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Table 3.1 Longevity data for overexpression of DIAP1 or P35 with tissue-specific drivers.  
DJ694 GAL4            
               

UAS-DIAP1             
 UAS GAL4 UAS + GAL4 % extension 
 

Sex Exp # 
n Mean Max n Mean Max n Mean Max Mean Max 

P 

1a 505 55.5 75.0 574 48.2 75.0 542 71.6 89.0 29.0 18.7 <0.0001 
2a 775 42.2 70.0 446 47.5 61.0 681 60.3 75.0 27.0 7.1 <0.0001 
3a 78 43.2 57.0 196 40.6 54.0 267 47.6 64.0 10.0 12.3 0.0084 
4a 102 45.1 63.0 336 42.9 54.0 330 52.9 66.0 17.1 4.8 <0.0001 
5b 162 49.0 67.0 146 43.6 61.0 164 67.8 84.0 38.3 25.4 <0.0001 
6b 157 42.1 58.0 187 43.7 61.0 176 64.1 82.0 46.6 34.4 <0.0001 
7b 156 40.9 56.0 163 40.9 56.0 153 67.3 84.0 64.4 50.0 <0.0001 
8b 141 45.7 59.0 178 47.4 62.0 160 66.7 81.0 40.5 30.6 <0.0001 
9c 128 43.7 51.0 128 49.8 51.0 120 55.7 62.0 11.7 21.6 <0.0001 

10c 126 44.1 55.0 125 54.8 62.0 124 58.3 73.0 6.4 17.7 <0.0001 

M
al

e 

11c 143 51.8 61.0 146 52.0 68.0 143 57.7 73.0 11.0 7.4 <0.0001 

              

1a 433 55.6 85.0 419 51.9 85.0 466 62.6 89.0 12.7 4.7 <0.0001 
2a 719 37.9 75.0 511 40.3 70.0 709 46.9 67.0 16.3 -4.3 <0.0001 
3a 55 52.3 67.0 157 49.3 68.0 268 57.1 76.0 9.1 11.8 0.0007 
4a 102 39.9 65.0 298 43.9 67.0 339 52.9 77.0 20.4 14.9 <0.0001 
5b 148 45.4 59.0 138 40.6 54.0 166 69.1 84.0 52.2 42.4 <0.0001 
6b 168 44.2 56.0 174 42.3 62.0 154 65.1 78.0 47.3 25.8 <0.0001 
7b 185 44.1 55.0 205 42.5 57.0 172 64.1 81.0 45.4 42.1 <0.0001 
8b 154 42.6 56.0 160 46.2 69.0 165 65.6 80.0 41.9 15.9 <0.0001 
9c 100 60.3 75.0 127 63.8 75.0 125 74.5 81.0 16.8 8.0 <0.0001 

10c 126 58.2 74.0 124 66.6 76.0 125 71.8 81.0 7.9 6.6 <0.0001 

X
 c

hr
om

os
om

e 
in

se
rti

on
 

Fe
m

al
e 

11c 141 56.0 73.0 142 57.3 71.0 141 72.7 80.0 26.7 9.6 <0.0001 

  

             1b 147 44.3 66.0 146 43.6 61.0 145 88.1 100.0 98.6 51.5 <0.0001 
2b 181 44.6 61.0 187 43.7 61.0 189 78.9 95.0 76.7 55.7 <0.0001 
3b 163 38.1 54.0 163 40.9 56.0 163 71.2 90.0 74.3 60.7 <0.0001 
4b 156 43.1 62.0 178 47.4 62.0 143 83.1 92.0 75.2 48.4 <0.0001 
5d 128 45.7 59.0 121 53.5 67.0 133 70.9 83.0 32.7 23.9 <0.0001 
6d 136 48.5 63.0 124 53.4 68.0 122 68.9 88.0 29.2 29.4 <0.0001 
7d 126 48.3 68.0 126 64.6 79.0 121 72.7 82.0 12.5 3.8 <0.0001 
8d 123 48.6 65.0 124 54.7 66.0 126 70.2 81.0 28.2 22.7 <0.0001 
9c 134 51.6 68.0 129 47.8 65.0 133 67.3 81.0 30.3 19.1 <0.0001 

10c 135 58.0 73.0 117 52.8 67.0 132 71.8 83.0 23.8 13.7 <0.0001 
11c 135 55.4 69.0 134 49.5 62.0 135 72.1 84.0 30.1 21.7 <0.0001 
12c 143 50.4 65.0 135 45.0 59.0 145 64.7 78.0 28.4 20.0 <0.0001 

M
al

e 

13c 146 46.9 64.0 140 45.7 60.0 143 65.1 79.0 38.8 23.4 <0.0001 

 

             1b 144 44.6 63.0 138 40.6 54.0 151 69.2 85.0 55.2 34.9 <0.0001 
2b 170 44.3 60.0 174 42.3 62.0 198 71.3 85.0 61.0 37.1 <0.0001 
3b 185 42.7 59.0 205 42.5 57.0 176 61.5 81.0 44.2 37.3 <0.0001 
4b 152 43.9 62.0 160 46.2 69.0 149 74.2 85.0 60.5 23.2 <0.0001 
5d 130 50.5 74.0 127 66.5 85.0 135 76.8 87.0 15.5 2.4 <0.0001 
6d 138 50.4 79.0 126 67.0 86.0 136 74.4 87.0 11.0 1.2 <0.0001 
7d 124 49.5 78.0 125 74.0 85.0 137 80.3 91.0 8.5 7.1 <0.0001 
8d 125 50.2 75.0 130 65.8 81.0 133 78.4 82.0 19.2 1.2 <0.0001 
9c 136 59.6 79.0 130 56.2 76.0 136 66.4 81.0 11.5 2.5 <0.0001 

10c 135 57.9 80.0 126 52.2 80.0 109 69.1 82.0 19.3 2.5 <0.0001 
11c 106 52.4 76.0 133 57.6 78.0 132 66.7 82.0 15.7 5.1 <0.0001 
12c 128 48.6 72.0 154 47.1 69.0 134 56.8 73.0 16.9 1.4 <0.0001 

2n
d 

ch
ro

m
os

om
e 

in
se

rti
on

 

Fe
m

al
e 

13c 127 45.1 72.0 133 49.2 72.0 122 66.1 81.0 34.3 12.5 <0.0001 

    

             1b 149 40.6 66.0 136 35.8 52.0 133 61.2 62.0 50.7 21.0 <0.0001 
2b 137 38.9 64.0 140 38.4 58.0 145 66.5 54.0 71.1 31.0 <0.0001 

M
al

e 

3b 135 39.3 75.0 129 37.3 46.0 133 67.2 60.0 71.1 30.0 <0.0001 

 

             
1b 136 38.9 53.0 130 37.3 53.0 147 53.8 73.0 38.5 37.7 <0.0001 
2b 138 41.4 60.0 151 39.6 54.0 129 62.6 80.0 50.9 33.3 <0.0001 3r

d 
ch

ro
m

os
om

e 

in
se

rti
on

 

Fe
m

al
e 

3b 162 38.9 60.0 143 39.5 57.0 134 61.4 79.0 55.2 31.7 <0.0001 
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UAS-P35              
 UAS GAL4 UAS + GAL4 % extension 
 

Sex Exp # 
n Mean Max n Mean Max n Mean Max Mean Max 

P 

1b 122 41.3 52.0 123 41.6 48.0 138 63.0 75.0 51.4 44.2 <0.0001 
2b 140 44.7 57.0 138 49.8 63.0 138 69.2 80.0 39.1 27.0 <0.0001 M

al
e 

3b 130 46.4 61.0 127 45.3 55.0 136 59.2 74.0 27.5 21.3 <0.0001 

              
1b 135 53.9 74.0 120 56.5 77.0 134 66.3 79.0 17.3 2.6 <0.0001 
2b 135 57.5 73.0 142 58.1 76.0 142 73.0 82.0 25.7 7.9 <0.0001 2n

d 
ch

ro
m

os
om

e 

in
se

rti
on

 

Fe
m

al
e 

3b 133 56.1 73.0 135 54.2 74.0 138 71.7 81.0 27.8 9.5 <0.0001 

               
1b 132 33.6 43.0 123 41.6 48.0 128 50.9 70.0 22.4 45.8 <0.0001 
2b 140 42.2 56.0 138 49.8 63.0 138 60.2 76.0 21.0 20.6 <0.0001 M

al
e 

3b 131 33.7 46.0 127 45.3 55.0 136 65.1 74.0 43.5 34.5 <0.0001 

              
1b 125 52.1 67.0 120 56.5 77.0 135 70.0 78.0 23.8 1.3 <0.0001 
2b 142 53.9 71.0 142 58.1 76.0 140 72.0 84.0 24.1 10.5 <0.0001 3r

d 
ch

ro
m

os
om

e 

in
se

rti
on

 

Fe
m

al
e 

3b 139 52.5 63.0 135 54.2 74.0 132 67.1 83.0 23.7 12.2 <0.0001 
               
MHC GAL4             
               UAS-DIAP1             
 UAS GAL4 UAS + GAL4 % extension 
 

Sex Exp # 
n Mean Max n Mean Max n Mean Max Mean Max 

P 

1e 64 40.8 50.0 34 41.5 43.0 61 46.9 52.0 12.8 4.0 <0.0001 
2e 63 36.3 45.0 61 40.6 47.0 55 43.7 48.0 7.6 2.1 0.004 
3e 51 37.9 47.0 41 39.3 46.0 43 49.2 56.0 25.3 19.1 <0.0001 
4e 64 40.6 51.0 40 34.1 39.0 38 51.1 62.0 25.8 21.6 <0.0001 
5f 120 47.4 64.0 120 39.6 56.0 125 54.2 66.0 14.3 3.1 0.0027 
6f 123 47.7 64.0 125 42.9 57.0 121 52.6 67.0 10.3 4.7 0.034 
7f 127 41.2 50.0 117 34.9 49.0 113 46.1 56.0 11.8 12.0 <0.0001 
8f 117 45.2 58.0 114 40.1 53.0 122 49.8 65.0 10.3 12.1 0.0014 

M
al

e 

9f 130 40.1 54.0 133 34.2 43.0 113 44.3 61.0 10.5 13.0 0.0007 

              
5f 116 54.6 75.0 116 45.4 75.0 123 65.1 78.0 19.2 4.0 <0.0001 
6f 124 51.4 71.0 128 46.5 70.0 125 57.8 74.0 12.4 4.2 0.0012 
7f 123 49.4 65.0 121 41.7 63.0 123 53.4 68.0 8.1 4.6 0.0224 
8f 108 46.0 65.0 107 44.8 64.0 98 54.0 69.0 17.5 6.2 0.0312 

X
 c

hr
om

os
om

e 
in

se
rti

on
 

Fe
m

al
e 

9f 123 52.6 62.0 121 42.3 63.0 119 56.9 67.0 4.7 8.1 0.002 

               
1f 125 41.6 57.0 130 35.2 43.0 125 63.2 71.0 51.7 24.6 <0.0001 
2f 127 44.1 60.0 135 38.1 46.0 129 65.3 70.0 48.0 16.7 <0.0001 M

al
e 

3f 124 44.3 58.0 134 35.3 42.0 124 63.8 70.0 43.9 20.7 <0.0001 

              
1f 128 43.1 67.0 119 59.4 70.0 123 71.7 75.0 20.7 7.1 <0.0001 
2f 127 45.9 66.0 117 53.7 67.0 123 71.5 73.0 33.2 9.0 <0.0001 2n

d 
ch

ro
m

os
om

e 

in
se

rti
on

 

Fe
m

al
e 

3f 139 44.1 68.0 124 52.1 69.0 125 72.1 74.0 38.3 7.2 <0.0001 

               
1e 65 37.4 49.0 34 41.5 43.0 38 45.0 50.0 8.2 2.0 <0.0001 
2e 46 36.4 53.0 61 40.6 47.0 41 49.4 56.0 21.8 5.7 <0.0001 
3e 60 39.3 48.0 41 39.3 46.0 43 49.0 57.0 24.6 18.8 <0.0001 
4e 61 40.6 53.0 40 34.1 39.0 38 46.9 53.5 15.7 0.9 <0.0001 
5f 114 44.6 60.0 120 39.6 56.0 124 48.6 65.0 9.1 8.3 0.0052 
6f 125 43.7 63.0 125 42.9 57.0 126 49.0 64.0 12.0 1.6 0.014 
7f 111 39.8 49.0 117 34.9 49.0 128 45.7 52.0 14.7 6.1 <0.0001 
8f 110 39.8 50.0 114 40.1 53.0 130 50.9 64.0 26.7 20.8 <0.0001 

M
al

e 

9f 114 35.6 42.0 133 34.2 43.0 126 46.5 60.0 30.8 39.5 <0.0001 

              
5f 123 44.9 71.0 116 45.4 75.0 123 55.6 76.0 23.5 1.3 <0.0001 
6f 124 45.2 72.0 128 46.5 70.0 120 65.8 78.0 41.7 8.3 <0.0001 
7f 119 44.1 62.0 121 41.7 63.0 127 52.8 73.0 19.7 15.9 <0.0001 
8f 106 45.0 66.0 107 44.8 64.0 110 51.6 74.0 14.5 12.1 0.0004 

3r
d 

ch
ro

m
os

om
e 

in
se

rti
on

 

Fe
m

al
e 

9f 113 37.4 56.0 121 42.3 63.0 124 58.4 73.0 38.0 15.9 <0.0001 
               
UAS-P35              
 UAS GAL4 UAS + GAL4 % extension 
 

Sex Exp # 
n Mean Max n Mean Max n Mean Max Mean Max 

P 

1f 119 50.3 59.0 130 35.2 43.0 121 52.1 63.0 3.6 6.8 0.018 
2f 127 45.7 52.0 135 38.1 46.0 130 49.2 59.0 7.7 13.5 0.0001 M

al
e 

3f 125 45.3 59.0 134 35.3 42.0 127 49.4 60.0 9.2 1.7 0.0158 

              
1f 122 61.2 70.0 119 59.4 70.0 106 64.5 71.0 5.3 1.4 <0.0001 
2f 123 58.0 70.0 117 53.7 67.0 113 64.1 70.0 10.5 0.0 <0.0001 2n

d 
ch

ro
m

os
om

e 

in
se

rti
on

 

Fe
m

al
e 

3f 119 52.7 66.0 124 52.1 69.0 118 60.7 70.0 15.1 1.4 0.0002 

               
1f 124 42.0 55.0 130 35.2 43.0 125 45.3 55.0 7.8 0.0 0.01 
2f 123 39.6 55.0 135 38.1 46.0 122 47.5 56.0 19.8 1.8 <0.0001 M

al
e 

3f 122 37.5 50.0 134 35.3 42.0 126 42.4 56.0 13.0 12.0 0.0002 

              
1f 123 47.2 67.0 119 59.4 70.0 132 68.5 71.0 15.3 1.4 <0.0001 
2f 130 45.5 68.0 117 53.7 67.0 121 63.0 70.0 17.4 2.9 <0.0001 3r

d 
ch

ro
m

os
om

e 

in
se

rti
on

 

Fe
m

al
e 

3f 128 44.7 63.0 124 52.1 69.0 133 65.1 70.0 24.9 1.4 <0.0001 
 

 

 

              
               
             

             

             



 99 

24B GAL4             
               UAS-DIAP1             
 UAS GAL4 UAS + GAL4 % extension 
 

Sex Exp # 
n Mean Max n Mean Max n Mean Max Mean Max 

P 

1a 78 43.2 57.0 250 43.9 59.0 197 46.9 63.0 6.8 6.8 <0.0001 
2a 102 45.1 63.0 368 41.3 53.0 237 52.8 67.0 16.9 6.3 <0.0001 
3b 162 49.0 67.0 152 43.8 66.0 150 69.6 91.0 42.1 35.8 <0.0001 
4b 157 42.1 58.0 163 39.4 56.0 165 62.5 81.0 48.5 39.7 <0.0001 
5b 156 40.9 56.0 175 42.6 59.0 151 63.8 80.0 49.8 35.6 <0.0001 

M
al

e 

6b 141 45.7 59.0 142 44.3 60.0 165 64.9 81.0 42.1 35.0 <0.0001 

 

             1a 55 52.3 67.0 242 49.3 71.0 230 66.1 83.0 26.2 16.9 <0.0001 
2a 102 39.9 65.0 334 44.0 70.0 226 60.6 81.0 37.7 15.7 <0.0001 
3b 148 45.4 59.0 143 39.5 59.0 152 72.5 90.0 59.8 52.5 <0.0001 
4b 168 44.2 56.0 188 42.1 60.0 190 68.5 85.0 55.0 41.7 <0.0001 
5b 185 44.1 55.0 175 42.4 58.0 162 70.4 85.0 59.8 46.6 <0.0001 

X
 c

hr
om

os
om

e 
in

se
rti

on
 

Fe
m

al
e 

6b 154 42.6 56.0 144 39.2 59.0 165 72.3 88.0 69.8 49.2 <0.0001 
               1b 137 45.5 61.0 147 42.0 52.0 136 64.2 88.0 41.1 44.3 <0.0001 

2b 145 44.1 53.0 148 41.3 58.0 128 64.1 77.0 45.3 32.8 <0.0001 

M
al

e 

3b 135 41.8 52.0 135 39.9 52.0 126 64.4 86.0 53.9 57.7 <0.0001 

 

             1b 145 51.7 

 

65.0 154 41.9 54.0 128 67.3 86.0 30.3 32.3 <0.0001 
2b 153 52.5 69.0 151 46.7 62.0 130 67.6 83.0 28.7 20.3 <0.0001 3r

d 
ch

ro
m

os
om

e 
 

in
se

rti
on

 

Fe
m

al
e 

3b 152 52.0 62.0 153 43.0 58.0 142 70.0 86.0 34.5 38.7 <0.0001 
               1b 149 40.6 66.0 147 42.0 52.0 142 68.7 84.0 63.5 35.5 <0.0001 

2b 137 38.9 64.0 148 41.3 58.0 137 73.4 87.0 77.6 50.0 <0.0001 

M
al

e 

3b 135 39.3 75.0 135 39.9 52.0 135 72.7 82.0 82.2 36.7 <0.0001 

 

             1b 136 38.9 53.0 154 41.9 54.0 143 81.1 89.0 93.7 64.8 <0.0001 
2b 138 41.4 60.0 151 46.7 62.0 151 72.5 86.0 55.4 38.7 <0.0001 3r

d 
ch

ro
m

os
om

e 
 

in
se

rti
on

 

Fe
m

al
e 

3b 162 38.9 60.0 153 43.0 58.0 145 76.3 86.0 77.3 43.3 <0.0001 

               

DJ634 GAL4            
               UAS-DIAP1             
 UAS GAL4 UAS + GAL4 % extension 
 

Sex Exp # 
n Mean Max n Mean Max n Mean Max Mean Max 

P 

1a 505 55.5 75.0 282 56.1 75.0 306 74.8 93.0 33.4 24.0 <0.0001 
2a 775 42.2 70.0 171 55.8 71.0 301 68.8 84.0 23.4 18.3 <0.0001 
3b 124 58.3 89.0 131 73.7 93.0 126 50.6 70.0 -13.2 -21.3 0.0004 
4b 133 59.0 87.0 148 74.4 91.0 135 43.5 60.0 -26.3 -31.0 0.2224 

M
al

e 

5b 120 58.1 80.0 119 59.1 82.0 126 46.4 61.0 -20.1 -23.8 0.0001 

 

             1a 433 55.6 85.0 383 63.6 91.0 350 73.4 100.0 15.4 9.9 <0.0001 
2a 719 37.9 75.0 196 62.6 83.0 383 73.2 90.0 16.8 8.4 <0.0001 
3b 119 51.9 68.0 127 73.4 98.0 132 45.4 71.0 -12.5 4.4 0.008 
4b 143 53.2 67.0 134 61.2 83.0 120 52.0 70.0 -2.3 4.5 0.4119 

X
 c

hr
om

os
om

e 
in

se
rti

on
 

Fe
m

al
e 

5b 113 62.9 80.0 122 81.5 94.0 127 58.5 91.0 -7.0 -3.2 0.1098 

  

             1b 115 49.5 69.0 112 49.8 65.0 116 54.5 69.0 9.4 0.0 <0.0001 
2b 122 51.1 77.0 122 48.2 61.0 109 60.2 69.0 17.9 -10.4 <0.0001 

M
al

e 

3b 122 51.0 73.0 126 44.2 54.0 123 53.1 61.0 4.0 -16.4 0.0016 

              
1b 123 59.1 76.0 119 65.3 80.0 123 65.9 80.0 0.8 0.0 0.3684 
2b 120 67.3 82.0 120 70.5 84.0 124 63.8 77.0 -5.1 -6.1 <0.0001 

2n
d 

ch
ro

m
os

om
e 

in
se

rti
on

 

Fe
m

al
e 

3b 124 67.9 78.0 125 62.6 75.0 120 59.1 73.0 -5.6 -2.7 <0.0001 

  

             1b 149 40.6 66.0 139 49.2 63.0 134 50.7 66.0 3.1 4.8 0.0655 
2b 137 38.9 64.0 154 42.2 53.0 128 47.6 63.0 13.0 16.7 <0.0001 

M
al

e 

3b 135 39.3 75.0 130 45.1 52.0 133 49.4 64.0 9.6 6.7 <0.0001 

 

             1b 136 38.9 53.0 146 47.5 68.0 130 46.7 66.0 -1.8 -2.9 0.7121 
2b 138 41.4 60.0 156 52.0 69.0 128 48.6 61.0 -6.5 1.7 0.0052 3r
d 

ch
ro

m
os

om
e 

in
se

rti
on

 

Fe
m

al
e 

3b 162 38.9 60.0 135 49.6 67.0 136 45.8 62.0 -7.6 3.3 0.0089 
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DJ651 GAL4            
               UAS-DIAP1             
 UAS GAL4 UAS + GAL4 % extension 
 

Sex Exp # 
n Mean Max n Mean Max n Mean Max Mean Max 

P 

1a 76 61.8 79.0 93 51.0 72.0 98 49.1 70.0 -3.7 -2.8 0.0231 
2a 103 56.6 78.0 104 53.5 73.0 98 46.4 58.0 -13.4 -20.5 <0.0001 
3b 124 58.3 89.0 126 48.0 59.0 124 50.8 65.0 5.9 10.2 0.0014 
4b 133 59.0 87.0 126 50.7 56.0 125 50.4 58.0 -0.8 3.6 0.1975 

M
al

e 
5b 120 58.1 80.0 137 51.2 60.0 130 56.1 70.0 9.6 -12.5 0.0063 

              
1a 84 54.7 82.0 95 68.0 86.0 93 66.1 85.0 -2.7 -1.2 0.0032 
2a 99 50.7 78.0 105 60.9 81.0 98 59.7 77.0 -2.0 -1.3 0.0741 
3b 119 51.9 68.0 131 67.0 84.0 127 49.5 81.0 -4.5 -3.6 0.0289 
4b 143 53.2 67.0 128 79.6 90.0 126 70.1 90.0 -11.9 0.0 <0.0001 

X
 c

hr
om

os
om

e 
in

se
rti

on
 

Fe
m

al
e 

5b 113 62.9 80.0 136 79.2 87.0 125 73.8 88.0 -6.8 1.1 <0.0001 

               
1b 115 49.5 69.0 111 44.0 55.0 121 55.8 65.0 12.6 -5.8 <0.0001 
2b 122 51.1 77.0 118 39.9 57.0 127 58.2 70.0 13.9 -9.1 <0.0001 M

al
e 

3b 122 51.0 73.0 128 41.3 50.0 126 54.2 59.0 6.3 18.0 <0.0001 
              

1b 123 59.1 76.0 113 59.3 78.0 126 69.1 78.0 16.5 0.0 <0.0001 
2b 120 67.3 82.0 118 66.6 78.0 125 69.7 79.0 3.6 1.3 0.0021 2n

d 
ch

ro
m

os
om

e 

 in
se

rti
on

 

Fe
m

al
e 

3b 124 67.9 78.0 128 63.0 77.0 127 74.1 80.0 9.1 2.6 <0.0001 

               
1b 117 41.9 61.0 111 44.0 55.0 113 41.1 54.0 -1.9 -1.8 0.0821 
2b 112 41.4 59.0 118 39.9 57.0 130 42.8 58.0 3.4 -1.7 0.0567 M

al
e 

3b 122 39.2 50.0 128 41.3 50.0 123 45.1 57.0 9.3 14.0 <0.0001 

              
1b 123 54.2 73.0 113 59.3 78.0 123 49.8 77.0 -8.1 -1.3 <0.0001 
2b 117 66.2 77.0 118 66.6 78.0 126 62.8 81.0 -5.2 3.8 <0.0001 3r

d 
ch

ro
m

os
om

e 
 

in
se

rti
on

 

Fe
m

al
e 

3b 121 57.9 78.0 128 63.0 77.0 125 54.7 71.0 -5.6 -7.8 <0.0001 
               
D42 GAL4             
               UAS-DIAP1             
 UAS GAL4 UAS + GAL4 % extension 
 

Sex Exp # 
n Mean Max n Mean Max n Mean Max Mean Max 

P 

1a 283 52.3 66.0 175 54.5 67.0 261 56.8 68.0 4.1 1.5 0.035 
2a 75 52.5 64.0 61 53.5 67.0 86 59.3 67.0 10.9 0.0 0.0049 M

al
e 

3a 69 52.6 73.0 68 57.2 75.0 66 59.7 79.0 4.3 5.3 0.0004 
              

1a 257 45.1 60.0 206 71.8 80.0 288 41.9 64.0 -7.2 6.7 0.09332 
2a 74 42.7 60.0 84 67.0 81.0 82 40.8 63.0 -4.3 5.0 0.9115 X

 c
hr

om
os

om
e 

 in
se

rti
on

 

Fe
m

al
e 

3a 70 58.6 82.0 68 48.6 81.0 71 64.3 85.0 9.8 3.7 <0.0001 
               

1b 115 49.5 69.0 118 45.0 55.0 118 65.7 79.0 32.8 14.5 <0.0001 
2b 122 51.1 77.0 128 40.5 52.0 123 62.9 77.0 23.2 0.0 <0.0001 M

al
e 

3b 122 51.0 73.0 128 44.3 58.0 123 61.3 67.0 20.2 -8.2 <0.0001 
              

1b 123 59.1 76.0 119 61.0 79.0 118 68.4 84.0 12.3 6.3 <0.0001 
2b 120 67.3 82.0 126 68.4 82.0 123 71.4 82.0 4.4 0.0 0.3975 2n

d 
ch

ro
m

os
om

e 

 in
se

rti
on

 

Fe
m

al
e 

3b 124 67.9 78.0 125 62.0 76.0 128 70.0 80.0 3.1 2.6 <0.0001 
               

1b 117 41.9 61.0 118 45.0 55.0 127 42.7 54.0 -5.1 -1.8 0.1649 
2b 112 41.4 59.0 128 40.5 52.0 125 44.9 58.0 8.5 -1.7 0.048 M

al
e 

3b 122 39.2 50.0 128 44.3 58.0 127 41.7 50.0 -5.8 0.0 0.3995 

              
1b 123 54.2 73.0 119 61.0 79.0 123 54.0 69.0 -0.4 -5.5 0.0002 
2b 117 66.2 77.0 126 68.4 82.0 128 61.1 80.0 -7.7 -2.4 0.1777 3r

d 
ch

ro
m

os
om

e 
 

in
se

rti
on

 

Fe
m

al
e 

3b 121 57.9 78.0 125 62.0 76.0 129 53.4 72.0 -7.9 -5.3 <0.0001 
 

a: UAS and GAL4 strains are in white Oregon R genetic background  
b: UAS and GAL4 strains are in white Canton-S genetic background  
c: UAS and GAL4 strains are in white Canton-S genetic background. UAS and GAL4 strains have been backcrossed with white 
Canton-S strain, with different genetic background from (b) 
d: UAS strain has been backcrossed with white Oregon R strain     
e: MHC strain was obtained from Halfand lab      
f: MHC strain was obtained from Pletcher lab       
Column labeled “n” shows longevity experiment sample size 
Column labeled “Mean” represent mean life span 
Column labeled “Max” is maximum life span represent 95% of life span. 
Column labeled “% extension” represent the percentage of life span extension of combination comparing to the UAS or GAL4 control 
whose life span is closer to the life span of combination.  
Column labeled “P” shows a log-rank test P value comparing of UAS/GAL4 combination with UAS alone or GAL4 alone controls. 
The larger P value is shown in table. The P values in bold font mean that the life span of combination is significantly longer than both 
controls. 
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Table 3.2 Longevity data for overexpression of the DIAP1 gene with tissue-specific RU486 

inducible GAL4 drivers.   

S106           
 Normal RU486 % extension 
 

Sex Exp # 
n Mean Max n Mean Max Mean Max 

P 

1 118 42.2 72.0 117 43.5 77.0 3.1 6.9 0.6072 
2 119 45.7 68.0 114 46.5 71.0 1.8 4.4 0.4546 
3 113 50.0 75.0 111 50.6 75.0 1.1 0.0 0.5135 M

al
es

 

4 117 48.8 73.0 116 45.3 73.0 -7.1 0.0 0.0392 

 

          1 106 49.9 77.0 118 53.7 77.0 7.8 0.0 0.7719 
2 116 59.3 76.0 114 58.6 76.0 -1.3 0.0 0.6862 
3 118 58.6 78.0 117 57.9 75.0 -1.2 -3.8 0.3621 

X
 c

hr
om

os
om

e 

in
se

rti
on

 

Fe
m

al
es

 

4 116 60.3 76.0 114 55.5 73.0 -8.1 -3.9 0.0017 
            1 119 44.1 69.0 117 43.0 72.0 -2.6 4.3 0.2323 

2 118 40.5 76.0 118 40.9 68.0 1.0 -10.5 0.0008 
3 114 43.7 75.0 120 41.8 75.0 -4.5 0.0 0.0065 M

al
es

 

4 117 45.8 82.0 116 44.8 76.0 -2.2 -7.3 0.3538 

 

          1 108 42.6 69.0 119 43.2 69.0 1.4 0.0 0.4236 
2 115 46.3 79.0 112 47.6 76.0 2.8 -3.8 0.0406 
3 120 44.6 98.0 115 58.5 75.0 31.1 -23.5 0.0342 3r

d 
ch

ro
m

os
om

e 

in
se

rti
on

 

Fe
m

al
es

 

4 109 52.1 73.0 121 52.1 73.0 0.0 0.0 0.018 
            ELAV            
 Normal RU486 % extension 
 

Sex Exp # 
n Mean Max n Mean Max Mean Max 

P 

1 118 40.5 62.0 118 40.9 62.0 1.0 0.0 0.4735 
2 114 43.7 68.0 120 41.8 64.0 -4.5 -5.9 0.4886 
3 117 45.8 67.0 116 44.8 60.0 -2.2 -10.4 0.0347 M

al
es

 

4 118 45.5 79.0 118 42.9 68.0 -5.7 -13.9 0.0075 

 

          1 115 46.3 72.0 112 47.6 69.0 2.8 -4.2 0.9479 
2 120 44.6 71.0 115 58.5 79.0 31.1 11.3 <0.0001 
3 109 52.1 81.0 121 52.1 75.0 0.0 -7.4 0.5823 

X
 c

hr
om

os
om

e 

in
se

rti
on

 

Fe
m

al
es

 

4 112 57.4 76.0 117 57.4 73.0 0.0 -3.9 0.6133 
            1 117 39.0 69.0 117 37.1 65.0 -5.0 -5.8 0.2662 

2 115 44.6 71.0 118 44.5 68.0 -0.2 -4.2 0.5288 
3 117 43.6 75.0 112 41.3 63.0 -5.3 -16.0 0.0982 M

al
es

 

4 116 43.8 73.0 115 41.0 68.0 -6.3 -6.8 0.0393 

 

          1 118 38.8 69.0 119 40.7 69.0 5.0 0.0 0.204 
2 121 49.9 76.0 122 46.4 76.0 -6.9 0.0 0.1735 
3 116 43.6 75.0 113 42.3 75.0 -3.0 0.0 0.7349 3r

d 
ch

ro
m

os
om

e 

in
se

rti
on

 

Fe
m

al
es

 

4 112 48.8 76.0 106 49.4 73.0 1.2 -3.9 0.8191 
 
In the presence of RU486, S106 is induced in the body fat; ELAV is induced in the nervous system. 
Column labeled “n” shows longevity experiment sample size 
Column labeled “Mean” represent mean life span 
Column labeled “Max” is maximum life span represent 95% of life span. 
Column labeled “% extension” represent the percentage of life span extension of flies treated with 25 µg/ml 
RU486 comparing to those in the food without supplied RU486.  
Column labeled “P” shows a log-rank test comparing the animal’s life span in the food with or without 
RU486. The P values in bold font mean that the life span is significantly longer when DIAP1 is induced. 
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All survival experiments performed with each of the three independent UAS-DIAP1 transgene 

lines resulted in a significant increase in life span in both genders when combined with the 

DJ694, MHC, or 24B GAL4 strains (each combination with more than three replicates) (Table 

3.1). The expression pattern of the DJ694, MHC and 24B GAL4 strains are not restricted to a 

common region during development. The only similarity among these three drivers is that they 

target transgene expression to the adult muscle. Taken together these data strongly suggest that 

the overexpression of DIAP1 specifically in adult muscle extends life span in Drosophila. In 

contrast, overexpressing DIAP1 in the fat, the oenocytes or the nervous system does not increase 

life span. 

3.4.2 Overexpression of p35 in muscle cells extend life span  

The baculovirus P35 protein, a broad-spectrum caspase inhibitor, is known to prevent apoptosis 

in Drosophila (Hay et al., 1994). If the extension of life span by DIAP1 is due to apoptosis 

inhibition, then expression of p35 in muscle should lead to the same result. Two independent 

UAS-P35 transgenic strains with p35 inserted on 2nd and 3rd chromosome were used. To assess 

the effect of P35 on longevity, we must first verify that the expression of p35 has no toxic effect 

during development. The developmental analysis showed that the expression of p35 with the 

DJ694 and MHC strains did not affect normal development, while 24B-GAL4 caused 

developmental lethality in the pupal stage (Figure 3.12). Thus the effect of p35 expression in 

muscle on longevity was investigated using UAS-P35 lines combined with the DJ694 or MHC 

drivers. Indeed, the animals with expression of p35 in muscle lived significantly longer than both 

the UAS alone and GAL4 alone controls (Table 3.1). A 20 to 30% life span enhancement with 

DJ694 was observed in both males and females (Figure 3.13), while life span was extended by up 

to 15% in males and up to 25% in females with the MHC driver (Figure 3.14).   
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Figure 3.12 Effects of overexpression of p35 with various muscle-specific GAL4 drivers on 

Drosophila development. 

Hatching (white bar), pupation (gray bar) and eclosion (dark gray bar) rates were calculated as the 
percentage of eggs aligned. Two independent UAS-P35 transgenic lines (2nd, and 3rd chromosome 
insertion) driven by three muscle-specific GAL4 drivers have been tested. No significant 
difference (one-way ANOVA with Bonferroni post-test) between combination and controls (UAS 
or GAL4 alone) is observed with the DJ694 and MHC lines. P35 combined with 24B line causes 
developmental lethality in the pupal stage. Error bars represent ±1 SD. **: P < 0.01. 
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Figure 3.13 Survival of males and females with overexpression of p35 in muscle using DJ694 

GAL4 driver. 

The survival experiments were performed at 25oC. The survival curves of UAS alone (green), 
DJ694 GAL4 alone (blue), and P35+DJ694 combination (red) are shown in the graph. Each curve 
represents replicate trials. The sample size of a survival curve is indicated by the corresponding 
curve color at the right top of each graph. Error bars represent 95% confidence intervals on 
observed survivorship. A log-rank test and proportional hazard regression (Cox regression) 
analysis are used to compare the life span of the overexpression of P35 with the controls across 
multiple replicates. p = 0 means P value < 1E-16. The statistically significant longevity extension 
was shown in UAS/GAL4 combination animals using two independent P35 transgene insertions: 
2nd chromosome insertion and 3rd chromosome insertion. Both log-rank and Cox regression 
comparisons yield P < 1E-9.  
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Figure 3.14 Survival of males and females with overexpression of p35 in muscle using MHC 

GAL4 driver. 

The survival experiments were performed at 25oC. The survival curves of UAS alone (green), 
MHC GAL4 alone (blue), and P35+MHC combination (red) are shown in the graph. Each curve 
represents replicate trials. The sample size of a survival curve is indicated by the corresponding 
curve color at the right top of each graph. Error bars represent 95% confidence intervals on 
observed survivorship. A log-rank test and proportional hazard regression (Cox regression) 
analysis are used to compare the life span of the overexpression of P35 with the controls across 
multiple replicates. p = 0 means P value < 1E-16. The statistically significant longevity extension 
was shown in UAS/GAL4 combination animals using two independent P35 transgene insertions: 
2nd chromosome insertion and 3rd chromosome insertion. Both log-rank and Cox regression 
comparisons yield P < 1E-9 and < 1E-6 for P35 3rd chromosome insertion and 2nd chromosome 
insertion, respectively. 
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3.4.3 Long-lived flies display enhanced oxidative stress resistance 

Long-lived mutants are often associated with enhanced resistance to various stresses (Lin et al., 

1998). Because oxidative stress, but not dry starvation stress, can induce apoptosis in the thoracic 

muscle (Zheng et al., 2005), it is expected that the long-lived animals should be resistant to 

oxidative stress whereas the response to dry starvation should remain unaffected. We exposed 

flies at three different ages to dry starvation and to paraquat, a free radical generator. The 

tolerance to both stresses declines with advancing age. As expected, no difference in starvation 

resistance is observed between UAS-DIAP1/GAL4 combinations and controls (Table 3.3). In 

contrast, long-lived flies (UAS-DIAP1 in combination with DJ694, MHC, or 24B) exhibit a 

significant enhancement of their resistance to paraquat at most of the observed ages whereas 

normal-lived flies (UAS-DIAP1 in combination with either DJ634, DJ651 or D42) are not 

different from the controls (Table 3.4).  
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Table 3.3 Starvation resistance with increasing age.  

 
Male mean life span (hours) Female mean life span (hours) GAL4 UAS-DIAP1 Age 

(days) GAL4/UAS UAS+GAL4 
 P 

GAL4/UAS UAS+GAL4 
 P 

10 28.7/29.8 33.3 0.0236 46.9/51.1 49.1 0.6735 
10 15.8/19.8 17.5 0.0016 30.6/34.9 33.6 0.0670 
10 16.0/21.3 16.4 0.3893 31.7/39.2 34.2 0.0001 
20 20.8/24.3 23.5 0.2646 28.1/42.0 39.1 0.1270 
20 12.1/18.0 12.3 0.7190 22.6/27.6 23.4 0.1207 
20 11.3/16.8 13.1 <0.0001 21.6/26.3 23.7 0.0181 
40 18.9/17.7 19.5 0.8140 22.7/21.8 23.8 0.1846 
40 9.7/14.0 11.8 0.0016 14.2/17.7 17.6 0.9758 

X
 c

hr
om

os
om

e 
In

se
rti

on
 

40 10.6/13.0 10.7 0.8629 14.8/16.5 15.8 0.3870 
10 27.9/44.5 45.2 0.2162 42.0/48.4 49.3 0.1332 
10 15.8/20.8 19.4 0.0383 30.6/36.0 36.4 0.7535 
10 16.0/22.3 21.0 0.0473 31.7/34.4 31.8 0.5004 
20 25.7/31.3 39.4 <0.0001 35.1/43.9 45.5 0.7873 
20 12.1/17.9 16.5 0.1854 22.6/24.6 19.9 0.0361 
20 11.3/16.7 16.6 0.8000 21.6/24.9 23.6 0.3009 
40 16.7/20.6 21.7 0.8428 24.4/27.7 26.3 0.9090 
40 9.7/14.6 13.8 0.1719 14.2/17.3 16.5 0.2548 

D
J6

94
 

3r
d 

ch
ro

m
os

om
e 

In
se

rti
on

 

40 10.6/14.8 12.9 0.0002 14.8/18.1 16.9 0.0359 
10 12.4/13.5 14.0 0.3330 21.6/24.8 25.7 0.6597 
20 9.4/10.2 12.0 <0.0001 13.5/16.7 16.9 0.7754 X

  
ch

ro
m

o.
 

In
se

rti
on

 

40 9.0/9.1 10.6 0.0017 11.9/12.1 13.3 0.1049 
10 12.4/13.4 16.1 <0.0001 21.6/27.1 25.6 0.2090 
20 9.4/11.6 13.7 <0.0001 13.5/14.4 18.8 <0.0001 

M
H

C
 

3r
d 

 
ch

ro
m

o.
 

In
se

rti
on

 

40 9.0/10.1 11.0 0.0579 11.9/12.7 16.6 <0.0001 
10 30.8/29.8 37.1 <0.0001 52.2/51.1 66.5 <0.0001 
10 19.0/19.8 19.5 0.3974 34.2/34.9 36.1 0.7506 
10 18.2/21.3 18.9 0.2109 35.1/39.2 35.5 0.6194 
20 23.0/24.3 24.1 0.6805 30.8/42.0 38.8 0.1203 
20 14.4/18.0 17.1 0.0958 23.1/27.6 26.7 0.1584 
20 14.0/16.8 15.7 0.1127 22.6/26.3 26.3 0.3172 
40 21.3/17.7 21.6 0.6724 22.5/21.8 25.9 0.0389 
40 13.9/14.0 13.4 0.4204 15.1/17.7 18.7 0.1578 

X
 c

hr
om

os
om

e 
 

In
se

rti
on

 

40 12.1/13.0 13.1 0.9237 16.4/16.5 18.9 0.0070 
10 34.7/44.5 48.2 <0.0001 39.2/48.4 53.8 <0.0001 
10 19.0/20.8 22.6 0.0052 34.2/36.0 36.4 0.9067 
10 18.2/22.3 23.1 0.3215 35.1/34.4 38.8 0.0006 
20 28.5/31.3 42.1 <0.0001 37.7/43.9 47.4 0.0610 
20 14.4/17.9 20.8 <0.0001 23.1/24.6 27.3 0.0018 
20 14.0/16.7 19.8 <0.0001 22.6/24.9 27.8 <0.0001 
40 19.6/20.6 23.7 0.0277 28.1/27.7 32.0 0.3530 
40 13.9/14.6 16.4 0.0113 15.1/17.3 19.2 0.0163 

24
B

 

3r
d 

ch
ro

m
os

om
e 

In
se

rti
on

 

40 12.1/14.8 16.8 0.0024 16.4/18.1 20.3 0.0045 
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Male mean life span (hours) Female mean life span (hours) GAL4 UAS-DIAP1 Age 
(days) GAL4/UAS UAS+GAL4 

 P 
GAL4/UAS UAS+GAL4 

 P 

10 31.5/29.8 32.2 0.6621 48.3/51.1 49.6 0.2712 
10 18.0/19.8 18.6 0.3696 34.0/34.9 35.5 0.4233 
10 19.7/21.3 18.7 0.1018 35.4/39.2 35.4 0.8167 
20 22.7/24.3 24.7 0.6583 40.7/42.0 40.1 0.7474 
20 14.0/18.0 16.6 0.1239 21.1/27.6 27.0 0.4814 
20 14.1/16.8 16.3 0.5499 23.1/26.3 27.0 0.2269 
40 20.1/17.7 17.7 0.9226 21.6/21.8 21.2 0.5437 
40 11.5/14.0 14.4 0.3604 15.6/17.7 14.7 0.1424 

X
 c

hr
om

os
om

e 
In

se
rti

on
 

40 11.6/13.0 13.5 0.5730 15.1/16.5 15.0 0.8627 
10 37.6/44.5 46.1 0.0142 46.7/48.4 47.9 0.8236 
10 18.0/20.8 24.1 <0.0001 34.0/36.0 38.3 0.1648 
10 19.7/22.3 23.6 0.0549 35.4/34.4 37.2 0.2775 
20 29.6/31.3 37.3 0.0080 34.4/43.9 43.7 0.8743 
20 14.0/17.9 20.5 0.0005 21.1/24.6 28.5 <0.0001 
20 14.1/16.7 19.0 0.0004 23.1/24.9 27.4 0.0033 
40 18.2/20.6 20.8 0.9200 29.5/27.7 32.8 0.0532 
40 11.5/14.6 15.6 0.2160 15.6/17.3 16.8 0.3246 

D
J6

34
 

3r
d 

ch
ro

m
os

om
e 

In
se

rti
on

 

40 11.6/14.8 14.5 0.7717 15.1/18.1 15.3 0.5520 
10 27.8/29.8 32.6 0.0381 48.0/51.1 50.8 0.7663 
20 24.0/24.3 26.0 0.0187 41.2/42.0 44.0 0.0916 

D
J6

51
 

X
  

ch
ro

m
o.

 
In

se
rti

on
 

40 20.9/17.7 20.0 0.2378 25.2/21.8 25.8 0.6016 
10 29.4/29.8 33.2 0.0109 47.1/51.1 51.5 0.7104 
10 16.8/19.8 18.6 0.0270 31.1/34.9 34.0 0.1750 
10 17.0/21.3 18.6 0.0204 34.4/39.2 33.9 0.7226 
20 23.8/24.3 24.1 0.5721 41.3/42.0 43.3 0.1940 
20 11.0/18.0 17.3 0.1443 24.8/27.6 29.7 0.0109 
20 10.8/16.8 14.1 <0.0001 25.3/26.3 29.4 0.0006 
40 19.4/17.7 14.8 0.0288 26.7/21.8 27.1 0.5028 
40 12.2/14.0 13.6 0.5457 15.7/17.7 18.3 0.4042 

X
 c

hr
om

os
om

e 
In

se
rti

on
 

40 11.6/13.0 13.6 0.4642 15.8/16.5 19.2 <0.0001 
10 16.8/20.8 21.2 0.4757 31.1/36.0 35.0 0.2375 
10 17.0/22.3 20.4 0.0005 34.4/34.4 36.4 0.1096 
20 11.0/17.9 18.4 0.4095 24.8/24.6 28.4 <0.0001 
20 10.8/16.7 18.8 0.0004 25.3/24.9 28.3 0.0004 
40 12.2/14.6 14.3 0.5111 15.7/17.3 18.4 0.2431 

D
42

 

 3
rd

 c
hr

om
os

om
e 

in
se

rti
on

 

40 11.6/14.8 14.7 0.3611 15.8/18.1 20.3 0.0020 
 

The comparison between the combination of UAS and GAL4 line with the UAS or GAL4 lines 
alone were tested by a log-rank test. The P values are shown in bold font when the survival of the 
combination line lived significantly longer than both control lines under dry starvation.   
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Table 3.4 Paraquat resistance with increasing age.  

Male mean life span (hours) Female mean life span (hours) GAL4 UAS-DIAP1 Age 
(days) GAL4/UAS UAS+GAL4 

 P 
GAL4/UAS UAS+GAL4 

 P 

10 22.5/23.8 26.8 0.0229 19.3/22.6 23.3 0.4760 
10 16.6/23.5 28.0 0.0219 23.7/23.7 23.4 0.8408 
10 16.8/21.5 24.5 0.0287 25.1/24.1 25.1 0.9425 
20 14.3/20.8 25.9 0.0022 16.6/18.9 25.0 <0.0001 
20 15.9/20.7 23.5 0.0199 14.2/14.4 17.0 0.0237 
20 15.3/20.7 24.0 0.0144 14.1/15.9 18.4 0.0277 
40 11.3/  9.8 18.4 <0.0001 12.1/10.0 18.1 0.0005 
40 11.4/12.4 13.9 0.0574 9.1/9.3 11.4 <0.0001 

X
 c

hr
om

os
om

e 
In

se
rti

on
 

40 10.6/9.9 13.3 0.0001 9.8/8.7 11.3 0.0029 
10 22.0/32.1 40.2 0.0006 21.9/27.7 38.5 <0.0001 
10 16.6/29.3 34.8 0.0292 23.7/25.2 28.2 0.0284 
10 16.8/28.6 36.0 0.0006 25.1/24.9 27.4 0.0444 
20 17.9/20.9 46.3 <0.0001 15.1/19.7 24.4 <0.0001 
20 15.9/20.3 25.9 <0.0001 14.2/17.6 21.5 0.0057 
20 15.3/19.8 24.4 0.0017 14.1/16.7 20.0 0.0026 
40 10.9/15.5 19.7 0.0063 10.4/14.4 17.1 0.0181 
40 11.4/14.0 16.9 0.0014 9.1/11.1 13.3 0.0023 

D
J6

94
 

3r
d 

ch
ro

m
os

om
e 

In
se

rti
on

 

40 10.6/12.6 15.8 0.0010 9.8/9.6 11.4 0.0045 
10 17.6/19.5 22.0 0.0373 21.4/21.5 24.3 0.0189 
20 15.7/13.6 17.4 0.0410 10.7/13.3 14.1 0.3002 X

  
ch

ro
m

o.
 

In
se

rti
on

 

40 12.1/13.0 14.4 0.0061 9.5/8.1 14.1 <0.0001 
10 17.6/27.8 30.3 0.0271 21.4/20.6 23.6 0.0319 
20 15.7/18.0 24.9 <0.0001 10.7/12.0 14.5 0.0036 

M
H

C
 

3r
d 

 
ch

ro
m

o.
 

In
se

rti
on

 

40 12.1/15.1 18.5 0.0041 9.5/10.5 13.4 <0.0001 
10 21.5/23.8 34.6 <0.0001 21.0/22.6 30.8 <0.0001 
10 16.9/23.5 34.7 <0.0001 21.3/23.7 27.6 0.0198 
10 16.0/21.5 33.1 <0.0001 22.2/24.1 29.3 0.0001 
20 20.4/20.8 26.6 0.0005 17.9/18.9 24.5 <0.0001 
20 15.9/20.7 23.8 0.0052 13.6/14.4 17.2 0.0087 
20 16.7/20.7 27.8 <0.0001 14.0/15.9 18.6 0.0104 
40 14.3/  9.8 16.3 0.0143 12.9/10.0 16.0 0.0061 
40 11.5/12.4 13.9 0.0573 9.0/9.3 11.1 <0.0001 X

 c
hr

om
os

om
e 

In
se

rti
on

 

40 9.7/9.9 12.4 0.0010 8.8/8.7 10.6 <0.0001 
10 24.8/32.1 51.1 <0.0001 23.9/27.7 44.2 <0.0001 
10 16.9/29.3 36.6 0.0034 21.3/25.2 29.7 0.0013 
10 16.0/28.6 33.4 0.0243 22.2/24.9 30.9 <0.0001 
20 23.2/20.9 41.2 <0.0001 16.2/19.7 25.7 <0.0001 
20 15.9/20.3 23.7 0.0122 13.6/17.6 20.0 0.0091 
20 16.7/19.8 27.3 <0.0001 14.0/16.7 19.7 0.0041 
40 12.1/15.5 21.6 <0.0001 11.1/14.4 17.7 0.0059 
40 11.5/14.0 15.4 0.0101 9.0/11.1 12.7 0.0214 

24
B

 

3r
d 

ch
ro

m
os

om
e 

In
se

rti
on

 

40 9.7/12.6 16.7 <0.0001 8.8/9.6 11.4 0.0056 
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Male mean life span (hours) Female mean life span (hours) GAL4 UAS-DIAP1 Age 
(days) GAL4/UAS UAS+GAL4 

 P 
GAL4/UAS UAS+GAL4 

 P 

10 20.9/23.8 24.4 0.5433 20.3/22.6 21.4 0.1138 
10 16.7/23.5 23.0 0.5371 23.9/23.7 20.2 0.0025 
10 15.6/21.5 17.3 0.0087 22.7/24.1 23.6 0.5737 
20 17.7/20.8 25.3 0.0044 16.9/18.9 24.1 <0.0001 
20 15.9/20.7 22.9 0.0659 13.6/14.4 16.3 0.0618 
20 16.7/20.7 19.9 0.2934 13.7/15.9 17.2 0.2174 
40 16.4/  9.8 14.1 0.1032 14.1/10.0 15.9 0.1938 
40 13.0/12.4 10.7 0.0151 10.0/9.3 9.2 0.6812 

X
 c

hr
om

os
om

e 
In

se
rti

on
 

40 11.1/9.9 11.4 0.8217 9.4/8.7 8.9 0.3767 
10 21.5/32.1 37.5 0.0117 26.1/27.7 38.4 0.0001 
10 16.7/29.3 31.0 0.5555 23.9/25.2 25.2 0.8378 
10 15.6/28.6 31.7 0.1737 22.7/24.9 25.1 0.7200 
20 20.5/20.9 39.0 <0.0001 18.9/19.7 24.3 0.0002 
20 15.9/20.3 26.3 <0.0001 13.6/17.6 15.1 0.1388 
20 16.7/19.8 21.6 0.1499 13.7/16.7 15.9 0.4585 
40 16.5/15.5 16.8 0.7777 15.3/14.4 16.7 0.2699 
40 13.0/14.0 14.2 0.8055 10.0/11.1 10.3 0.5788 
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40 11.1/12.6 13.8 0.2164 9.4/9.6 9.8 0.8775 
10 22.1/23.8 24.4 0.5843 20.6/22.6 23.2 0.5967 
20 18.1/20.8 20.2 0.3023 16.6/18.9 15.0 0.2957 
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40 15.6/9.8 14.5 0.4929 10.8/10.0 12.5 0.2695 
10 20.8/23.8 24.4 0.3969 19.4/22.6 22.8 0.8071 
10 15.2/23.5 21.4 0.1306 21.0/23.7 23.6 0.7911 
10 15.2/21.5 22.4 0.4431 21.1/24.1 24.7 0.7596 
20 19.7/20.8 18.9 0.4664 15.9/18.9 15.6 0.7827 
20 14.5/20.7 17.3 0.0021 14.0/14.4 16.8 0.0243 
20 15.0/20.7 17.5 0.0075 13.6/15.9 16.0 0.8277 
40 11.1/  9.8 12.1 0.3251 10.5/10.0 9.6 0.9367 
40 11.5/12.4 12.5 0.8384 10.0/9.3 9.8 0.4645 
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40 9.6/9.9 10.6 0.2312 9.5/8.7 9.4 0.5402 
10 15.2/29.3 28.9 0.2870 21.0/25.2 25.4 0.8890 
10 15.2/28.6 28.0 0.6186 21.1/24.9 25.5 0.5352 
20 14.5/20.3 24.9 0.0012 14.0/17.6 18.6 0.5142 
20 15.0/19.8 23.8 0.0023 13.6/16.7 18.7 0.0552 
40 11.5/14.0 13.9 0.8243 10.0/11.1 11.2 0.7414 

D
42

 

 3
rd

 c
hr

om
os

om
e 

in
se

rti
on

 

40 9.6/12.6 14.1 0.0926 9.5/9.6 10.0 0.5569 
 
The comparison between the combination of UAS and GAL4 line with the UAS or GAL4 lines 
were tested by a log-rank test. The P values are shown in bold font when the survival of the 
combination line lived significantly longer than both control lines treated with paraquat.   
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3.4.4 Observed life span extension is mediated by apoptosis inhibition 

To demonstrate that the extension of life span by DIAP1 is mediated by apoptosis inhibition, we 

examined two hallmarks of apoptosis: the activation of caspases and the fragmentation of the 

chromosomal DNA. Caspase activity based on a DEVD assay was quantified on extracts prepared 

from thorax (mainly muscle tissue) and abdomen (mainly adipose tissue, digestive and 

reproductive systems). We measured thorax and abdomen extracts at age of 2, 10, 20, 30, 40, 50 

days. Long-lived flies (UAS-DIAP1 in combination with either DJ694, MHC, or 24B) display a 

lower caspase activity than the controls in both male and female thoraces (Figure 3.15, 3.16, and 

3.17). This result was not observed in normal-lived flies (UAS-DIAP1 in combination with either 

DJ634, DJ651 or D42) (Figure 3.18). The caspase activity was not affected up to 10 days after 

adult emergence and was only reduced at subsequent ages in long-lived fly thoraces. Combined 

with the absence of developmental lethality, this observation further supports the conclusion that 

life span extension results from the inhibition of apoptosis specifically during aging. As expected 

from the minor contribution of abdominal wall muscle to the caspase activity in the abdomen 

(Zheng et al., 2005) and the absence of GAL4 expression with the DJ694 and 24B drivers in the 

muscle fibers lining the digestive system (Seroude et al., 2002), a significant inhibition of caspase 

activity was not consistently observed in the abdomen extracts (Figure 3.19).  

The analysis of DNA fragmentation by in situ TUNEL labeling further confirms the results 

obtained with the caspase assay. Long-lived UAS-DIAP1/DJ694 flies displayed a reduced 

number of TUNEL-positive nuclei in the thoracic flight muscle comparing to the controls (Figure 

3.20).  
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Figure 3.15 DEVD-specific caspase activity in the thoraces of males and females with the 

overexpression of DIAP1 in muscle using the DJ694 GAL4 driver.  

Flies were raised at 25oC. Error bars represent ±1 SD (n= 3 to 6 for each point). The caspase 
activity was measured in three independent DIAP1 transgenic lines (X, 2nd, and 3rd chromosome 
insertion). The comparison between overexpression of DIAP1 samples with UAS and GAL4 
controls was calculated by one-way ANOVA with Bonferroni post-test. *: P < 0.05, **: P < 0.01. 
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Figure 3.16 DEVD-specific caspase activity in the thoraces of males and females with the 

overexpression of DIAP1 in muscle using the MHC GAL4 driver.  

Flies were raised at 25oC. Error bars represent ±1 SD (n= 3 to 6 for each point). The caspase 
activity was measured in two independent DIAP1 transgenic lines (X and 3rd chromosome 
insertion). The comparison between overexpression of DIAP1 samples with UAS and GAL4 
controls was calculated by one-way ANOVA with Bonferroni post-test. *: P < 0.05, **: P < 0.01. 
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Figure 3.17 DEVD-specific caspase activity in the thoraces of males and females with the 

overexpression of DIAP1 in muscle using the 24B GAL4 driver.  

Flies were raised at 25oC. Error bars represent ±1 SD (n= 3 to 6 for each point). The caspase 
activity was measured in two independent DIAP1 transgenic lines (X and 3rd chromosome 
insertion). The comparison between overexpression of DIAP1 samples with UAS and GAL4 
controls was calculated by one-way ANOVA with Bonferroni post-test. *: P < 0.05, **: P < 0.01. 
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Figure 3.18 DEVD-specific caspase activity in the thoraces of males and females with the 

overexpression of DIAP1 in fat, oenocytes, or the nervous system.  

Flies were raised at 25oC. Error bars represent ±1 SD (n= 3 to 6 for each point). No reduced 
caspase activity in the combination samples than both UAS and GAL4 controls was observed 
using one-way ANOVA analysis with Bonferroni post-test.  
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Figure 3.19 DEVD-specific caspase activity in the abdomens of males and females with the 

overexpression of DIAP1 in the muscle with various GAL4 drivers.  

Flies were raised at 25oC. Error bars represent ±1 SD (n= 3 to 6 for each point). The caspase 
activity was measured in two independent DIAP1 transgenic lines (X and 3rd chromosome 
insertion). The comparison between overexpression of DIAP1 samples with UAS and GAL4 
controls was calculated by one-way ANOVA with Bonferroni post-test. *: P < 0.05, **: P < 0.01. 
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Figure 3.20 DNA fragmentation in the thoraces at two different ages. 

Representative TUNEL images at 20 (upper panel) and 40 days (down panel). At each age, two 
different positions of sectioning indicated on the fly diagram are presented. White boxed areas are 
shown at higher magnification. The average counts of TUNEL-positive nuclei in 10 of 0.01 mm2 
area in the section are indicated at the left bottom in each section. The counts are shown as 
Average ± SD. Scale bar is 100 µm. Two flies for each genotype were used for one experiment. 
The experiments were repeated three times.  
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3.4.5 Long-lived flies reveal a delayed decline of muscle performance with age 

Life span may be associated with physiological functions (Gargano et al., 2005; Walker and 

Benzer, 2004). Long-lived Indy and chico mutant flies exhibit delayed negative geotaxis decline 

with age (Gargano et al., 2005). A hyperoxia sensitive mutant displays flight defects and a 

reduced life span (Walker and Benzer, 2004). Muscle cell loss via apoptosis is one of the 

mechanisms underlying the age-related loss of muscle mass and strength (also known as 

sarcopenia) (Leeuwenburgh, 2003; Marzetti and Leeuwenburgh, 2006). Long-lived animals with 

the overexpression of DIAP1 in muscle cells reveal repressed apoptosis in muscle. Therefore, 

delayed muscle functional senescence might be observed in these long-lived flies. Several 

behaviors related to the muscle functions, including flight ability, negative geotaxis, and fast 

phototaxis, were investigated. Flight ability measures a function that depends largely on the 

performance of the flight muscles. Negative geotaxis is an innate escape response after banging to 

the bottom of a container resulting in a movement opposite to the force of gravity. Fast phototaxis 

is the ability of flies to move toward a light source after mechanically stimulation. Both geotaxis 

and phototaxis are complex behavioral responses that depend on the functions of both muscle and 

neuronal cells (Benzer, 1967). The known age-related declines in flight ability, negative geotaxis, 

and phototaxis were observed with advancing age (Figures 3.21, 3.22, and 3.23). In agreement 

with the reduced level of apoptosis in the thoracic flight muscle, long-lived animals exhibited a 

delayed decline in flight ability with age (Figure 3.21). We found no difference in either negative 

geotaxis or fast phototaxis between the long-lived overexpressing DIAP1 flies and the controls 

(UAS alone and/or GAL4 alone) at any age (geotaxis for over a period of 25 days and fast 

phototaxis for over a period of 45 days) (Figures 3.22 and 3.23). This result indicates that the 

function of nervous system contribute largely to geotactic and phototactic responses and 

preserving muscle function alone is not sufficient to prevent the age-related declines of these 

behaviors.  
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Figure 3.21 The flight ability of long-lived animals with increasing age. 

Flies were raised at 25oC. Error bars represent ±1 SD. Around 25 flies per genotype per age were 
tested and 3 trials were performed. The comparison between the overexpressing DIAP1 animals 
with the UAS and GAL4 controls was analyzed by one-way ANOVA with Bonferroni post-test. 
*: P < 0.05, **: P < 0.01. 
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Figure 3.22 Negative geotaxis over a 25-day period. 

Performance index is defined as sum (travel distance * fly number) / (total fly number * 
maximum travel distance). Flies were raised at 25oC. Flies were collected and sorted by gender as 
outlined for the longevity tests. Around 25 flies were stored in a vial and transferred to fresh food 
every 3 or 4 days. Two UAS-DIAP1 transgenic lines were tested. Error bars represent ±1 SD. 
Tests were performed five times. For each experiment, around 30 flies were used. No significant 
difference in geotaxis between controls and long-lived flies. 

Pe
rfo

rm
an

ce
 in

de
x 

 

Pe
rfo

rm
an

ce
 in

de
x 

 

X
 c

hr
om

os
om

e 
in

se
rti

on
 

Pe
rfo

rm
an

ce
 in

de
x 

 

Pe
rfo

rm
an

ce
 in

de
x 

3rd
 c

hr
om

os
om

e 
in

se
rti

on
 

Age (days) 

Male 

Female 

Male 

Female 



 121 

0.0

0.2

0.4

0.6

0.8

1 3 5 8 10 15 20 25 30 35 40 45

DJ694 GAL4 UAS DIAP1 UAS+GAL4

0.0

0.2

0.4

0.6

0.8

1 3 5 8 10 15 20 25 30 35 40 45

 

0.0

0.2

0.4

0.6

0.8

1 3 5 10 15 20 25 30 35 40 45

      

0.0

0.2

0.4

0.6

0.8

1 3 5 10 15 20 25 30 35 40 45

 
 

Figure 3.23 Phototaxis over a 45-day period. 

Performance index is defined as sum (travel distance * fly number) / (total fly number * 
maximum travel distance). Flies were raised at 25oC. Flies were collected and sorted by gender as 
outlined for the longevity tests. Around 25 flies were stored in a vial and transferred to fresh food 
every 3 or 4 days. Error bars represent ±1 SD. Tests were performed five times. For each 
experiment, around 25 flies were used. No significant difference in phototaxis between controls 
and long-lived flies. 
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Extension of Life span can be associated with trade-offs in the reproductive functions in 

Drosophila (Partridge and Prowse, 1997; Rogina and Helfand, 2004). We therefore examined 

whether long-lived animals result in a reduction in reproductive output. No difference was 

observed in daily egg production of individual females throughout life (Figure 3.24). This 

suggests that the reproductive function does not contribute to the life span extension mediated by 

apoptosis inhibition.  
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Figure 3.24 Lifetime fecundity measurement of flies with expression of DIAP1 in muscle.  

Five w1118 males and five virgin females (UAS alone, GAL4 alone, or UAS-GAL4 combination) 
were set up in triplicate to measure fecundity. Flies were transferred to fresh food every 24±0.5 
hours. The number of eggs laid were counted after each transfer. No statistically significant 
difference of fecundity ability was observed between controls and long-lived flies. 
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3.5 Discussion 

Apoptosis is triggered by a variety of death-inducing signals such as ROS, DNA damage, 

cytosolic calcium levels and mitochondria dysfunction (Adams, 2003; Bertram and Hass, 2008; 

Ermak and Davies, 2002; Ferri and Kroemer, 2001; Norbury and Zhivotovsky, 2004). Since 

advanced age is known to influence these signals, it is not surprising that aging is accompanied 

by tissue-specific changes in the level of apoptosis (Higami and Shimokawa, 2000; Zhang and 

Herman, 2002; Zheng et al., 2005). The effect of inhibition of apoptosis in a tissue-specific 

manner was investigated in this study. We found that overexpression of anti-apoptotic genes 

selectively in adult muscle extends Drosophila life span, while overexpression of anti-apoptotic 

genes in a variety of other tissues, including adipose, oenocytes and nerve cells, does not 

influence the organismal longevity.  We further demonstrated that the extension of life span is 

mediated by apoptosis inhibition. This is the first report to show that the attenuation of age-

associated apoptosis in muscle is sufficient to significantly extend longevity. We have previously 

found no evidence that aging alters the threshold to induce muscle apoptosis (Zheng et al., 2005). 

This study indicates that this threshold is detrimental to longevity. Premature apoptosis may 

precipitate the demise of damaged but still functional muscle fibers. Consequently, this 

accelerates the frailty of the animal and reduces the life span since frailty is a major predictor of 

death in mammals (Leeuwenburgh, 2003). 

Oxidative stress is one of the driving forces of the aging process. In this study, we showed that 

long-lived animals achieved by suppression of apoptosis in muscle also exhibit an enhanced 

resistance to oxidative stress. Previous studies reported that overexpression of the enzyme 

superoxide dismutase (SOD), a free radical scavenger, in the nervous system extended 

Drosophila life span (Parkes et al., 1999), indicating the importance of the nervous system in the 

oxidative stress mechanism of aging. However, we observed no effect on longevity when DIAP1 
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was specifically overexpressed in the nervous system. It may be due to a lack of apoptosis in the 

adult neuron cells during normal aging in Drosophila (Zheng et al., 2005). An independent study 

has also shown that increasing anti-apoptotic proteins in neurons do not prolong longevity (Bauer 

et al., 2005).  

The gradual increase of apoptosis in the thoracic flight muscle (Zheng et al., 2005) provides a 

mechanism to account for the muscle degeneration and the decline in flight ability, a phenomenon 

equivalent to sarcopenia in mammals (Grotewiel et al., 2005; Takahashi et al., 1970). Consistent 

with this hypothesis, we found that long-lived animals with suppressed apoptosis in flight muscle 

preserve their flight ability. This protection is specific to muscle since these animals are 

undistinguishable from controls in assays testing nervous system function (geotaxis and 

phototaxis) or reproduction (fertility and fecundity).  

Hence overall this report establishes that muscle apoptosis limits life span and participates in 

sarcopenia, a major debilitating feature that characterizes organism aging and significantly 

contributes to morbidity (Karakelides and Nair, 2005). Several observations imply that this 

finding extends to higher organisms. Reductions in skeletal muscle mass and strength have been 

correlated with elevated DNA fragmentation or caspase activation in rats, mice and humans 

(Dirks and Leeuwenburgh, 2002; Kujoth et al., 2005; Kujoth et al., 2006; Marzetti and 

Leeuwenburgh, 2006; Strasser et al., 2000). Furthermore the D257A mouse model displays 

premature sarcopenia associated with increased caspase activation (Kujoth et al., 2005) and the 

slow-down of aging by caloric restriction in rats attenuates muscle fiber apoptosis (Phillips and 

Leeuwenburgh, 2005). This finding is crucial in the development of interventions to improve the 

quality of life of the elderly human, a goal that needs to be achieved before extending longevity 

since it will be of limited interest and more costly to our health systems to live longer without 

addressing the debilitating features associated with advancing age. 
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Chapter 4 
General Discussion 

In this study, we examined apoptosis during normal fly aging and the consequences of altering 

apoptosis in specific tissues on longevity. Apoptosis was detected by measuring caspase activity 

and DNA fragmentation. Seven caspases, DRONC, DREDD, STRICA, DRICE, DCP-1, 

DECAY, and DAMM, have been identified in Drosophila (Kumar, 2007; Kumar and Doumanis, 

2000). We measured caspase activity using a DEVD-based assay, which can report the activity of 

four fly caspases (DRONC, DRICE, DCP-1, and DECAY). Although it represents the activity of 

most of the fly caspases, it does not provide any information of the contribution of each fly 

caspase to this activity. Therefore, various combinations of different fly caspases can result in the 

same amount of DEVD-specific activity. Specific peptide substrates for each fly caspase are 

currently unavailable. Additionally, the peptide substrates of DREDD are unknown and STRICA 

does not cleave any commercial peptide substrates (Doumanis et al., 2001). Therefore, detection 

of the activity of each fly caspase is not possible using a biochemical assay. The detection of each 

fly caspase using and western blot can be considered. Although in situ hybridization assay does 

not distinguish the caspase between active and inactive form, the amount and localization of each 

fly caspase across age will provide an important reference for interpreting the contribution of 

different fly caspases to apoptosis we observed in various fly body parts and tissues.  

Sarcopenia is defined as the age-related loss of muscle mass, strength and function (Marzetti and 

Leeuwenburgh, 2006). A similar phenomenon to mammalian sarcopenia is also observed in 

Drosophila (Grotewiel et al., 2005; Takahashi et al., 1970; Walker and Benzer, 2004). It has been 

proposed that apoptosis may play a crucial role in aged-related muscle fiber loss that in turn 

reduces the functional capability of muscle in mammals (Leeuwenburgh, 2003; Marzetti and 

Leeuwenburgh, 2006). We have observed that apoptosis in the thoracic flight muscles of 
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Drosophila gradually accumulates with age (Zheng et al., 2005). This finding implies that a 

similar mechanism, where an increase of muscle apoptosis contributes to the muscle 

degeneration, might also exist in flies. In agreement with this hypothesis, inhibition of apoptosis 

in muscle tissue preserves flight ability. The reduction of apoptosis in muscle might prevent the 

elimination of damaged but still functional muscle cells and decrease the loss of muscle cell and 

strength. Further studies on muscle properties will be needed to provide direct evidence to 

support this hypothesis. Muscle mass should be measured to examine whether the number and/or 

size of muscle cells increase when apoptosis is blocked in muscle. Mitochondial swirl-like 

structures accumulate with age within the flight muscle of normal flies (Walker and Benzer, 

2004). Both mitochondrial swirls and apoptosis are induced in flight muscle by oxidative stress. 

In addition, the abundance of swirls in mitochondria is associated with flight defects. The 

morphology of muscle fiber can be observed by electron microscopy. Since inhibition of 

apoptosis in muscle delays the decline of flight ability associated with aging, we expect that 

inhibition of apoptosis can reduce the age-related accumulation of mitochondrial swirl-like 

structures within the muscle fibers. The contractile properties of muscle can be inspected to 

investigate whether suppression of apoptosis can delay the loss of muscle strength with advancing 

age. 

Genetic background can significantly affect the life span of an organism (Partridge and Gems, 

2007; Spencer et al., 2003; Sun and Tower, 1999; Toivonen et al., 2007). In this study, the effects 

of increased DIAP1 expression on longevity were examined in several genetic backgrounds. A 

consistent increase in life span is observed when overexpressing DIAP1 in muscle tissue in 

different genetic backgrounds, indicating that the increase of life span is due to DIAP1 

overexpression rather than genetic background. The ability of DIAP1 overexpression in muscle to 

extend life span is different in various genetic backgrounds. In general, a more dramatic increase 

in longevity is observed when use the shorter-lived controls than the long-lived controls. For 
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example, DIAP1 overexpression by combining the UAS-DIAP1 transgene inserted on the 2nd 

chromosome with DJ694 driver results in the greatest life span in the genetic background controls 

with the shortest longevity (Figure 4.1, the longevity data in Table 3.1 are presented as the 

difference in life span between DIAP1 overexpression and control flies grouped by each genetic 

background). Life span is negatively correlated to caspase activity (Yeung, 2008). Short-lived 

controls may have higher caspase activity and be more responsive to increased DIAP1 expression 

than the long-lived ones.  
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Figure 4.1 The change in life span when DIAP1 is overexpressed in different genetic 

backgrounds. 

The different bars represent different genetic backgrounds. White bars with dots (b): parental 
UAS and GAL4 strains are in white Canton-S background, gray bars (c): parental UAS and 
GAL4 strains are in w(Canton-S) background, with different genetic background from (b), Black 
bars (d): parental UAS strain has been backcrossed, in w(Oregon R) background. The Y-axis 
shows the change in mean life span between DIAP1 overexpression and control flies (the greater 
mean life span of UAS alone and GAL4 alone flies are used as the control) within each genetic 
background. Error bars represent ±SE. DIAP1 overexpression was achieved by combining the 
UAS-DIAP1 transgene inserted on the 2nd chromosome with the DJ694 driver. The mean life 
span (days) of males control is 43.9, 52.7, and 56.5 for background b, c, and d, respectively. The 
mean life span (days) of females control is 43.9, 51.5, and 68.3 for background b, c, and d, 
respectively.  
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An insert of the transgene at certain positions in the genome can increase the life span (Kaiser et 

al., 1997). To control for the effects of the position of the insertion, three independent UAS-

DIAP1 transgenic lines carrying the UAS-DIAP1 insertion on chromosome 1(X), 2, or 3 were 

used. When driven by DJ694, MHC, or 24B GAL4, all three UAS-DIAP1 transgenic insertions 

show a significant increase in life span. This result suggests that the differences in life span 

between DIAP1 overexpression and control lines are an effect of the DIAP1 transgene rather than 

the insertion points. The longevity data in Table 3.1 are presented as the difference in life span 

between DJ694-driven DIAP1 expression flies (with each UAS-DIAP1 transgene insertion lines) 

and control flies in the w(CS) background, marked as “b” in Table 3.1. When driven by DJ694-

GAL4, the change in life span is not significantly different in males carrying the UAS-DIAP1 

transgene on the X and 3rd chromosome and in females carrying the UAS-DIAP1 transgene on the 

X, 2nd, and 3rd chromosome (Figure 4.2A). The significantly greater life span extension is 

observed in the male flies carrying the UAS-DIAP1 transgene on the 2nd chromosome than those 

carrying the UAS-DIAP1 transgene on the X or 3rd chromosome (Figure 4.2A). A similar result is 

also shown when MHC was used to drive the expression of each UAS-DIAP1 transgene insertion 

(Figure 4.2B), indicating that the degree of life span extension is affected by the insert position 

and sex. Yeung (2008) has found that longevity is positively correlated to DIAP1 protein 

expression levels, and negatively correlated to caspase activity in thoracic region during aging. 

The genomic locations of transgene inserts could affect the expression level of transgene (Daniels 

et al., 1986). The exact expression levels of DIAP1 with various DIAP1 transgenic lines driven 

by the same GAL4 driver could be different and in turn lead to different life span extension. 

Although no significant differences in the expression level of the DIAP1 protein between animals 

carrying various UAS-DIAP1 and DJ694 GAL4 transgenes are detected (Yeung, 2008), 

obviously low caspase activity in thoracic region across age is detected in the male flies carrying 

UAS-DIAP1 transgene insert on the 2nd chromosome and the DJ694 driver when compared to the 
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other UAS-DIAP1 and DJ694 GAL4 combinations (Figure 3.15). This observation implies that 

the expression level of the different DIAP1 inserts might be different and the technique used to 

measure the DIAP1 protein may be not sensitive enough to detect this difference. 
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Figure 4.2 The change in life span when DIAP1 is overexpressed by combining each UAS-

transgene insertion line with DJ694 (A) or MHC (B) driver. 

The change in life span indicates the difference mean life span between DIAP1 overexpession 
with muscle-specific GAL4 driver and control flies (the greater mean life span of the UAS alone 
and the GAL4 alone flies are used as the control). The different bars represent the UAS-DIAP1 
transgene inserted on a different chromosome. Error bars represent ±SE. The longevity data with 
the parental strains in white CS background labeled as b in Table 3.1 were used to show the 
position effects when driving DIAP1 expression with DJ694. The parental MHC strain obtained 
from the Pletcher lab was used to examine the position effects when driving DIAP1 expression 
with MHC. The comparison between the changes in life span of various UAS and GAL4 
combinations is calculated by Student t-test. The P values < 0.05 are indicated in the graphs. 
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Three different muscle drivers, DJ694, MHC, and 24B GAL4 all result in life span extension 

when driving the expression of DIAP1. Varying life span extensions are observed when DIAP1 

overexpression is driven by different muscle drivers (Figure 4.3, represent the longevity data in 

Table 3.1 with the change in life span grouped by each muscle-specific GAL4 driver). In general, 

DIAP1 overexpression using 24B GAL4 generates a longer life span extension compared to the 

DJ694 and MHC GAL4 drivers. DJ694 GAL4 driven DIAP1 expression results in a greater 

increase in longevity than that of MHC GAL4. Characterization of GAL4 expression using a 

UAS-LacZ reporter reveals that different GAL4 drivers exhibit various expression levels: DJ694 

GAL4 results in the highest expression level, MHC GAL4 displays the lowest expression level, 

and 24B shows an expression level between that of the DJ694 and MHC drivers (Poirier et al., 

2008; Seroude et al., 2002). DJ694 is expressed mainly in flight muscle, leg muscle, and 

abdominal muscle, whereas MHC is expressed in flight muscle and leg muscle but not abdominal 

muscle. 24B is expressed in flight muscle and leg muscle, whereas the expression in most muscle 

except one vertical indirect flight muscle is strongly decreased with increasing age. In addition, 

24B is expressed in the fat and testis. The different expression patterns of the various muscle-

specific drivers can affect the level and tissue distribution of DIAP1 overexpression and may lead 

to the variable longevity. 

The IIS pathway is the best-characterized genetic pathway that influences longevity (Kenyon, 

2001; Tatar et al., 2003). dFOXO, a transcription factor, is negatively regulated by IIS signaling. 

Overexpression of dFOXO in the adult fat body extends life span (Hwangbo et al., 2004). 

dFOXO can also regulate apoptosis in Drosophila (Nielsen et al., 2008). We found that muscular 

apoptosis was gradually elevated during normal aging and suppression of apoptosis in the muscle 

extends life span. Apoptosis is detected in the fat of older flies. These observations imply that 

inhibition of apoptosis in fat might influence life span as well. However, overexpression of 
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DIAP1 in  adipose  tissue using the  DJ634 GAL4  driver and mifeprostone-inducible S106 

GAL4  
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Figure 4.3 The change in life span when DIAP1 is overexpressed by combining the UAS-

transgene on the 3rd chromosome with the DJ694, MHC, or 24B driver. 

The change in life span indicates the difference in mean life span between DIAP1 overexpression 
with muscle GAL4 driver and control flies (the greater mean life span of the UAS alone and the 
GAL4 alone flies are used as the control). The different bars represent the different GAL4 
drivers. Error bars represent ±SE.  
 

driver does not result in life span extension. This result suggests that blocking apoptosis in fat is 

not sufficient to alter the animal’s life span. However, we cannot exclude the possibility that the 

lack of extended life span observed with inhibition of apoptosis in adipose tissue is due to an 

insufficient dose of DIAP1 proteins. We could examine this by increasing the expression level of 

DIAP1 in adipose tissues and determining its consequences on longevity. In this study, 

overexpressing DIAP1 was achieved by combining one copy of UAS-DIAP1 transgene and one 

copy of GAL4 transgene. Alteration of the expression level of DIAP1 can be achieved via two 

approaches. Using the UAS/GAL4 system, multiple copies of UAS-DIAP1 transgenes can be 

introduced in the genome to increase the expression level of DIAP1. High dose of RU486 can be 
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used to treat the animals carrying both the UAS-DIAP1 and the S106 GAL4 transgenes to induce 

higher levels of DIAP1 expression than that we have investigated. This will explore whether 

blocking apoptosis with an increased amount of DIAP1 in adipose tissues can influence 

longevity. 

The development analysis shows that overexpression of DIAP1 with the DJ694, MHC, or 24B 

driver does not cause developmental lethality. In addition, no inhibition of caspase activity in flies  

overexpressing DIAP1 in muscle is detected in freshly emerged and two day old animals. These 

observations suggest that the life span extension results from the inhibition of apoptosis during 

aging. Although we did not observe any developmental interruption, we cannot rule out the 

possibility that subtle effects occur during development and influence longevity. To answer this 

question, an inducible gene expression system can be used to induce DIAP1 expression 

exclusively in adult animals and examine its consequence on longevity.  

DIAP1 inhibits many molecular components that induce apoptosis and provides the last defense 

leading to apoptosis. In this study we showed that overexpression of DIAP1 in muscle cells 

prolongs longevity. Since DIAP1 is able to interact with many fly caspases and pro-apoptotic 

proteins, it is not known which of these upstream apoptotic molecules are crucial to bring about 

apoptosis in the muscle. Knocking down the critical components that initiate apoptosis in muscle 

may have the same effect on life span as inhibition of apoptosis by the overexpression of DIAP1. 

The knockdown of apoptotic molecules can be achieved by a RNA interference (RNAi) approach. 

Since many apoptosis-related UAS RNAi transgene strains are available (Leulier et al., 2006), the 

expression of apoptotic genes can be knocked down individually in muscle using the UAS/GAL4 

system and the effects on life span can be observed. As a result, the relative importance of the 

upstream apoptotic components that invoke apoptosis in muscle during aging can be determined. 
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Appendix 

A.1 Caspase acitivity measurement 

The condition of the caspase assay was established by measuring DEVD-specific caspase activity 

using cellular extractions of Drosophila embryos or adult female abdomens (Wang et al., 1999).  

A.1.1 Preparation of solutions 

10 mM Ac-DEVD-AMC (caspase-3 substrate) stock solution 

2.5 mg Ac-DEVDAMC (Sigma, USA cat#A-1086) was dissolved in 370 µl DMSO.  

2 mM Ac-DEVD-CHO (caspase-3 inhibitor) stock solution 

0.5 mg Ac-DEVD-CHO  (Sigma, USA cat#A-0835) was dissolved in 500 µl DMSO.  

AMC standard solution for calibration curve 

1.86 mg AMC  (Sigma, USA cat#A-9891) was dissolved in 1 ml DMSO.  

Lysis buffer 

50 mM HEPES [pH 7.5], 100 mM NaCl, 1 mM EDTA, 0.1% CHAPS, 10% sucrose,  

5 mM DTT, 0.5% Triton X-100, and 4% glycerol. 

All prepared solutions were aliquoted 50 µl per tube and stored at -20oC in the dark. 

A.1.2 AMC calibration curve 

2 µl of AMC stock solution was diluted 200 fold with 400 µl of lysis buffer and O.D. at 354 nm 

was determined spectrophotometrically using a quartz cuvet. The actual concentration of the 

AMC stock solution was calculated according to the Beer-Lambert law: 

   A = ε * l * c 

Α – the absorbance of the sample 
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ε – the molar absorptivity of the sample with units of L/mol/cm 

 l – the path length that the light travels through the sample   

c – the concentration of absorbing compound in the sample with units of mol/L 
 

ε of AMC is 16 L/mol/cm at 354 nm. l is 0.2 cm for a quartz cuvet. The O.D for the diluted stock 

solution was 0.152. Therefore, the actual concentration of AMC stock solution was 9.5 mM.  

The AMC stock solution was diluted 200 folds and used as the working solution (47.5  µM). A 

serial dilution of AMC solutions in the concentration range of 100 nM to 20 µM were prepared as 

shown in Table A.1 and stored on ice in the dark until use.  

Table A.1 AMC standard curve solutions for 96 well microplate 

AMC solution Lysis buffer AMC 
standard 

nmol AMC  
in 50 µl concentration volume volume 

 20 µM  1  47.5 µM  84.2 µl  115.8 µl  

 15 µM  0.75  47.5 µM  63.2 µl  136.8 µl  

 10 µM  0.5  20 µM  100 µl  100 µl  

  8 µM  0.4  47.5 µM  50.5 µl  249.5 µl  

  4 µM  0.2  8 µM  150 µl  150 µl  

  2 µM  0.1  4 µM  150 µl  150 µl  

  1 µM  0.05  2 µM  150 µl  150 µl  

500 nM  0.025  1 µM  100 µl  100 µl  

100 nM  0.005  500 nM  40 µl  160 µl  

 

A series of AMC standard solution was added to 96 microplate, 50 µl of each solution in a well. 

50 µl of lysis buffer was added to the plate as the blank well. The fluorometer was set 360 nm for 

excitation and 460 nm for emission, and zeroed on the blank well. After the fluorescence values 

of the solution was determined, a curve of the intensity values versus the concentration of the 

AMC solutions was plotted (Figure A.1).  
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Figure A.1 AMC standard curve 

 

The AMC standard curve is linear in the range of 0.05 to 1 nmol (or 100 nM to 20 µM in 50 µl). 

The slope is 3.812 RFU/pmol AMC or 0.1906 RFU/nM AMC in 50 µl. The R2 of the line is 

0.996. 

The DEVD-specific activity in pmol AMC or nM AMC in total 50 µl volume released per sec per 

mg protein of fly extracts is calculated based on the following formula: 

 Activity (pmol AMC or nM AMC/sec/mg protein) = f/(s * c) 

f – fluorescence of AMC (RFU) released from the extract per second 

s – value of RUF/pmol AMC or RFU/nM AMC obtained from AMC standard curve 

c – protein content in mg unit of the fly extract 

A.1.3 Preparation of embryo extracts 

Approximatly 300 young w1118 flies were collected and put into a plastic beaker with air holes 

inverted on an agar medium plate (collector). The agar medium contained 25 g agar, 50 g sucrose 

in 1 L distilled water with a small amount of neutral red for color. A smear of yeast paste was 

placed onto the center of the agar plate as a fly food source. The flies were reared in the collectors 
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at 25oC and the agar plates were changed every hour for 3 times to synchronize the egg laying. 

The flies were allowed to lay eggs on the plates for 2 hr then removed. The embryos were aged 3 

hr at 25oC. The eggs on the agar plate were gently removed with a brush onto a Nitx mesh basket 

and rinsed well in water to remove excess yeast. The embryos were dechorionated in 50% 

household bleach (2.5% sodium hypochlorite final concentration) for 3 min and washed 

extensively with water afterward. Using a brush, the embryos were moved to a 1.7 ml tube and 

centrifuged at 13000xg briefly to remove the water. The pellet was suspended in an equal volume 

of lysis buffer. The embryo sample was homogenized on the ice and centrifuged at 13000xg for 5 

min at 4oC. The supernatant was moved to a new 1.7 ml tube and kept on ice until use. The 

protein contents of the embryo extracts was approximately 10 mg/ml. The embryo extracts were 

used for testing the influence of various substrate concentrations on caspase assay. 

A.1.4 Preparation of female abdomen extracts 

Eight abdomens of 4-day old w1118 females were put in 160 µl lysis buffer, homogenized on ice 

and centrifuged at 13000xg for 5 min at 4oC. The supernatant was moved to a new 1.7 ml tube 

and kept on ice until use. The protein content in the extract was adjusted to 2 mg/ml. The extract 

solution was diluted to 0.001 mg/ml, 0.01 mg/ml, 0.1 mg/ml, 0.5 mg/ml, and 1 mg/ml. These 

serial dilutions were used to test the influence of various protein contents on the extracts of 

caspase assay. 

A.1.5 Influence of various substrate concentrations on caspse assay 

To ensure that the caspase enzyme was in a substrate-saturated condition, freshly prepared 

embryo extracts were assayed for DEVD-specific activity using Ac-DEVD-AMC substrate with 

the final concentration of 12.5 µM, 25 µM, 50 µM or 100 µM. The assays were performed using 

a previously described procedure (Wang et al., 1999). 10 µl of fly embryo extracts were 

incubated with 40 µl of substrate solutions at 27°C. The fluorescence was monitored every 



 143 

minute over 1 hr using a Spectra Max Fluorescent Microplate Reader (Molecular Devices, USA) 

with the excitation/emission wavelength set at 360 nm/460 nm. The fluorometer was zeroed on 

the blank well with 50 µl of lysis buffer. The assays were performed in triplicate. The slopes were 

0.139, 0.157, 0.179, and 0.204 RFU/sec for various substrate concentrations 12.5, 25, 50, 100 

µM, respectively. These results showed that four different concentrations give similar slopes that 

lead to the same enzymatic activity (Figure A.2). This indicates that the enzyme reactions were in 

a substrate-saturated condition and thus the rate of reaction only depended on enzyme 

concentration. 25 µM of substrate concentration was chosen for routine caspase activity assay. 
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Figure A.2 DEVD-specific activity of the embryo extracts determined with different 

concentration of ac-DEVD-AMC substrate 

A.1.6 Influence of extract concentration on caspase assay 

The caspase activity assay was performed in a total volume of 50 µl for each sample. 10 µl of 

abdomen extracts with various protein contents, in a range from 0.01 µg to 20 µg, were added to 

microplate wells. 5 µl of caspase inhibitor Ac-DEVD-CHO solution (with 2.5 mM final 

concentration) were added to appropriate wells and preincubated with the samples for 15 min at 

room temperature. The fluorescence of the samples was detected in a kinetic mode for 1 h after 
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adding 35 µl or 40 µl of substrate solution (25 mM final concentration) for the samples with or 

without caspase inhibitor. The results show that the caspase activity is similar for up to a 200- 

fold dilution (Figure A.3A). The method is sensitive enough to detect caspase activity of extract 

containing 0.1 µg protein with the DEVD activity around 0.02 RFU/sec (Figure A.3B). There was 

no difference of the AMC released in the samples with caspase inhibitor from the blank well. 

This indicates that the fluorescence measured in the samples is DEVD-specific.    
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Figure A.3 DEVD-specific activity of the extracts containing various protein contents. 

The caspase activity for a series of abdomen extract dilutions in a range of 0.01 µg to 20 µg 
protein content was measured. The samples that were preincubated with caspase inhibitor Ac-
DEVD-CHO does not shown any enzyme activities. (A). The caspase activity for 0.1 µg, 1 µg, 5 
µg, 10 µg, 20 µg extracts was 270 RFU/sec/mg protein, 235 RFU/sec/mg protein, 275 
RFU/sec/mg protein, 251 RFU/sec/mg protein, and 212 RFU/sec/mg protein, respectively. (B) 
The method can sensitively detect the activity of 0.027 RFU/sec in 0.1 µg protein. The activity is 
undetectable with the 0.01 µg abdomen extract. n = 3 for each concentration samples.  



 146 

A.1.7 Protein assay using 96-well microplates 

The protein concentrations of the cellular extracts were determined following Bio-Rad’s manual 

with a few modifications. Bio-Rad protein assay is based on the fact that the Commassie blue dye 

binds primarily to basic and aromatic amino acid residues of protein and shifts the absorbance 

wavelength from 465 nm to 595 nm.  

1 mg/ml bovine serum abumin (BSA) standard stock solution 

10 mg BSA (Bioshop #ALB003) was dissolved in 10 ml deionized water and aliquoted as 1 ml 

per tube. Stored at –20oC. 

The working solution of Bio-Rad Dye reagent 

Bio-Rad protein assay dye reagent concentrate (Bio-Rad cat# 500-0006) was diluted 5-fold using 

distilled, deionized water (ddH2O) and filtered through whatman #1 filter to remove particulates. 

The working solution can be stored at room temperature for 2 weeks.   

BSA standard solutions 

A serial dilution of BSA solutions in the concentration range of 100 µg/ml to 500 µg/ml were 

prepared following the schema shown in Table A.2 

Table A.2 BSA protein standard solutions for 96 well microplate 

BSA Standard  
(µg/ml) 

1mg/ml BSA solution 
(µl) 

Lysis buffer  
(µl) 

ddH2O  
(µl) 

0 0 100 400 
100 50 100 350 
200 100 100 300 
300 150 100 250 
400 200 100 200 
500 250 100 150 
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The cellular extracts were diluted with ddH2O 5-fold before measuring the protein content. 10 µl 

of a series of BSA standard solutions or diluted extracts were added to the 96 well microplate. 

Then, 200 µl of the diluted Bio-Rad Dye reagent were added to each well containing the standard 

solutions or the extract solutions. The samples and the dye reagent were incubated at least 5 min 

and no longer than 1 hr at room temperature. The absorbance were measured at 595 nm using 

Spectra Max Plus384 Microplate Reader (Molecular Devices, USA). The assays were performed 

in duplicate. A BSA standard curve was measured in each individual microplate. A representative 

protein standard curve was shown in Figure A.4. The protein content in the sample was calculated 

according to the correlation equation between BSA concentration and absorbance O.D. value 

drawn from protein standard curve. 

 y = a + b*x 

where   y: absorbance value 

x: protein concentration 

a: intercept 

b: slope 
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Figure A.4 Protein standard curve 
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A.2 Test inducible gene expression systems 

A.2.1 Introduction 

Single gene mutations that reliably alter life span have been found in several species (Giannakou 

et al., 2004; Lin et al., 1998; Parkes et al., 1998; Rogina and Helfand, 2004). Drosophila is an 

ideal model organism to discover the role of a single gene in the aging process because various 

inducible gene expression systems that can manipulate the expression of a gene in a temporal and 

spatial fashion are available in this organism (Poirier and Seroude, 2005). One of the most 

popular systems to express transgenes in a spatially restricted manner is a bipartite UAS/GAL4 

system based on the yeast GAL4 protein and its DNA binding site, upstream activating sequence 

(UAS) (Figure A.5A)(Brand and Perrimon, 1993; Duffy, 2002). The binding of GAL4, a yeast 

transcription factor, to UAS results in the transcription of a UAS-linked trangene in a pattern 

determined by the expression pattern of GAL4. A large number of GAL4 driver lines with 

defined expression patterns of the GAL4 protein have been generated (Duffy, 2002; Seroude et 

al., 2002). Unfortunately this system lacks of absolute temporal control since most promoters and 

enhancers that drive the expression of GAL4 are active during development. Temporal control of 

the transgene expression is highly desirable especially when expression of the transgene induces 

developmental lethality. Various methods have been used to accomplish temporal control over 

the tissue-specific expression of transgenes. Here we focus on two tissue-specific inducible gene 

expression systems based on UAS/GAL4 that can control the expression of a gene of interest 

spatially and temporally by supplying or omitting the system activators in the fly food.  

The GeneSwitch system replaces the standard GAL4 with a chimeric gene (GeneSwitch), which 

encodes the GAL4 DNA binding domain, the human progesterone receptor ligand-binding 

domain, and the activation domain from the human protein p65 (Figure A.5B) (Osterwalder et al., 

2001; Roman et al., 2001). Modified GAL4 proteins bind to the UAS sequence and activate 
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transcription only in the presence of the antiprogestin mifepristone (also known as RU486), 

which provides temporal control of expression.  

 

Figure A.5 Schematic diagrams of gene expression systems.  

(A) UAS/GAL4 system (B) GeneSwitch system (C) TetO-GAL80/tTA/-UAS/GAL4 system. For 
more details see text.  
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In our lab, an inducible gene expression system by introducing a novel GAL80 construct to 

UAS/GAL4 system has been developed by DeVeale (DeVeale, 2004). This system consists of 

three components, a GAL4 driver, a UAS-reporter and a novel GAL80 construct. The spatial 

restriction of UAS-reporter is dependent on the pattern of GAL4 expression. The temporal 

restriction is achieved by the novel GAL80 construct, an independent layer. Since GAL80 is a 

natural repressor of GAL4, the chosen on/off switch for transcription at the UAS-reporter can be 

accomplished by absence/presence of GAL80. The conditional expression of GAL80 is 

accomplished by a GAL80 construct containing TetO-GAL80/tTA elements. The transcription of 

GAL80 is placed under the control of Tet operator (TetO). The TetO is bound and activated by a 

tetracycline transactivator (tTA) in absence of tetracycline. tTA is constitutively expressed using 

a ubiquitous promoter, α-1-tubulin. Thus GAL80 will be expressed in the absence of tetracycline. 

In the presence of tetracycline, tetracycline interrupts the binding of tTA with TetO that results in 

the transcriptional silence of GAL80. Expression of a transgene can be switched on or off by 

adding or omitting tetracycline into/from the fly food. A schematic illustrating this system is 

shown in (Figure A.5C). As a separate construct, GAL80 lines can be combined with either driver 

or reporter lines by mating. Two successive crosses which introduce both the UAS and GAL4 

elements into GAL80 strains yield inducible progeny.  

Although GeneSwitch system has been extensively used in aging research (Giannakou et al., 

2007; Giannakou et al., 2004; Rogina and Helfand, 2004), the properties of the system have not 

been carefully examined. The GAL80 construct has been implemented in our lab. However, it is 

not known whether introducing GAL80 to UAS/GAL4 system works as we expected. An ideal 

inducible gene expression system should possess the following properties for the aging studies. 

The target gene should not be expressed in absence of the inducer. In presence of the activator, 

the expression of the target gene should be induced and display dose dependence of the inducer. 

In addition, the inducer itself should have no effect on the longevity. In this study, these factors 
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were examined in three GeneSwitch strains (ELAV, S106, and MHC) and GAL80 construct with 

GAL4 (DJ694 and 24B) and UAS constructs (lacZ or GFP). The ELAV, S106, and MHC 

GeneSwitch strains are expressed in three major tissue types, the nervous system, fat body 

(abdomen), and muscle, respectively (Osterwalder et al., 2001; Roman et al., 2001). The 

expression of DJ694 GAL4 is restricted to muscle tissues in the adult fly. The 24B GAL4 strain is 

a muscle and fat specific GAL4 driver (Seroude, 2002; Seroude et al., 2002). 

A.2.2 Material and Method 

A.2.2.1 Fly stocks and cultures 

The control strain w1118, GAL4 strain w[*];P{w[+mW.hs]=GawB}how[24B] (24B GAL4), and 

UAS reporters, w*; P{w + mC = UAS-lacZ.B}Bg4-1-2 (UAS-lacZ) and y1 w*; P{UAS-

mCD8::GFP.L}LL5 (UAS-GFP), were obtained from the Bloomington Stock Center at Indiana 

University. The GAL4 strain w[*];P{w[+mW.hs]=GawB}DJ694 (DJ694 GAL4) has been 

previously reported (Seroude et al., 2002). The GeneSwitch GAL4 strains ElAV, S106 and MHC 

have been previously described (Osterwalder et al., 2001; Roman et al., 2001). The GAL80 

strains were generated by Brian DeVeale (2004). The DJ694 GAL4 carrying two copies of 

GAL80 transgene (77+80 or 80+83), UAS-lacZ and UAS-GFP carrying two copies of GAL80 

construct (77+80 or 77+83) strains were generated by crossing the GAL80 strains with the UAS 

or GAL4 strains. 

For testing GeneSwitch drivers, males of the specified GeneSwitch or the w1118 (negative control) 

strains were crossed with virgin females of UAS-lacZ or UAS-GFP strains. For testing GAL80 

constructs, males carrying a DJ694 GAL4 transgene and two copies of GAL80 transgenes were 

crossed with females carrying a reporter transgene (UAS-lacZ or UAS-GFP) or males of 24B 

GAL4 strain were crossed with females carrying a reporter transgene (UAS-lacZ or UAS-GFP) 

and two copies of GAL80 transgenes. Males carrying two copies of GAL80 constructs crossed 
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with females carrying a UAS-lacZ or UAS-GFP reporter were used as a negative control. The 

resulting progeny were age-synchronized by emptying cultures and collecting newly emerged 

flies within 48 h. The animals were collected under nitrogen with a 2 min maximum exposure 

time. The males and females were maintained separately at 25oC in vials (around 25 flies per vial) 

and transferred to fresh food vials twice per week. For treatment of system activator, the flies 

were transferred to RU486 containing food 3 days after collection or tetracycline containing food 

1 day after collection and raised in the activator containing food afterwards.     

A.2.2.2 Food Preparation: 

A 25 mg/ml stock solution of RU486 (Mifepristone, Sigma, cat# M8046) was made in 100% 

ethanol and stored at 4oC. A 50 mg/ml stock solution of tetracycline (Bioshop, cat# Tet701) was 

made in ddH2O and stored at -20oC in the dark.   

RU486 food: 

Appropriate volumes of 25 mg/ml RU486 stock solution were diluted with water to final 

concentration 1, 5, 10, 25, or 50 µg/ml RU486. 300 µl of the diluted solution was added to the 

surface of standard fly food (0.01% molasses, 8.2% cornmeal, 3.4% killed yeast extract, 0.94% 

agar, 0.18% benzoic acid, and 0.66% propanoic acid). The vials were allowed to dry at room 

temperature for 2 days. 

Tetracycline food: 

Appropriate volumes of 50 mg/ml tetracycline stock solution were added to unpolymerized 

standard fly food cooled down to 55oC to a final concentration of 50 µg/ml tetracycline. The food 

was poured into plates or vials and allowed to polymerize and dry at room temperature for 1 day 

in the dark. 
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A.2.2.3 CPRG assay 

The expression of the UAS-lacZ reporter gene was determined by measuring the activities of β-

galactosidase with a chromogenic assay using chlorophenolred-b-D-galactopyranoside (CPRG) 

(Roche Applied Science, cat# 10884308001) as a substrate (Seroude et al., 2002). A single larva, 

pupa, or fly was homogenized in 100 µl of buffer (50 mM NaPhosphate, 1 mM MgCl2, pH 7.2) 

including one Complete Protease Inhibitor Cocktail Tablet (Roche Applied Science, 

cat#1697498) for 40 ml of buffer. The extract was centrifuged for 1 min at 13000 rpm, and 10 µl 

supernatant was mixed with 100 µl of 1 mM CPRG in a 96-well microplate. The assays were 

performed 3 to 5 replicates. Enzymatic activity was calculated as the rate of change of OD562nm 

per minute, and standardized to a single fly for the fly extracts or protein content for the larva and 

pupa extracts. The comparison between untreated and treated animals was done with a Student t-

test.  

A.2.2.4 Analysis of GFP expression using microscopy 

Larvae dissection 

A 3rd instar larva was placed in a dissecting dish and pined at both ends of the larva with the 

trachea side up. The larva was then covered with schneider’s insect medium (Sigma, cat# S0146) 

and cut along the dorsal midline with the scissors. After the internal organs were removed 

(trachea and gut), four extra pins were used to flatten the body wall. The specimen was rinsed 

with PBS (137 mM NaCl/2.68 mM KCl/10.14 mM Na2HPO4/1.76 mM KH2PO4, pH 7.4) three 

times and fixed in 4% formaldehyde in PBS for 10 min at room temperature. A few drops of 70% 

glycerol in PBS were added to cover the specimen after it was rinsed with PBS three times. The 

expression of GFP in the body wall muscles, the brain, or ventral ganglion can be observed in the 

dissected larva under microscope.  

Pupae preparation 
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The pupal case was removed from a pupa using two forceps before observing the expression of 

GFP under the microscope. 

Images of dissected larvae and pupae without the cases were captured on a Zeiss Axioplan2 

Imaging Microscope with FITC filter (excitation BP 450-490, beamsplitter FT510, emission 

LP20) and a Leica DC 500 high-resolution digital camera and the OPENLAB imaging software 

(Improvision, Lexington, MA).  

A.2.2.5 Developmental Analysis 

30 virgin females and 30 young males were crossed and maintained at 25oC for two days to allow 

them to mate. The flies were then transferred to the egg collectors, which consisted of an inverted 

plastic beaker with air holes placed on a plate containing the standard fly food. Two hundred eggs 

for a given cross were collected and lined onto plates with 2.5% agar and 5% sucrose media in 

presence or absence of 50 µg/ml Tetracycline (25 eggs/plate x 8 plates). The eggs were 

maintained at 25oC and hatching, pupation, and adult eclosion rates were scored. Percent survival 

rates at each developmental stage were compared to the controls using one-way ANOVA with 

Dunnett post-test. The comparison between activator untreated and treated animals was done with 

Student t-test. 

A.2.2.6 Longevity tests 

Flies were allowed to emerge during a 48-hour time window, collected and sorted by gender 

under nitrogen with a two minutes maximum exposure time. Each genotype and sex was 

maintained separately in plastic vials containing standard fly food for 2 days at 25oC before 

transferring to the inducer-containing fly food. Around 30 flies were kept in each vial and at least 

100 flies were used for each genotype and sex. The flies were maintained at 25oC and transferred 

to fresh vials with or without activator of inducible expression system in the fly food every three 



 155 

to four days at which time the number of dead flies was recorded. At least three independent 

experiments were performed. 

A.2.3 Result 

A.2.3.1 Pre-adult expression of transgene driven by various GeneSwitch GAL4 strains in 

absence of inducer 

One main advantage of an inducible gene expression system in aging studies is that it can avoid 

the toxic effects that might occur during development and study the gene impact on aging 

exclusively in adult. Therefore, it is crucial to ensure that the target gene is not expressed in 

absence of the inducer during pre-adult stages. To assess non-specific induction during 

developmental stages, the expression patterns of three GeneSwitch strains, MHC, S106, and 

ELAV in absence of RU486 were examined by using UAS-GFP reporter (Figure A.6). The GFP 

fluorescent signals are observed in muscle tissues with the MHC driver at all examined 

developmental stages. With S106, weak GFP signals are detected in the abdomen during pupal 

stages. However, no GFP signals are observed with the ELAV driver. The leakiness of the MHC, 

S106, and ELAV GeneSwitch drivers during pre-adult stages has been reported previously 

(Poirier et al., 2008). Inconsistent results of the ELAV driver may be due to the low sensitivity of 

the method used in this study.  
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Figure A.6 Expression pattern of MHC, S106, or ELAV drivers during development in 

absence of RU486.  

Expression pattern of MHC, S106, and ELAV drivers at the 3rd instar larval (L3) and pupal stages 
in absence of RU486. UAS-GFP reporter crossed with w1118 is used as control. Exposure time is 
1sec for larval images and 100 ms for pupal images.  
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A.2.3.2 Through-life induction of transgene expression driven by various GeneSwitch 

GAL4 strains 

GeneSwitch driver lines are dependent on the activity of endogenous enhancers that could be 

affected by the age of the animals as standard GAL4 driver lines (Seroude et al., 2002). 

Decreased food intake with age could reduce the amount of inducer ingested and lead to reduced 

induction of the expression of transgene. Therefore, RU486-dependent expression of a transgene 

as a function of age was examined by combining GeneSwitch drivers with UAS-lacZ or UAS-

GFP reporters. Each GeneSwitch strain was crossed with a UAS-lacZ strain. The progeny was 

collected and maintained on food supplemented with various concentrations of RU486. At 

different ages, the level of lacZ expression was measured with a CPRG assay (Figure A.7). 

Baseline activity was obtained by performing the assays on the flies carrying the UAS-lacZ 

reporter alone. A dose dependence of lacZ expression in response to RU486 is observed with the 

MHC strain. With the ELAV GeneSwitch driver, a low level of lacZ expression is detected in 

both males and females. The S106 strain exhibits a significantly higher induction level than the 

ELAV strain (p<0.01 in both males and females). The level of lacZ expression driven by the 

MHC, S106 or ELAV strains is changed with age. The expression level in response to RU486 

decreases in the old flies. Gender also appears to influence the level of transgene expression. 

Females show higher expression levels than males. In order to detect leaky expression, animals 

carrying both the UAS-lacZ reporter and the GeneSwitch driver were compared with animals 

carrying the reporter alone. Leakiness is observed with the MHC driver at each tested age. 

However, it is only seen at a few of examined ages in the ELAV strains (p<0.01 for males 20 

days and 60 days, p<0.01 for females 10 days and 60 days). Similar results are obtained by using 

the UAS-GFP reporter combined with MHC GeneSwitch (Figure A.8). In the absence of RU486, 

GFP fluorescence is restricted to the thorax. The fluorescent signals are increased in the presence 

of RU486 and displayed a dose-dependent manner. In addition, the GFP fluorescent signals are 

observed in the whole fly.  
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Figure A.7 Through-life expression in male and female flies carrying the UAS-lacZ reporter 

and the MHC, S106, or ELAV construct in presence of various concentrations of RU486.  

The animals carrying UAS-lacZ and MHC were treated with 0, 1, 5, 10, 25, or 50 µg/ml RU486. 
The flies carrying UAS-lacZ and S106 or ELAV were treated with 0 or 50 µg/ml RU486. In all 
graphs, the Y-axis shows β-galactosidase activity (ΔmOD562nm/min/fly) and the X-axis shows the 
time in days relative to the beginning of the RU486 treatment. The animals were fed with RU486 
three days after collection. Error bars represent ±SE. Each point represents 3 to 5 samples. MHC 
graphs adapt from (Poirier et al., 2008). 
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Figure A.8 Expression pattern of flies carrying the UAS-GFP reporter and MHC driver in 

presence of 0, 5, 25, or 50 µg/ml of RU486.  

The UAS-GFP reporter crossed with the w1118 strain is used as a negative control. The time in 
days shown in the left of each graph indicates the time relative to the beginning of the RU486 
treatment. Animals began to be fed with RU486 three days after collection. The whole fly is 
shown in lateral view. Exposure time is 300ms. 
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A.2.3.3 Effect of GeneSwitch system inducer, RU486, on life span 

When using an inducible gene expression system in aging research, it is important that the 

inducer itself does not have any effect on the organismal longevity. To examine whether RU486 

can influence life span, the longevity of flies treated with 50 µg/ml of RU486 was tested since 50 

µg/ml of RU486 were the highest concentration used in this study (Table A.3). RU486 up to 50 

µg/ml does not influence the longevity. This is consistent with previous reports (Hwangbo et al., 

2004). 
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Table A.3 Life span of animals in the absence or presence of GeneSwith system inducer - 

RU486.  

MHC         
no RU486 RU486 (50 µg/ml) Gender Exp # 

n Mean Max n Mean Max 
P value 

1 125 42.9 57.0 122 42.2 56.0 0.9231 
2 120 39.6 56.0 123 40.1 56.0 0.8927 
3 117 34.9 49.0 118 32.0 43.0 0.015 
4 114 40.1 53.0 117 41.6 58.0 0.0513 

Males 

5 133 34.2 43.0 128 32.4 45.0 0.8635 
1 121 42.3 63.0 123 43.9 63.0 0.2846 
2 116 45.4 75.0 114 42.7 71.0 0.1507 
3 128 46.5 70.0 128 51.7 73.0 0.0005 
4 121 41.7 63.0 104 43.1 73.0 0.111 

Females 

5 107 44.8 64.0 100 45.7 65.0 0.802 
         
S106         

no RU486 RU486 (25 µg/ml) Gender Exp # 
n Mean Max n Mean Max 

P value 

1 120 43.0 57.0 117 43.1 60.0 0.2873 
2 112 50.8 66.0 109 51.3 66.0 0.8577 
3 92 54.1 67.0 117 54.2 67.0 0.9807 

Males 

4 116 49.5 63.0 125 47.2 62.0 0.0109 
1 115 53.0 67.0 120 54.7 68.0 0.0517 
2 117 58.4 73.0 124 58.6 71.0 0.1424 
3 129 59.0 72.0 126 58.4 71.0 0.7079 

Females 

4 121 57.7 70.0 119 53.9 68.0 0.47 
         
Elav         

no RU486 RU486 (25 µg/ml) Gender Exp # 
n Mean Max n Mean Max 

P value 

1 116 34.8 41.0 112 35.0 44.0 0.3856 
2 121 42.5 50.0 118 39.6 50.0 0.004 
3 119 39.3 56.0 124 36.6 46.0 0.0039 

Males 

4 124 37.3 51.0 121 35.9 46.0 0.0829 
1 120 40.7 55.0 121 46.7 56.0 <0.0001 
2 113 46.2 59.0 112 45.8 59.0 0.14 
3 126 47.4 63.0 122 44.7 58.0 0.0134 

Females 

4 120 45.5 60.0 119 40.1 55.0 <0.0001 
n: sample size; mean: mean life span; max: maximum life span. P value shows log-rank analysis 
results. The P values in bold font indicate that the life span of RU486 treated animals is 
significantly different from that of untreated animals. 
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A.2.3.4 Pre-adult repression of GAL80 constructs on the transgene expression driven by 

GAL4 in absence of tetracycline 

In absence of tetracycline, GAL80 should be expressed ubiquitously and bound to GAL4 that will 

block the expression of the transgene under the control of UAS. To examine whether GAL80 

construct suppresses the expression of the target gene driven by GAL4 during development, the 

expression pattern of flies carrying two copies of GAL80, a GAL4 (DJ694 or 24B), and a UAS-

reporter (lacZ or GFP) transgenes was investigated. The level of lacZ expression was measured 

with a CPRG assay. The expression of GFP was determined by observing the fluorescent signals 

under microscope. With the UAS-lacZ reporter, the animals carrying both DJ694 GAL4 and 

GAL80 elements display significantly lower β-galactosidase activity as compared to those 

carrying GAL4 alone at the late pupal stages (Figure A.9A and Table A.4). The same result is 

observed by using the UAS-GFP reporter (Figure A.10). The expression of the DJ694 GAL4 is 

restricted to muscle in the adult fly (Seroude et al., 2002). However, the fluorescent signals are 

observed in the oenocytes at the pupal stages when GFP is expressed with the DJ694 GAL4 

driver. The reduced intensity of GFP signals in the oenocytes are detected at the late pupal stages 

when the animals are carrying two copies of GAL80 element. With the UAS-lacZ reporter, the 

animals carrying both 24B GAL4 and GAL80 transgenes display significantly lower β-

galactosidase activity (up to ~60% inhibition) compared to those carrying GAL4 alone at each 

examined developmental stages (Figure A.9B)(Table A.4). 24B is expressed in the fat and muscle 

in the adulthood, while it is expressed in larval muscle and the eye-antennal imaginal discs and 

ubiquitously at the pupal stages. The reduced intensity of fluorescent signals is also observed at 

the pupal stages in the animals carrying UAS-GFP, 24B GAL4, and GAL80 transgenes (Figure 

A.11). These observations indicate that the novel built GAL80 constructs indeed repress the 

GAL4-driven expression of the transgene at the UAS site. However, the expression of the target 

gene is not completely blocked. The inhibition of GAL80 on DJ694 GAL4 is shown at the late 
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pupal stages, while the inhibition of GAL80 on 24B GAL4 displays at each tested developmental 

stages. This difference is likely due to the different expression patterns of the GAL4 strains 

during development. 
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Figure A.9 Suppression of GAL4-driven lacZ expression in the presence of two copies of 

GAL80 during developmental stages.  

(A) DJ694 GAL4 (B) 24B GAL4. The unit of β-galactosidase activity is ΔmOD562nm/min/mg 
protein. Error bar represents ±SD. Sample size: n = 5; **: P < 0.01 (t test). 
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Table A.4 Suppression of GAL4-driven lacZ expression in the presence of two copies of 

GAL80 transgenes during developmental stages.  

DJ694 
  Larvae (L3) Pupae (2 days) Pupae (4 days) 

Genotype Avg SD P value 
vs DJ694 

Inhibition 
Percentage Avg SD P value 

vs DJ694 
Inhibition 

Percentage Avg SD P value 
vs DJ694 

Inhibition 
Percentage 

UAS-LacZ + GAL80 (77+80) 0.00 0.00     0.22 0.11     0.10 0.01     

UAS-LacZ + GAL80 (80+83) 0.04 0.02     0.15 0.04     0.12 0.10     

UAS-LacZ + DJ694 GAL4 5.36 1.87     6.86 0.69     22.07 2.74     

UAS-LacZ + DJ694 GAL4  

+ GAL80 (77+80)  
4.83 0.19 0.2883 9.87% 5.79 0.93 0.0730 15.57% 8.53 1.21 0.0009 61.37% 

UAS-LacZ + DJ694 GAL4  

+ GAL80 (80+83) 
5.60 0.44 0.7844 -4.53% 4.94 0.90 0.0073 27.99% 9.26 1.24 0.0037 58.03% 

             

24B 
  Larvae (L3) Pupae (2 days) Pupae (4 days) 

Genotype Avg SD P value 
vs 24B 

Inhibition 
Percentage Avg SD P value 

vs 24B 
Inhibition 

Percentage Avg SD P value 
vs 24B 

Inhibition 
Percentage 

UAS-LacZ + GAL80 (77+80) 0.04 0.01     0.13 0.07     0.16 0.01     

UAS-LacZ + GAL80 (77+83) 0.05 0.01     0.17 0.10     0.14 0.01     

UAS-LacZ + 24B GAL4 118.28 23.66     73.87 11.66     140.60 15.68     

UAS-LacZ + 24B GAL4  

+ GAL80 (77+80)  
55.72 4.99 0.0004 52.89% 29.46 1.76 <0.0001 60.12% 72.88 9.55 <0.0001 48.16% 

UAS-LacZ + 24B GAL4  

+ GAL80 (77+83) 
49.82 3.51 0.0002 57.88% 25.06 1.99 <0.0001 66.08% 80.51 5.92 <0.0001 42.74% 

 

The unit of lacZ-encoded β-galactosidase activity is ΔmOD562nm/min/µg protein. Avg: average; 
Sample size: n = 5. P values that are less than 0.05 mean significantly difference and are 
highlighted in bold font. 
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Figure A.10 Expression pattern of animals carrying a UAS-GFP reporter and a DJ694 

GAL4 driver in absence or presence of two copies of GAL80 transgenes during 

developmental stages.  

Expression pattern was observed at 3rd instar larval (L3) and pupal stages (1, 2, 3 day(s) and 
before eclosion). Two different combinations of GAL80 elements are indicated as 77+80 and 
80+83. Exposure time is 1 sec for larval images and 100 ms for pupal images. 
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Figure A.11 Expression pattern of animals carrying a UAS-GFP reporter and a 24B GAL4 

driver in the absence or presence of two copies of GAL80 transgenes during developmental 

stages.  

Expression pattern was observed at 3rd instar larval (L3) and pupal stages (1, 2, 3 day(s) and 
before eclosion). Two different combinations of GAL80 elements are indicated as 77+80 and 
77+83. Exposure time is 1 sec for larval images and 50 ms for pupal images.   
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P35, an apoptosis inhibitor, can inhibit apoptosis in Drosophila. Overexpression of P35 using the 

24B GAL4 strain leads to developmental lethality; the adult eclosion rate is 0.52 % (Figure 

A.12A). We have shown that the novel GAL80 construct built in our lab can inhibit the GAL4-

driven transgene expression. We expected that introducing GAL80 elements to the animals 

carrying both UAS-P35 and 24B GAL4 transgenes might rescue the developmental lethality. 

Virgin females carrying a UAS-P35 transgene and two copies of GAL80 transgene were crossed 

with males carrying 24B GAL4. The eclosion rate of the resulting progeny increases to 52.5% in 

the absence of tetracycline, which is significantly higher than the progeny not carrying GAL80 

constructs (Figure A.12 A and B). The eclosion rate of the resulting progeny is 1.2% in the 

presence of 50 µg/ml tetracycline (Figure A.12C). There is no significant difference from the 

eclosion rate in UAS/GAL4 system. This result shows that the increased eclosion rate is 

specifically due to the suppression of GAL80 on GAL4-driven gene expression. With incomplete 

repression of GAL4, GAL80 construct is sufficient to rescue some developmental lethality.  



 168 

0

20

40

60

80

100

24B GAL4 UAS P35 UAS P35 + 24B GAL4

%
 e

g
g

s

Larva Pupa Adult

 

0

20

40

60

80

100

24B GAL4 UAS-P35 + GAL80

(77+80)

UAS-P35 + 24B GAL4 +

GAL80 (77+80)

%
 e

g
g

s

Larva Pupa Adult

 

0

20

40

60

80

100

24B GAL4 UAS-P35 + GAL80

(77+80)

UAS-P35 + 24B GAL4 +

GAL80 (77+80)

%
 e

g
g

s

Larva Pupa Adult

 
Figure A.12 Development analyses for UAS/GAL4 flies carrying GAL80 in absence or 
presence of tetracycline.  

(A) 24B-driven P35 expression lead to developmental lethality (0.52% eclosion rate). (B) GAL80 
constructs suppress 24B-driven P35 expression in the absence of tetracycline and avoid 
developmental lethality (52.5% eclosion rate) (C) The eclosion rate is 1.2% of the animals 
carrying UAS, GAL4, and GAL80 in the presence of tetracycline. The eggs was aligned in the 
food containing 50 µg/ml tetracycline. The transcription of GAL80 is switched off that lead to the 
release of GAL4 that drives the expression of P35.  
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A.2.3.5 Induction of TetO-GAL80/tTA-UAS/GAL4 strains in the adult  

For using an inducible gene expression system in aging studies, it is important to ensure that the 

expression of the gene of interest can be induced in the presence of activator in the adult. To 

determine tetracycline responsiveness, crosses resulting in progeny carrying GAL4 (DJ694 or 

24B) and UAS-lacZ as well as two copies of the GAL80 transgenes were performed. In the 

absence of tetracycline, the expression level of lacZ in the animals carrying UAS-lacZ, DJ694 

GAL4, and GAL80 transgenes is not significant difference from those carrying UAS-lacZ and 

DJ694 transgenes (Figure A.13). This result indicates that GAL80 elements are not sufficient to 

repress the DJ694-driven transgene expression during adulthood. Around 50% inhibition of 

GAL80 elements on 24B-driven lacZ expression is detected in the absence of tetracycline (Figure 

A.13). Hence the induction of the transgene expression was examined with the animals carrying 

UAS-lacZ, 24B GAL4 and GAL80 constructs treated with 50 µg/ml tetracycline. With 4 days of 

tetracycline treatment, the expression level of lacZ increases ~20%  (Figure A.14A). ~30% 

induction is seen in the animals raised in the food containing tetracycline for 30 days (Figure 

A.14B). However, the suppression of GAL80 on 24B GAL4 is not completely released in the 

presence of 50 µg/ml tetracycline. For complete induction of the target gene in the TetO-

GAL80/tTA-UAS/GAL4 system, higher concentrations of tetracycline may be required. The 

various expression patterns of DJ694 and 24B may contribute to the different results obtained in 

the TetO-GAL80/tTA-UAS/GAL4 system.  
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Figure A.13 Suppression of GAl4-driven LacZ expression in presence of two copies of Gal80 

transgene during adulthood.  

Newly emerged flies were collected and aged for 5 days in standard fly food before performed a 
CPRG assay. In all graphs, the Y-axis shows β-galactosidase activity (ΔmOD562nm/min/fly). Error 
bars represent ± SD. n ≥ 5 for each point. Student t-test is used to compare the animals not 
carrying GAL80 with the animals carrying GAL80. **: P < 0.01. 
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Figure A.14 Induction of 24B GAl4-driven lacZ expression with two copies of Gal80 

transgene in the presence of tetracycline.  

Gray bar represents the animals raised in standard fly food. Black bar represents the animals 
raised in the fly food containing 50 µg/ml tetracycline. (A) 4 days (B) 30 days, relative to the 
beginning of tetracycline treatment. In all graphs, the Y-axis shows β-galactosidase activity 
(ΔmOD562nm/min/fly) and the X-axis shows the genotype of flies. Error bars represent ±SD. n = 5 
for each point. The comparison between the expression level of lacZ in the TetO-GAL80/tTA-
UAS/GAL4 system in absence and presence of tetracycline is calculated by Student t-test. *: P < 
0.05; **: P < 0.01. 
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A.2.3.6 Effect of tetracycline on life span 

To examine whether tetracycline itself can influence life span, the longevity of progenies of 

males of each GAL4 strain crossed with virgin females of w1118 strain was examined in absence or 

presence of 50 µg/ml tetracycline. Unfortunately, males raised in food containing tetracycline 

lived significantly longer than those in standard fly food  (Table A.5). However, the enhanced life 

span of animals raised in tetracycline food was not observed previously (Brummel et al., 2004). 

This suggests that the prolonged longevity in presence of tetracycline may be restricted to some 

strains.  
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Table A.5 Life span of the animals in absence or presence of tetracycline.  

DJ694          
no Tetracycline Tetracycline (50 µg/ml) 

Gender Exp # 
n Mean SD n Mean SD 

% Change P value 

1 128 51.9 5.7 123 61.2 5.6 18.0 < 0.0001 
2 108 51.1 2.7 123 62.0 3.4 21.4 < 0.0001 
3 121 53.5 2.0 130 63.9 4.2 19.5 < 0.0001 
4 128 56.5 1.7 144 65.3 1.9 15.4 < 0.0001 
5 124 53.4 2.8 133 63.4 3.1 18.8 < 0.0001 
6 135 57.6 0.3 132 64.6 2.1 12.1 < 0.0001 
7 126 64.6 4.5 143 73.0 2.2 13.0 < 0.0001 
8 120 63.0 3.9 121 75.5 1.9 19.8 < 0.0001 
9 124 54.7 2.5 131 63.9 3.0 16.8 < 0.0001 

Males 

10 129 60.7 2.9 122 70.8 4.9 16.7 < 0.0001 
1 122 64.3 5.2 129 62.8 6.9 -2.3 0.0765 
2 107 62.7 2.9 116 69.7 3.1 11.0 < 0.0001 
3 127 66.5 4.4 128 68.5 3.2 2.9 0.0041 
4 105 69.4 2.3 126 69.8 2.5 0.7 0.2356 
5 126 67.0 3.9 127 72.2 3.6 7.7 < 0.0001 
6 127 70.6 0.9 133 70.4 3.0 -0.2 0.5643 
7 125 74.0 6.7 119 72.8 5.1 -1.6 0.0852 
8 128 76.9 1.6 123 76.9 1.2 -0.1 0.4561 
9 130 65.8 3.9 128 68.9 4.1 4.7 0.0023 

Females 

10 117 70.2 1.7 122 73.4 1.0 4.6 0.0079 
24B          

no Tet Tet (50 µg/ml) % Change Gender Exp # 
n Mean SD n Mean SD  

P value 

1 130 44.1 5.2 131 57.8 6.1 30.9 < 0.0001 
2 112 45.2 4.6 124 70.1 6.3 55.1 < 0.0001 
3 128 50.7 2.0 137 62.6 3.9 23.4 < 0.0001 
4 128 52.5 6.2 141 64.0 6.0 22.0 < 0.0001 
5 118 61.1 1.2 130 65.1 4.2 6.5 < 0.0001 
6 117 62.8 1.3 126 73.4 2.6 17.0 < 0.0001 
7 122 60.4 3.3 128 66.8 5.4 10.6 < 0.0001 

Males 

8 128 62.0 3.4 130 78.0 3.0 25.7 < 0.0001 
1 115 48.3 3.9 106 50.1 8.8 3.6 0.1021 
2 116 59.8 8.0 113 55.7 3.6 -6.9 0.0874 
3 136 66.8 2.8 132 69.0 5.5 3.2 < 0.0001 
4 130 64.3 7.4 123 72.4 3.3 12.6 < 0.0001 
5 126 63.1 6.0 109 66.8 8.3 5.9 < 0.0001 
6 117 67.4 4.5 114 62.9 6.6 -6.7 0.0674 
7 128 64.0 2.9 128 64.8 3.2 1.1 0.2345 

Females 

8 120 69.3 4.1 106 65.6 4.7 -5.3 0.0547 

n: sample size; Mean: mean life span; P value shows log-rank analysis comparing between flies 
raised in no tetracycline food and containing 50 µg/ml tetracycline food. 
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A.2.4 Discussion 

Manipulation of a single gene expression in some tissues is sufficient to alter the organimal life 

span in Drosophila (Giannakou et al., 2004; Hwangbo et al., 2004; Parkes et al., 1998). These 

observations suggest that a tissue-specific inducible gene expression system, which can 

manipulate a gene of interest in a temporal and spatial manner, is highly valuable for 

understanding the consequences of a gene on aging in Drosophila. In this study, two inducible 

gene expression systems derived from UAS/GAL4 system, GeneSwitch and TetO-GAL80/tTA-

UAS/GAL4, were examined in the context of aging research.  

Two out of three GeneSwitch strains examined are leaky during pre-adult stages. Leakiness 

during development limits the usage of GeneSwitch system in manipulation the expression of the 

genes whose ectopic expression causes developmental lethality. In addition, leakiness makes it 

impossible to take advantage of the inducible system, which allows the researchers to study the 

effect of gene on aging exclusively. Induced expression level of UAS reporter by GeneSwitch in 

response to the inducer is influenced by age, gender, and the dose of the inducer. In addition, each 

GeneSwitch driver displays a unique expression profile. The limitation of the GeneSwitch system 

is that new modified GAL4 lines have to be constructed and characterized.  

Our lab aimed to develop an inducible system that can utilize existing libraries of both GAL4 and 

UAS lines by introducing GAL80 elements to UAS/GAL4 system. Since a separate GAL80 

construct is implemented, an inducible system can be accomplished by crossing GAL80 strains 

with UAS and GAL4 lines. No further construction and characterization of driver lines are 

needed.  

GAL80 transgenes can suppress but not fully block the gene expression driven by DJ694 GAL4 

during late pupal stages and by 24B GAL4 during both pre-adult and adult stages. However, it is 

sufficient to rescue the developmental lethality caused by ectopic expression of the target gene 
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using UAS/GAL4 system. The expression pattern of DJ694 and 24B is different during 

developmental stages from adulthood. DJ694 is expressed in the oenocytes and 24B is 

ubiquitously expressed during pupal stages. Moreover, 24B is expressed significantly higher than 

DJ694 (p<0.0001). During adulthood, the expression level of the target gene driven by DJ694 is 

higher than 24B (Seroude et al., 2002). In addition, DJ694 is restricted to muscle tissues and 24B 

is expressed in both fat and muscle. The inability of GAL80 elements to repress DJ694-driven 

transgene expression in the adult may be due to high expression level in muscles. The GAL80 

suppression results we obtained suggest that tissue-nonspecific expression level of GAL80 may 

be not high enough to fully block the target gene expression driven by the GAL4 strains with a 

distinct expression profile. Two copies of GAL80 elements were introduced to the UAS/GAL4 

system in this study. Elevating GAL80 expression levels by increasing the copy number of 

GAL80 might improve the repression. The expression of GAL80 was placed under the control of 

a tissue-unspecific promoter, α-1-tubulin. To ensure that the promoter is not limiting repression, 

two or three other ubiquitous promoters can be considered to implement a GAL80 construct. If 

the expression pattern of each is nearly ubiquitous rather than complete, the combination of the 

two might compensate. This may improve the performance of the TetO-GAL80/tTA-UAS/GAL4 

system. 

The induction level of transgene expression driven by 24B carrying GAL80 transgenes did not 

reach the full amount when supplied with 50 µg/ml of tetracycline in the food. Higher dose of 

tetracycline might improve the induction performance.  
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