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Aging is a complex biological phenomenon that alters many different 

physiological processes. Although many age-related phenotypes, such as 

neurodegeneration, weakening circadian rhythms, and inflammaging, are well-studied, 

the links between them are not. To elucidate these links we created an inflammation-like 

state in Drosophila melanogaster by overexpressing Relish (Rel), an NFκB transcription 

factor in the Imd innate immunity pathway. Then we observed how aging parameters 

such as lifespan, locomotor activity rhythms, and neurodegeneration were affected. We 

found that systemic Rel overexpression causes significant lifespan shortening and 

increased neurodegeneration. By overexpressing Rel specifically the gut, fat body, head 

fat body, or neurons, we found that these tissues were not responsible for the lifespan 

shortening that was observed with systemic Rel overexpression. While increased Rel 

shortens lifespan and increase neurodegeneration, it has no detrimental effects on 

rhythms of locomotor activity.  We conclude that age-related increase in Rel expression 

in wild-type flies may be linked with accelerated aging and that Rel overexpression could 

serve as possible model to study mechanisms of inflammaging in Drosophila. Further 

experiments are needed to understand why Rel overexpression causes lifespan shortening 

and neurodegeneration, especially to investigate the possible role of the glia and genes 

downstream of Rel. 
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1. Introduction 

1.1 The Multifaceted Role of Circadian Rhythms  

Circadian rhythms are endogenous oscillations of biological processes with a circa 24 

hour period. Circadian rhythms are controlled by the circadian clock, which is the 

molecular mechanism within organisms that is responsible for producing and regulating 

circadian rhythms. Circadian rhythms are known to exist in both evolutionarily simple 

life-forms such as bacteria, as well as complex mammalian organisms. These endogenous 

rhythms keep organisms in tune with light-dark cycles of 24 hours that naturally occur on 

Earth. Strong circadian rhythms have been shown to be important in many different 

biological functions such as sleep, metabolism, and cognition (Akerstedt, 2003, Delezie 

et al., 2011).The weakening or genetic disruption of circadian rhythms has been linked to 

impairments of key biological functions. For example, shift workers, whose circadian 

rhythms are disrupted, have a greater risk of cardiovascular disease, obesity, and diabetes 

(Maury et al., 2010). Since impaired circadian rhythms are correlated with many diseases, 

understanding their multifaceted role of the circadian system in biological processes is 

very important. 

 1.2 A Macroscopic View of Circadian Rhythms 

To be considered a circadian rhythm, a biological process must be an endogenous, 

but entrainable rhythm with a circa 24 hour period. Therefore, all circadian rhythms have 

three main components, an input pathway that transmits environmental cues, a circadian 

oscillator that can respond to cues, and output pathways that respond to changes dictated 

by the circadian oscillator (Yu et al., 2006). The most important environmental cue is 

light because most circadian oscillators are entrained by light. Output pathways often 
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affect important physiological functions such metabolism, hormone secretion, and body 

temperature (Meyer-Bernstein et al., 2001). Behavioral functions such as locomotor 

activity, feeding, and sleep are affected by output pathways of circadian oscillators. 

 On an organismal level, the central clock in mammals is located in 

suprachiasmatic nucleus (SCN), which is a cluster of around 10,000 neurons located in 

the hypothalamus (Williams et al., 2001). These neurons have the ability to synchronize 

their rhythms, and can be entrained to light entering to retina.  Many peripheral tissues 

such as the liver and testis also maintain their own circadian clocks that are synchronized 

by the central clock (Okamura, 2004). Similar to mammals, Drosophila have a central 

clock that is located in a network of lateral and dorsal neurons, and peripheral clocks in 

tissues such as the male reproductive system, fat body, and gut (Meyer-Bernstein et al., 

2001, Giebultowicz, 2001). Unlike in mammals, peripheral clocks in Drosophila are 

directly entrained by light (Ivanchenko et al., 2001). 

 On a cellular level, both mammalian and Drosophila cells maintain their own 

cell-autonomous circadian clocks using interlocking molecular pathways. How 

synchrony is achieved between the SCN and peripheral clocks in individual cells is not 

well understood (Okamura, 2004). However, the molecular mechanism used by cells to 

maintain their clocks is well understood. We will first discuss the circadian molecular 

mechanism in Drosophila, and then compare it to the mammalian circadian mechanism. 

1.3 The Molecular Circadian Clock Mechanism in Drosophila melanogaster 

The circadian clock in the fruit fly is controlled by a molecular feedback loop. In 

a molecular pathway, a gene is expressed when a transcription factor binds DNA in the 

gene’s promoter region. Then, the gene is transcribed into mRNA by RNA polymerase 
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and transported outside of the nucleus where it is translated into protein. In the clock 

molecular mechanism of Drosophila melanogaster, the clock genes Clock (Clk) and 

Cycle (cyc) encode the transcription factors CLK and CYC. CLK and CYC 

heterodimerize in the nucleus and promote the expression of two other clock genes 

period (per) and timeless (tim) by binding to DNA sequences called the E-boxes in the 

promoter regions of these genes. The per and tim genes encode the proteins PER and 

TIM respectively. PER and TIM have been shown to act as regulators, and affect the 

expression of other clock-controlled genes. Very importantly, they are involved in 

creating a negative feedback loop to inhibit the transcriptional activity of the CLK/CYC 

heterodimer, thereby stopping the production of their own mRNA. This inhibitory 

process occurs when PER and TIM heterodimerize, localize within the nucleus, and bind 

to CLK/CYC preventing their transcriptional activity (Hardin, 2011)(Figure 1). 

Although circadian rhythms are endogenous, the expression of clock genes is 

entrained to light/dark cycles via an important clock-associated gene called cryptochrome 

(cry). When protein CRY is activated by sunlight, it binds to TIM causing its breakdown, 

thereby stopping the PER/TIM heterodimer from forming. Since the PER/TIM 

heterodimer no longer inhibits the CLK/CYC heterodimer, per and tim expression is 

activated again, thus restarting the molecular clock mechanism (Figure 1). Since cry is 

activated by sunlight, its expression is greatest in the morning hours and PER/TIM levels 

are greatest in the evening hours (Hardin, 2011). These changes in clock gene expression 

levels allow the organism to align with the 24 hour light/dark cycles present on Earth 

(Allada et al., 2010). In summary, the Drosophila circadian molecular mechanism 
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consists of a negative feedback loop that is directly affected by light. We will now 

consider how the Drosophila molecular clock compares to the mammalian clock. 

 

Figure 1: The Circadian Clock Mechanism in Drosophila melanogaster. (1) The 

heterodimer of clock (CLK) and cycle (CYC) proteins promotes the expression of period (per) 

and timeless (tim) genes. (2) Period (PER) and timeless (TIM) proteins heterodimerize and inhibit 

the transcriptional activity of the CLK/CYC heterodimer, creating a negative feedback loop.(3) 

The cryptochrome (CRY) protein is activated by sunlight and degrades TIM allowing the 

CLK/CYC heterodimer to resume transcription of per and tim expression. Cryptochrome 

therefore aligns endogenous circadian rhythms with light/dark cycles.          
 

1.4 The Circadian Clock mechanism is Conserved between insects and humans 

Although mammals are vastly more complex than Drosophila, their circadian 

molecular pathways are evolutionarily conserved to a large extent. We have already 

discussed that the circadian organization in mammals and Drosophila is quite similar at 

the organismal level. The molecular circadian mechanisms of mammals and Drosophila 

are also very similar since both use interlocking feedback loops to created oscillatory 

rhythms (Hardin et al., 2013).  Like Drosophila, the mammalian mechanism is also 

controlled through the transcription and translation of clock genes. The mammalian 

mechanism contains many orthologs of Drosophila clock genes (Hardin et al., 2013). 

(1) 

(2) 
(3) 
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Notably, BMAL-1 is the ortholog of the cycle gene, and the mPER/mCry heterodimer is 

the ortholog of the PER/TIM heterodimer in Drosophila. Many of the Drosophila clock 

genes have more than one functional equivalent in the mammalian mechanism.  

One large difference between the mammalian and Drosophila circadian molecular 

mechanisms is the way they are affected by light. The Drosophila circadian pathway uses 

the light-dependent degradation of TIM, which cause repression of the mechanism during 

light hours. However in mammals, light causes mPer1 (period homolog) expression to 

increase, which causes the mechanism to be activated during light hours. Therefore light 

causes mPer1 activation in mammals and per repression in Drosophila which is a major 

difference in the mechanisms (Hardin et al., 2013). 

Although the mammalian circadian system is slightly more complex, the core 

clock mechanism and organismal structure in Drosophila are very similar. This allows us 

to use Drosophila as model to investigate circadian rhythms and their functions. 

1.5 Weakening Circadian Rhythms and Premature Aging 

Studying circadian rhythms is very important because many physiological 

functions are affected by output pathways of circadian oscillators. Therefore, weak 

circadian rhythms are detrimental to healthspan. Particularly, the circadian clock is 

known to weaken with age, and weakening circadian rhythms lead to premature aging in 

mammals (Kolker et al., 2003). Mice without BMAL1 (Cycle homolog) expression have 

been shown to have shorter lifespans and other age-related symptoms (Kondratov et al., 

2006). Similar findings have been reported in Drosophila as well. Specifically, the 

negative feedback of the clock mechanisms has been shown to be altered by age 

(Krishnan et al., 2012).  In response to these alterations, behavioral rhythms in 
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Drosophila were also shown to decrease when the clock genes are expressed at lower 

levels (Krishnan et al., 2012). Additionally flies with mutated clock mechanisms were 

shown to have slower climbing times and other behavioral impairments with age 

(Krishnan et al., 2009).  Taken together, these findings suggest that circadian rhythms 

naturally weaken with age and weakened circadian rhythms leads to accelerated aging. 

Understanding the links between circadian rhythms and aging could help to uncover the 

mechanisms of age-related diseases.  

1.6 Inflammaging: An Age-Related Phenomenon 

As discussed above, the weakening of circadian rhythms is an age-related 

phenomenon. Another phenomenon detrimental to aging is inflammaging, the increase in 

chronic inflammation with age. Inflammation is a complex immune response that is 

mounted to combat pathogens and repair damaged tissues. Therefore innate immunity is 

very important to maintaining health. However, inflammatory responses are known to 

occur and reoccur even when the organism is not presented with pathogenic threat, 

known as chronic inflammation. Chronic inflammation is detrimental to health because 

healthy tissues are often damaged when excessive inflammatory responses occur. Since 

chronic inflammation is detrimental to health, inflammaging is detrimental to healthy 

aging. The role of inflammation in aging is a well-studied phenomenon in (Franceschi et 

al., 2014). For example, increase in Il-6, a cytokine biomarker of inflammation is 

correlated with many aging phenotypes (Franceschi et al., 2014)This increase in chronic 

inflammation with age is thought to be a contributing factor to many age-related diseases 

in mammals such as atherosclerosis, obesity and type 2 diabetes (Salminen et al., 2012). 

While correlative links between chronic inflammation, and aging are well established in 
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mammals, the mechanisms of these phenomena are not well understood. Since 

weakening of circadian rhythms and elevated chronic inflammation are both age-related 

phenomena, it is important to understand the links between them.  

Innate immunity and circadian rhythm mechanisms are well studied in Drosophila 

and are greatly conserved will mammals. Therefore Drosophila could be used as model 

organism to elucidate the age-related links between circadian and the immune system. To 

this end, we will now explore the Drosophila immune system to better understand how a 

chronic inflammation-like state may occur in fruit flies. 

1.6 Innate Immunity Pathways in Drosophila  

Mammalian immune systems combat pathogens using two types of immunity: innate 

and adaptive immunity. Innate immunity is the first line of defense used by the immune 

system to combat broad range of pathogens. Adaptive immunity is the secondary 

response used to target specific antigens by creating immunological memory of an 

antigen following initial exposure. Like all invertebrates, the Drosophila immune system 

only uses innate immunity for pathogen defense. Innate immunity is considered a culprit 

of inflammaging, so the lack of adaptive immunity in the Drosophila makes it a simple 

model to study this phenomenon (Franceschi et al., 2014) 

In Drosophila, there are two main pathways that are used for innate immune 

response, the Toll pathway and the Imd pathway (Fig.2). The Toll pathway is activated 

by the presence of fungi or Gram-positive bacteria, whereas the Imd pathway is activated 

by Gram-negative bacteria. Both of these pathways lead to the production of anti-

microbial peptides (AMPs), which are effector molecules that attack the pathogen. The 

exact mechanism by which the attack is mounted is not well understood, but AMPs are 
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known to puncture the membranes of pathogen and cause cell lysis. Different AMP genes 

are transcribed by different pathways. For example Drosomycin transcription is 

associated with the Toll pathway, whereas Diptericin transcription is associated with the 

Imd pathway. Some AMPs are transcribed through both pathways (Williams et al., 1997). 

Expression of AMPs is stimulated by a cascade of transcription factors. An 

important transcription factor in the Imd pathway is Relish (Rel). This transcription factor 

is activated when the membrane receptor PGRP-LC is stimulated by a pathogen. This 

triggers the IMD protein to bind with Fadd, which then triggers the binding of the caspase 

DREDD. DREDD then cleaves off a region in the N-terminus of REL, causing the 

activation of REL. REL then enters the nucleus and induced the transcription of AMP 

genes to combat the pathogen. (Meister et al., 2004) 

 

Figure 2: Toll and Imd Pathways in Drosophila melanogaster. Drosophila possesses two 

major innate immunity pathways called Toll and Imd. The Toll pathway is shown on the left 

where Gram-positive and fungi stimulate the Toll receptor which eventually causes the NFκB 

transcription factor Dorsal-related immune factor (Dif) to be activated. The activated Dif leads to 

the transcription of many antimicrobial peptides. The Imd pathway is shown on the right where 

Gram-negative bacteria stimulate the PGRP-LC membrane receptor. This stimulation eventually 

leads to the activation of the Relish transcription factor. Relish then induces the expression of 

antimicrobial peptides (after Meister et al., 2004). 
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The innate immunity pathways are conserved between Drosophila and humans. 

The Toll pathway is a homologue of the Toll pathway in humans, and was actually 

discovered first in Drosophila melanogaster (Brennan et al., 2004). One difference 

between the human Toll pathway and the Drosophila Toll pathway is that in humans 

microbial antigens are directly presented to Toll-like receptors, whereas Drosophila uses 

the endogenous ligand called Spätzle. The Imd pathway is thought to be similar to the 

tumor necrosis factor (TNF) receptor pathways in humans. Relish is a homologue of 

NFκB in humans, which is important in the production of cytokines. Five NFκB proteins 

exist in humans that all have highly conserved Relish homology domains (Courtois et al., 

2006). Because Drosophila and human innate pathways are highly conserved, Drosophila 

may be a good model for chronic inflammation research. 

1.7 The Effect of Inflammation on Neurodegeneration 

Innate immunity in Drosophila has been well studied in the context of pathogenic 

defense. How innate immunity pathways in Drosophila relate to inflammaging is not well 

understood. However, chronic inflammation in mammals and Drosophila is known to 

play a role in neurodegeneration, another age-related phenotype. Neurodegeneration in 

mammals plays a large role in neurodegenerative diseases, such as Alzheimer’s disease 

(Hung et al., 2010). The role of inflammation on neurodegeneration has been shown in a 

few previous studies (Amor et al., 2014) (Gonzalez-Scarano et al., 1999). In mammals, 

innate immune responses are reported to be involved in both repair and damage processes 

linked with neurodegenerative disease. Innate immune response can aid repair because it 
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can clear apoptotic cells and lead to tissue homeostasis. However, damage processes are 

also linked with immune response because prolonged immune response can damage 

healthy tissue: exacerbating neurodegeneration (Amor et al., 2014).  Particularly in the 

case of Alzheimer’s disease, immune cells in the central nervous system called microglia 

are thought to have a role in neurodegeneration, although their exact effects are not 

known. (Gonzalez-Scarano et al., 1999). Because of its importance to human health, we 

would like to explore the effects of inflammaging on neurodegeneration in Drosophila. 

Like mammals, innate immunity pathways in Drosophila have also been linked to 

neurodegeneration. Specifically, Relish has recently be shown to contribute to 

neurodegeneration in a study showing that neurodegeneration was dependent on Relish, 

and that overexpression of AMPs in the brain alone can result in neurodegeneration (Cao 

et al., 2013). Another study about ataxia-telangiectasia (AT), a condition that impairs 

motor function due to neurodegeneration was conducted using Drosophila. AT was 

modelled in Drosophila by reducing the expression of an ATM kinase which is 

responsible for cell cycling, DNA repair, and programmed cell death in the brain. In this 

experiment, it was shown that the reduced expression of this kinase cause the increased 

expression of innate immunity genes (Petersen et al., 2012). This shows that the induction 

of neurodegeneration in the brain activates innate immune response. Taken together, 
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these studies show a possible link between innate immunity response and 

neurodegeneration in Drosophila. 

1.8 The Link between Circadian Rhythms and Neurodegeneration 

 As discussed above, chronic inflammation plays a role in neurodegeneration. 

Another age-related phenotype linked to neurodegeneration is weakening circadian 

rhythms. In mammals, mutation in BMAL1 (CYC homolog) have not only been linked to 

accelerated aging, but also to increased levels of neurodegeneration (Musiek et al., 2013). 

Similar links between neurodegeneration and circadian rhythms have been observed in 

Drosophila. In a recent study, a Drosophila model of Alzheimer’s disease that causes 

aggregates of amyloid peptides in the brain, like those found in Alzheimer’s disease, was 

used to investigate any possible links to the circadian clock. This study found that clock 

mutants did not show greater levels of neurodegeneration, but Drosophila with the AD 

model showed high levels of neurodegeneration and greatly impaired circadian rhythms 

with age (Long et al., 2014). Another study showed that Drosophila mutants prone to 

greater neurodegeneration had shorter lifespans, reduced climbing ability, and greater 

neurodegeneration when a clock mutation was introduced (Krishnan et al., 2012). Taken 

together, these studies show that mutations in the clock mechanism not only accelerate 

aging, but also increase levels of neurodegeneration. Although the circadian clock seems 

to have a role in neurodegeneration, the mechanism of this interaction has yet to be 

deduced. 

1.9. Inflammation, Circadian Rhythms, and Neurodegeneration: An Aging Trifecta? 

Preliminary research and recent studies have shown that aging is linked to 

inflammation, weakening circadian rhythms, and neurodegeneration in mammals and 



12 

 

 

Drosophila. Chronic inflammation is known to play a role in neurodegeneration, and 

neurodegeneration and weakening circadian rhythms have been linked. However, the 

relationship between these three age-related phenotypes has yet to be explored. Links 

between chronic inflammation and weakening circadian rhythms are especially unclear. 

Additionally, there is currently no Drosophila model for chronic inflammation since 

innate immunity has mostly been studied in the context of pathogen defense. Therefore, 

the primary goal of this project is to explore Drosophila as a model for inflammaging, 

and assess the effects of age-related parameters on this model. Secondarily we used this 

model to explore possible links between chronic inflammation and weakening circadian 

rhythms and other aging parameters. 

 We used the NFκB transcription factor Relish to model inflammaging in 

Drosophila. As discussed above Relish has been shown to be involved in age-related 

phenotypes, especially neurodegeneration. The expression of Relish has also been shown 

to increase with age using RNA-seq data collected in collaboration with Dr. David 

Hendrix (Rachael Kuintzle, personal communication) (Fig.3).The increase was confirmed 

by  qRT-PCR (Eileen Chow, personal communication). Due to these indicators that 

Relish may play an important role in aging, we proposed that altering Relish expression 

may mimic inflammaging in Drosophila.   

In the project, we altered Relish expression in Drosophila to create an 

inflammation-like state, and observe how this affects healthspan, circadian rhythms and 

neurodegeneration. Understanding the possible role of Rel in the age-related phenotypes 

will give a better understanding of how different aging processes are related. Since many 
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age-related diseases are affected by these phenotypes, understanding their relationships 

may help us to better understand why these diseases occur. 

 

Figure 3. RNA-seq analysis of Relish expression around the clock. RNA-seq shows 

that Rel expression increase ~4 fold between young and old flies. Data contributed by 

Rachael Kuintzle and David Hendrix, 
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2. Materials and Methods 

2.1 Fly Rearing and strains 

 In all experiments white (w
1118

) genotype was used as the control wild-type strain. The 

UAS-Gal4 system was used for genetic crosses to altered Relish (Rel) expression. To 

increase Rel mRNA, we used UAS-Rel and to decrease Rel, we used a Rel-RNAi 

responder strain (Hedengren et al., 1999). In the experiments described in Section 3.1, the 

tim-GAL4 driver was used, which is active in all central and peripheral clock cells 

(Kaneko et al., 2000). tim-Gal4 was crossed with UAS-Rel to obtain tim>Rel flies or with  

UAS-Rel-RNAi to obtain tim>Rel-RNAi. Controls were tim/+ (tim-Gal4 crossed with w), 

+/Rel (UAS-Rel crossed with w), and +/Rel-RNAi (UAS-Rel-RNAi crossed with w), where 

+ indicates w strain. Both driver and responder flies were backcrossed to the w stock for 8 

generations to equalize their genetic background.  

For the experiments performed in Section 3.2 the RU-486 gene switch system was 

used to over-express Rel in specific tissues only in adult flies. UAS-Rel flies were crossed 

to the following RU-inducible driver lines: elav-GS targeting neurons, S32-GS targeting 

head fat body, S106-GS targeting head and abdominal fat body, and 5966-GS targeting 

gut cells. All fly lines were obtained from the Bloomington Drosophila Stock Center.  

All flies used in the experiments from Section 3.1 were raised on a standard diet 

containing 1% agar, 6.25% cornmeal, 6.25% molasses, and 3.5% Red Star yeast at 2 1C. 

Experimental flies in Section 3.2 over-expressing Rel using RU-486 gene switch were 

fed the standard diet with a 50µM concentration of RU-486 in ethanol. Control flies were 

fed standard diet with same volume of ethanol as was used for the experimental flies. 

Flies were entrained to 12-hour light: dark (LD, 12:12) cycles (with an average light 
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intensity of ~1500 lx). The time at which the lights were switched on is denoted as 

Zeitgeber Time (ZT) 0 and the time they were switched off is denoted as ZT 12. Flies of 

a given genotype were mated, separated by sex 2-3 days after emerging, and transferred 

either to 8 oz. round bottom polypropylene bottles (Genesee Scientific, San Diego, CA) 

or wide 28.5mm diameter plastic vials, each containing 50 flies, or to narrow 25mm 

diameter plastic vials, each containing 25 flies, depending on the experiment. Both male 

and female flies were used for all experiments except locomotor activity and gene 

expression studies in Section 3.2.1 data where only males were used.  

2.2 Longevity test 

 To determine differences in lifespan between crosses, the number of dead flies 

was recorded each time flies were transferred onto new diet (3 times a week). For each 

longevity experiment, ~200 males and females of a given genotype were used to monitor 

mortality until no individuals remained alive. 

2.3 Quantitative Real-Time PCR  

To verify altered Rel expression, tim>Rel, tim>Rel-RNAi, and tim>+, young 

males and females were collected and frozen. To verify Rel over-expression in specific 

tissues, elav>Rel, FB>Rel, and tim>+ males were fed RU or EtOH ,  until 30-day-old 

and then collected and frozen. Fly heads and bodies were separated using metal sieves 

frozen with liquid nitrogen. Total RNA was extracted from 50 heads or bodies, which 

were homogenized using a Kontes handheld motor in Trizol (Life Technologies, Grand 

Island, NY) followed by ethanol precipitation. Samples were treated with DNAse 

(Takara, Mountain View, CA). DNAse was deactivated by phenol/chloroform extraction, 

and samples were purified with sodium acetate. RNA concentration was measured using 
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a Nanodrop spectrophotometer. Synthesis of cDNA was achieved with the iScript cDNA 

synthesis kit (BioRad, Hercules, CA) according to the manufacturer’s protocol. 

Quantitative real-time PCR was performed with Power SYBR Green Master Mix (Life 

Technologies) on an Applied Biosystems Step-One Plus machine. Data from before 

backcrossing were normalized to the reference gene rp49 and data from after 

backcrossing were normalized to Dcp2. All data were analyzed using the standard 2
-∆∆CT

 

method. The following primers were obtained from IDT Technology (Coralville, IA): 

Relish forward: 5’ GGCCATTCGACAGAACAAGT 3’; Relish reverse: 5’ 

TGCCATGTGGAGTGCATTAT 3’; Dcp2 forward: 5’ 

CCAAGGGCAAGATCAATGAG 3’; Dcp2 reverse: 5’ 

GCATCGATTAGGTCCGTGAT 3’  rp49 forward: 5' 

GCCCAGCATACAGGCCCAAG 3'  rp49 reverse: 5' AAGCGGCGACGCACTCTGTT 

3' . All primers used in this study had efficiency > 96%. 

2.4 Locomotor Activity Measurements.  

Flies were entrained in LD 12:12 at 25°C. Locomotor activity of 5- and 30-35-day-old 

males was recorded for 3 days in LD 12:12, followed by 7 days in constant darkness 

(DD) using the Trikinetics locomotor activity monitor (Waltham, MA). Actograms and 

periodograms (measuring average period in DD) were generated for individual flies using 

ClockLab software (Actimetrics; Coulbourn Instruments, Whitehall, PA).  For a 

quantitative measure of circadian rhythmicity, fast Fourier transform (FFT) analysis was 

performed using ClockLab software. Flies with FFT values <.04 at a period of 24h were 

classified as arrhythmic. Flies with FFT values above .04 and a single peak in the 
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periodogram were classified as rhythmic and were included in the calculation used to 

determine the percent of rhythmic flies.  

 2.5 Neurodegeneration Measurements. 

Neurodegeneration experiments were performed by Lizzy Sunderhaus in 

collaboration with the Dr. Kretzschmar Lab (Oregon Institute of Occupational Health 

Sciences, Oregon Health and Science University). Heads of ~50 day old flies were 

embedded in paraffin using methods described in (Kretzschmar et al., 1997). Next, the 

embedded heads were cut in 7mm serial sections, the paraffin was removed in SafeClear 

(Fisher Scientific), sections were embedded in Permount, and analyzed with a Zeiss 

Axioscope 2 microscope using the auto-fluorescence caused by the eye pigment (no 

staining was used). Microscopic pictures were taken at the same level of the brain, the 

vacuoles (identified by being unstained and exceeding 50 pixels in size) were counted 

and the average vacuolized area was calculated as described in (Bettencourt Da Cruz et 

al., 2008). 

2.6 Statistical analysis of data 

 All survival curves were generated using Kaplan-Meier survival analysis. Data 

comparing the genotypes and feeding regimes were analyzed using a Gehan-Breslow 

Wilcoxon Test to determine if there was a significant difference in lifespan among 

treatments compared to the control. All statistical analysis and graphs for this data were 

generated using GraphPad Prism 6 (San Diego, USA). In Section 3.1, an unpaired t-test 

with Welch’s correction was used to determine significance between day 5 and day 35 

FFT for locomotor activity. In Section 3.2, a two-way ANOVA test was used to 
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determine significance between day 5 and day 30 FFT for locomotor activity. 

Neurodegeneration was analyzed using unpaired t-test with Welch’s Correction.  

 

  



19 

 

 

3. Results 

3.1 Effects of Altered Rel Expression on Aging Parameters 

 The effects of NF-kB transcription factor Relish (Rel) on aging have not been 

studied previously; therefore, we genetically manipulated the expression of Rel in the 

fruit flies to determine its effects on different parameters of aging. We over-expressed Rel 

to simulate an inflammation-like state in all clock cells of the body by crossing tim-Gal4 

driver line with UAS-Rel responder line to obtain tim-Gal4/ UAS-Rel  (tim>Rel) progeny. 

By measuring mRNA levels using qRT-PCR, we confirmed that Rel expression was 

increased strongly in tim>Rel flies compared to controls (Figure 4A). To study the effects 

of reduced Rel expression, we crossed the tim-Gal4 driver line with UAS-Rel-RNAi 

responder line to obtain the tim>Rel-RNAi progeny. The Rel-RNAi construct reduces the 

translation of Rel by targeting and degrading Rel mRNA. We first confirmed that Rel 

expression was decreased in the progeny of this cross to less than 40% of controls by 

measuring mRNA levels using qRT-PCR (Figure 4B).  We crossed driver tim-Gal4 and 

both responders to white (w denoted as +) to obtain tim/+, +/ Rel, and +/Rel-RNA as our 

controls with unaltered Rel expression.  These data confirmed that Rel was strongly over-

expressed in tim>Rel flies and substantially reduced in tim>Rel-RNAi flies as compared 

to controls (Fig. 4). Because some of our initial experiments were performed before UAS-

Rel and UAS-Rel-RNAi were backcrossed to w, we tested Rel expression in both scenarios 

and obtained similar data (Fig 4)  
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Figure 4. Verification of the effects of Rel manipulation. mRNA levels of Rel 

were measured using qRT-PCR in young males and females. Rel was strongly over-

expressed in tim>Rel as compared to +/Rel and tim/+ controls (A). Rel was greatly 

inhibited by tim>Rel-RNAi as compared to +/Rel-RNAi and tim/+ controls (B). BC 

denotes backcrossing. Expression analysis was done using the standard 2
-

∆∆CT
 method. Data were normalized to Rel expression in tim/+ control set as 100%. 
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3.1.1 The Effects of Rel on Longevity:  Rel overexpression reduces Lifespan. 

The first parameter that we used to measure the effects of Rel on aging was 

longevity. We measured the lifespan of tim>Rel, tim>Rel-RNAi, and tim/+ males and 

females (Fig. 5).  Statistical analysis of mortality curves using the Gehan-Breslow-

Wilcoxon test showed that tim> Rel flies had significantly shorter lifespan than tim/+ 

flies in both males and females (Table 1, p-value <0.0001). In contrast, the lifespan of 

tim>Rel-RNAi flies was modestly but significantly longer than in tim/+ flies (p-value 

0.0188) indicating the inhibiting Rel expression may promote longevity (Table 1). To 

verify these results, we performed a second experiment, which included additional 

controls, namely white flies crossed to UAS-Rel (+/ Rel) or to Rel-RNAi (+/ Rel-RNAi) 

(Figure 5B). We confirmed that flies over-expressing Rel lived significantly shorter 

(p<0.0001) than both control lines in males and females (Table 1). Reducing levels of Rel 

mRNA significantly extended lifespan of females compared to both controls, and males 

compared to one control but not the other (Table 1).  Overall, these experiments strongly 

suggest that Rel over-expression significantly shortens lifespan in both sexes while 

inhibiting Rel expression may slightly lengthen lifespan. 

Table 1. Statistical Comparison of Lifespan Differences due to altered Rel 

Expression  

 

Exp  Genotype Male 

lifespan 

p-value Female 

lifespan 

p-value 

1 tim>Rel vs. tim/+ shortened <0.0001 shortened <0.0001 

tim>Rel-RNAi vs.tim/+ lengthened 0.0465 no change 0.3976 

2 tim/+ vs. tim>Rel shortened <0.0001 shortened <0.0001 

+/Rel vs. tim>Rel shortened <0.0001 shortened 0.0036 

tim/+ vs. tim>Rel-RNAi lengthened <0.0001 lengthened 0.0237 

+/Rel-RNAi vs. tim>Rel-

RNAi 

no change 0.0906 lengthened 0.0134 
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B 

A 

Figure 5. Lifespan of flies with manipulated Rel Expression. (A) The first experiment 

assessing longevity where Rel is over-expressed (tim>Rel) or inhibited (tim>Rel-RNAi) 

relative to control (tim/+) flies. The lifespan of tim>Rel is significantly shorter that tim>Rel-

RNAi or tim/+. (B) The second experiment on longevity confirmed the findings of the first 

experiment. +/Rel and +/Rel-RNAi were added as controls and as expected showed lifespan 

similar to tim/+. Median survival of each genotype is indicated below graphs. For statistical 

analysis see Table 1 . 

  

Males Females 
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3.1.2 The Effects of Altered Rel Expression on Locomotor Activity:  The Clock 

remains Intact 

 Since Rel over-expression was detrimental to longevity, we next investigated 

what factors may contribute to this phenotype. Given that circadian rhythms weaken with 

age and weak circadian rhythms may accelerate aging (Kolker et al., 2003), we 

hypothesized that Rel over-expression may disrupt circadian rhythms. To test if Rel over-

expression affected circadian rhythms, we monitored the locomotor activity of flies 

whose Rel expression was elevated. We used males from the same cohort of flies used for 

the longevity experiments, and measured locomotor activity at day 5 (D5) and day 35 

(D35) to see if circadian rhythms weakened with age in a Rel-dependent way. Flies were 

entrained for 3 days in LD and then transferred to DD to assess free-running locomotor 

rhythms which reflect the function of the central clock. 

 Analysis of data from two combined bio-repeats of locomotor activity showed 

that over-expressing Rel was not detrimental to circadian rhythms. The average period for 

all crosses was very close to 24hr, indicating that the central clock mechanism was intact. 

As expected, the tim/+control did experience deteriorating rhythms since the percent 

rhythmic flies and average FFT values were lower at D35 than D5. The +/Rel control 

also showed a decrease in % rhythmic flies and a slight, non-significant increase in FFT 

values between D5 and D35. Interestingly, the tim>Rel flies showed slight strengthening 

in rhythms with age since the percent of rhythmic flies increased  and average FFT 

significantly increased between D5 and D35 (Table 2, p-value:0.0407). Taken together, 

these results indicate that deteriorations of central clock appear not to be responsible for 

effects of Rel over-expression on lifespan; in fact Rel over-expression seemed to slightly 

strengthen locomotor activity rhythms.  
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Table 2. Comparison of Locomotor Activity due to altered Rel Expression  

Genotype Age N 

% 

Rhythmic 

flies 

Average FFT (Sig?¹) (p-value) Average Period² 

tim>Rel 

5 26 96% 0.053 23.81 

35 19 100% 
0.078* (0.0407) 

 
24.43 

tim/+ 
5 25 100% 0.058 23.72 

35 39 74% 0.044 ns (0.0706) 24.36 

+/Rel 
5 13 100% 0.049 23.22 

35 20 80% 0.055 ns (0.5333) 23.65 

¹ significance between D5 and D35 FTT using unpaired t-test with Welch’s correction, 

²free running period in DD 

 

3.1.3 The Effects of Manipulating Rel Expression on Neurodegeneration 

 Since circadian rhythms were unaffected by manipulating levels of Rel 

expression, the question of why Rel overexpression shortens lifespan remained open. 

Previous research has shown that increased expression of pro-inflammatory factors such 

as Rel may play a role in neurodegeneration (Cao et al., 2013). We hypothesized that Rel 

over-expression could cause neurodegeneration which may be linked to shortened 

lifespan. The involvement of neurodegeneration in shortening lifespan is further 

supported by the fact that neurodegeneration is an age-related phenotype (Hung et al., 

2010). 

To test whether neurodegeneration may be a cause for the shortened lifespan that 

we observed in tim>Rel flies, we measured neurodegeneration in the brains of old 

tim>Rel, tim>Rel-RNAi and tim/+ flies in collaboration with the Kretzschmar Lab at 

Oregon Health and Science University. These measurements showed that tim>Rel flies 

did exhibit significantly more neurodegeneration in the form of average vacoulized area 

in the brain than tim/+ (p-value=0.0015) (Figure 6). tim>Rel-RNAi flies did not show a 
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significant difference in neurodegeneration when compared to the tim/+ control (Fig. 6). 

Since we observed significantly increased levels of neurodegeneration in flies over-

expressing Rel, we concluded that elevated activity of this gene is associated with 

neurodegeneration which may lead to lifespan shortening.  
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Figure 6. Neurodegeneration in flies with manipulated Rel expression. 

Neurodegeneration was measured in ~50 day-old flies as average area of holes (µm²). 

Analysis based on X-Y brain hemispheres showed significantly higher average levels of 

neurodegeneration in tim>Rel flies than tim>+ flies (p=0.0015). tim>Rel-RNAi flies 

showed levels of neurodegeneration not significantly different from the tim/+ control. 

Statistical analysis was done using unpaired t-test with Welch-s correction and error bars 

indicate SEM. 

** 
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3.2 Effects of Altering Rel Expression in Specific Tissues on Aging Parameters 

 Experiments described in Sec. 3.1 showed that Rel over-expression significantly 

shortened lifespan and increased neurodegeneration. Because tim is expressed in multiple 

tissues, it could not be determined whether and how Rel over-expression in specific 

tissues contributes to lifespan shortening. To address this question, we examined how 

overexpressing Rel in specific tissues affects aging parameters. Since we showed a 

correlation between Rel overexpression and neurodegeneration, we used the elav driver 

line to obtain the elav>Rel cross that overexpresses Rel in neurons. We also 

overexpressed Rel in fatbody and head fatbody tissues using the FB>Rel and h-FB>Rel 

crosses respectively since Rel is endogenously expressed in the fatbody. In addition, we 

overexpressed Rel in the gut using the gut>Rel cross since previous studies have 

suggested that overexpression of inflammation-related genes in the gut is detrimental to 

lifespan (Rera et al., 2012). To over-express Rel in adults only, we used the RU-486 

gene-switch system (see Methods). Using this system, Rel was only overexpressed when 

diet with RU-486/ethanol solution (RU) was consumed. This was done to eliminate any 

extraneous effects of Rel overexpression during development. Therefore we fed control 

flies diet with the vehicle, ethanol (EtOH). We also confirmed Rel over-expression in 

elav>Rel and FB>Rel flies that were fed RU diet compared to flies fed EtOH (Fig. 7A 

&7B). Using qRT-PCR, we verified that Rel expression was not altered in flies without 

the Gene-switch construct that were fed RU or EtOH diet (Fig. 7C).  
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Figure 7. mRNA levels of Rel verify Rel over-expression in specific tissues. mRNA 

levels of Rel were measured using qRT-PCR in 30-day-old males. qRT-PCR was done 

using only fly heads or bodies depending on the location of the tissue. (A) Rel was 

over-expressed by about 50% in heads by elav>Rel RU when normalized to elav>Rel 

EtOH Rel expression.  (B) Rel was overexpressed by about 850% in bodies by FB>Rel 

RU when normalized to FB>Rel EtOH Rel expression. (C) mRNA levels of Rel in 

head and bodies were compared between tim>+ RU and EtOH flies to determine if RU 

diet alone without a gene-switch driver line affects Rel expression. The mRNA levels 

of Rel were not affected by simply feeding RU diet without a gene-switch driver. Since 

Rel expression in tim/+ RU and tim/+ EtOH was very similar, this indicates that EtOH 

diet is a good control. Expression analysis was done using the standard 2
-∆∆CT

 method. 

A B 

C 
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3.2.1 Effects of Altering Rel Expression in Specific Tissues on Longevity 

 The main purpose of creating crosses that specifically overexpress Rel in certain 

tissues was to determine if Rel overexpression in a specific tissue may be responsible for 

shortening of the lifespan observed  in tim>Rel flies with multi-tissue overexpression of 

Rel (Fig. 5). Therefore, we measured the longevity of elav>Rel, FB>Rel, h-FB>Rel, and 

gut>Rel flies using flies that were fed either RU or EtOH in diet. We used tim/+ as a 

control to ensure that RU and EtOH diet did not inherently affect lifespan. We found that 

over-expressing Rel in specific tissues did not significantly shorten lifespan (Fig. 8). 

Interestingly, elav>Rel flies on RU showed slight lengthening in lifespan that was 

significant in females compared to the EtOH fed control (p-value=0.023). We also 

observed slight but significant lengthening in lifespan in FB>Rel males on RU compared 

to the EtOH fed control (p-value=0.026). As expected, the tim/+ control showed that RU 

and EtOH diet did not significantly affect lifespan, which validated our results. From 

these results, we concluded that overexpression of Rel in the fat body and the gut has no 

effect on longevity (with the exception of FB>Rel males), and that overexpression of Rel 

in neurons may slightly lengthen lifespan in females.  
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Figure 8. Lifespan of flies with Rel over-expression in specific tissues. Lifespan of elav>Rel, 

FB>Rel, h-FB>Rel, gut>Rel, and tim/+ males and females maintained on  RU and EtOH. 

Median survival and p-value calculated using Gehan-Breslow-Wilcoxon test are indicated 

within each graph.  

 

Males Females 



30 

 

 

3.2.2 Effects of Altering Rel Expression in Specific Tissues on Locomotor Activity 

 To determine how circadian rhythms were affected by the overexpression of Rel 

in specific tissues, we measured locomotor activity in elav>Rel, FB>Rel, h-FB>Rel, 

gut>Rel, and tim/+ males. Data were collected at day 5 and day 30 in both RU and EtOH 

fed flies (Table 3). From the analysis of the strength of the rhythm (FFT) using two-way 

ANOVA, we determined that elav>Rel RU flies showed significantly stronger rhythms 

and a higher percentage of rhythmic flies at day 30 than their EtOH counterparts (Table 

3). The FB>Rel, h-FB>Rel, and gut>Rel flies did not show statistical differences in 

locomotor activity. However gut>Rel RU flies gained rhythmicity with age and gut>Rel 

EtOH flies lost rhythmicity with age. This suggests that Rel overexpression in the gut 

may affect circadian rhythms, although lifespan is not affected. 

Table  3. Comparison of Locomotor Activity due to altered Rel Expression in 

Specific Tissues 

Genotype Age 
Average % Rhythmicity (N) Average FFT 

EtOH RU EtOH RU  

elav>Rel 
5 100% (13) 88%  (8) 0.072 0.065 

30 82%  (28) 100% (29) 0.079 0.102* 

h-FB>Rel 
5 100% (13) 90% (10) 0.08 0.078 

30 100% (28) 96% (24) 0.119 0.133 

FB>Rel 
5 100% (13) 81% (11) 0.118 0.078 

30 97%  (29) 96% (25) 0.095 0.085 

gut>Rel 
5 77%  (13) 50% (12) 0.117 0.029 

30 55%  (31) 82% (22) 0.037 0.052 

tim/+ 
5 100% (13) 100% (8) 0.059 0.073 

30 100% (29) 90% (20) 0.063 0.075 

*indicates significance compared to EtOH D30 flies using two-way ANOVA 
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4. Discussion 

The goal of this project was to test whether increased levels of Rel expression, which is a 

major transcription factor regulating innate immunity, could create an inflammation-like 

state in Drosophila. We determined that Rel overexpression causes significant lifespan 

shortening and significant increases in neurodegeneration in aging flies, suggesting that 

these flies may be used as a model for inflammation in short-lived organisms.  We also 

showed that Rel overexpression does not impair locomotor activity rhythms but actually 

slightly strengthened these rhythms, suggesting that the central clock is not weakened in 

these flies.  

 The primary finding of this project was that Rel is an important gene that affects 

longevity. We determined that Rel overexpression dramatically shortens lifespan, while 

reducing Rel expression caused a small but significant extension in lifespan. These results 

are consistent with the previous finding showing that a mutation in the gene dnr1, a Rel 

repressor, leads to shorter lifespan (Cao et al., 2013). Since mutating a Rel repressor and 

Rel overexpression have similar effects, these studies cumulatively show the detrimental 

effects of increased Rel activity for longevity. To determine the cause of lifespan 

shortening due to systemic Rel overexpression, we overexpressed Rel in specific tissues: 

neurons, fat body, head-fat body, and the gut. We measure lifespan in these crosses and 

found no significant shortening in contrast to flies with systemic Rel overexpression. In 

fact, Rel overexpression in neurons causes slight but significant lengthening in lifespan. 

These results indicate that either Rel overexpression in multiple tissues is need to cause 

lifespan shortening, or Rel overexpression in another tissue may be responsible for 

shorter lifespan observed in tim>Rel. The slight lifespan lengthening by Rel 
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overexpression in neurons is consistent with studies that show that NFκB, mammalian 

Rel homolog, is important for neuronal cell survival (Camandola et al., 2007). Studies 

also show that NFκB expression in neurons is needed to induced TNF-α, which has a 

neuroprotective, anti-apoptotic role in neurons (Cheng et al., 1994, Barger et al., 1995). 

However, other studies reported that TNF-α expressed in both neurons and glia is pro-

apoptotic. Specifically NFκB activation in glia is thought to cause neuronal pathologies 

(Camandola et al., 2007). These findings suggest that Rel overexpression in glia may 

cause inflammation-like state in the brain, which causes shortening of lifespan. Because 

an RU-inducible glia driver was not available during this project, the role of glial 

overexpression of Rel on longevity remains to be tested in the future. 

 In addition to shortening lifespan, we showed that systemic overexpression of Rel 

caused significant neurodegeneration in brains of aging flies. Our data are consistent with 

many reports showing that increased activity of innate immune system is linked to 

neurodegeneration (Amor et al., 2014). Results of our study also corroborate the findings 

of Cao et. al, since they found that dnr1 mutants exhibited high levels of age-dependent 

neurodegeneration.  Taken together, these data suggest the importance of Rel in 

mediating neurodegenerative processes. From these results combined with the fact that 

Rel expression naturally increase with aging (Fig. 3), we can conjecture that endogenous 

Rel expression may lead to neurodegeneration during aging in wild-type flies. 

The nature of links between innate immunity and neurodegeneration is not well 

understood and appears to be complex and tissue dependent.  For example, as discussed 

above NFκB activation in neurons is thought to be neuroprotective, but in glia is thought 

to be detrimental. The possible importance of glia in causing neuroinflammation and 
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therefore lifespan is underscored by our finding that systemic Rel overexpression causes 

neurodegeneration and shortens lifespan, but only overexpressing Rel in neurons actually 

causes slight increases in lifespan. Therefore overexpressing Rel in glial cells will be an 

important future experiment to better understand the effects of Rel overexpression on 

both lifespan shortening and neurodegeneration since these phenomena appear to be 

linked. Additionally the effect of Rel overexpression on these aging parameters may be 

due to genes that are activated by Rel, since this family of transcription factor regulates 

many genes involved in inflammation, immunity, cell proliferation, differentiation, and 

survival (Oeckinghaus et al., 2009). Therefore investigating the effects of genes regulated 

by Rel on neurodegeneration may help to explain our results. 

Another important finding in this project is that in contrast to our hypothesis, Rel 

overexpression does not weaken locomotor activity rhythms. In fact, locomotor activity 

rhythms were slightly strengthened with age when Rel was overexpressed systemically 

via tim-Gal4 driver. Measuring locomotor activity rhythms in flies overexpressing Rel in 

specific tissues further supported this finding since locomotor activity rhythms improved 

with age when Rel was overexpressed in neurons and the gut. Many previous studies 

have explored the effects of impaired circadian rhythms on immunity, and have 

established the importance of strong circadian rhythms for robust immune response 

(Cermakian et al., 2014) but reciprocal links are not understood. Therefore, exploring the 

effects of elevated immune response on circadian rhythms during aging is a novel aspect 

of this project. The fact that Rel overexpression did not impair locomotor rhythms is 

important to better understand how different aging parameters may or may not be related. 

Measuring locomotor activity rhythms in flies overexpressing Rel in specific tissues 
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showed that improvement of locomotor activity rhythm during aging was observed in 

flies with systemic or neuronal Rel overexpression.  This would be consistent with reports 

that Rel plays protective role in neurons (Camandola et al., 2007). 

Another goal of this study was to assess if altering Rel expression could be used 

to simulate inflammaging in Drosophila. This is very important since no such model 

currently exists in a short-lived model organism. We tested how different aging 

parameters are affected by altered Rel expression, and found that overexpression of Rel 

causes lifespan shortening and increases neurodegeneration but did not affect circadian 

rhythms. Altering Rel expression may be a promising model for inflammaging because it 

does cause age-related phenotypes. This model will be especially useful in deducing links 

between longevity and neurodegeneration. However further research needs to be done to 

determine downstream effects of overexpressing Rel to determine the mechanisms behind 

these age-related phenotypes. In summary, altered Rel expression may be a promising 

model for inflammaging research in Drosophila, especially in studying 

neurodegeneration and longevity.  
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