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ABSTRACT
Time to eat: Links between neuronal function and cellular phagocytosis
Elizabeth Stone
	
  
	
  

How do the brain and the immune system interact, and what are the consequences of this
interaction on the physiology of an organism during infection? The main focus of my
thesis is neuroimmune interaction, as studied in the following: (1) circadian regulation of
immune system function, specifically phagocytosis by immune cells during bacterial
infection; (2) the impact of circadian-regulated metabolism and feeding behavior on
immunity and host tolerance of bacterial infection; and (3) immune system function in
the context of Fragile X syndrome, a neurological disease known to cause circadian
dysregulation. To investigate the interactions between these complex physiologies, I use
the well-characterized and genetically tractable Drosophila melanogaster animal model.
Each topic is briefly introduced in Chapter 1. Chapter 2 focuses on the body of work
identifying the circadian regulation of the immune system, particularly phagocytosis, by
immune cells during bacterial infection. Chapter 3 highlights findings regarding how diet
and host metabolic state impact survival after infection. Chapter 4 illustrates phagocytic
immune cell defects both systemically and in the brain in the Drosophila model of
Fragile X syndrome. Lastly the conclusions discuss how these three works have built on
our fund of knowledge of neuroimmune interactions and the future implications for these
results.

TABLE OF CONTENTS
LIST OF GRAPHS, IMAGES, AND ILLUSTRATIONS ........................................... iv
ACKNOWLEDGEMENTS .......................................................................................... viii
DEDICATION ................................................................................................................. xi
CHAPTER 1: INTRODUCTION.................................................................................... 1
An introduction to the fly ..............................................................................................................2
An introduction to circadian regulation ........................................................................................3
The molecular clock is the timekeeper for circadian rhythms ......................................................5
Clock neurons and the master clock .............................................................................................9
An introduction to the innate immune system of the fly .............................................................12
Circadian regulation of immunity ...............................................................................................16
Circadian regulation of metabolism and immunity.....................................................................18
An introduction to Fragile X syndrome ......................................................................................19
FMRP is an RNA-binding protein that functions as a translational repressor ............................21
Synaptic plasticity is altered in Fragile X syndrome ..................................................................23
Novel therapeutics to treat Fragile X syndrome .........................................................................24

CHAPTER 2: The circadian clock protein Timeless regulates phagocytosis of
bacteria in Drosophila ..................................................................................................... 26
Summary .....................................................................................................................................27
Abstract .......................................................................................................................................30
Introduction .................................................................................................................................32
Materials and Methods

............................................................................................................34

Results/Discussion ....................................................................................................................39
i

Acknowledgements .....................................................................................................................58

CHAPTER 3: Host tolerance of infection is promoted by dietary glucose and amino
acids through insulin and TORC2 signaling ................................................................ 59
Summary .....................................................................................................................................60
Abstract .......................................................................................................................................63
Introduction .................................................................................................................................65
Materials and Methods

............................................................................................................68

Results .........................................................................................................................................77
Discussion ...................................................................................................................................94
Supplemental Materials...............................................................................................................97
Author Contributions ................................................................................................................102
Acknowledgments .....................................................................................................................103

CHAPTER 4: Phagocytic immune cell defects in the Drosophila model of Fragile X
syndrome........................................................................................................................ 104
Summary ...................................................................................................................................105
Abstract .....................................................................................................................................107
Introduction ...............................................................................................................................108
Materials and Methods

..........................................................................................................112

Results .....................................................................................................................................118
Discussion .................................................................................................................................130

Chapter 5: CONCLUSIONS........................................................................................ 135
Phagocytosis is circadian-regulated in Drosophila ...................................................................136
The circadian regulation of feeding and metabolism affects survival of infection in
Drosophila ................................................................................................................................104
ii

The Drosophila model of Fragile X syndrome exhibits defects in phagocytosis .....................105

REFERENCES.............................................................................................................. 145
APPENDIX I ................................................................................................................. 163
APPENDIX II: Phagocytosis is upregulated in dFMR1 hypomorphs ..................... 164
Abstract .....................................................................................................................................165
Materials and Methods

..........................................................................................................166

Results .....................................................................................................................................169

iii

LIST OF GRAPHS, IMAGES, AND ILLUSTRATIONS
CHAPTER 1: INTRODUCTION.................................................................................... 1
Fig. 1. The molecular clock is comprised of negative transcriptional feedback loops .................7
Fig. 2. Drosophila use three main immune mechanisms to fight pathogens ..............................13

CHAPTER 2: The circadian clock protein Timeless regulates phagocytosis of
bacteria in Drosophila ..................................................................................................... 26
Fig. 1. Tim activity has significant consequences for immunity. ..............................................40
Fig. 2. Tim regulates resistance to infection by S. pneumoniae and S. marcescens ..................42
Fig. 3. Resistance against S. pneumoniae correlates with Tim activity. ....................................43
Fig. 4. Tim protein does not regulate melanization or AMP gene expression. ..........................47
Fig. 5. Tim protein regulates an early stage of phagocytosis of bacteria by hemocytes. ...........50
Fig. 6. Bead inhibition of phagocytosis in wild type flies eliminates the difference in survival
kinetics with Tim mutants after S. pneumoniae infection. ..........................................................53
Fig. S1. Tim protein does not regulate AMP gene expression. .................................................56

CHAPTER 3: Host tolerance of infection is promoted by dietary glucose and amino
acids through insulin and TORC2 signaling ................................................................ 59
Fig. 1. Period mutants exhibit greater tolerance than isogenic controls during infection with B.
cepacia ........................................................................................................................................78
Fig. 2. Per mutants have lower metabolic resources and eat more than wild type flies. ...........80
Fig. 3. Dietary restriction does not increase infection tolerance of either Per mutants or wild
type. .............................................................................................................................................83
Fig. 4. Dietary glucose and amino acids increase tolerance of B. cepacia
infection. .....................................................................................................................................85

iv

Fig. 5. Insulin-like signaling mediates the glucose contribution to infection tolerance and the
TORC2 complex mediates the effects of dietary amino acids. ...................................................88
Fig. 6. The effect of amino acids on survival of infection is facilitated by gut

microbiota. ..................................................................................................................... 92
Fig. S1. Antimicrobial peptides (AMPs) are induced by B. cepacia infection to similar
expression levels in Per mutants and wild type. ........................................................... 97
Fig. S2. Rapamycin reduces survival of B. cepacia infection. ..................................... 98
Fig. S3. Expression of Tsc1 and Tsc2 transcripts are induced by heat- shock. ............. 99
Fig. S4. Amino acid-stimulated tolerance is facilitated by the gut microbiota. .......... 100
Table S1. Primer sequences ........................................................................................ 101
CHAPTER 4: Phagocytic immune cell defects in the Drosophila model of Fragile X
syndrome........................................................................................................................ 104
Fig. 1. dFMR1 mutants are less resistant to infections with specific pathogens.......................119
Fig. 2. dFMR1 mutants exhibit altered immune system parameters. .......................................122
Fig. 3. Clearance of severed axons is delayed in dFMR1 mutants relative to wild-type
controls ......................................................................................................................................126
Fig. 4. Fewer activated glia are seen in dFMR1 mutants than in wild-type controls after axonal
severing .....................................................................................................................................127
Fig. 5. Time course of Draper expression after axonal severing shows that glial phagocytosis is
delayed but not abolished in dFMR1 mutants ...........................................................................128

APPENDIX I ................................................................................................................. 163
Fig. 1. Per mutants are more tolerant of infection with P. aeruginosa, and starvation eliminates
this survival advantage ..............................................................................................................163

v

APPENDIX II: Phagocytosis is upregulated in dFMR1 hypomorphs ..................... 164
Fig. 1. dFMR1 hypomorphs survive longer than wild-type controls after infection with certain
pathogens. .................................................................................................................................169
Fig. 2. dFMR1 hypomorphs are more resistant to infection with S. pneumoniae and S.
marcenscens compared to wild-type controls ...........................................................................170
Fig. 3. Antimicrobial peptide synthesis is not altered by reduced levels of dFMR1 ...............172
Fig. 4. dFMR1 hypomorphs exhibit increased phagocytosis of bacteria by hemocytes ...........173
Fig. 5. dFMR1 hypomorphs do not exhibit circadian variation in phagocytosis ......................174
Fig. 6. Inhibiting phagocytosis abolishes the survival benefit observed in dFMR1 hypomorphs
with S. pneumonia infection. ...................................................................................................175

vi

ACKNOWLEDGEMENTS
Before anyone else, I need to thank my PhD mentor, Dr. Mimi Shirasu-Hiza. When I
walked into her office on that propitious day—almost five years ago now—to discuss
possible rotation projects, I had no forewarning that her scientific vision and ideas would
be so thoroughly compatible with my own. Since then, barely a week has gone by when I
have not popped into Mimi’s office simply to offer a new idea for an experiment or to
seek some feedback, only to find myself bouncing thoughts around with her for
sometimes hours on end. Without Mimi’s innovative perspectives, effective collaboration
and unwavering support, there is no way that I could have completed this work. I am
lucky to call Mimi my mentor and friend. Many, many thanks to you, Mimi.
To the Shirasu-Hiza lab members past and present, thank you for your continued
support, both scientifically and socially. Thanks to my fellow grad students, Victoria and
Vanessa, for your wildly entertaining stories and your help over the years with writing
and suggesting experiments. And Vanessa, my many thanks for your help with the
Listeria infections and melanization while I was pregnant. My daughter Rebecca thanks
you too. And Emily, your help with the hemocyte phagocytosis for the dFMR1 project
was crucial. I could not have gotten so far without you. And lastly, to all of the techs
and undergrads past and present, I can’t thank you enough for your help with ordering,
stocks, and all of the other things that come up in lab. Adam, Albert, Paul, Charlotte, and
especially Reed, you guys are awesome. And Reed, I can’t thank you enough for taking
over the dFMR1 project and putting so much blood, sweat, and tears into it. I know you
have had a love-hate relationship with this project since you were an undergrad, but see?
Isn’t it exciting?? Take care of my (non-biological) baby. It’s now in your very capable
vii

hands, and I know you will make the most of the project in my absence. And Jenn
Ziegenfuss—I know you’re not a member of the Shirasu-Hiza lab, but thank you so much
for all of your help troubleshooting glial phagocytosis with us. The project wouldn’t have
gotten to this point without your help.
I am so very grateful to my thesis committee members, Dr. Wes Grueber, Dr. Ai
Yamamoto, and Dr. Ron Liem. The three of you have had invaluable suggestions and
have kept me from spinning my wheels for too long on one aspect of my project or
another. Each of you has offered a unique contribution. There are many reasons why I
am especially thankful for Wes. Not only did you share your Drosophila and imaging
expertise and let me use your confocal, but you also for agreed to serve as a co-mentor
for my NRSA fellowship. Wes, you have been unbelievably supportive throughout my
PhD; thank you for your continuing mentorship. I also owe a big thanks to Dr. Tom
Jongens for agreeing to serve as my outside reader, serving as a co-mentor for my NRSA
fellowship, and offering vital advice on the immunity aspect of my dFMR1 project.
My many thanks to the MD-PhD program here at Columbia University. The
support from Dr. Patrice Spitalnik, Dr. Ron Liem, and Dr. Michael Shelanski has been
crucial to my success in the program. Thank you for all that you do. Jeffery Brandt is also
one of the best and most capable administrators that I have every encountered, and I can’t
thank you enough for your assistance with everything in the program, especially grant
submissions. Also, a huge thank you to my MD/PhD cohort and graduate friends outside
of the Shirasu-Hiza lab for your continuing love and support.
I have spent the last 26+ years either learning in school or working as a research
technician for a University, and I have to thank many educators throughout the years who
viii

have supported and encouraged my love of learning. Starting early, Mrs. Judy Lieb, my
Seminar teacher at Lynnewood Elementary School, was instrumental in fostering a
curiosity for puzzles and mysteries. I will never forget how Mrs. Sharon Levin and Mr.
Mark Levy from Akiba Hebrew Academy had confidence in me, even if I didn’t. It was
at Barnard College where my professors and classmates created an environment for me to
thrive and learn the confidence that I carry with me today. I am also very grateful to Dr.
Jen Darnell, for whom I was a research technician for three years after college. Jen
taught me the importance of controls and how to conduct the most rigorous experiment
for a particular question.
Without the continuing love and support from my family and friends, I would not
be here today. To my parents—I love you both very much, and I cannot thank you
enough for all that you have done for me at every stage of my life. For as long as I can
remember, my dad has nurtured my interest in science, and although he tried his hardest
to deter me, I am following in his footsteps. My mom has been enormously encouraging
and has taught me the importance of inclusiveness and compassion for others and to be
generous with my time. While both of my parents have pushed me to try my hardest,
they also allowed me to choose my own path with my hobbies and my career. Thank
you, thank you, thank you, Mom and Dad. To my brothers, Eric and Martin—Eric, thank
you for giving me unrelenting tough love from the age of five until you went off to
college; you’ve taught me to stand up for myself. And Martin, thank you for protecting
me from Eric’s onslaught; you taught me that I could rely on the help of others. I am
extremely lucky to have you both in my life. Thank you, bros, and I love you both. Many

ix

thanks to my Grandmom, Selma Kohn, who has been my number one fan and who has
encouraged me every step of the way.
Last but not least, I thank my husband, Zachary Jacobs, for his incredible support
through the years and my daughter, Rebecca Jacobs, for sharing Mommy with her
passion for science and medicine. It hasn’t always been easy, but Zachary has always
been there for me. From late night studying in medical school, editing my qualifying
exam and my grants, trying to make sense of my science, listening to endless practice
talks, and putting up with late nights and weekends in lab, I could not ask for a more
supportive partner. Zachary and Rebecca, I love both of you to the moon and back, and I
can’t thank the two of you enough.

x

DEDICATION
I dedicate this work to my daughter, Rebecca Jacobs. I hope that this work inspires you to
choose your own adventure, to try your hardest to be the best person you can be, and to
make an impact. I love you, munchkin.

xi

CHAPTER 1:

INTRODUCTION

1

How do the brain and the immune system interact, and what are the consequences of this
interaction on the physiology of an organism during infection? The main focus of my
work is neuroimmune interaction. The three major projects that I will discuss here are:
(1) circadian regulation of immune system function, specifically phagocytosis by immune
cells during bacterial infection; (2) the impact of circadian-regulated metabolism and
feeding behavior on immunity and host tolerance of bacterial infection; and (3) immune
system function in the context of Fragile X syndrome, a neurological disease known to
cause circadian dysregulation. I used the well-characterized Drosophila melanogaster
animal model to investigate these projects. These projects are highly representative of the
major interests of the Shirasu-Hiza lab, which utilizes Drosophila as a model organism to
understand novel interaction between complex systemic physiologies. I briefly introduce
each topic in Chapter 1. Chapter 2 focuses on the body of work identifying the circadian
regulation of the immune system, particularly phagocytosis, by immune cells during
bacterial infection. Chapter 3 highlights findings on how diet and host metabolic state
impact survival after infection. In Chapter 4, I illustrate two phagocytic immune cell
defects in the Drosophila model of Fragile X syndrome. Lastly, I will discuss how these
three works have built on our fund of knowledge of neuroimmune interactions in the
conclusions.

An introduction to the fly
We use Drosophila melanogaster as a tool to study neuroimmune interactions. There is a
rich tradition of using Drosophila to explore heredity and genetic interactions, beginning
with Charles W Woodworth and Thomas Hunt Morgan in the early 20th century. Flies are
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genetically tractable and there are very powerful genetic tools available at our disposal.
In addition to fast generation times, a large number of animals are available per
experiment, increasing the power for statistical significance. Many of the applicable
circadian, metabolic, immunity, and neurological disease pathways are highly conserved,
both molecularly and functionally, between Drosophila and mammals [1-4]. Moreover,
these pathways and physiologies are often simplified in Drosophila.

For example,

Drosophila has only an innate immune system while mammals have both an adaptive and
innate immune system, and typically there are also fewer gene family members [3]. Thus,
the fly is an ideal organism to address the complex questions that we ask in lab.

An introduction to circadian regulation
Circadian rhythms are ancient, evolutionarily conserved 24-hour fluctuations in
molecular, physiological, and behavioral processes. These daily fluctuations, while
influenced by external cues such as sunlight, continue even in the absence of external
cues, suggesting an internal “clock” that keeps time for the organism. The first historical
account of circadian regulation was reported in the fourth century B.C.E. when
Adrosthenes, a ship captain for Alexander the Great, recorded that the leaves of the
tamarind tree exhibited daily, regular movements [5]. It was not until approximately 2100
years later when the first recorded experiment testing endogenous rhythms took place; in
1729, Jean-Jacques d'Ortous de Mairan, an astronomer, observed that when he placed a
Mimosa pudica plant in the dark, the leaves still opened and closed with the same rhythm
as a plant subjected to natural light [5]. Plants exhibit diurnal rhythms by opening leaves
and flowers to maximize sunlight exposure during the day while closing their leaves and
3

flowers at night to minimize the surface area and water loss. Each species of animal has
its own rhythm that controls when the animal wakes, eats, and sleeps. Humans have very
specific circadian regulation of meal times, waking activity, and sleeping. Some of the
physiological and behavioral processes regulated by circadian rhythms include sleep,
learning and memory, feeding, metabolism, and immune system function [6-8]. The
molecular mechanisms governing the circadian regulation of these processes are still not
well understood.
Circadian regulation is set by numerous zeitgebers, or exogenous synchronizers
[9]. Zeitgebers are thought to reset the internal body clock to synchronize the internal
body clock to the environment. One powerful external cue is the cycling wavelengths and
brightness of light [9]. For diurnal animals, including humans, squirrels, butterflies, and
most lizards, the presence of light stimulates wakefulness. However, raccoons, owls, and
other nocturnal animals sleep when it is light and are active at night [10]. These animals
are presumed to have adapted to nocturnal schedules either to avoid predators or to hunt
prey that have adapted to wakefulness at night. Still other animals are most active at
dawn and at dusk but can display wakefulness during the day or night; these animals are
said to exhibit crepuscular rhythms. Some examples of animals that display crepuscular
rhythms are various insects, including Drosophila and mosquito species, bats in the
suborder Megachiroptera, pygmy rabbits, and species of deer [11-15]. Temperature
fluctuations and food intake are two other strong zeitgebers [16,17], and in humans and
Drosophila, it is has been hypothesized that social interactions can be as strong as the
other external cues described [18], but in humans it may be the effect of altered light
exposure instead of social interactions on the circadian cycle [18,19].
4

The molecular clock is the timekeeper for circadian rhythms
Drosophila have been crucial for our understanding of the molecular clock. The first
circadian regulatory gene was isolated through a forward genetic screen in Drosophila. In
their seminal report published in 1971, Seymour Benzer and Ronald Konopka described
three Drosophila mutants with abnormal eclosion rhythms and altered circadian
locomotor activity[20]. In populations of wild-type flies, eclosion rhythms and circadian
locomotor activity have periods of approximately 24 hours; Benzer and Konopka found
that one of their mutants was completely arrhythmic, one mutant had a short period
averaging 19 hours, and one mutant had a long period averaging 28 hours. Using elegant
classical genetics techniques, they showed that these three mutations mapped to the same
locus on the X chromosome, and they concluded that these are three different alleles of
the same gene, which they named period. These experiments were the first demonstration
of a circadian regulatory gene in any organism.
Since these experiments, PERIOD (PER) has been shown to be a critical part of
the basic, evolutionarily conserved four component molecular clock, which acts in a
negative transcriptional feedback loop to regulate circadian rhythm. In Drosophila, the
four essential components for circadian regulation are CLOCK (CLK), CYCLE (CYC),
PERIOD (PER) and TIMELESS (TIM) [21]. Rhythms are generated by negative
transcriptional feedback loops by the molecular clock. Briefly, the transcriptional
activators CLK and CYC, which have basic helix-loop-helix (bHLH) and PAS domains,
important for DNA binding and protein-protein interactions, respectively, activate the
expression of PER and TIM, along with many target genes, slowly throughout the day by
5

binding to enhancer elements (E-box) of their promoter regions [22]. Although TIM does
not have any appreciable DNA-binding domain, PER has a PAS domain, which is known
to interact with bHLH domains [23]. At night, when levels of PER and TIM are at their
peak, PER/TIM translocate to the nucleus together where they repress the binding of
CLK/CYC to the PER and TIM promotors [21], essentially inhibiting their own
transcription. TIM is then degraded in the presence of light [24], resulting in the release
of the inhibition of the transcription of per and tim. The levels of these proteins oscillate
with a period of approximately 24 hours, and light entrains, or regulates the period of, the
cycling of these proteins (Fig 1A).
There are many other enzymes and proteins that interact with the CLK and CYC
(Fig 1A). CLK/CYC also promote the transcription of many other genes. The proteins of
two of these genes, vrille (vri) and PAR domain protein 1ε (pdp1ε), act as a repressor and
activator, respectively, of CLK transcription [25]. VRI is a basic leucine zipper
transcription factor, while PDP1ε has a transcriptional activating domain [25]. These two
proteins work in opposition in a second negative feedback loop to regulate the mRNA
transcript levels of clk throughout the course of the day [26], but with little effect on CLK
protein expression. Clockwork orange (CWO) is another transcription factor that is
circadian regulated and is a bHLH repressor, preventing the transcription of the target
genes of CLK/CYC [26] (Fig 1B).
Numerous proteins, including kinases and phosphatases, either promote or reduce
the stability of PER and TIM (Fig 1B). For instance, doubletime (DBT) is a kinase that
phosphorylates PER and leads to its degradation by the proteasome [27]. Interestingly,
when PER is associated with TIM, DBT is unable to phosphorylate PER, preventing the
6

Figure 1. The molecular clock is comprised of negative transcriptional feedback loops. (A) Here is the
basic negative feedback loop that makes up the molecular clock in Drosophila, which has the
transcriptional regulators CLOCK (CLK) and CYCLE (CYC) binding to the promoters of the proteins
PERIOD (PER) and TIMELESS (TIM). TIM and PER then block the association of CLK and CYC with
the per and tim promoters. CLK and CYC also bind to the promoters of PAR domain protein 1ε (pdp1ε)
and vrille (vri); the protein products of these genes, PDP1ε and VRI, promote or inhibit the transcription of
clk, respectively, thus further modifying the feedback loop. Adapted from Zheng and Sehgal, 2008 [28].
7

(B) The post-translational modification of PER and TIM further regulate the circadian clock. TIM binds
PER and prevents PER degradation. In the presence of light during the day, cryptochrome (CRY) binds
TIM, targeting TIM for degradation through the E3 ligase JETLAG. The absence of TIM during the day
causes PER to be phosphorylated by doubletime (DBT), and the E3 ligase supernumerary limbs (SLIMB)
then targets PER for degradation by the proteasome. Protein phosphatase 2A (PP2A) and protein
phosphatase I (PP1) dephosphorylate PER and TIM, respectively, stabilizing them from degradation.
Additionally, the transcription factor and bHLH repressor clockwork orange (CWO) binds blocks the
association of CLK and CYC to their DNA targets. Adapted from Zheng and Sehgal, 2008 [28]. (C) The
mammalian homologs of the molecular clock are regulated in a similar fashion. Mammalian CLK and
BMAL (the CYC homology) drive the expression of mPer and mCry (the TIM homolog). Casein Kinase I,
the functional homolog of DBT, phosphorylates BMAL, mPer, and mCry, targeting them for degradation.
The F Box E3 ligase FBXL3 further targets mCry for degradation by the proteasome. Protein phosphatase
1 (PP1), on the other hand, dephosphorylates mPer and mCry, stabilizing them from degradation. Adapted
from Ko and Takahashi, 2006 [29].

degradation of PER [30]; thus TIM stabilizes PER. The E3 ligase supernumerary limbs
(SLIMB) targets phosphorylated PER for degradation by the proteasome [27]. Shaggy
(SGG), the fly homolog of glycogen synthase kinase 3β, phosphorylates TIM [31]. Two
phosphatases, protein phosphatase 2 (PP2) [32] and protein phosphatase 1 (PP1) [33]
dephosphorylate and stabilize PER and TIM, respectively, which prevents their
8

degradation. In the presence of blue light, the photoreceptor crytochrome (CRY) signals
for the degradation of TIM through JETLAG, an E3 ligase, and the proteasome [34].
These proteins all contribute to the length and timing of the rhythms of the molecular
clock.
Many of the same players are also involved in the molecular clock in mammals
(Fig 1C).

For instance, CLOCK and BMAL1 (the mammalian homolog of CYC)

promote the transcription of the mammalian PER homologues (mPer1 and mPer2) and
crytochromes (mCry1 and mCry2), in the place of TIM. Casein kinase 1 (CK1), most
homologous to DBT, phosphorylates BMAL1 [35], mPer [36], and mCry [35] and targets
them for degradation. PP1 dephosphorylates and promotes the stability of mPer [37].
FBXL3, an E3 ligase F box protein, targets mCry for degradation by the proteasome [38].
Just as circadian regulation in Drosophila is made up of two negative
transcriptional feedback loops, the mammalian clock also has a second transcriptional
loop, in which CLK and BMAL1 drive the transcription of two retinoic acid-related
orphan nuclear receptors, Rorα and Rev-erbα [29].

RORα and REV-ERBα then

translocate into the nucleus and bind to segments of the Bmal1 promoter containing
retinoic acid related orphan response elements (ROREs).

RORα promotes the

transcription of Bmal1 while REV-ERBα inhibits Bmal1 transcription.

Clock neurons and the master clock
Although the molecular clock is expressed in the brain and in many other tissues, specific
neurons in the brain are the master timekeeper [39]. In the brain, clock expression is
restricted to specific regulatory areas. These neurons are collectively called the central
9

clock, and they are thought to synchronize and regulate all other clocks throughout the
body, ultimately entraining an organism to the exogenous environment. The central clock
in Drosophila is governed by 150 so-called clock neurons [39]. Clock neurons are
centrally located in the brain and express the molecular clock described above. There are
7 groups of clock neurons in the brain: dorsal neurons (DN1, DN2, and DN3), small and
large ventral lateral neurons (sLNv and lLNv), dorsal lateral neurons (LNd), and the
lateral posterior neurons (LPN).
A small subset of clock neurons in the Drosophila brain is important for
regulating increased activity in anticipation of the change in light during dawn and dusk.
The morning peak is controlled by the sLNv [24], which are active in the morning, while
the DN1 and LNd control the evening peak; these populations of neurons are referred to
as the M and E cells, respectively [40]. In addition to the molecular clock, the sLNv
secrete the neuropeptide pigment dispersing factor PDF and signal to the E cells in the
morning, while the E cells signal back to the M cells in the evening [24]. The presence of
PDF in the M cells as well as CRY drives the morning activity, while the PDF-negative
and CRY-positive E cells direct the evening activity [40]. PDF expression by the sNLv
has two other important roles beside dictating the timing of the morning anticipation:
PDF is used both to synchronize clock neurons within the brain to ensure that all neurons
are cycling with the same period and to regulate the output of clock neurons to the rest of
the body. For example, one output of PDF-secreting neurons sends projections to the
mushroom body, the fly structure analogous to the hippocampus, which is important for
the sleep-wake cycle of the fly and for learning and memory [21,41,42].
Similar to Drosophila, mammalian circadian regulation is directed by a central
10

clock and synchronizing signals regulate peripheral clocks [43]. The mammalian central
clock is located in the suprachiasmatic nucleus (SCN) of the hypothalamus. In the
presence of light, the retina signals to the SCN to entrain the molecular oscillators in the
SCN to the exogenous environment. The SCN then communicates to peripheral tissues
through endocrine signaling [44,45], neuronal signaling via the autonomic nervous
system [46], and temperature changes [47,48]. Interestingly, unlike peripheral tissues,
which require input from endocrine signaling and temperature regulation from the SCN,
intercellular synchronization in the SCN makes its molecular oscillator remarkably
resistant to disruptions from endocrine signaling or temperature changes [49]. Thus, the
job of the SCN is to be in sync with external light cues, while the clocks of peripheral
tissues are more malleable and can respond to the local environment [50].
With the exception of the testis [51], almost every other tissue of the body that has
been tested expresses a cycling clock [47]; an incomplete list of tissues with peripheral
clocks includes the heart, adrenal gland, ovary, muscle, kidney, spleen, lung, and liver.
As an example, the liver is entrained by four different mechanisms [52]. First, autonomic
nervous system innervation of the liver contributes to the cycling of Per1 and Per2 in
addition to two glucose enzymes, PEPCK and GLuT2 [46]. Second, hormonal secretion
modifies downstream targets in the liver.

For instance, rhythmic secretion of

glucocorticoids alters the expression of approximately 60% of the transcriptome of the
liver through the transcription factor HNF4α [53]. Additionally, the expression of many
nuclear hormone receptors is cyclic in the liver [54], affecting metabolic function at
different times of the day. Third, the temperature of the animal can change the cycling of
circadian genes in the liver [55] and all other peripheral clocks that have been tested [56].
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Finally, feeding during the organism’s sleep phase, but not during the organism’s wake
cycle, strongly shifts the cycling of the liver, but not the SCN [57].

An introduction to the innate immune system of the fly
Drosophila innate immunity has at least three well-characterized branches that work
together to fight pathogens [58]:

(1) antimicrobial peptide production, (2) reactive

oxygen species synthesis resulting in melanization, and (3) phagocytosis, or the
engulfment of pathogens by hemocytes.

Induction of each of these arms of the

Drosophila innate immune system occurs following infections with different pathogens.
After systemic infection with bacteria or fungi, two different signaling cascades,
the Toll and imd pathways, culminate in the induction of the Drosophila antimicrobial
peptides in the fat body, analogous to the mammalian liver [58]. The Toll pathway, first
discovered in Drosophila as a developmental patterning gene [59], was published in the
pivotal work by Bruno Lemaitre and Jules Hoffman, where they reported that the Toll
pathway is important for immune defense against both fungal and bacterial infections
[60]. Fungi and bacteria expressing lys-type peptidoglycan (generally Gram positive
bacteria) preferentially activate the Toll pathway via specific peptidoglycan receptor
proteins (PGRPs) and activation of the receptor Toll, while bacteria expressing DAP-type
peptidoglycan (generally Gram negative bacteria) activate the immunity deficiency (imd)
pathway [60] via different PGRP receptors and other downstream effectors [61] (Fig 2A).
The two downstream NF-κb family members, Dif/Cactus and Relish, respectively, and
result in the transcription of antimicrobial peptides and other genes. Typically,
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Figure 2. Drosophila use three main immune mechanisms to fight pathogens. (A) Antimicrobial
peptides, produced in response to Toll and imd signaling, block pathogen growth by disrupting pathogen
membranes [61]. In the presence of Gram positive bacteria and fungi, the Toll signaling cascade is
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activated through the Toll-induced signaling complex (TISC), comprised of the Toll receptor (mammalian
homologs are the Toll-like receptors, or TLRs) and 3 death domain (DD) containing proteins: dMyD88
(homologous to the mammalian MyD88), Tube, and Pelle, which is an IL-IR-associated kinase (IRAK)
protein (homologous to mammalian IRAK). Cactus (mammalian homolog IκB), which is normally
associated with Dif (mammalian homolog NF-κB), is phosphorylated and degraded, freeing Dif to
translocate to the nucleus and transcribe certain antimicrobial peptides, including Drosomycin. Gram
negative bacteria, on the other hand, bind to various PGRP receptors (homologous to mammalian TNF-α
receptor, or TNFR), which binds to the DD-containing IMD (mammalian homolog RIP), along with
DREDD (mammalian homolog Caspase 8) and dFADD (mammalian homolog FADD) to activate the imd
pathway. Together with Kenny (mammalian homolog IKK-γ) and Ird5 (mammalian homolog IKK-β),
DREDD and dFADD target Relish (another Drosophila homolog of the mammalian NF-κB) for cleavage.
Cleaved Relish translocates to the nucleus to transcribe numerous antimicrobial peptides, including
Diptericin. Adapted from Hoffmann and Reinhhart, 2002 [3]. (B) The melanization cascade produces
reactive oxygen species, which are toxic to pathogens, and culminates in the deposition of melanin. The
enzyme phenoloxidase over many steps converts phenol into quinones that are toxic to bacteria and results
in the deposition of melanin, which is also used for encapsulation of parasites and clot formation in
wounded flies [62]. (C) The process of phagocytosis has three basic steps: microbe recognition,
internalization or engulfment of the pathogen into a phagosome, and the maturation of the phagosome by
fusion with lysosomes. The resultant phagolysosome compartment is acidified, and the pathogen is
destroyed.

researchers in the field infect Drosophila with M. luteus, which is Gram positive, and E.
coli, which is Gram negative, to induce the Toll pathway and the imd pathway,
respectively [63].
The mammalian homologues, the Toll-Like Receptor family (TLRs), were then
discovered in mice and their innate immune functions were investigated in the influential
work by Medzhitov et, al (1997) [64], Poltorak et al (1998) [65], and Hashino et al (1999)
[66]. The mammalian homologues of these pathways, the TLR pathway and interleukin-1
receptor (IL-1R) pathway, which are most similar to the Drosophila Toll pathways, and
the TNFα pathway, which is analogous to the Drosophila imd pathway, are very well
conserved (Fig 2A). In mammals, these pathways represent a crucial link between the
innate and adaptive arms of the immune system.
Melanization is an immune mechanism used by the fly to sequester and kill
pathogens by a combination of encapsulation and the generation of reactive oxygen
species (ROS) [67]. After wounding or infection, serine proteases, including MP1 and
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MP2, activate a proteolytic cascade in which the enzyme Hayan cleaves prophenoloxidase is into phenoloxidase, which then oxidizes phenols into quinones in the
hemolymph of the fly [68,69] . The quinones themselves and other ROS intermediates of
the proteolytic cascade are toxic to pathogens. Additionally, the cascade ends with the
deposition of melanin, which is not only toxic to pathogens, but it also isolates pathogens
from spreading throughout the hemolymph (Fig. 2B). Because the process of
melanization is also toxic to the fly, the induction of melanization is under tight control
[68]. There are three different protease inhibitors called serpins (Spn27A, Spn28D, and
Spn77Ba) that inhibit phenoloxidase activation to keep melanization in check. To induce
melanization in the lab, we use L. monocytogenes and S. typhimurium, and we can
observe melanin deposits through the cuticle [70].
And lastly, phagocytosis by hemocytes, or specialized immune cells in the
circulatory system, results in the engulfment and subsequent degradation/digestion of
pathogens and injured or dead cells in Drosophila [71]. Briefly, specialized receptors on
the hemocyte’s surface recognize the pathogen and signal for actin cytoskeletal
rearrangement to begin engulfment of the pathogen into an intracellular vesicle called the
phagosome. When the pathogen is completely engulfed, the phagosome fuses with
cellular lysosomes, acidifying the resulting phagolysosome compartment. The contents of
the resulting phagolysosome are then digested and broken down (Fig 2C). In lab, we use
fluorescent beads injected into flies to measure phagocytic activity by hemocytes [63].
The molecular mechanisms of phagocytosis are highly conserved between
vertebrates and lower organisms. Indeed, much of what we know about the molecular
mechanisms of phagocytosis comes from studies of invertebrates, unicellular organisms,
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or tissue culture cells in vitro [71]. For example, RNAi screens of S2 cells, which are
immortalized phagocytic immune cells from Drosophila, have identified many of the
transmembrane receptors, cytoskeletal components, and signaling pathways required cellautonomously for phagocytosis by immune blood cells [72].

Circadian regulation of immunity
Sleep and infection have long been thought to be associated with one another. For
instance, sleep is crucial for healing after an illness or stressor [73]. During acute illness,
patients often sleep longer with an irregular cycle [73]. It has been demonstrated in
mammals that many cytokines affect sleep; pro-inflammatory cytokines generally
promote sleep while anti-inflammatory cytokines inhibit sleep [74], suggesting a link
between sleep and immune parameters. For example, the inflammatory cytokines IL-1α,
IL-1β, IL-6, and TNF-α all promote sleep in mammals [75,76]. Additionally, sleep
deprivation and sleep fragmentation lead to altered immune parameters in mammals, with
altered cytokine and chemokine expression and changes in the circadian regulation of
circulating leukocytes [73,77]. There have been a limited number studies examining how
levels of circulating blood cells in humans are affected after sleep deprivation. Two of
these studies demonstrated that the maximum number of circulating B and T cells and
monocytes was delayed significantly and that natural killer cells cycled out of phase with
a much smaller amplitude of oscillation when compared with controls with normal
amounts of sleep [78,79]. These studies suggest a link between sleep and immune
parameters.
The powerful genetic tools available in Drosophila make the organism an ideal
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model to study the molecular interaction between sleep and immunity. Numerous genes
involved in Toll and imd signaling were found to be upregulated in a sleep deprivation
model, including Relish, the NF-κB homolog [80]. In addition, the circadian and sleep
mutant cyc01 exhibited increased levels of many immunity genes, including Relish, even
when their immune systems were not challenged [80]. Lastly, Relish mutants were found
to have disrupted sleep [80]. These results all suggest that sleep and immunity are linked
in Drosophila.
Sleep is a major behavioral output of circadian regulation but is certainly not the
only physiology regulated by the molecular clock. Although there have been many
reports demonstrating an association between sleep and cytokine expression/circulating
leukocyte numbers in mammals and sleep and immunity gene expression in Drosophila,
the molecular and functional connections between the immune system and circadian
components themselves have not been well understood. In a paper published in 2007, Dr.
Shirasu-Hiza, while working in Dr. David Schneider’s lab, found that when wild-type
flies were challenged with pathogens, these flies lost their circadian regulation [81].
Moreover, Tim01 and Per01 mutant flies lacking essential components of the molecular
clock were found to die more quickly than wild-type controls when infected with two
different pathogens, S. pneumoniae and L. monocytogenes. These results illustrate that
the lack of circadian regulation leads to altered immune system function. I expand on
these results in Chapter two, examining the specific immune mechanism underlying
defects in survival of infection of Tim01 mutants. In the Chapter summary, I discuss my
specific contributions to this work.
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Circadian regulation of metabolism and immunity
There are two types of mechanisms that organisms employ to fight pathogens:
resistance and tolerance [82]. An organism uses resistance mechanisms to kill and clear
bacteria, resulting in a reduction of the pathogenic burden on the organism. Resistance
mechanisms are generally thought of as the traditional immune system defenses; for
example, the Drosophila immune system defenses that I described above, antimicrobial
peptides, melanization, and phagocytosis, are all resistance mechanisms. Tolerance
mechanisms give an organism the ability to withstand the pathogenic affects of an
infection, either from damage accumulated by the microbe or the defenses mounted by
the organism itself [83].
Tolerance is not very well characterized, but two examples of tolerance
mechanisms are feeding behaviors and metabolism. Feeding can affect an organism’s
survival to particular pathogens. For instance, in Drosophila, reducing nutrient intake
improves survival when flies are infected with S. typhimurium, E. coli, and E. caratova
but decreases survival rates when flies are infected with L. monocytogenes [84,85].
Additionally, when infected with M. marinum or L. monocytogenes, reduced survival
rates are associated with a decrease in metabolic stores [86,87]. In general, the
contributions of specific nutrients and metabolic pathways on tolerance mechanisms have
yet to be elucidated.
Feeding behavior and the expression of metabolic genes are circadian-regulated;
both Drosophila and mouse circadian mutants display changes in metabolism and altered
feeding behaviors [88,89]. Although we and others have demonstrated that resistance
phenotypes against particular pathogens is circadian-regulated [63,81,90], it is unknown
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whether circadian regulation of these two tolerance mechanisms, feeding and
metabolism, will alter immunity against infection.
Chapter 3 contains a manuscript in revisions describing work in which we
examine how altering feeding behavior and diet in Drosophila can affect tolerance to the
fast and lethal infection with the human pathogen, B. cepecia. In the Chapter summary, I
describe my specific contributions to this manuscript.
Introduction to Fragile X Syndrome
Many neurological diseases are associated with circadian dysregulation, including
Alzheimer disease, Parkinson Disease, epilepsy, stroke, multiple sclerosis, and autism. It
is not yet clear how circadian dysregulation or immune system function affects disease
progression or symptoms. Here I studied immune system function in a Drosophila model
for Fragile X syndrome, a disorder known be associated with circadian dysregulation.
This section will introduce Fragile X syndrome, while Chapter 4 will describe my results.
Fragile X syndrome is the most common monogenic cause of intellectual
disability and autism, occurring in approximately 1:4000 males and 1:8000 females [91].
About 70% of patients with Fragile X syndrome also have autistic features [92], and
patients with Fragile X syndrome make up about 5-8% of all causes of autism [93,94].
Fragile X syndrome often presents in patients with difficulties in learning and memory;
behavioral

problems,

including

anxiety,

aggression,

and

attention;

circadian

dysregulation; seizures; and other non-neurological symptoms, such as frequent ear
infections and gastrointestinal symptoms[92,95,96]. Patients with the disease often have
long facies, long limbs, and prominent ears; male patients with the disease also have
macroorchidism [96]. Loss of FMR1 in humans and animal models causes neurons to
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display excessive growth of dendritic spines and defects in synaptic plasticity, but the
mechanism underlying the neuronal dysfunction is unknown [97,98].
In the vast majority of cases, Fragile X syndrome is caused by a triplicate repeat
CGG expansion in the promoter region of the gene FMR1. When there are more than 200
CGG repeats, the promoter region is hypermethylated and the FMR1 gene is
subsequently silenced [99]. Two other disorders occur from the premutation at this gene
locus from an intermediate number, between 55 and 200, of CGG repeats: Fragile Xassociated Tremor/Ataxia Syndrome (FXTAS), which is characterized by intellectual
disabilities and motor symptoms; and Fragile X-associated Premature Ovarian
Insufficiency (FXPOI), which results in the termination of menstruation in a woman
younger than 40 years old. FXTAS and FXPOI have been reviewed by Wheeler, et al
(2013) [100]. The FMR1 gene encodes an RNA-binding protein called Fragile X Mental
Retardation Protein (FMRP), which regulates the translation of many targets. FMRP has
two mammalian homologues, FXR1 and FXR2 (for Fragile X Related 1 and 2), and these
two proteins have some overlapping RNA-binding properties with FMRP [101]. FMRP is
ubiquitously expressed, but is enriched in neurons and in the testis. The role of FMRP has
been widely studied and fairly well characterized in neurons.
Fragile X syndrome was first described as an X-linked disorder when Martin and
Bell examined the phylogeny of a large family affected with the disease (1943) [102].
FMR1 was first cloned in 1991 by Verkerk, et al [103], and was found to be an RNA
binding protein, which was suggested by the presence of the RNA-binding KH domains
and RGG box [104-106].

In 1996, two independent groups showed that FMRP is

associated with ribosomes [107,108], and FMRP was later found to be a translational
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repressor [109]. The vast majority of subsequent studies have focused on the absence of
FMRP on protein synthesis in neurons; the role that FMRP plays in other tissues and cell
types has not been well characterized.
The Drosophila and mouse models for Fragile X syndrome are often utilized to
study molecular, physiological, and behavior phenotypes caused by the absence of
FMRP, as well as the consequences of pharmacological interventions. Both of these
animal models recapitulate many of the symptoms seen in human patients with Fragile X
syndrome, including defects in learning and memory and circadian dysregulation
[110,111]. Mice, like humans, express FMRP and the two homologs, FXR1 and FXR2
[112]. Drosophila, on the other hand, has only one FMRP family member: dFMR1[4].
Drosophila dFMR1 has a high degree of similarity and identity [4]. FMRP shares
functional overlap with dFMR1, as driving the expression of human FMRP in a
Drosophila dFMR1 null animal rescued protein levels in the brain and synaptic structure
[113]. Most of the discoveries discussed below were conducted using these animal
models.

FMRP is an RNA-binding protein that functions as a translational repressor
FMRP has three RNA-binding domains that are crucial for RNA binding: 2 KH domains
(KH1 and KH2) and an RGG box. Although in vitro studies have illustrated that the KH
domains have been shown to bind to RNA kissing complexes [114] and the RGG box
binds to G-quartets [115], an in vivo assay examining where FMRP binds its mRNA
targets has shown that FMRP binds without any particular bias to the RNA coding
sequences [109]. In neurons, FMRP is closely associated with polyribosomes and
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functions to stall polyribosomal translation of the mRNAs to which it binds [109]. The
RNA-binding ability of the KH2 domain is critical for this association, as a missense
mutation in the KH2 domain, I304N [116], abrogates the association of FMRP with
polyribosomes in sole human patient with this mutation[117] and a mouse model of this
mutation [116,118]. This patient has a particularly severe case of the disease [117]. In the
absence of FMRP, there is an increase in protein synthesis in the brain in general [119],
and, administration of an inhibitor of protein translation rescued long-term memory
dysfunction in a Drosophila model of Fragile X syndrome [120]. These findings
highlight the importance of FMRP’s role in stalling polyribosomal translation on
neuronal function.
To try to understand FMRP function in neurons, many studies have been
conducted to elucidate the mRNA targets to which FMRP binds. The first study
examining FMRP targets was conducted by Brown, et al (2001) and used
immunoprecipitation and microarrays to find that roughly 4% of mRNA transcripts in the
brain are potential FMRP targets [121]. Another early study found that dFMR1 binds
futsch mRNA [122], which is the Drosophila homolog of MAP1B, one of the targets that
Brown, et al highlighted. Zhang, et al (2001) determined that the absence of dFMR1
causes increased levels of FUTSCH protein, and that double dfmr1 null/futsch
hypomorph rescues defects in synaptic architecture in the fly [122]. While working as a
technician in the Darnell lab prior to my PhD, we found 842 mRNA targets enriched in
the pre- and postsynaptic compartments to which FMRP binds in vivo by utilizing a
stringent crosslinking-immunoprecipitation (CLIP) protocol and high-throughput RNA
sequencing [109,123]. FMRP binds to a selective group of targets. For instance, FMRP
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interacts with NMDA receptor and mGluR subunits and downstream partners, but FMRP
does not bind to the AMPA receptor or its downstream affectors [109]. These results
suggest that ameliorating protein synthesis may rescue the morphological and behavioral
phenotypes observed in the absence of FMRP.

Synaptic plasticity is altered in Fragile X syndrome
On the cellular level, patients with Fragile X syndrome and animal models of the disease
have immature, thin dendritic spines on their post-synaptic neurons in contrast to the
more mature, mushroom-shaped spines found in controls [97,124]. The dendritic spine
density seen in Fragile X syndrome models and in patients suggests that synapses are not
being appropriately strengthened or matured.
Neurons rely on local protein translation in dendrites and axon terminals for
proper synaptic plasticity. Two forms of synaptic plasticity, long-term potentiation
(LTP), which strengthens synapses through activity, and long-term depression (LTD),
which weakens synaptic strength, both require rapid protein synthesis in postsynaptic
dendrites [125,126]. As FMRP acts as a translational repressor [127] that interacts with
many mRNAs in the pre- and postsynaptic compartment [109], it follows that the absence
of FMRP leads to disordered synaptic plasticity. While LTP is not affected in the absence
of FMRP [128], LTD was enhanced in the absence of FMRP [129]. In wild-type
conditions, excitatory metabotropic glutamate receptor (mGluR) stimulation, one
mechanism important for LTD, causes an increase in the translation of FMRP [130].
Indeed, Darnell et al (2011) found that the mGluR receptor itself is an FMRP target,
along with many downstream affecters of mGluR signaling [109]. Interestingly, even
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though LTD generally requires protein synthesis to occur, Nosyreva and Huber found
that in the presence of a translational inhibitor, FMRP mutants still exhibited enhanced
LTD [131]. As FMRP knockouts exhibit increased LTD, these results suggest that the
absence of FMRP causes excessive protein translation downstream of mGluR signaling,
causing the increased LTD and altered synaptic plasticity. These results led to the mGluR
theory of Fragile X syndrome [132].

Novel therapeutics to treat Fragile X syndrome
In light of the recent studies examining how the loss of FMRP affects neurons, there are
some new therapeutics that are being tested on animal models and on human patients.
One drug in particular, CTEP, is an mGluR inhibitor that has shown to rescue a number
of phenotypes observed in mice, including, learning and memory and the dendritic spine
defect [133]. It is notable that treatment with CTEP in this study began in 4-5 week old
mice, which is after the mice already began to exhibit the Fragile X phenotypes [133].
These results suggest that CTEP may be a viable drug for patients with Fragile X
syndrome, even after they develop symptoms. In fact, there are a number of mGluR
inhibitors that are currently in drug trials [133].
Another avenue for therapeutics is general protein synthesis inhibition. When
dFMR1 mutant flies were treated with the protein synthesis inhibitors cyclohexamide and
puromycin, the defect observed in learning was ameliorated [120]. Although these drugs
are too toxic for use in humans, these results demonstrate that inhibiting protein synthesis
in general is a possible route for drug treatment. One such drug in clinical trials is
minocycline, the tetracycline analog that is able to cross the blood brain barrier
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[134,135]. Minocycline is known to work to inhibit MMP activity and is speculated to
reduce protein translation by stalling ribosomes [111]. Minocycline treatment was found
to reduce MMP-9 in mammals [136] and MMP-1 in flies [137], which are increased in
the murine and Drosophila models of Fragile X syndrome, respectively. Treatment with
minocycline rescued neuronal architecture in both mice and flies and behavioral
phenotypes in mice in the absence of FMRP. These results suggest that the increase in
MMP activity contributes to symptoms in Fragile X syndrome.
While much is known about neuronal defects in Fragile X syndrome, defects in
other cell types, including cells important for immune system function, have not been
well-characterized. Using the Drosophila model of Fragile X syndrome, I examined both
systemic immune system function and the function of glia, the resident immune cells in
the brain. Chapter 4 contains a manuscript in preparation where I describe my results that
the absence of dFMR1 causes altered systemic immune system function and immune
system dysfunction in the brain. In the Chapter summary, I describe my specific
contributions to this manuscript.
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CHAPTER 2:

The circadian clock protein Timeless regulates phagocytosis of bacteria
in Drosophila

Published:
Stone, E. F., Fulton, B. O., Ayres, J. S., Pham, L. N., Ziauddin, J., & Shirasu-Hiza, M. M.
(2012). The Circadian Clock Protein Timeless Regulates Phagocytosis of Bacteria in
Drosophila. PLoS Pathogens, 8(1), e1002445. doi:10.1371/journal.ppat.1002445.s001
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SUMMARY
Shift work, jet lag, and sleep disturbances from noise and light pollution are an
unfortunate consequence of living in a modern society. Shift work and jet lag lead to
altered circadian rhythms, which are the natural, endogenous oscillations of many
molecular, physiological, and behavioral processes with a period of approximately 24
hours. While it seems intuitive that disruptions of sleep and circadian rhythm affect our
immune system function and overall health, the underlying immune mechanisms are not
understood. One focus of our lab is to investigate circadian regulation of immune system
function using Drosophila as a model. We asked what happens to the fly’s immune
system function when the molecular clock, which is responsible for proper circadian
regulation, is genetically silenced.
The molecular components responsible for circadian regulation were first
discovered in Drosophila. Briefly, the transcription factors Clock and Cycle (Clk and
Cyc), translocate into the nucleus and bind to the promoter regions of the Period and
Timeless (Per and Tim) genes, leading to their expression. As the Per and Tim proteins
are expressed, they also heterodimerize and translocate to the nucleus, blocking the
association of Clk and Cyc with the promoter regions for Per and Tim genes. These four
transcription factors cycle in every cell and cause the expression of many other genes to
oscillate throughout the course of the day. When any component of the molecular clock is
silenced, this negative transcriptional feedback loop no longer functions, leading to
circadian dysregulation.
In this study, we examined the well-characterized Tim01 mutant, a null mutant
exhibiting complete loss of circadian regulation, to characterize the impact of loss of the
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molecular clock on the three main branches of the fly’s innate immune system function in
Tim mutants.
In addition to data analysis and intellectual contributions to writing the paper, I
made three major scientific contributions to this paper. First I analyzed the immune
mechanism of melanization in Tim mutants and wild-type controls (Fig. 4A)
Melanization is one of the three main mechanisms of the fly’s innate immune system.
Briefly, when flies are wounded or infected with bacteria or parasites, there is induction
of a proteolytic cascade resulting in the production of reactive oxygen species, which are
toxic to bacteria and parasites, and the deposition of melanin. I examined melanization in
Tim mutants and their wild-type controls at different times during the day, and I found
that Tim mutants do not exhibit differences in melanization compared to wild-type
controls.

Additionally, I found that wild-type flies do not exhibit differences in

melanization after infection during their subjective day compared to their wild-type flies
infected during their subjective night. These results suggest that the immune mechanism
of melanization is not circadian-regulated in Drosophila.
Finally, I conducted the critical experiment demonstrating that the immune
mechanism of phagocytosis underlies differences in survival of infection between Tim
mutants and wild-type controls. We had previously found that Tim mutants are more
sensitive to S. pneumoniae infection. Other studies have illustrated that Drosophila fight
S. pneumoniae infection with phagocytosis, or the engulfment of bacteria by hemocytes,
which are immune cells in the fly [138]. In this paper, we showed that Tim mutants
exhibit reduced phagocytosis compared to wild-type controls. We then hypothesized that
the absence of Tim reduces phagocytosis of S. pneumoniae, resulting in reduced survival
28

after infection. To test this, I inhibited phagocytosis in wild-type and Tim mutant flies by
by injection of 0.2 µm polystyrene beads, which are phagocytosed and inhibit subsequent
phagocytosis. As a control, I injected identical cohorts with buffer alone (PBS). A few
days later, I infected both bead-injected and PBS-injected controls with S. pneumoniae.
The major result of these studies was that bead inhibition of phagocytosis completely
ablated the difference in survival typically observed between Tim mutants and wild-type
controls (Fig 6). These results suggest that the survival defect of Tim mutants after S.
pneumoniae infection is due to a defect in phagocytosis.
My contributions to this work were published in the following article: Stone, E.
F., Fulton, B. O., Ayres, J. S., Pham, L. N., Ziauddin, J., & Shirasu-Hiza, M. M. (2012).
The Circadian Clock Protein Timeless Regulates Phagocytosis of Bacteria in Drosophila.
PLoS Pathogens, 8(1), e1002445. doi:10.1371/journal.ppat.1002445.s001
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ABSTRACT
Survival of bacterial infection is the result of complex host-pathogen interactions. An
often-overlooked aspect of these interactions is the circadian state of the host.
Previously, we demonstrated that Drosophila mutants lacking the circadian regulatory
proteins Timeless (Tim) and Period (Per) are sensitive to infection by S. pneumoniae.
Sensitivity to infection can be mediated either by changes in resistance (control of
microbial load) or tolerance (endurance of the pathogenic effects of infection). Here we
show that Tim regulates resistance against both S. pneumoniae and S. marcescens. We
set out to characterize and identify the underlying mechanism of resistance that is
circadian-regulated. Using S. pneumoniae, we found that resistance oscillates daily in
adult wild-type flies and that these oscillations are absent in Tim mutants. Drosophila
have at least three main resistance mechanisms to kill high levels of bacteria in their
hemolymph: melanization, antimicrobial peptides, and phagocytosis. We found that
melanization is not circadian-regulated. We further found that basal levels of AMP gene
expression exhibit time-of-day oscillations but that these are Tim-independent; moreover,
infection-induced AMP gene expression is not circadian-regulated. We then show that
phagocytosis is circadian-regulated.

Wild-type flies exhibit up-regulated phagocytic

activity at night; Tim mutants have normal phagocytic activity during the day but lack
this night-time peak. Tim appears to regulate an upstream event in phagocytosis, such as
bacterial recognition or activation of phagocytic hemocytes. Interestingly, inhibition of
phagocytosis in wild type flies results in survival kinetics similar to Tim mutants after
infection with S. pneumoniae. Taken together, these results suggest that loss of circadian
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oscillation of a specific immune function (phagocytosis) can have significant effects on
long-term survival of infection.
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INTRODUCTION
Survival of bacterial infection is the result of complex host-pathogen interactions. An
often-overlooked aspect of these interactions is the circadian state of the host. Most
metazoans undergo daily, dynamic changes in their physiology that are regulated by wellcharacterized circadian machinery. At its core, the circadian clock is composed of four
transcriptional regulators paired as two distinct heterodimers. In Drosophila, Period and
Timeless form one heterodimer and Clock and Cycle form the other.

These two

heterodimers engage in an autoregulatory negative feedback loop that causes circadian
oscillations in the expression levels of target genes [139].

Microarray analyses of

different vertebrate tissues, such as heart, liver, or spleen-derived macrophages, have
shown that approximately 5-10% of total gene expression in each tissue is circadianregulated [140,141]. These oscillations in transcription are thought to underlie circadian
changes in the organism’s physiology and behavior.
Reflecting the pervasiveness of circadian regulation, the Drosophila circadian
mutants Timeless (Tim) and Period (Per) have pleiotropic phenotypes. They exhibit loss
of circadian rhythms in locomotor activity, eclosion, male courtship, and oxidative stress
response [142-144]. These circadian mutants are also sensitive to infection by at least
two bacterial pathogens and resistant to infection by another [81,145]. The circadianregulated mechanisms underlying these changes in immunity were not known.
Two types of mechanisms can affect survival after infection: resistance and
tolerance [146]. Resistance mechanisms control microbial growth, while tolerance
mechanisms allow the host to endure the pathogenic effects of infection, including the
host’s response to infection. In Drosophila, known resistance mechanisms to control
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microbial growth in the hemolymph include antimicrobial peptide synthesis, reactive
oxygen species generation, and phagocytosis by immune cells. Previously, microarray
analysis comparing wild type and circadian mutants suggested that expression of immune
signaling molecules that induce resistance mechanisms such as Imd (Immune deficient)
may be circadian-regulated [147,148]. Here we test the hypothesis that circadian mutants
are sensitive to infection due to changes in mechanisms of resistance and investigate
specific resistance mechanisms for circadian regulation.
It has been recently shown that in mice, many immune cell functions, such as
cytokine secretion by macrophages and natural killer (NK) cells, undergo oscillatory
time-of-day variation [141,149]. Phagocytosis by immune cells such as macrophages and
neutrophils has been reported to change with time of day, though it is not clear if this
oscillation is diurnal (due to photoperiod) or circadian (regulated by circadian proteins)
[150-153]. Phagocytosis of photoreceptors by pigment cells in the vertebrate retina has
also been shown to be circadian-regulated [154]. Thus we further hypothesized that
phagocytosis of bacteria by immune cells in Drosophila is also circadian-regulated and
that decreased phagocytic activity may significantly contribute to the sensitivity of
circadian mutants to certain types of bacterial infection.
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MATERIALS AND METHODS
Fly and bacterial strains
The Canton S (CS) wild-type and CS tim01 lines have been previously described [81].
Infections were performed with the following bacteria as described [155]: Streptococcus
pneumoniae strain SP1, a streptomycin-resistant variant of D39 and gift from Elizabeth
Joyce in Stan Falkow’s laboratory at Stanford University [156]; Listeria monocytogenes
strain 10403S, gift from Julie Theriot at Stanford University [157]; Serratia marcescens
strain DB1140, gift from Man Wah Tan at Stanford University [158]; Salmonella
typhimurium strain SL1344, gift from Falkow lab at Stanford University [159];
Burkholderia cepacia ATCC strain 2541; Escheria coli strain DH5-alpha; and
Micrococcus luteus ATCC strain 4698. S. pneumoniae was frozen at OD600 0.15 in 1 ml
aliquots with 10% glycerol, pelleted upon thawing, rediluted three-fold in fresh BHI
(Brain Heart Infusion media, Difco), and incubated (standing) for 1.5-2 hour at 37˚C with
5% CO2 to OD600 0.15 for injection into flies, which were incubated at 29˚C.
L. monocytogenes was grown in standing BHI, overnight at 37˚C, and diluted to OD600 of
0.1 for injection into flies, which were incubated at 25˚C. S. marcescens was grown in
shaking BHI, overnight at 37˚C, and diluted to OD600 ranging from 0.1 to 0.6 for
injection into flies, which were incubated at 29˚C. S. typhimurium was grown in standing
LB, overnight at 37˚C, and diluted to OD600 of 0.1 for injection into flies, which were
incubated at 29˚C. B. cepacia was grown in standing BHI, overnight at 29˚C, and diluted
to OD600 of 0.01 to 0.001 for injection into flies, which were incubated at 18˚ or 25˚C. E.
coli was grown in shaking LB, overnight at 37˚C, and diluted to OD600 0.1 for injection
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into flies, which were incubated at 25˚C. M. luteus was grown in standing LB, overnight
at 30˚C, and diluted to OD600 0.1 for injection into flies, which were incubated at 25˚C.

Injection
All experiments, including injections, were performed with male flies, 5-7 days posteclosion. Flies were raised at 25°C, 55-65% humidity on yeasted molasses food in a 12h
light/dark cycle. For injections, flies were anesthetized with CO2. Injections were
carried out with a pulled glass capillary needle. A Picospritzer III (Parker-Hannifan) or
custom-made Tritech microinjector (Tritech) was used to inject 50 nL of liquid into each
fly. Volume was calibrated by measuring the diameter of the expelled drop under oil.
Injections comparing ZT07 (day) and ZT19 (night) were conducted in a dark room using
red safety lights as light sources.

Survival assays
60-85 flies per genotype per condition were assayed for each survival curve and placed in
3 vials of dextrose food with approximately 20 flies each. In each experiment, 20-40
flies of each line were also injected with media as a wounding control. Death was
recorded daily. Data was converted to Kaplan-Meier format using custom Excel-based
software called Count the Dead. Survival curves are plotted as Kaplan-Meier plots and
statistical significance is tested using log-rank analysis using GraphPad Prism software.
All experiments were performed at least three times and yielded similar results.

CFU determination
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Following challenge with microbes, six individual flies were collected at each time point.
These flies were homogenized, diluted serially and plated on appropriate media (tryptic
soy blood agar for S. pneumoniae, LB for all others).

Statistical significance was

determined using non-parametric two-tailed t-tests. All experiments were performed at
least three times and yielded similar results.

Melanization assays
Flies were injected with S. pneumoniae (OD600 0.1) or L. monocytogenes (OD600 0.1) and
incubated at 29˚C.

On day 2 of the S. pneumoniae infection or day 3 of the L.

monocytogenes infection, flies were visually inspected for deposits of melanin resulting
from the proteolytic cascade that generates reactive oxygen species. Injection with media
typically causes a wound-induced melanization response, a small deposit of melanin at
the site of injection within 24 hours. Infection with certain pathogenic bacteria such as L.
monocytogenes or S. typhimurium also causes a disseminated melanization response, with
large spots of melanin deposition observed elsewhere than the site of injection: under the
cuticle or in deeper tissue on both dorsal and ventral sides of the abdomen, thorax, and
head. Flies were quantified for both number and size of spots.

Antimicrobial peptide gene expression analysis
Flies were injected with 50 nL of bacterial culture at OD600 0.10 (S. pneumoniae, M.
luteus, or E. coli), or media alone (BHI, Difco). Following injection, flies were placed in
vials containing molasses food and incubated at 25˚C for five hours at the same light:
dark cycle to which they had been entrained. Three groups of six flies were homogenized
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in Trizol and stored at -80˚C until processed. RNA was isolated using a standard Trizol
preparation and the samples treated with DNAse (Invitrogen). Fermentas RevertAid First
Strand cDNA synthesis kit was used to produce the cDNA following the manufacturer’s
protocol. Quantitative RT-PCR was performed using a Stratagene Mx3000 qPCR
machine, with Roche FastStart Universal SYBR Green Master (Rox) mix and the
following primer sets: Drosomycin, Diptericin, Rpl1 [160]. Total mRNA concentration
was normalized using Rpl1 expression. Differences in the infection-induced gene
expression were calculated by normalizing to basal gene expression in uninfected CS
(day sample) taken at the same time point; p-values were obtained by Mann-Whitney
test. The data shown in Figures 4 and S1 pool the results of three independent trials, each
having three biological replicates of six flies in each sample for each condition.

Phagocytosis assays
5-7 day old male flies were injected with 50 nL of 20 mg/ml pHrodo-labeled S. aureus or
E. coli in water (Molecular Probes, cat# A10010 and P35361). The flies were allowed to
phagocytose the particles for 30-60 min. The wings of the flies were removed and flies
were pinned with a minutien pin onto a silicon pad. Fluorescence images were taken of
the dorsal surface using epifluorescent illumination with a Leica MZ3 microscope fitted
with an ORCA camera (Hamamatsu). Images were captured with Openlab (Improvision)
software. The exposure was set such that the brightest images had a very small number
of saturated pixels. The experiment was repeated three times with 6-10 flies for each
treatment.
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Bead inhibition of phagocytosis
Fluorescent 0.2 um polystyrene beads (Molecular Probes, cat# F13080) were injected
into hemolymph to inhibit phagocytosis as previously described [161]. Briefly, 200 ul of
beads in solution were washed three times in sterile water and resuspended in 20 ul final
volume. 5-7 day old male flies were injected with 50 nL of bead solution. To confirm
that phagocytosis was inhibited with this protocol, the in vivo phagocytosis assay was
performed as described above. Phagocytosis was completely inhibited within 2 days of
bead injection. Flies were then injected with S. pneumoniae at OD600 ranging from 0.050.15 (see Survival Assays, above).

Accession numbers
Accession numbers are listed below for the following genes, which were examined in this
study. Accession numbers were obtained from www.uniprot.org: Timeless (P49021);
Drosomycin (P41964); Diptericin (P24492)
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RESULTS / DISCUSSION
Circadian immune phenotypes are pathogen-specific
The fly immune response to infection is highly complex and pathogen-specific.
Previously, we showed that Timeless (Tim) null mutants die more quickly than wild-type
flies when infected with S. pneumoniae [81]. Another group showed that Tim mutants
die less quickly than wild-type flies when infected with P. aeruginosa, suggesting a
complex immune phenotype that is pathogen-specific [162]. To further understand the
immune phenotype of Tim mutants, we infected Tim mutants with three other pathogenic
bacteria (S. marcescens, B. cepacia, and S. typhimurium). We compared Tim mutant
survival time with wild-type flies and confirmed a complex immune phenotype (Figure 1,
A-D).

Tim mutants died more quickly than wild-type flies when infected with S.

marcescens and died with wild-type kinetics when infected with S. typhimurium and B.
cepacia. Tim mutants showed no difference in sensitivity to wounding alone. Thus, these
data suggest that Tim activity has different consequences for immunity against different
pathogens.

Tim regulates resistance to specific bacterial infection
We next asked if Tim regulates mechanisms of resistance or tolerance against specific
bacterial pathogens [70]. We functionally distinguished between these two types of
immune defense by comparing the bacterial loads of Tim mutant and wild-type flies after
infection with four different bacterial pathogens (Figure 2, A-D). We found that loss of
Tim protein causes a loss of resistance against two pathogens. Tim mutants die faster
than wild-type flies when infected with S. pneumoniae and S. marcescens and have high
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Figure 1. Tim activity has significant consequences for immunity. Shown here are KaplanMeier survival curves comparing Tim null mutants (orange circles) and wild-type control flies
(green squares). Tim mutants die more quickly after infection with (A) S. pneumoniae
(p<0.0001) or (B) S. marcescens (p<0.0001). Tim mutants die at the same rate as wild-type flies
after infection with (C) B. cepacia (p=0.1001), (D) S. typhimurium (p=0.1707), or (E) medium
alone (p=0.9836). p-values were obtained by log-rank analysis.
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bacterial loads. This suggests that Tim mutants are less able to control microbial growth
and lack resistance to these two pathogens. Tim mutants had no effect on survival or
bacterial growth during infection with S. typhimurium and B. cepacia. 	
  
These results demonstrate that Tim regulates resistance mechanisms for specific
bacterial pathogens. Different physiologies will be important for defense against each
type of pathogen; thus specific microbes can be used to probe different aspects of the
immune system. Circadian proteins like Tim are known to regulate many different types
of behavior and up to 5-10% of the transcriptome of different tissues.

If specific

physiologies that contribute to the defense against certain pathogens are circadianregulated in Drosophila, then Tim mutants will present immune phenotypes when
infected with those pathogens. Thus we can use our knowledge about the defenses
required for different pathogens to identify those that are circadian-regulated.

Light-induced degradation of Tim protein in wild-type flies causes sensitivity to S.
pneumoniae.
We chose to focus on Tim mutants and their dramatic defect in resistance against S.
pneumoniae. We hypothesized that Tim mutants might lack resistance because of a
developmental defect (such as malformation of immune tissues) or because of a direct
effect of circadian disruption on immunity in the adult fly. To distinguish between these
two possibilities, we disrupted Tim protein in genetically wild-type adult flies using
constant light (Figure 3A). Blue light (~380 to 475 nm) causes complete and rapid
ubiquitin-mediated degradation of Tim protein [163]; normally, this allows the internal
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molecular clock to be synchronized with external light cues [142].
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Figure 2. Tim regulates resistance to infection by S. pneumoniae and S. marcescens.
Mutants lacking resistance, or bacterial killing, have shorter survival times and greater bacterial
loads than wild-type flies. Tim null mutants lack resistance to (A) S. pneumoniae and (B) S.
marcescens. Tim mutants have bacterial loads similar to wild-type flies when infected with (C)
B. cepacia and (D) S. typhimurium. p-values were obtained by two-tailed, unpaired t-test; all
experiments were performed with day-time injections.
	
  
	
  

	
  

light exhibit complete loss of circadian rhythm [164]. Here we use constant exposure to
light to induce a Tim-null phenocopy in adult wild-type flies, circumventing any
developmental requirements for Tim protein.
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Wild-type flies were infected with S.

pneumoniae and incubated either in darkness or constant light. We found that flies
incubated after infection in constant light died faster than those incubated in darkness
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Figure 3. Resistance against S. pneumonia correlates with Tim activity. Shown here are
Kaplan-Meier survival curves comparing wild-type flies and Tim mutants infected with S.
pneumoniae and subjected to different light conditions as detailed in the schematic diagrams. (A)
Light-induced degradation of Tim protein in wild-type flies results in increased sensitivity to S.
pneumoniae. Infected wild-type flies incubated in constant light were more sensitive than wildtype flies incubated in darkness (p<0.0001). Tim mutants incubated in constant light died as
rapidly as did Tim mutants incubated in darkness (p=0.3404). (B) Wild-type flies were more
sensitive to S. pneumoniae when infected at a time of day when Tim protein is low. Wild-type
flies were less sensitive when infected 6 hours after lights off (DARK) than 6 hours after lights
on, when Tim protein is minimally and maximally expressed, respectively (p<0.0001). Tim
mutant sensitivity was not rescued by infection 6 hours after lights off (DARK) (p=0.4134). (C)
Light-induced sleep-wake rhythms (a startle response called “masking”) do not rescue Tim
mutant sensitivity to infection. Tim mutant sensitivity was not rescued by incubation in cycling
light:dark conditions compared to incubation in the dark. In fact, both Tim and wild-type flies
were more sensitive to infection in cycling light:dark conditions than in the dark (p=0.0125 and
p<0.0001 respectively).	
  
	
  

(p<0.0001). As a negative control, we treated Tim null mutants and found that they were
not further sensitized by constant light, suggesting that Tim is epistatic to and therefore
downstream of light treatment. These results are consistent with the hypothesis that Tim
protein regulates resistance to S. pneumoniae in the adult fly and also demonstrate that
environmental and genetic disruption of circadian regulation alters immunity.	
  

Wild-type flies are more sensitive to S. pneumoniae when infected at a time of day
when Tim protein expression is low.
If Tim protein positively regulates resistance in the adult fly and if Tim protein levels
oscillate over the circadian day, we predicted that the resistance of wild-type flies should
also oscillate over the circadian day. To test this, we infected two sets of flies, lightentrained in anti-phase with each other, at times that correspond to minimal and maximal
Tim protein expression. Tim protein levels are lowest approximately 7 hours after lights
turn on (Zeitgeber 07 or ZT07/day) and highest at approximately 7 hours after lights off
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(ZT19/night) [165]. Consistent with minimal and maximal Tim expression, wild-type
flies infected during the day (ZT07) died significantly faster than those infected at night
(ZT19) (Figure 3B). Tim null mutants showed no difference in survival time based on
time of infection. These results suggest that increased Tim expression at night positively
regulates a mechanism(s) of resistance required to fight infection by S. pneumoniae.

Loss of resistance seen in Tim mutants cannot be rescued by a sleep/wake cycle
induced by environmental light cues
“Masking” is a phenomenon in which flies lacking endogenous circadian rhythm exhibit
circadian-like, light-stimulated locomotor activity and sleep-wake patterns due to external
light cues (startle response) [166]. Thus Tim mutants in masking light/dark conditions
exhibit a locomotor response to light stimulus even in the absence of Tim protein. We set
out to ask if masking would restore the immune function of Tim mutants back to that of
wild-type flies.

To test this, we infected wild-type flies and Tim mutants with S.

pneumoniae and incubated them either in the dark (relying on endogenous circadian
rhythm) or in circadian light-dark conditions (masking) (Figure 3C). Masking conditions
did not rescue the immune phenotype of Tim mutants infected with S. pneumoniae,
suggesting that this phenotype is not rescued by light-stimulated locomotor activity but
requires the normal expression of Tim protein.

The melanization response is not circadian-regulated
We next examined the three main Drosophila immune responses for circadian regulation:
melanization (generation of reactive oxygen species, or ROS), anti-microbial peptide
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(AMP) synthesis, and phagocytosis by hemocytes. We tested each immune response for
time-of-day differences in wild type and Tim mutants and found evidence for circadian
regulation of phagocytosis but not melanization or AMP gene induction.

This is

consistent with our survival data for S. pneumonia, as phagocytic hemocytes are crucial
to control the growth of S. pneumonia in Drosophila [138].
We first tested if the melanization response is circadian-regulated. Insects react to
injury and some bacterial infections with an enzymatic cascade that generates toxic
reactive oxygen species (ROS) and results in the deposition of melanin, visible through
the cuticle as dark black spots [70]. If melanization is circadian-regulated, we would
expect to see a difference in melanized spot formation between wild-type flies and Tim
mutants as well as between wild-type flies at different times of day, but not between Tim
mutants at different times of day. We assayed melanization in wild type and Tim mutants
infected with S. pneumoniae, but did not observe a systemic melanization response,
consistent with published reports [138,167]. We then assayed the melanization response
of flies infected with L. monocytogenes. Flies exhibit a strong melanization response
after L. monocytogenes infection and require melanization enzymes for resistance against
this pathogen [70]. We found no significant difference in melanized spot formation
between wild-type flies and Tim mutants or between wild-type flies at different times of
day (Figure 4A). These data suggest that melanization is not regulated by Tim.

AMP gene expression induced by septic injury is not circadian-regulated
We next tested if antimicrobial peptide (AMP) gene expression is circadian-regulated.
Expression of AMP genes in response to infection is the best characterized immune
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response of Drosophila; these small peptides secreted by the fat body are thought to
control microbial growth by mechanisms such as disrupting bacterial membranes.
Previously, others had found that expression of several immunity signaling genes
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Figure 4. Tim protein does not regulate melanization or AMP gene expression. (A) Wild
type and Tim mutants injected with L. monocytogenes at ZT07 (DAY) or ZT19 (NIGHT) have
similar levels of melanization. p-values for pair-wise comparisons were not significant: WT
(DAY) vs. Tim (DAY), p=0.3551; WT (NIGHT) vs. Tim (NIGHT), p=1.000; WT (DAY) vs. WT
(NIGHT), p=0.4031; Tim (DAY) vs. Tim (NIGHT), p=0.8717. p-values were obtained by
unpaired, two-tailed t-test; n = 18-20 flies per genotype per condition. (B) Basal (uninduced)
levels of Drosomycin expression were increased at ZT11 relative to ZT05, ZT17, ZT23 in both
wild type and Tim mutants, suggesting that this change in expression is not mediated by Tim.
(C) Infection-induced levels of Drosomycin expression were not significantly different after
injection of wild type and Tim mutants with M. luteus at ZT05 (DAY) or ZT 17 (NIGHT). Every
pair-wise comparison resulted in p-values greater than 0.05 (not significant) by Mann-Whitney
test. (D) Infection-induced levels of Diptericin expression were not significantly different after
injection of wild type and Tim mutants with E. coli at ZT05 (DAY) or ZT17 (NIGHT). Every
pair-wise comparison resulted in p-values greater than 0.05 (not significant) by Mann-Whitney
test.	
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controlling AMP gene expression such as Rel and Imd is circadian-regulated
[145,147,148,162].

Here we measured the basal (uninduced) and pathogen-induced

expression of two representative AMP genes, Drosomycin (Drs) and Diptericin (Dpt),
which are widely used as reporters for induction of the Toll and imd signaling pathways,
respectively [168].	
  
We first compared the basal (uninduced) expression of Drs and Dpt in wild type
and Tim mutants at four time points around the circadian cycle using qRT-PCR: ZT05,
ZT11, ZT17, and ZT23. We found that both wild type and Tim mutants exhibited higher
basal expression of the Toll-regulated AMP Drs at ZT11 than other time points (Figure
4B). This result suggests that basal expression of Drs varies with time of day but that this
difference in expression is not mediated by Tim protein. This time-of-day difference in
basal expression is statistically significant but very small relative to infection-induced
expression levels (Figure 4 C, D). Basal expression of Dpt was not significantly different
at any time of day in either wild type or Tim mutants (Figure S1A).
We next measured Drs and Dpt expression after S. pneumoniae infection in wild
type and Tim mutants at ZT05 and ZT17, approximately when wild-type flies exhibit
differences in survival and Tim mutants do not (see Figure 3). If AMP induction were
circadian-regulated, we would expect to see a difference in AMP expression between
wild-type flies at ZT05 and ZT17 and between wild type and Tim mutants at ZT17 but
not between Tim mutants at ZT05 and ZT17. We found that S. pneumoniae-induced
expression of Drs and Dpt was not significantly different at either time of day in either
wild type or Tim mutants (Figure S1B, C).
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S. pneumoniae is not typically used to induce AMP expression and did not cause
the dramatic induction of AMP gene expression seen with other bacteria relative to media
alone [169]. Thus we next examined circadian-regulation of AMP expression in response
to two bacteria, M. luteus and E. coli, that have been most extensively used to probe
AMP induction and more generally, to quantify signaling through the Toll pathway
(activated by M. luteus) or the Imd pathway (activated by E. coli) [168]. We examined
Drs and Dpt induction in wild-type flies and Tim mutants infected at either ZT07 or ZT19
with either M. luteus or E. coli and collected six hours later for qRT-PCR analysis.
Again, we found that infection-induced expression levels of Drs and Dpt were not
significantly different at these time points in wild type and Tim mutants (Figure 4C,D).
Taken together, these data suggest that, for both Drs and Dpt, basal levels of expression
and short-term expression induced by these bacteria (S. pneumonia, M. luteus, E. coli) are
not circadian-regulated.

Tim regulates phagocytosis of pathogens by immune cells
Finally, we tested for circadian regulation of the Drosophila immune response of
phagocytosis—the physical engulfment and destruction of bacteria by specialized
immune cells. Phagocytosis is typically assayed by measuring the internalization of
fluorescently-labeled bacteria such as S. aureus or E. coli. Here, we measured phagocytic
activity at different times of day in both wild-type flies and Tim mutants. If phagocytosis
is regulated by Tim protein, we predict that phagocytic activity will be high at night and
low during the day in wild-type flies but will not vary with time of day in Tim mutants.
We assayed phagocytic activity in adult flies by injecting dead S. aureus labeled with
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pHrodo, a pH-sensitive rhodamine dye that fluoresces in acidic environments. When
pHrodo-labeled bacteria are phagocytosed and processed into acidic lysosomes, the
phagocytic cell emits red fluorescence and can be imaged through the dorsal surface of
live, intact flies. We found that phagocytic activity was significantly
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Figure 5. Tim protein regulates an early stage of phagocytosis of bacteria by hemocytes.
(A) Wild-type flies in the night phase of the circadian cycle have more phagocytic activity than
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wild-type flies in the day phase. Shown here are images of the dorsal surface of representative
flies after injection of dead S. aureus labeled with the fluorophore, pHrodo, which emits
fluorescence in acidic environments such as the lysosomes. Hemocytes that have phagocytosed
these bacteria become fluorescent. Dashed lines indicate the region enlarged in the inset. (B)
Phagocytic activity for wild type and Tim mutant flies was quantified by measuring areas of
fluorescence. Wild-type flies exhibited significant circadian differences in phagocytosis of S.
aureus (p<0.001) but not E. coli (p=0.74). This circadian difference is not present in Tim mutant
flies with either S. aureus (p=0.51) or E. coli (p=0.63). p-values were obtained by unpaired, twotailed t-test.
	
  

higher at ZT19 (night) than ZT07 (day) in wild-type flies. Phagocytic activity did not
vary with the circadian cycle in Tim mutants (Figure 5A, B). Thus, phagocytic activity
oscillates with circadian rhythm in vivo in wild-type flies but not in Tim mutants,
consistent with the hypothesis that Tim protein up-regulates phagocytosis of S. aureus at
night. If phagocytosis is required to clear S. aureus, these data are consistent with
previous studies demonstrating that wild-type flies exhibit higher rates of survival when
infected with S. aureus at night than when infected during the day [162].	
  
To test if circadian-regulated phagocytosis is bacteria-specific, we then assayed
phagocytic activity with a different type of bacteria. We injected wild type and Tim
mutants with pHrodo-labeled E. coli at ZT07 (day) and ZT19 (night) (Figure 5B). In
contrast to injections of S. aureus, wild-type flies did not exhibit a circadian difference in
phagocytosis of E. coli. Tim mutants also exhibited no circadian difference in
phagocytosis of E. coli. These results suggest that Tim regulates bacteria-specific
phagocytosis by immune cells.
Phagocytosis can be generally described as three steps:

receptor-mediated

substrate recognition and binding, particle engulfment, and phagosome maturation.
Fluorescently-labeled S. aureus and E. coli have often been used in phagocytosis assays
to determine whether specific phagocytic components discriminate between different
types of bacteria. Many cellular steps of phagocytosis subsequent to substrate recognition
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do not appear to be bacteria-specific. For example, inhibition of b-COP, thought to be
involved in phagosome maturation, leads to decreased phagocytosis of both S. aureus and
E. coli [170]. In contrast, some molecular components responsible for phagocyte
recognition of bacteria are bacteria-specific. For example, inhibition of the phagocytic
receptor PGRP-LC leads to decreased binding and phagocytosis of E. coli but not S.
aureus [170]. Another phagocytic receptor, PGRP-Sc1a, mediates phagocytosis of S.
aureus but not E. coli [171]. Thus our finding that Tim up-regulates phagocytosis of S.
aureus but not E. coli suggests that Tim regulates a bacteria-specific step of this process
such as substrate recognition or binding.

Bead inhibition of phagocytosis eliminates the survival difference between wild type
and Tim mutants after infection with S. pneumoniae
Because phagocytosis is crucial in defense against S. pneumoniae [138], these results
suggest that differences in phagocytic activity might contribute to the difference in
survival after S. pneumoniae infection between wild type and Tim mutants. Thus we
tested if inhibition of phagocytic activity would decrease these survival differences.
Phagocytosis can be inhibited in vivo by injection of polystyrene beads; phagocytes
engulf these beads and are unable to phagocytose subsequent injections of fluorescentlylabeled bacteria [161]. Thus we compared the survival kinetics of wild type and Tim
mutants infected with S. pneumoniae with or without bead pre-injection (Figure 6). As
described above, Tim mutants are highly sensitive to S. pneumoniae infection relative to
wild type flies. Consistent with published results, we found that bead pre-injection
increased sensitivity of wild type flies. Bead pre-injection of wild type flies decreased
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survival rate to those similar to Tim mutants, suggesting that inhibition of phagocytosis is
sufficient to recapitulate Tim mutant sensitivity. Consistent with this, we also found that
bead pre-injection did not increase the sensitivity of Tim mutants to S. pneumoniae,
suggesting that phagocytosis is already impaired in these flies. Interestingly, in some
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Figure 6. Bead inhibition of phagocytosis in wild type flies eliminates the difference in
survival kinetics with Tim mutants after S. pneumoniae infection. Shown here are KaplanMeier survival curves comparing wild-type flies and Tim mutants infected with S. pneumoniae
with and without pre-injection of beads to inhibit phagocytosis. Infected wild-type flies preinjected with beads were more sensitive than wild-type flies without pre-injection (p<0.0001) and
had similar survival kinetics as Tim mutants (p=0.0502). Infected Tim mutants had identical
survival kinetics with or without bead pre-injection (p=0.1327). In this experiment infected,
bead-injected wild-type flies were more sensitive than infected, bead-injected Tim mutants
(p<0.0001); however, this result varied from experiment to experiment.

experiments, bead-inhibited wild type flies appear to be more sensitive than beadinhibited Tim mutants, suggesting that the presence of Tim protein in the absence of
phagocytosis may have a negative effect on survival. Taken together, these results
suggest that Tim-mediated phagocytosis plays an important role in survival of S.
pneumoniae and that loss of Tim is equivalent to total inhibition of phagocytosis, though
Tim mutants are still able to phagocytose. Inhibition of phagocytosis is thought to inhibit
53

phagocytes’ ability to signal the presence of infection; perhaps Tim also plays a role in
these downstream signaling events. Importantly, our results do not rule out the possibility
of multiple roles for Tim protein in immunity against bacterial infection, including S.
pneumoniae infection. 	
  

Circadian regulation of immunity has long been reported anecdotally in humans and other
animals. Here we show that Tim protein has complex, pathogen-specific effects on
immunity, regulating resistance to infection in Drosophila. Resistance against S.
pneumoniae is upregulated by Tim in the adult fly and is not simply a diurnal response
(i.e., activated by light/dark cycles even in the absence of circadian regulatory protein
function). We also identified phagocytosis as a specific circadian-regulated immune
mechanism. This is the first demonstration of a link between Tim protein and the cellular
immune response in vivo. Our data suggests that circadian regulation affects phagocytic
immune cells at an early stage of specific pathogen recognition and makes a significant
contribution to survival of infection.
This work has implications for people whose occupations disrupt their circadian
regulation such as night-shift workers, flight attendants, and hospital staff. Recently, it
was shown that chronic jet lag (shifts in circadian rhythm) in mice did not cause loss of
sleep or increased stress but did cause circadian dysregulation of the innate immune
system and dramatic vulnerability to LPS-induced endotoxemic shock [172].
Furthermore, mice infected with S. pneumoniae during their rest phase died significantly
less quickly than mice infected during their active phase [173]. In modern society,
circadian dysregulation and exposure to bacterial infection at night are likely not
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uncommon. This work demonstrates that disruption of circadian oscillations in
phagocytosis can have significant adverse effects on resistance against infection.
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Figure S1. Tim protein does not regulate AMP gene expression. (A) Basal (uninduced)
levels of Diptericin expression were very low and not significantly different at different times of
day in wild type and Tim mutants. Every pair-wise combination resulted in p-value greater than
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0.05 (not significant) by Mann-Whitney test. (B) Drosomycin expression levels induced by
injection of S. pneumoniae or media (BHI) are not circadian-regulated. Wild type and Tim
mutants were injected at ZT05 (DAY) or ZT 17 (NIGHT). Pair-wise comparisons of flies
injected with S. pneumoniae resulted in p-values greater than 0.05 (not significant) by MannWhitney test. Tim mutants injected with media during the day exhibited significantly less
Drosomycin expression than wild-type flies injected with media during the day or night or Tim
mutants injected at night; all other pair-wise comparisons of flies injected with media did not
show significant differences by Mann-Whitney test. S. pneumoniae-infected flies exhibited
higher levels of Drosomycin expression than BHI-injected controls; p<0.01 by Mann-Whitney
test. (C) Infection-induced levels of Diptericin expression were not significantly different after
injection of wild type and Tim mutants with E. coli at ZT05 (DAY) or ZT17 (NIGHT). Pair-wise
comparisons within the set of flies injected with S. pneumoniae resulted in p-values greater than
0.05 (not significant) by Mann-Whitney test. S. pneumoniae-infected and BHI-injected flies did
not exhibit significant differences in Diptericin expression; p>0.05 by Mann-Whitney test.
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CHAPTER 3:

Host tolerance of infection is promoted by dietary glucose and amino
acids through insulin and TORC2 signaling

This manuscript is being revised for resubmission to Current Biology:
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SUMMARY
Sepsis is extraordinarily life threatening, with a mortality rate spanning 35-56% [174].
Sepsis and its related syndromes, severe sepsis and septic shock, are prevalent
worldwide, and accounted for 4.2% of hospital stays in 2009 in the US alone [175]. The
proper treatment for patients with sepsis is still debated and rife with controversy,
possibly contributing to the high morbidity and mortality rates [176]. While it is known
that sepsis syndrome results from the body’s response to numerous infections, the role of
the circadian regulation and the host’s metabolism on sepsis syndrome remains unknown.
To test the circadian regulation of a sepsis-like infection and the metabolic
consequences, we created two models for sepsis by infecting wild-type and Period (Per)
mutant Drosophila with high bacterial loads of P. aeruginosa and B. cepecia, creating an
overwhelming disease burden in the fly, to investigate the contribution of the host
metabolic state on survival after infection. These results are currently being revised for
resubmission to Current Biology.
I made four contributions to this paper. First, I pioneered the sepsis model in lab
by infecting Drosophila with a high bacterial load of P. aeruginosa. When I infected Per
mutants and wild-type controls with P. aeruginosa, I found that Per mutants survive
significantly longer after infection compared to wild-type controls (Appendix I, Fig. 1AB). Because this is a fast infection and the fly’s feeding behavior is circadian-regulated,
we speculated that timing of feeding contributed to the improved survival of Per mutants.
We hypothesized that Per mutants irregular feeding behaviors contributed to their
improved survival after infection. When I placed wild-type and Per flies on a restricted
diet and then infected the flies with P. aeruginosa, diet-restricted Per mutants survived
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like diet-restricted wild-type flies (Appendix I, Fig 1C-D). My second contribution
demonstrated that feeding is the key physiology impacting Per tolerance to infection.
Although we had decided to use B. cepecia for infections in the final paper, the P.
aeruginosa results provided a framework and a phenotype for the paper on which the rest
of the paper was modeled.
The following two experiments that I had conducted were included in the paper.
For my third contribution, I had investigated whether phagocytosis was the mechanism
behind the tolerance phenotype seen in Per mutants after infection with B. cepecia (Fig
1H). I injected wild-type and Per mutant flies with either small polystyrene beads to
inhibit phagocytosis or PBS alone as a control. The fly’s hemocytes phagocytose these
beads and are subsequently unable to phagocytose bacteria for the duration of the fly’s
life. These flies were then injected with B. cepecia two or three days later after bead
injection, and survival was counted. While bead-inhibition reduced survival times in
both wild-type and Per mutants, we found that bead inhibition did not abolish the survival
advantage that we had observed in Per mutants flies. These results suggest that there is
not a phagocytosis advantage in Per mutants with B. cepecia infection.
We had found that Per mutants have reduced energy stores, Per mutants eat more
than wild-type controls, and that Per mutants have reduced survival with a restricted diet.
We examined which nutrient signaling pathways contribute to survival after infection.
One of the major nutrient signaling pathways in the fly is insulin-like signaling, and the
phosphorylation of Akt (p-Akt), which is downstream of insulin-like signaling, is readout
for glucose-mediated insulin-like signaling.

For my final contribution, I tested the

presence of p-Akt in wild-type and Per mutants by Western blot analysis, and I found that
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Per mutants have increased p-Akt compared to wild-type controls, suggesting increased
insulin-like signaling (Fig 5C). These results demonstrated that increased insulin-like
signaling is correlated with improved survival after B. cepecia infection.
Those two experiments showing that phagocytosis is not important for the
increased tolerance in Per mutants after infection with B. cepecia and that Per mutants
have increased p-Akt signaling were included in the following manuscript, which is
currently being revised for resubmission to Current Biology: Allen V. W., O’Connor R.
M., Zhou C. G., Hill V. M., Stone E. F., Park R. B., Murphy K. R., Canman J. C., Ja W.
W., and Shirasu-Hiza M. M. Host tolerance of infection is promoted by dietary glucose
and amino acids through insulin and TORC2 signaling.
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ABSTRACT
Background: Nearly all metazoans undergo dynamic circadian-regulated changes in their
behavior and physiology. Currently it is not known how circadian-regulated behaviors
impact immunity against infection. There are two broad categories of defense against
bacterial infection: resistance mechanisms to control microbial growth and tolerance
mechanisms to withstand the pathogenic effects of infection.

Results: Our study of the Drosophila circadian mutant Period, which is behaviorally
arrhythmic, led us to identify a novel link between increased feeding behavior and
increased host tolerance of infection by B. cepacia, a bacterial pathogen of rising
importance in hospital-acquired infection. We further found that infection tolerance in
wild-type animals is stimulated by transient exposure to dietary glucose and amino
acids. Glucose-stimulated tolerance is mediated by the insulin-like signaling pathway
and can be induced by feeding or direct glucose injection. Using glucose injections, we
identified a surprisingly narrow window for glucose stimulation of tolerance, between 2
hours before and after infection. Amino acids-stimulated tolerance is mediated by TOR
Complex 2 (TORC2), not TORC1--an unexpected result considering the known role of
TORC1 as an amino acid sensor. In contrast to glucose, amino acids must be
administered by ingestion to stimulate tolerance and is facilitated by the host microbiota.

Conclusion: Taken together, this work demonstrates that circadian mutants can be used
as a tool to dissect physiologies important for survival of infection and indicates that the
nature, quantity, and timing of dietary intake on the day of infection by B. cepacia can
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make a significant difference in long-term survival.
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INTRODUCTION
Nearly all metazoans undergo daily, dynamic changes in their behavior and physiology
regulated by well-characterized, evolutionarily conserved circadian mechanisms [139].
Currently it is not known how circadian-regulated behaviors may impact immunity
against infection. The circadian clock is composed of four transcriptional regulators
paired as two heterodimers engaged in an autoregulatory transcriptional negative
feedback loop [142]. In Drosophila, Clock and Cycle form one heterodimer and Timeless
(Tim) and Period (Per) form the other. Clock and Cycle proteins are transcriptional
activators that activate expression of Tim and Per as well as hundreds of tissue-specific
target genes [21,139,177]. Circadian oscillations in gene expression are thought to cause
circadian oscillations in physiological function and, ultimately, organismal behavior.
One evolutionarily conserved, circadian-regulated physiology is immunity against
infection [63,81]. For both flies and vertebrates, innate immunity is the first line of
defense against infection. Drosophila lack adaptive immune components such as T cells
and B cells and rely solely on innate immune responses to survive infection [178].
Evolutionary conservation extends to the two primary Drosophila immune signaling
pathways, the Toll and imd (immune deficiency) pathways [179]. Flies and vertebrates
employ several similar innate immune effectors to kill bacteria, including: phagocytosis
by immune cells; reactive oxygen species generation, which in the fly is caused by
melanization; and secreted antimicrobial peptides (AMPs) with bacteriocidal properties.
Resistance is only one type of immune mechanism by which host organisms
combat bacterial infection. Resistance mechanisms control bacterial proliferation during
the course of infection, thus reducing the effects of infection by reducing the host’s
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pathogen burden. A second distinct and complementary mechanism of immunity is
termed tolerance [146,180]. Tolerance mechanisms allow the organism to survive the
pathological effects of infection—whether caused by the microbe itself or by the host
immune response—without necessarily decreasing bacterial load [181,182].
Infection tolerance mechanisms are not well understood but include feeding and
metabolism. In Drosophila, decreased survival of infection is associated with decreased
metabolic stores during infection with two different bacterial pathogens, M. marinum or
L. monocytogenes [86,183]. The effect of feeding behavior on infection is also pathogenspecific: decreased feeding increases survival of S. typhimurium, E. coli, and E. caratova
infections but decreases survival of L. monocytogenes infection [184,185]. In many
cases, the precise nutrients important for survival and the underlying molecular signaling
pathways have not been identified.
Both feeding behavior and expression of metabolic genes are known to be
circadian-regulated and both fly and mouse circadian mutants exhibit metabolic disorders
and changes in feeding behavior [186,187]. While we and others have shown previously
that host resistance against specific pathogens is circadian-regulated, it has not yet been
shown whether loss of circadian regulation of metabolism and feeding behavior will
affect immunity against infection [63,81,90].
Here we exploit a rapid, lethal infection of Drosophila with the human pathogen
B. cepacia to examine how small, acute differences in feeding behavior and diet can
impact infection tolerance. We show that infection tolerance is stimulated by an acute
flux of both dietary glucose and amino acids at the time of infection and that these effects
are respectively mediated by the insulin-like signaling pathway and the TORC2 signaling
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pathway. Injected glucose can stimulate tolerance when administered within two hours
before or after infection; in contrast, amino acids must be ingested and their effects are
mediated by the fly's microbiota. This work suggests that what and how much the host
eats on the day of infection can make a significant difference in their long-term survival.
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MATERIALS AND METHODS
All infection experiments were performed at least three times and yielded similar results.
p-values were obtained by unpaired t-test unless otherwise noted.

Fly lines
Per01mutants were compared to an isogenic white-eyed (w1118) Canton S strain. Oregon
R flies were used in experiments examining specific dietary components.

dFOXO

mutants were trans heterozygotes generated by crossing dFOXO21 and dFOXO25
heterozygous parentals (gift of Marc Dionne [86]). UAS-Tsc1/Tsc2 (gift of Marc Tatar
[188]) homozygous males were crossed to w1118; Gal80-ts; tub-Gal4/TM6c (gift of Marc
Dionne) virgins and maintained at 18º through development. To induce activation of the
transgenes, flies were placed at 29º between 24 and 48 hours prior to infection.
Transgene induction after 24 hours at 29º was confirmed by qRT-PCR (see below, also
Fig. S3). RicTOR null mutants (gift of Stephen Cohen [189]) were derived by imprecise
excision of a p-element inserted into the RicTOR coding sequence. Controls for these
mutants were derived by precise excision of the same p-element. Axenic (germ free) OR
flies were generated as described below.

Fly cultures and media
Flies were bred and raised on standard food containing cornmeal, molasses, and yeast.
2.10 kg of cornmeal, 0.96 kg of agar, and 1.1 L of molasses were combined with 36 L
(summer) or 40 L (winter) distilled water. The mixture was boiled for 25 minutes, then
let cool for 45 minutes, or until the temperature reached 65°C or less. Methylparaben
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(Tegosept, 50 g in 300 mL ethanol) and 180 mL of propionic acid were then added as
antifungal agents. Sugar-only foods contained 1% (w/v) agar (Fisher #A360-500 or Alfa
Aesar #A10752) and different concentrations (w/v) of glucose (Fisher #BP350-1 or
#BP350-500) dissolved in ddH20. Amino acid-containing food contained 1% agar, 5%
glucose, and 2% (w/v) amino acid mixture per the manufacturer’s instruction (Sunrise
Science 1360-030). For experiments involving diets other than standard food, flies were
switched to the experimental food ~24 hours before infection.

Bacterial cultures
Infections were performed as previously described [155] with Burkholderia
cepacia (ATCC strain #25416).

B. cepacia was grown overnight at 29°C in 5 mL

standing Brain Heart Infusion (Teknova), resuspended in sterile PBS (Invitrogen
#003000), and diluted to an OD600 of 0.025 or 0.0275 for injection into flies (short
infection at 29°C) or OD600 of 0.1 (long infection at 18°C).

Injections
All experiments, including injections, were performed with age-matched male flies, 5–10
days post-eclosion. All flies except Gal80-ts; tub-Gal4>UAS-Tsc1/Tsc2 flies were raised
at 25°C, 55–65% humidity on standard food and entrained to a 12h light/dark cycle in a
Darwin Chambers incubator for at least 3 days prior to infection.

Gal80-ts; tub-

Gal4>UAS-Tsc1/Tsc2 flies were raised at 18ºC through development. For transgene
induction, flies were shifted to 29ºC for 24 hours prior to infection. For injections, flies
were lightly anesthetized with CO2. Injections were carried out with a 10µL Drummond
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Scientific glass capillary needle (#3-000-210- G), machine-pulled by a Sutter Instrument
Co. machine (Model P-30). A custom-modified Tritech microinjector was used to inject
50 nL of liquid into each fly. Volume was calibrated by measuring the diameter of an
expelled drop in halocarbon oil 700 (Sigma, H8898) under a layer of mineral oil (Sigma,
M8410). All injections were performed between Zeitgeber time (ZT) 7.5 and ZT 10.5 to
minimize variability from circadian effects on immunity. After injection with B. cepacia
flies were incubated at 29°C, except for long infections and heatshock control
experiments in which flies were incubated at 18°C. For co-injection of amino acids, B.
cepacia was resuspended in either PBS or a solution of amino acids dissolved in PBS
(low dose 11 µg/mL or high dose 220 µg/ml). For co-injection of rapamycin, flies were
injected with B. cepacia suspended in either buffer alone or in buffer containing 0.2
mg/mL rapamycin (CALBIOCHEM #553210).

Survival assays
Except where otherwise noted, approximately 60 male flies per genotype per condition
were assayed for each survival curve and divided into vials with approximately 20 flies
per vial. In each experiment, approximately 20 flies of each line were also injected with
media to control for the effects of wounding alone. Flies were injected between ZT 7.5
and ZT 10.5 and incubated at 29˚C in 12:12 light:dark conditions. Death was assayed by
visual inspection and recorded the next day every hour or more frequently. Data were
converted to Kaplan-Meier format using custom Excel-based software called Count the
Dead (J. Shirasu-Hiza). Survival curves were plotted as Kaplan-Meier survival plots and
statistical significance was tested by log-rank analysis using GraphPad Prism software.
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Median survival times were compared in order to determine percentage-differences in
survival time.

Starvation assay
Using the DAM5 system (TriKinetics), age-matched 5-7 day old male flies were
incubated at 25º, 55-65% humidity in a 12:12 LD:DL cycle on media containing 1% agar
alone. For each genotype, n=16 flies per experiment. Flies were counted as dead
following an absence of beam crossings for the remainder of the experiment. p-values
for survival curves were obtained by log-rank analysis. Similar results were obtained
when starvation experiments were performed using visual inspection instead of DAM5 to
confirm death.

Bacterial load quantitation
Following challenge with microbes, approximately six individual flies were collected at
each time point. Time points chosen typically included just after infection (0h); midinfection (6h); and late in infection (12-16h) just before flies began to die. Flies were
homogenized in PBS, diluted serially and plated on standard LB agar plates. Statistical
significance was determined using unpaired t tests for 0 hour time points, while
subsequent time points were tested with non-parametric Mann-Whitney U tests, which
does not assume that samples have normal distribution. To ensure that flies were not
already infected with bacteria and that the buffer was not contaminated, 3 PBS-injected
flies were collected at the beginning of the experiment, homogenized and plated on LB
agar plates. Typically no colonies were observed for uninfected flies.
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Quantitative real-time RT-PCR
RNA was extracted from three or four samples of 5-6 adult flies using TRIZOL
(Invitrogen) according to the manufacturer’s directions. RNA was treated with DNAse I
(Invitrogen, #18068-015), followed by reverse transcription using the First Strand cDNA
Synthesis Kit (Thermo Scientific, #K1622), priming with random hexamers.
Quantitative PCR was performed in 25 µL reactions with Roche Fast Start Universal
SYBR Green Master Mix (#04913850001) on a Stratagene Mx3000P or a Bio-Rad CFX
Connect Real-Time System. The cycling conditions used were as follows: Hold 95°C for
10 minutes, then 40 cycles of 95°C for 15s, 58°C for 30s, 72°C for 30s, then a final
sequence of 95°C for 1 minute, 57° for 30s, and 95° for 30s. All calculated gene
expression values were initially normalized to the transcript level of ribosomal protein 4,
Rpl1, prior to further analysis. Primer sequences are listed in Supplemental Table 1.

Melanization assays
Two groups of flies were injected with B. cepacia (OD600 0.005 – 0.05) and incubated at
18°C. One day after infection, flies from one group were each visually inspected for
wound site melanization, a small deposit of melanin at the site of injection. Three to
twelve days after infection, flies from the second group were visually inspected for the
systemic melanization response, characterized by one or more melanin deposits located
anywhere on the body other than at the injection site. p-values were obtained by paired ttest for three independent trials.
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Bead inhibition of phagocytosis
Phagocytosis was inhibited by injecting fluorescent 1.0 µm polystyrene beads (Molecular
Probes, cat# F13080) into hemolymph as previously described [63]. 200 µl of beads in
solution were washed three times in sterile PBS and resuspended in PBS for a final
volume of 30 µl. 7-10 day old male flies were injected with either 100 nL of bead
solution or buffer (PBS) as a control. To confirm that phagocytosis was inhibited with
this protocol, an in vivo phagocytosis assay was performed 2-3 days post bead inhibition
on a small sample of bead- and PBS-injected flies. Briefly, flies were injected with 50 nL
of 20 mg/mL pHrodo-labeled S. aureus in PBS (Molecular probes, cat# A10010). Flies
phagocytosed the bacteria for 20-30 minutes.

The dorsal aspects of the flies were

superglued to coverslips, and the dorsal surface was imaged using epifluorescence
illumination with a Nikon upright fluorescent microscope with HQ CCD using Nikon
Elements software.

Phagocytosis was completely inhibited within 2 days of bead

injection. Flies were then injected with B. cepecia at an OD600 of 0.025 (see Survival
Assays, above). p-values for survival curves were obtained by log-rank analysis.

Metabolic storage assays
For metabolic assays, samples were prepared by homogenizing 8 adult male flies (5-10
days old) in 200 ul Tris-EDTA (TE; 10 mM Tris, 1 mM EDTA, pH 8) + 0.1% Triton X100, then freezing at -20ºC. Triglyceride levels were measured as previously described
[190]. Triglyceride levels were blanked against reactions lacking lipase, which measured
the baseline levels of glycerol in the samples. Glucose and glycogen were measured as
described [86]. Briefly, the glucose and trehalose levels were measured using a glucose
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oxidase reagent (Pointe Scientific) dissolved in ddH2O. Glycogen was measured using
the same reagent supplemented with 1 U/mL amyloglucosidase (Sigma, 10115-1G-F).
This reaction was blanked against the glucose reaction for each given sample. All
reactions were performed on 96-well tissue culture plates with 0.2 ml reaction mixture +
0.02 ml sample. Plates were incubated at 37º for one hour, and then the absorbance for
each well was measured at 490 nm using a BioRad Model 680 Microplate Reader. The
values obtained for each metabolic reserve were normalized to the average weight of flies
of that given genotype. Average weight was determined by measuring the mass of 8
samples of 50 adult male flies from each genotype. The resulting ratio of wild type to
Per mass was 1.054; in no case did this adjustment convert a result from being
insignificant to significant, nor vice versa. These values were then normalized to the
mean obtained from the wild type values and plotted with the normalized SEM.

Feeding assays
CAFE assays and 32P feeding assays were performed as previously described [191-193].
Briefly, for the radiolabeled feeding assay, flies were maintained on medium
supplemented with α-32P-dCTP for 24 h and then collected for liquid scintillation to
measure accumulated

32

P.

Aliquots of radiolabeled food were used to convert

scintillation counts to volume. For the CAFE assay, flies were fed liquid food solutions
of yeast extract and sucrose in glass microcapillaries that facilitated the direct
measurement of volume consumed.

Protein extraction and Western blotting
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Four whole flies were homogenized in 80 µL of extraction buffer (10 mM HEPES, 100
mM KCl, 5% glycerol, 0.1% Triton, and 0.5 mM phenylmethylsulfonyl fluoride).
Samples were stored with 20 µL of loading buffer (20% glycerol, 10% SDS, 250 mM
Tris-HCl pH 6.8, 5% 2-mercaptoethanol, bromphenol blue), and processed as previously
described [194]. Briefly, samples were resolved on a 4-15% SDS polyacrylamide trisglycine gel, transferred overnight at 4°C at 22 volts, and immunoblotted using standard
procedures. Blots were blocked using 5% Carnation Instant Nonfat Dry Milk in PBS.
Antibodies were diluted in 5% milk in PBS. p-Akt, α-mouse, and α-rabbit antibodies
(Cell Signaling #4054S, #7076, #7074S) were used at a dilution of 1:1000. The actin
antibody was purchased from Abcam (ab8224) and used at a concentration of 1:10,000.
Immobilon Western (Millipore #WBKLS0500) was used as a chemiluminiscent
substrate. Fiji (a distribution of Image J) quantification of phospho-Akt signal was
performed by measuring the mean intensities of the phospho-Akt bands, which were
normalized to the mean intensities of the actin controls for each sample.

Preparation of germ-free flies
Standard food was autoclaved, added sterilely to autoclaved vials, and allowed to solidify
under UV light for several hours. Vials were then covered with parafilm and left under
UV light overnight, then plugged with autoclaved flugs the next day. These vials were
stored in a plastic tray that was treated with 70% ethanol, 10% bleach, and UV light
which was placed in a similarly treated Sterilite plastic storage bin. Axenic (germ-free)
eggs were prepared using a modified version of a previously published method [195].
Briefly, 5-8 males and 25-40 females were allowed to mate on petri dishes containing
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food prepared by autoclaving 20g agar (Fisher #A360-500), 50g sucrose (source), 1L
ddH2O, and 8-10 drops blue food coloring (source) for 30 minutes. This food was
allowed to cool overnight under UV lights and was then partially covered with yeast
pellets before flies were added. These flies were allowed to breed overnight in a 25º
incubator with a 12:12 light:dark cycle. Before 10 am the following morning, flies were
removed from the dishes using bleached tools to prevent contamination. In a biohazard
hood, agar plates were washed with either 10% bleach (axenic) or ddH2O (conventional)
for approximately 2.5 minutes. Next, the contents of each dish were added to a nylon
mesh filter basket that was treated with bleach and ethanol. Embryos were then washed
with either 10% bleach (axenic) or ddH2O (conventional). Both sets were then washed
with ddH2O to remove bleach and yeast pellets. Embryos were then transferred to sterile
food using a sterile paintbrush. Both conventional and axenic flies were grown and
maintained under sterile conditions.
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RESULTS
Period mutants exhibit increased tolerance when infected with B. cepacia.
We found that arrhythmic Per mutants survived longer than wild type flies when infected
with the human pathogen Burkholderia cepacia, which has previously been characterized
using Drosophila [155,196-198]. This increased survival was seen following both fast
and slow infection conditions: either a low bacterial dose at low temperature or a high
dose at high temperature (Fig.1A and 1B, p<0.0001 for both). To determine if this
increased survival was due to changes in resistance or tolerance, we measured bacterial
loads in individual flies at different time points for both fast and slow infections. For
both conditions at each time point, we found that wild type and Per mutants carried
equivalent bacterial loads (Fig.1C and 1D, p>0.05 for each time point). This result
suggests that the enhanced survival of Per mutants is not due to greater resistance, but
due to greater tolerance.

Known resistance mechanisms do not explain increased survival of infection.
To confirm that Per mutants do not have increased resistance to B. cepacia, we
quantitatively analyzed specific resistance mechanisms following infection.

We

compared wild type and Per mutants infected with B. cepacia for the three wellcharacterized mechanisms of resistance in Drosophila: antimicrobial peptide (AMP)
induction, melanization, and phagocytosis. We found no significant differences in B.
cepacia-induced AMP expression between wild type and Per mutants (Fig. 1E, 1F,
Supplemental Fig. 1A-E).

We also found no difference in the B. cepacia-induced

melanization response between wild type and Per mutants (Fig. 1G).
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Wound-site

melanization was unchanged and, as previously published, B. cepacia does not induce

Figure 1: Allen et al., 2014
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Fig. 1: Period mutants exhibit greater tolerance than isogenic controls during infection with
B. cepacia. Per mutants survived longer than wild type during A) a long infection (Per, n=78;
WT, n=77) and B) a short infection (Per, n=57; WT, n=64) with B. cepacia. Per mutants and
wild type flies had similar bacterial loads over time following a C) long infection (n≥4 flies/time
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point) and D) short infection (n=6 flies/time point) with B. cepacia; p-values were obtained by
unpaired t-test (0h) and non-parametric Mann-Whitney test (other time points). Consistent with a
tolerance phenotype, antimicrobial peptide (AMP) induction was not different between Per
mutants and wild type flies after B. cepacia infection as shown by: E) Drosomycin and F)
Diptericin. Other AMPs are shown in Fig. S1. G) Per mutants and wild type flies did not exhibit
differences in systemic and injection site melanization after B. cepacia infection (3 trials, n=1722 flies/trial/genotype). H) Inhibition of phagocytosis by bead pre-injection did not remove Per
mutant survival advantage over wild type after B. cepacia infection (Per, n=76 with beads, n=81
with buffer; wild type, n=81 with beads, n=80 with buffer; p<0.0001 for all pair-wise curve
comparisons). p-values for survival curve comparisons were obtained by log-rank analysis; all
others were obtained by unpaired t-test unless otherwise noted. n.s.=p>0.05.
	
  

systemic melanization [70]. Inhibition of phagocytosis by bead pre-injection decreased
survival of both Per and wild type controls, yet Per mutants still survived significantly
longer than wild type flies (Fig. 1H). This result suggests that phagocytosis is not
responsible for the increased tolerance of Per mutants. Taken together, these results
indicate that tolerance, and not resistance, leads to increased survival of Per mutants after
B. cepacia infection.	
  

Per mutants have decreased energy storage.
We next wanted to determine the mechanism(s) leading to increased tolerance in Per
mutants during B. cepacia infection. It has been shown that decreased survival of other
bacterial infections, M. marinum and L. monocytogenes, is associated with loss of
metabolic stores [86,183].

Moreover, metabolic gene expression is known to be

circadian-regulated [186,187] and regulated by immunity genes [199,200].

These

findings raise the possibility that the increased tolerance of Per mutants during infection
is due to increased metabolic stores. If so, uninfected Per mutants would be more
resistant to starvation than wild-type controls. In fact, we found the opposite: Per
mutants are more sensitive to starvation than wild-type controls (Fig. 2A, p<0.0001),
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suggesting that Per

Figure 2: Allen et al., 2014
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Fig. 2. Per mutants have lower metabolic resources and eat more than wild type flies. A)
Uninfected Per mutants were more sensitive to starvation than uninfected wild type flies (Per
n=15; WT n=12). B) Quantification of metabolic storage levels comparing uninfected Per
mutants and wild type flies (n=12 for both) revealed that Per mutants had lower levels of
triglycerides (p=0.0004) and glycogen (p=0.0007) and similar levels of primary circulating
sugars. C) 16 hours after infection with B. cepacia, Per mutants relative to wild type (n=12 for
both) had lower levels of triglycerides and similar levels of glycogen and primary circulating
sugars. D) Schematic of the radioactive food consumption assay. E) In the radioactive food
assay, Per mutants ate ~14% more than wild type (Per, n=9; WT, n=9, p=0.016). F) Schematic
of the CApillary FEeder (CAFE) assay. G) Using the CAFE assay, Per mutants ate ~23% more
than wild type (Per, n=24; WT, n=21; p=0.0344). n.s.=p>0.05; p-values were obtained by
unpaired t-test.
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mutants have less energy storage than wild type. To directly test this, we measured three
major types of energy storage: fat (triglycerides), glycogen, and primary circulating
sugars (trehalose and glucose). Consistent with their increased sensitivity to starvation,
uninfected Per mutants exhibited significantly lower levels of triglycerides (p=0.0004)
and glycogen (p=0.0007) and similar levels of trehalose and glucose (p=0.7065) when
compared to wild type (Fig. 2B).	
  
An alternative metabolic explanation for the increased tolerance in Per mutants is
that these mutants may lose energy less quickly than wild type and have greater energy
stores late in infection.

Both Per mutants and wild type lost energy stores during

infection, but Per mutants still had lower energy stores than wild type (Fig. 2C). At 16
hours post-infection, triglyceride levels in Per mutants were reduced relative to wild type
(~70% of wild type, p=0.0001), with levels of circulating sugars and glycogen similar to
wild type (p=0.9314 and 0.484, respectively). These data suggest that the increased
tolerance of Per mutants are not due to increased energy stores or decreased energy usage
during infection.

Per mutants exhibit increased feeding behavior.
We reasoned that Per mutants, because they have low energy stores, might eat more than
wild type animals and that this increased feeding behavior itself could enhance infection
tolerance. To directly investigate the feeding behavior of Per mutants, we compared the
nutrient intake of Per mutants and wild type flies by measuring consumption of

32

P-

labeled, standard molasses food over 24 hours (Fig. 2D, 2E) [192,193]. In addition, we
measured the consumption of liquid food containing sugar and yeast extract using the
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Capillary Feeder (CAFE) assay (Fig. 2F, 2G) [191,193]. In the

32

P-labeled food assay,

Per mutants ate 14% more than wild type controls; in the CAFE assay, Per mutants ate
23% more than wild type controls (Fig. 2F, p = 0.016; Fig. 2G, p = 0.034). Thus, despite
having decreased energy storage before and during infection, Per mutants exhibit
significantly greater food intake than wild type.

Nutrient availability enhances infection tolerance of B. cepacia.
If the increased survival of Per mutants is due to increased feeding, then decreasing
nutrient intake by dietary restriction should abolish the enhanced survival time of Per
mutants in response to B. cepacia infection. To induce dietary restriction, we used a low
sugar, protein-free diet containing only water, agar, and 1% glucose. We found that even
short-term dietary restriction (~24 hours before infection) decreased survival time for
both wild type (Fig. 3A, p<0.0001) and Per mutants (Fig. 3B, p<0.0001). Per mutants
consistently survived an average of 22% longer than wild type flies when fed standard
food (20/20 experiments, comparison of median survival times).

In contrast, diet-

restricted Per mutants either had no survival advantage over wild type (4/12
experiments), survived significantly less well than wild type (2/12 experiments), or
survived an average of only 7% longer than wild type (6/12) (Fig. 3C, 3G). Bacterial
loads remained unchanged under these feeding conditions (Fig. 3D, 3E, 3F; p>0.05 for all
time points). Together, these results show that short-term dietary restriction reduces
infection tolerance and support the hypothesis that the increased feeding behavior of Per
mutants on the day of infection contributes to their increased tolerance of infection with
B. cepacia.
82

Figure 3: Allen et al., 2014
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Fig. 3. Dietary restriction does not increase infection tolerance of either Per mutants or wild
type
A-C) Dietary restriction decreased survival time after infection for both A) wild type (standard
food n=66, DR n=63) and B) Per mutants (standard food n=59, DR n=62). C) Dietary restriction
eliminated the consistent survival advantage of Per mutants over wild-type flies (Per n=62, WT
n=63). Dietary restriction did not alter bacterial load for D) wild type (n≥5 flies/time point) or E)
Per mutants (n≥5 flies/timepoint, n>0.05, all time points); moreover, F) diet-restricted wild type
and Per mutants had similar bacterial loads (n≥5 flies/time point). p-values were obtained by
unpaired t-test (0h) and non-parametric Mann-Whitney test (other time points). G) Multiple
experimental trials showed that, on standard food, Per mutants always survived B. cepacia
infection longer than wild type but not after dietary restriction; survival outcome was judged
significant when p<0.05. p-values for survival curve comparisons were obtained by log-rank
analysis; all others were obtained by unpaired t-test unless otherwise noted. n.s.=p>0.05;
fed=standard diet, DR=diet-restricted (1% glucose).
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Dietary glucose and amino acids enhance infection tolerance
To evaluate the specific dietary components that contribute to tolerance of infection, we
supplemented a restricted diet with defined nutrients (Fig. 4A). Because Per mutants
display pleiotropic defects in metabolism and other circadian-regulated physiologies
[177], we focused on wild type flies. We first tested if increasing glucose content in the
food could fully complement the restricted diet, which contains 1% glucose.

We

compared the effects of standard food with protein-free, agar-based food containing 1%,
5%, 10%, or 15% glucose (Fig. 4B). Wild-type flies survived longest on standard food
and shortest when switched to 1% glucose 24 hours before infection (Fig. 4B, p<0.0001
comparing standard food or 1% glucose with any other condition). Increasing glucose
concentration from 1% to 5% increased survival time (Fig. 4B, p<0.0001) without
changing bacterial loads (Fig. 4D, p>0.05 for all time points), but glucose concentrations
higher than 5% did not further increase survival time (4B, p>0.05 for any pair-wise
comparison of 5%, 10%, and 15% glucose). Moreover, none of these glucose-only diets
was sufficient to increase infection survival time to that observed on standard food
(p<0.0001 comparing any glucose-only diet with standard food). Thus, glucose enhances
infection tolerance but glucose alone is not sufficient for optimal survival of infection.
This result suggests that other components in standard food also contribute to survival of
infection.
In addition to sugar, standard food also contains a complex mixture of lipids,
proteins, vitamins, and other nutrients derived from yeast and cornmeal ingredients. We
tested whether 5% glucose supplemented with amino acids was sufficient to substitute for
standard food (Fig. 4A). We compared survival of flies fed three different diets: 5%
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glucose, 5% glucose plus amino acids, and standard food. A diet of 5% glucose plus

Fig. 4: Dietary glucose and amino acids increase tolerance of B. cepacia infection
A) Schematic of dietary conditions: wild-type flies were raised on standard food and switched 24
hours before B. cepacia infection to fresh standard food, glucose diets (B,D) or glucose diet plus
amino acids (C,E). B) Increasing glucose concentration (5%, 10%, 15%) increased survival time
relative to 1% glucose diet (p<0.0001 in all cases) and caused similar survival kinetics compared
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to each other (p>0.05 in all cases). C) Supplementing 5% glucose with amino acids increased
survival time significantly longer than the glucose-only diets (p<0.0001 in all cases) and was
sufficient for survival kinetics similar to standard food (p>0.05). There was no difference in
bacterial load comparing flies fed D) 1% vs. 5% glucose (n=6 flies/time point) or E) 5% glucose
vs. 5% glucose plus amino acids (n=6 flies/time point); p-values were obtained by unpaired t-test
(0h) and non-parametric Mann-Whitney test (other time points). F) Wild-type flies survived
longer when injected 1.5 hours before infection with 50 nL of 5% glucose (n=21) than with PBS
control (n=18, p=0.0007). G) Multiple trials showed that 5% glucose injection enhanced survival
relative to buffer injection when administered within 2 hours before or after the time of infection.
Survival outcome was judged significant when p<0.05. p-values for survival curve comparisons
were obtained by log-rank analysis; all others were obtained by unpaired t-test unless otherwise
noted. n.s.=p>0.05.
	
  
	
  

amino acids 24 hours prior to infection resulted in significantly longer survival time
compared to 5% glucose alone (Fig. 4C, p<0.0001), with no change in bacterial load (Fig.
4E, all time points p>0.05). In fact, 5% glucose plus amino acids was sufficient to
increase survival time as long as standard food (Fig. 4C, p=0.3039). Taken together, these
results suggest that glucose and dietary amino acids alone are sufficient to promote
tolerance of infection, and that acute exposure to both within ~24 hours of B. cepacia
infection is necessary for optimal survival.

Glucose is required around the time of infection for increased host tolerance.
We set out to precisely characterize the required timing of the glucose contribution to
infection tolerance.

To identify the time and place where glucose acts to increase

tolerance, we developed a method to mimic acute glucose intake. We found that a 50 nL
injection of 5% glucose administered directly into the circulatory system of diet-restricted
flies significantly increased infection survival time relative to injection of buffer alone
(Fig. 4F, p <0.0001). This amount of glucose is approximately equivalent to the quantity
ingested by a single fly in a 1-hour period (as calculated from prior feeding experiments;
Fig. 2D-G).
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We found that glucose injection was only effective if administered within a
specific time window centered around the time of infection with B. cepacia. Glucose
injections within 2 hours before or after the time of infection led to a significant increase
in survival (Fig. 4G). In contrast, injections performed 2-4 hours before or after infection
had no effect or a negative effect on survival (Fig. 4G).

This time window is

unexpectedly narrow, consistent with an acute rather than chronic effect of diet upon
infection tolerance. These results suggest that acute glucose intake acts to stimulate a
specific signaling pathway that increases immune tolerance when administered at or
around the time of infection.

FOXO activity mediates a glucose-activated increase in infection tolerance.
We set out to identify the signaling pathways underlying the nutrient contributions to
tolerance. Because insulin-like signaling (ILS) is important for glucose homeostasis
[201], we hypothesized that ILS mediates the glucose contribution to infection tolerance.
Phosphorylation of dAkt, a downstream component of the ILS pathway, is indicative of
glucose-activated insulin-like signaling (Fig. 5D) [202]. Consistent with their increased
feeding, we found that Per mutants exhibit increased levels of phospho-dAkt relative to
wild type flies by Western blot analysis (Fig. 5C).

Thus activation of insulin-like

signaling is correlated with increased tolerance of B. cepacia.
To directly test whether insulin signaling mediates glucose-stimulated tolerance,
we infected mutant flies lacking dFOXO, a critical downstream component of the ILS
pathway (Fig. 5D). Because dFOXO activation results in negative feedback to inhibit the
ILS pathway, loss of dFOXO function causes constitutive activation of insulin-like
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signaling. If dietary glucose alters survival through activation of ILS, then dFOXO

Fig. 5: Insulin-like signaling mediates the glucose contribution to infection tolerance and
the TORC2 complex mediates the effects of dietary amino acids.
A) dFOXO mutants showed no significant difference in survival kinetics when fed 1% or 5%
glucose 24 hours before infection (1%, n=20; 5%, n=23). B) dFOXO mutants survived
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significantly longer when fed 5% glucose supplemented with amino acids (a.a.) compared to 5%
glucose alone (glucose alone, n=23; with a.a., n=11). C) Per mutants exhibit 1.7x higher levels
of phospho-Akt than wild-type flies as determined by Western blot analysis. D) Schematic of the
insulin-like signaling pathway. E) Flies co-injected with buffer at the time of infection survived
longer when fed 5% glucose plus amino acids (n=52) than 5% glucose alone (n=70). F)
Inhibition of TORC1 by co-injection of rapamycin at the time of infection failed to abolish the
survival benefit conferred by dietary amino acids (glucose alone, n=59; with a.a., n=67). G)
Gal80-ts; tub-Gal4>UAS-Tsc1/Tsc2 flies raised at 18ºC (not over-expressing Tsc1/2, see Fig. S3)
exhibited increased survival time in response to dietary amino acids (glucose alone, n=71; with
a.a, n=65). H) Gal80-ts; tub-Gal4>UAS-Tsc1/Tsc2 flies raised at 29ºC (over-expressing Tsc1/2,
see Fig. S3) exhibited increased survival time in response to dietary amino acids (glucose alone,
n=63; with a.a., n=59). I) RicTOR01 control flies exhibited increased survival time in response to
dietary amino acids (both, n=71). J) RicTOR01 mutants did not exhibit increased survival time in
response to dietary amino acids (glucose alone, n=50; with a.a., n=51). K) Schematic of the TOR
pathway. n.s.=p>0.05.; a.a.=amino acids.
	
  

mutants will exhibit no difference in survival whether fed 1% or 5% glucose. Consistent
with this, dFOXO mutants fed 1% glucose or 5% glucose showed no difference in
survival after B. cepacia infection (Fig. 5A, p=0.2974).
In contrast, defective insulin-like signaling had no effect on increased survival
induced by dietary amino acids. Infected dFOXO mutants given dietary amino acids
survived longer when infected with B. cepacia than those deprived of amino acids (Fig.
5B, p<0.001), similar to wild-type flies. Together, these results indicate that the insulinlike signaling pathway mediates the effects of dietary glucose, but not dietary amino
acids, in increasing tolerance of B. cepacia infection.

TORC2 mediates the amino acid contribution to infection tolerance.
We next asked which molecular pathways might mediate the effects of amino acids in
increasing tolerance of B. cepacia infection.

The canonical sensor of amino acid

availability is the TOR signaling pathway, specifically the TORC1 pathway [203]. The
TOR protein forms two distinct complexes: TOR Complex 1 (TORC1) is inhibited by the
89

small molecule rapamycin and monitors amino acid availability; TOR Complex 2
(TORC2) is rapamycin-insensitive and is better characterized as a regulator of the actin
cytoskeleton (Fig. 5K) [204,205].
To determine whether TORC1 signaling plays a role in amino-acid stimulated
tolerance, we tested whether tolerance is inhibited by rapamycin [204,205]. We found
that injecting 9.6 ng of rapamycin per fly (approximately equivalent to the mammalian
dose of 16 mg/kg, [206]) significantly decreased survival of infection (Fig. S2, rapamycin
vs buffer, p<0.0001 on food with or without amino acids). This effect is likely due to
TORC1-dependent resistance mechanisms, as seen during P. aeruginosa infection
(personal communication, S. Pletcher).

We found that, when injected with either

rapamycin or vehicle, flies survived infection significantly longer when fed dietary amino
acids (Fig. 5E, 5F, p<0.0001 in both cases). This result suggests that the rapamycinsensitive, canonical amino acid sensor TORC1 is not involved in amino acid-stimulated
tolerance of B. cepacia infection.
To confirm that TORC1 signaling is not the key mediator of amino acidstimulated infection tolerance, we compared the effects of perturbing another molecular
component of this pathway, Tsc1/2.

Tsc1/2 activity inhibits Rheb, thus negatively

regulating TORC1 signaling (Fig. 5K) [207]. We found that mutants overexpressing
Tsc1/2 (Fig. S3A,B) still responded to dietary amino acids with increased survival similar
to controls following B. cepacia infection (Fig. 5G,H p<0.0001). These results further
confirm that the effect of amino acids on survival of infections is independent of TORC1
signaling.
We next tested whether dietary amino acids enhance infection tolerance through
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TORC2 signaling. In TORC2, TOR complexes with RicTOR (the Rapamycin-insensitive
companion of TOR) and Sin1 (Fig. 5K) [208].

We compared mutants carrying a

transposon-mediated deletion in the RicTOR gene with control flies in which this
transposon has been precisely excised from the RicTOR gene.

While control flies

responded to dietary amino acids with increased survival of infection (Fig. 5I, p<0.0001),
RicTOR mutants exhibited the same survival time with or without dietary amino acids
(Fig. 5J, p>0.05). These results therefore suggest that TORC2, but not TORC1, is
required for amino acid-mediated tolerance of infection.

Amino acid contribution to survival depends on the gut microbiota.
To characterize the mechanism underlying amino acid-stimulated tolerance, we asked
whether direct injection of amino acids can increase survival time as well as ingestion of
amino acids, similar to glucose (Fig. 6A, schematic). We found that injection of amino
acids at two different concentrations at different times points before or during infection
did not improve survival time (Fig. 6B, p=0.0031 with injection of a high dose of amino
acids decreasing survival time; Fig. 6C, low amino acid dose, p>0.05; and Fig. S4A and
S4B, showing amino acid injections 2h before and after infection, respectively, p>0.05
for both). Flies injected with buffer were still able to respond to ingested amino acids
(Fig. 6C, p<0.0001). One possibility is that amino acids need to be administered in a
more sustained fashion than glucose in order to enhance tolerance. Another possibility is
that amino acids need to be ingested by the animal through the gut. If the latter is true,
we hypothesized that the gut microbiota may be required for amino acid-stimulated
infection tolerance.
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To test this, we modified a previously published method [195] to raise germ-free

Fig. 6. The effect of amino acids on survival of infection is facilitated by gut microbiota. A)
Schematic of experimental set-up for B and C. Conventionally raised flies are either injected with
amino acids or have amino acids included in their diet. Injection of amino acids in a high dose (B,
n=69) or low dose (C, n=43) does not improve survival when compared to buffer alone (B, n=64,
p=0.0031; C, n=47, p>0.05). As a control, buffer-injected flies are still able to respond to dietary
amino acids with enhanced survival time (C, n=25). D) Experimental set-up for E and F.
Conventionally-raised wild-type flies’ and germ-free wild-type flies’ survival of infection are
compared on diets with and without amino acids. E) Germ-free flies survive infection similarly to
92

conventionally-raised flies with normal microbiota when amino acids are not present in the diet
(germ-free, n=38; conventional, n=54, p>0.05). F) When exposed to dietary amino acids, flies
with intact microbiota exhibit enhanced survival significantly greater than germ-free flies (germfree, n=39; conventional, n=61). p-values obtained by log-rank analysis.

	
  
	
  
	
  

flies lacking their microbiota. We then compared the effects of dietary amino acids on
survival to the effects on conventional flies with intact microbiota (Fig. 6D, schematic).
We confirmed germ-free status by testing for the presence of bacterial 16S ribosomal
genes using PCR analysis (Fig. S4C). On the protein-free 5% glucose diet, germ-free and
conventional flies had identical survival times after infection with B. cepacia, showing
that germ-free flies are not generally immunocompromised against this infection (Fig.
6E, p<0.05). However, dietary amino acids enhanced the survival of conventional flies
significantly more than germ-free flies (Fig. 6F, p<0.0001). Dietary amino acids still
increased the survival of germ-free flies relative to glucose-only diet (Fig. S4D),
suggesting that the microbiota are not exclusively required for amino acid-mediated
survival.

Taken together, these results suggest that amino acids are optimally

administered by feeding to increase infection tolerance; the gut microbiota may help to
mediate absorption of these amino acids or may increase survival of infection by a
different mechanism.	
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DISCUSSION
By examining a circadian mutant with increased infection tolerance against B. cepacia,
we first identified increased feeding as a behavior that contributes to increased tolerance.
We found that two specific nutrients, glucose and amino acids, fully substitute for
standard food in promoting optimal tolerance of rapid infection with B. cepacia. We
found that the glucose contribution to survival is mediated by insulin-like signaling;
consistent with this, two previous studies have implicated ILS in Drosophila tolerance of
M. marinum and resistance against viral infections [86,209] and two other studies have
found that induction of immunity gene expression leads to decreased insulin signaling in
wild-type flies [199,200]. Our work strengthens the hypothesis that insulin-like signaling
may be a general feature of Drosophila immunity, irrespective of the specific type of
infection. Our data further suggest a time and location for this insulin activation, in that
an acute increase in circulating glucose around the time of infection can increase overall
survival time. Thus, what and how much a fly ingests near the time of infection has a
significant effect on its survival of that infection.
Our results also show that dietary amino acids can increase a host’s tolerance.
This effect does not appear to be mediated by the canonical amino acid sensing TORC1
pathway but through the less well-understood TORC2 pathway. From our rapamycin
experiments, TORC1 appears to play a role in immunity against B. cepacia independent
of amino acid-stimulated tolerance. We hypothesize that this is a TORC1-mediated
resistance mechanism, similar to an effect recently observed with the related bacterial
pathogen, P. aeruginosa (S. Pletcher, personal communication).

In vertebrates,

rapamycin is a well-charactarized immunosuppressant due to its inhibition of mTORC1.
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A role for TORC2 in host tolerance has not been previously described. TORC2 is
thought to be stimulated by growth factors and PI3K [205]. Interestingly, in both yeast
and mammalian cells, TORC2 is activated by association with the ribosome but not by
translation [210,211]; and evidence exists that TORC2 may be stimulated by amino acids
[212]. In other systems, downstream targets of TORC2 include components of the
cytoskeletal system, as well as Akt and SGK1, and are thought to play a role in tissuespecific morphology [204,213]. In our system, dietary amino acids appear to activate
TORC2 and enhance host tolerance, an intriguingly novel finding. While in most cases,
immune effects of TOR are thought to act through TORC1, recent evidence suggests that,
in mouse embryonic fibroblasts, RicTOR inhibits TLR-stimulated cytokine expression
[214]. Thus RicTOR may contribute to host tolerance by suppressing harmful effects of
the host immune response. The direct targets of TORC2 that are relevant for infection
tolerance remain unknown and their identification will be an important goal of future
studies.
Our results also show that in Drosophila, amino-acid mediated tolerance is
facilitated by the gut microbiota. Recent work has shown that the gut microbiota can
affect the pathogenesis of diabetes [215], obesity, and atherosclerosis [216]. Here we
show that the fly's microbiota also play a role in tolerance of a systemic infection. This
role could include a contribution to the fly's development so that it can respond properly
to amino acids [217-219] or the gut microbiota may be required for absorption of specific
amino acids by the gut epithelia, as is postulated for branched-chain amino acids [219].
Alternatively, the fly’s microbiome itself may be altered or stimulated by amino acids to
produce molecules or interact with the gut epithelium in a way that enhances infection
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tolerance.

The Drosophila system described here will be useful in distinguishing

between these models.
The cellular and molecular mechanisms that promote host tolerance of infection
are not well-understood [82]. B. cepacia is a significant opportunistic bacterial pathogen,
particularly in hospital settings. This hospital-acquired infection is associated with high
rates of mortality, up to 50% for severe strains, and is often antibiotic-resistant [220,221].
Understanding the mechanisms that are stimulated by acute glucose and dietary amino
acids and lead to increased tolerance will help to identify targets for pharmacological
treatments. The Drosophila model of infection may therefore prove useful in further
dissection of acute, glucose and amino acid-stimulated host tolerance of this human
pathogen.
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Figure S1: Allen et al., 2014 (Related to Fig. 1)
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Fig. S1. Antimicrobial peptides (AMPs) are induced by B. cepacia infection to similar
expression levels in Per mutants and wild type. There is no difference in AMP expression
between Per mutants and wild type (WT) observed before or after B. cepacia infection. Shown
here are expression levels measured by qPCR for five antimicrobial peptides (AMPs): Attacin (A),
Cecropin (B), Defensin (C), Drosocin (D), and Metchnikowin (E). p-values obtained by unpaired
t-test; n.s.=p>0.05.
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Fig. S2. Rapamycin reduces survival of B. cepacia infection. Flies injected with 9.6 ng
rapamycin at the time of infection (n=59) died more quickly following B. cepacia infection than
flies injected with control buffer (n=72, p<0.0001).
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Fig. S3. Expression of Tsc1 and Tsc2 transcripts are induced by heat- shock. After heatshock treatment at 29°C for 0, 24, 48, or 72 hours (left to right), adult Gal80-ts; tub-Gal4>UASTsc1/Tsc2 flies showed increased expression of A) Tsc1 and B) Tsc2. Transcript levels for each
sample were normalized to total RNA level by comparison to ribosomal protein 1 (rpl4). C)
Schematic of the TOR pathway.
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Fig. S4. Amino acid-stimulated tolerance is facilitated by the gut microbiota. Amino acids
must be ingested (enter through the gut) to stimulate host tolerance. Amino acids injected 2 hours
prior to infection (A) or post- infection (B) did not improve survival outcome (p>0.05 for both).
C) Bacterial 16S ribosomal DNA is not detected after PCR in germ-free flies, but is present in
conventionally-raised flies. D) Survival curves for all 4 conditions for germ-free fly experiments:
conventionally-raised flies fed glucose, conventionally-raised flies fed glucose and amino acids,
germ-free flies fed glucose, and germ-free flies fed glucose and amino acids. Dietary amino acids
improve survival of germ-free flies (p<0.0001) to a lesser extent than they improve survival of
conventionally- raised flies (also p<0.0001).
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Table S1. Primer sequences.
Gene
AttA

CACAATGTGGTGGGTCAGG

GGCACCATGACCAGCATT

CecA1

TCTTCGTTTTCGTCGCTCTC

CTTGTTGAGCGATTCCCAGT

Def
Dipt
Dro

TTCTCGTGGCTATCGCTTTT
ACCGCAGTACCCACTCAATC
CCATCGAGGATCACCTGACT

GGAGAGTAGGTCGCATGTGG
CCCAAGTGCTGTCCATATCC
CTTTAGGCGGGCAGAATG

Drs

GTACTTGTTCGCCCTCTTCG

CTTGCACACACGACGACAG

Mtk

TCTTGGAGCGATTTTTCTGG

TCTGCCAGCACTGATGTAGC

Rpl1
Tsc1
Tsc2

	
  

Right primer

Left primer

TCCACCTTGAAGAAGGGCTA
GTAAACACACCTTGTCCAAGCAGC
ACACATAGACAACAACGAGAGG
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TCCACCTTGAAGAAGGGCTA
TGACAGATGGATAGACGGAACCAC
AAGAGATATCATGGCAGGATGC
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CHAPTER 4:

Phagocytic immune cell defects in the Drosophila model of Fragile X syndrome

Work in progress:
Elizabeth F. Stone, Reed M. O’Connor, Emily Marcinkevicius, Vanessa M. Hill, Jennifer
S. Ziegenfuss, Clarice G. Zhou, Wesley B. Grueber, and Mimi M. Shirasu-Hiza
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SUMMARY
Having found significant differences in immune system function in the absence of
circadian regulation, I next wanted to know how the immune system functions in the
Drosophila model of Fragile X syndrome, a disease that is known to be associated with
circadian dysregulation. Fragile X syndrome is the most common single locus genetic
cause of intellectual disability and autism and results from the loss of the RNA-binding
protein FMRP that regulates the translation of a whole host of mRNA targets. In addition
to circadian dysregulation, patients and animal models of the disease exhibit defects in
learning and memory, altered synaptic plasticity, and increased dendritic arborization.
Altered immune system parameters observed in patients with Fragile X syndrome and
autism suggests an altered immune system function in these diseases, but immunity has
not been well characterized, either in humans or in animal models. Here I ask, how does
the loss of dFMR1, the Drosophila homolog of FMRP, affect immune system function
both in the body and in the brain?
Dr. Mimi Shirasu-Hiza and I conceived of all of the experiments enclosed in this
chapter and I have written the manuscript with input from Dr. Shirasu-Hiza. I initially
conducted all the systemic immunity experiments described in this chapter using dFMR1
transheterozygous hypomorphs, made by crossing flies with the dFMR1B55 allele to flies
with the null dFMR1 Δ50M allele and compared them to their isogenic wild-type control
(see Appendix II). At the time I was unable to generate dFMR1 null animals in lab. I
have since optimized husbandry conditions to obtain dFMR1 null animals by raising the
dFMR1 mutants and wild-type controls on food containing low amounts of glutamate
[222]. To avoid recessive background mutations, I used a transheterozygous null for all
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of the experiments listed in this chapter. The two dFMR1 mutant alleles used for these
experiments were dFMR1Δ50M and dFMR13 and their isogenic wild-type controls.
Others in the lab have also contributed to this work by optimizing experiments,
repeating experiments, and assisting in data analysis. I conducted all of the systemic
immunity experiments in this chapter with dFMR1 hypomorphs (see Appendix II) as well
as null mutants (Fig 1A-G). Vanessa Hill conducted the L. monocytogenes infection and
the melanization experiment on the dFMR1 null animals (Fig 1C, 1G, 2A-B). Reed
O’Connor and I performed the AMP experiment (Fig 2E-F). I performed all of the initial
hemocyte phagocytosis experiments, with subsequent trials performed in collaboration
with Dr. Emily Marcinkevicius (Fig 2H-I). I performed the genetic crosses for necessary
fly lines and initiated the glial phagocytosis assays in Figs 3, 4, and 5, with some of the
subsequent trials performed in collaboration with Reed O’Connor, who was invaluable in
optimizing the immunostaining and confocal microscopy conditions.
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ABSTRACT
Autism spectrum disorder has become a major national health crisis. Most research on
autism spectrum disorder has focused on neuronal defects; however, recent evidence
suggests that immune system dysfunction correlates with this neurological disease. The
role of glia, or non-neuronal immune cells in the brain, remains unclear. Here we
examine a Drosophila model of Fragile X syndrome, the most common genetic cause of
autism, for immune cell defects. Fragile X syndrome is caused by loss of FMR1 function
and flies lacking the Drosophila homolog dFMR1 display neurological phenotypes
similar to patients with Fragile X syndrome, including dendritic over-arborization,
defects in learning and memory, and loss of circadian regulation. We found that dFMR1
mutants have defective immune responses to bacterial pathogens, and that these defects
are the result of aberrant phagocytic activity in the flies’ hemocytes. Additionally, we
show that these mutants exhibit defective phagocytosis by ensheathing glia in the brain in
response to neuronal injury: glia in dFMR1 mutants show significant delays in clearance
of axonal debris and in their expression of the critical phagocytic receptor Draper. These
results represent the first in vivo study demonstrating a defect in a specific glial function
in a model of Fragile X syndrome. Thus our work establishes a new model of
neuroimmune dysregulation in an autism spectrum disorder model, demonstrating a
possible role for glia in pathogenesis, with potential future implications for therapeutic
approaches to the disease.
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INTRODUCTION
The prevalence of autism spectrum disorders has reached a modern crisis, occurring at a
rate of 1 in 68 children [223]. The vast majority of autism cases occur sporadically, but
the most common known monogenic cause of intellectual disability and autism is Fragile
X syndrome. Thus Fragile X syndrome is a highly utilized model for studying autism and
intellectual disability. In Fragile X syndrome, transcriptional silencing of the FMR1 gene
leads to absence of the protein FMRP, an mRNA binding protein and translational
regulator. FMRP is ubiquitously expressed but is particularly abundant in neurons [91].
Loss of FMR1 in humans and animal models causes neurons to display excessive growth
of dendritic spines and defects in synaptic plasticity, but the mechanism underlying the
neuronal dysfunction is unknown [132].
One factor that may contribute to the neurological symptoms of autism is immune
system dysfunction. Autism is strikingly correlated with both maternal infection and
autoimmune diseases during pregnancy; this suggests that prenatal immune challenge in
the mother may cause immune misregulation in the fetus, contributing to the
development of autism. In support of this hypothesis, numerous studies have
demonstrated that children with autism express auto-antibodies with reactivity against
brain-specific antigens [224], and others have suggested an association between specific
human leukocyte antigen alleles and autism [225]. Fragile X syndrome is also associated
with altered immune system function, including elevated proinflammatory cytokine
levels in the blood [226] and gastrointestinal disorders [95]. However, whether altered
immune system function in the body is a cause or consequence of neuronal dysfunction
remains unclear.
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Recent studies have also suggested a role for glia, which are the resident immune
cells in the brain, in the etiology of Fragile X syndrome and autism. FMR1 is expressed
in mouse glia during embryonic development as well as postnatally [227]. FMR1 mouse
mutants exhibit significant and often subtle defects in different subtypes of glia, including
a decreased number of radial glial cells during neocortical neurogenesis [228]; atypical
activated reactive astrocytes in specific brain regions [229]; decreased glutamate
transporter expression in astroglial cells [230]; and delayed myelination due to impaired
oligodendrocyte precursor cells [231]. In an in vitro co-culture assay, FMRP knockout
neurons grown with wild-type glia developed a wild-type architecture, while wild-type
neurons grown with FMRP knockout glia developed a morphology characteristic of
FMRP knockout neurons. These results demonstrate that glia are disordered in the
absence of FMRP and may play an important role in regulating neuronal structure. One
of the main cellular functions of glia is phagocytosis, or the engulfment of extracellular
material, which is mediated by phagocytic receptors and cytoskeletal rearrangement [2224]. Still, the role of FMR1 in glial phagocytosis has not yet been examined.
In both vertebrates and invertebrates, it has become increasingly clear that
phagocytosis by glia is important for neuronal structure and function [232-234]. Rather
than being passive structural cells or vacuum cleaners that merely clear the extracellular
spaceof debris, glia are now understood to play an active role in shaping their local
environment. Glia contribute to the restructuring of neuronal circuits by phagocytosing
synaptic elements and newborn cells [235]. Recently, phagocytic properties of microglia
have been implicated in a mouse model of Rett syndrome, which in humans causes
autism spectrum disorder [236]. This suggests that neuronal disease may be caused by a
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defect in glial phagocytosis. Glial phagocytosis is additionally known to be required for
dendritic pruning. Because FMR1 mutants exhibit defects in dendritic pruning leading to
an over-arborization of dendritic branching, glial phagocytosis in these mutants could be
dysregulated or absent. Glial phagocytosis has not yet been examined in any model of
Fragile X syndrome.
The Drosophila dFMR1 mutant is a well-established model for studying specific
aspects of Fragile X syndrome. Drosophila has a single FMR1 family member (dFMR1),
which is most similar to vertebrate FMRP with a high degree of amino acid sequence
similarity [237]. In many key parameters, loss of dFMR1 in Drosophila phenocopies
mammalian models of Fragile X syndrome. Similar to vertebrate models, Drosophila
dFMR1 mutants display neurological symptoms:

defects in learning, memory, and

circadian regulation [120], as well as similar neuroanatomical defects and synaptic
dysfunction [238]. dFMR1 is also functionally conserved on the molecular level: dFMR1
regulates the translation of Drosophila homologs of putative targets regulated by
mammalian FMRP [121,122]. However, while much research has been undertaken to
examine the neuronal defects in animal models of Fragile X syndrome, immune system
function in other cell types—particularly in non-neuronal, glial cell types in the brain, of
dFMR1 mutants has not been investigated.
This is the first study to investigate specific immune mechanisms both in the body
and in the brain using the Drosophila model of Fragile X syndrome. Here we identify
several pathogens to which dFMR1 mutants are more susceptible, and we show that
dFMR1 mutants exhibit elevated basal expression of anti-microbial peptides but reduced
phagocytic activity. These results are the first demonstration of a cellular immune system
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defect in the Drosophila model for Fragile X syndrome. After observing a hemocyte
phagocytosis defect in the body, we next investigated glial phagocytosis in dFMR1
mutants using an axonal injury model. We found that dFMR1 mutants exhibit reduced
clearance of axonal remnants after injury. We observed a decrease in the induction of
Draper, a receptor crucial for phagocytosis, in dFMR1 mutants after injury, suggesting
that glia are less activated after injury in dFMR1 mutants. This is the first study to
demonstrate a defect in a specific glial function in vivo in dFMR1 mutants, namely glial
phagocytosis. Thus, as glial phagocytosis is crucial for proper dendritic pruning and
synaptic function, these results suggest that glia may play a critical role in the
pathogenesis of Fragile X syndrome.
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MATERIALS AND METHODS
Fly and bacterial strains
In the following experiments, we generated flies transheterozygous for two dFMR1 nulls
alleles, dFMR1Δ50M (a kind gift from D. Zarnescu [122]) and dFMR13 (a kind gift from T.
Jongens [239]), and their isogenic controls. Both of these alleles were outcrossed to their
isogenic controls (Oregon R and iso31b, respectively) for at least 6 generations. The
control flies were transheterozygous for OreR and iso31b. To label hemocytes with GFP,
we recombined a hemocyte-specific Gal4 driver (hmlΔ-Gal4) with UAS-GFP(2x) and
crossed this to dFMR1 and control lines. To label a specific population of olfactory
neurons with GFP, we crossed the OR85e>mCD8::GFP reporter (a kind gift from M.
Freeman [240]) into dFMR1 and control lines.
Infections were performed with the following bacteria as previously described
[63]: Streptococcus pneumoniae strain SP1, a streptomycin-resistant variant of D39 and
gift from Elizabeth Joyce in Stan Falkow’s laboratory at Stanford University [156];
Listeria monocytogenes strain 10403S, gift from Julie Theriot at Stanford University
[157]; Serratia marcescens strain DB1140, gift from Man Wah Tan at Stanford
University [158]; Escheria coli strain DH5-alpha; and Micrococcus luteus ATCC strain
4698. S. pneumoniae was frozen at OD600 from 0.15-0.4 in 1 ml aliquots with 10%
glycerol, pelleted upon thawing, rediluted in BHI (Brain Heart Infusion media, Difco) to
an OD600 0.12 for injection into flies, which were incubated at 29˚C after injection.
L. monocytogenes was grown in standing BHI, overnight at 37˚C, and diluted to OD600 of
0.1 for injection into flies, which were incubated at 25˚C. S. marcescens was grown in
shaking BHI overnight at 37˚C and diluted to OD600 ranging from 0.1 to 0.6 for injection
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into flies, which were incubated at 29˚C. E. coli was grown in shaking LB, overnight at
37˚C, and diluted to OD600 0.1 for injection into flies, which were incubated at 25˚C. M.
luteus was grown shaking in BHI, overnight at 37˚C, and diluted to OD600 0.1 for
injection into flies, which were incubated at 29˚C.

Fly rearing conditions
Flies were raised at 25°C, 55-65% humidity onyeasted low glutamate food in a 12h
light/dark cycle. The recipe for the low glutamate food was from Chang, et al, 2008
[222]. Briefly, the low glutamate food contains equal parts 6.25% v/v cornmeal, 6.25%
v/v molasses, 25.75 g/L Baker’s yeast, and 9.25 g/L agar. Flies collected for survival and
hemocyte phagocytosis experiments were maintained on standard dextrose food. The
recipe for standard dextrose food is as follows: 38 g/L cornmeal, 20.5 g/L yeast, 85.6 g/L
dextrose, 7.1 g/L agar. All infection experiments were performed with male flies, 5-7
days post-eclosion. Flies collected for glial phagocytosis assays were maintained on low
glutamate food and were kept on low glutamate food after maxillary palp excisions.

Injections
Flies were anesthetized on CO2 pads. Injections were performed using a custom Tritech
microinjector (Tritech) and pulled glass capillary needles. 50 nL of liquid were injected
into each fly, as calibrated by measuring the diameter of the expelled drop under oil.

Survival assays
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As described previously [63], 60-85 flies per genotype per condition were assayed for
each survival curve and placed in 3 vials of standard dextrose food with approximately 20
flies each. In each experiment, 20-40 flies of each line were also injected with media as a
wounding control. Death was recorded hourly or daily depending on the virulence of the
pathogen.

Data was converted to Kaplan-Meier format using custom Excel-based

software called Count the Dead. Survival curves are plotted as Kaplan-Meier plots and
statistical significance is tested using log-rank analysis using GraphPad Prism software.
All experiments were performed at least three times and yielded similar results.

Bacterial load quantitation
Following microbial challenge, six individual flies were collected at each time point.
These flies were homogenized, diluted serially and plated on appropriate media (tryptic
soy blood agar for S.pneumoniae, LB agar for all others). Statistical significance was
determined using non-parametric Mann-Whitney tests. All experiments were performed
at least three times and yielded similar results.

Melanization assay
The melanization assay was performed as described previously [63]. Briefly, flies were
injected with L. monocytogenes (OD600 0.1) and incubated at 29˚C. 5 days after infection,
flies were visually inspected for melanin deposits. Each deposit was assigned a point
value based on its estimated size. The point scale ranged form 0.5 to 4, where 4
rpresented the largest deposits. The point values for each fly were totaled to give a
melanization index. Separate melanization indices were calculated for melanization at
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the injection site, which results from wounding, and disseminated melanization, which
results from the systemic response to infection.

Antimicrobial peptide gene expression
Flies were injected with 50 nL of bacterial culture at OD600 0.10 (M. luteus and E. coli).
Following injection, flies were placed in vials containing dextrose food and incubated at
25˚C for 6, 24, and 48 hours. Three groups of six flies after each time point were
homogenized in Trizol and stored at -80˚C until processed. RNA was isolated using a
standard Trizol preparation and the samples treated with DNAse (Invitrogen). Fermentas
RevertAid First Strand cDNA synthesis kit was used to produce the cDNA following the
manufacturer’s protocol. Quantitative RT-PCR was performed using a Bio-Rad CFX
Connect system, with Roche FastStart Universal SYBR Green Master (Rox) mix and the
following primer sets: Drosomycin, Diptericin, Rpl1 [160]. Total mRNA concentration
was normalized using Rpl1 expression. Differences in the infection-induced gene
expression were calculated by normalizing to basal gene expression at the same time
point; p-values were obtained by Mann-Whitney test.

Hemocyte phagocytosis assay
5-7 day old male flies were injected with 50 nL of 20 mg/ml pHrodo-labeled S. aureus in
PBS (Molecular Probes, cat# A10010). The flies were allowed to phagocytose the
particles for 35-45 minutes. The dorsal surface of the thorax was glued onto cover glass
(VWR, cat# 3406)with Loctite brand super glue. Images were taken using epifluorescent
illumination with a Nikon Eclipse E800 microscope fitted with a Photometrics Cool
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Snaps HQ2 camera.

Images were captured with Nikon Elements software. The

experiment was repeated three times with 5-6 flies for per genotype. Images were
thresholded to generate ROIs corresponding to fluorescent phagocytic compartments.
The same threshold was used for all images within a given experiment. ROI pixel areas
and intensities were calculated using Nikon Elements software and summed to generate a
single intensity value for each fly, called the sum intensity. Significance was calculated
between genotypes using the student t-test. To elucidate whether dFMR1 mutants had
fewer hemocytes or hemocytes that were less active, we performed a phagocytosis assay
on flies expressing a UAS-GFP under the hemocyte-specific promoter hmlΔ-Gal4,
driving hemocyte-specific GFP expression.

Glial phagocytosis assay and immunohistochemistry
Glial phagocytosis assays were conducted as previously described [241] with some
adjustments. The maxillary palps of 7 to 10-day-old OR85e>mCD8::GFP; dFMR1
mutants and wild-type controls were excised to sever the olfactory neurons. Flies were
collected and decapitated at various time points after wounding, and the fly heads were
fixed for 40 minutes at room temperature in 4% paraformaldehyde in PBS + 0.1% Triton
X-100 (PTX). Fly heads were washed 5 times in PTX and brains were dissected in ice
cold PTX. Brains were blocked in 4% normal donkey serum in PTX and incubated in
primary antibodies at 4˚C for 22-24 hours. Primary antibody was diluted in PTX with 2%
normal donkey serum and 0.02% sodium azide; the primary antibody was reused up to
three times and stored at 4˚C for up to 4 weeks. The following primary antibodies and
dilutions were used: rabbit anti-Draper (a kind gift from M. Freeman, 1:500 [242]);
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chicken anti-GFP (Abcam, #ab13970, 1:1000). Brains were then washed 5 times over the
course of 1 hour at room termperature in PTX and incubated at 4˚C for 22-24 hours.
Secondary antibodies were diluted in PTX with 2% normal donkey serum and 0.02%
sodium azide and made fresh for each experiment. The following secondary antibodies
and dilutions were used in this study: Rhodamine-Red X donkey anti-rabbit IgG (Jackson
Immunoresearch, # 711-295-152, 1:200) and AlexaFluor 488 donkey anti-chicken IgG
(Jackson, # 703-545-155 1:200). Brains were mounted onto coverslips that had been
coated with poly-L-lysine and Kodak Photoflow (10 mL poly-L-lysine and 36 uL
Photoflow), dehydrated by incubating in increasing concentrations of alcohol for 5
minutes (50%, 75%, 95%, 100%, 100%), and incubated in two different solutions of
100% xylenes for 10 minutes each. Coverslips were mounted onto slides with DPX
(Electron Microscopy Service # 13510) and slides dried overnight in the dark at room
temperature. Slides were stored at 4˚C before imaging.
Confocal microscopy was performed using a Zeiss LSM 510 Meta with 488nm
and 533nm lasers and an AxioImager Z1 upright microscope with a PlanNeoFL 40X/1.3
oil objective. Slices with a depth of 8 bit were taken from the anterior to posterior
extremities of the bilateral glomeruli, as indicated by GFP staining. The sum of the mean
fluorescent intensity, using both the GFP and rhodamine red channels, of the middle three
slices of each glomerulus were quantified and normalized to background separately using
ImageJ.
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RESULTS
dFMR1 mutants are sensitive to infections with specific pathogens
The innate immune system of Drosophila is composed of three main immune
mechanisms that help to kill pathogens: melanization, antimicrobial peptide (AMP)
production, and phagocytosis. Drosophila use specific immune mechanisms to defend
against different bacterial pathogens. To assess whether the loss of dFMR1 causes
specific defects in immunity, we first compared the survival kinetics of dFMR1 mutants
and wild-type isogenic controls after infection with four different pathogens known to
elicit immune system activation. We found that dFMR1 mutants died faster than wildtype controls after infection with S. pneumoniae (Fig 1A, p < 0.0001), S. marcescens (Fig
1B, p < 0.0001), and P. aeruginosa (Fig 1D, p < 0.0001).

Survival rates of dFMR1

mutants and wild-type controls did not differ after infection with L. monocytogenes (Fig
1C, p = 0.1702). These results suggest that dFMR1 mutants have defects in specific
immune mechanisms, which cause sensitivity to particular infections.
Decreased survival could occur through defects in resistance, defined as the
ability to kill and clear bacteria, or through defects in tolerance, defined as the ability to
withstand the pathogenic affects of infection. To determine if dFMR1 mutants were less
resistant to infection, we next examined bacterial loads in dFMR1 mutants and wild-type
controls at different time points after infection. We found that dFMR1 mutants have more
bacteria per fly compared to wild-type controls at specific time points after infection with
S. pneumoniae (Fig 1E) and S. marcenscens (Fig 1F), indicating dFMR1 mutants were
less able to kill and clear bacteria. That is, dFMR1 mutants are less resistant to these
pathogens. As expected, dFMR1 mutants and wild-type controls had no consistent
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Figure 1: Stone et al., 2014
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Fig. 1. dFMR1 mutants are less resistant to infections with specific pathogens.
(A-D) Shown here are Kaplan-Meier survival curves of wild-type controls (WT, black circles)
and dFMR1 mutants (dFMR1, purple circles) after injection with select pathogens. dFMR1
mutants died more quickly than wild-type controls after infection with (A) S. pneumoniae (p <
0.0001), (B) S. marcescens (p < 0.0001), and (D) P. aeruginosa (p < 0.0001). dFMR1 had the
same survival kinetics after infection with (C) L. monocytogenes (p = 0.1702). (E-H) dFMR1
mutants have higher bacterial loads, in other words are less resistant, to infections with (E) S.
pneumoniae and (F) S. marcescens. dFMR1 mutants have no consistent difference in bacterial
loads after infections with (G) L. monocytogenes and (H) P. aeruginosa. p-values for survival
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curves were obtained by log-rank analysis. p-values for bacterial load analyses were obtained by
Mann-Whitney nonparametric t-tests.
	
  
	
  

difference in bacterial loads after infection with L. monocytogenes (Fig 1G), a pathogen
that produced no survival difference between these two groups. In contrast, dFMR1
mutants and wild-type controls had equivalent bacterial loads after P. aeruginosa
infection (Fig 1H), even though dFMR1 mutants were more sensitive to this infection.
Similar bacterial loads with reduced survival after infection with P. aeruginosa suggest
that dFMR1 mutants are less tolerant of P. aeruginosa compared to wild-type controls; in
other words, dFMR1 mutants are less able to withstand the pathogenic effects of this
infection. Because the fly uses different immune mechanisms to fight these specific
pathogens and dFMR1 mutants have different survival kinetics depending on the
pathogen, these data suggest that only specific immune mechanisms are regulated by
dFMR1. 	
  

dFMR1 mutants exhibit a reduced melanization response
While it is difficult to investigate a defect in tolerance, a phenomenon that is not well
understood, there are many established assays for measuring particular resistance
mechanisms. Thus, we next sought to identify which specific resistance mechanisms are
regulated by dFMR1. The three best-characterized immune system mechanisms that flies
use to combat infections are antimicrobial peptide synthesis, melanization, and
phagocytosis by hemocytes, which are analogous to primitive macrophages. To
determine if any of the three immune mechanisms are regulated by the dFMR1, we next
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examined each of these three immune mechanisms in dFMR1 mutants and wild-type
controls.
We first tested whether the loss of dFMR1 leads to changes in the antimicrobial
peptide response, the most well-characterized branch of the Drosophila innate immune
system. Antimicrobial peptides (AMPs) are small peptides that have bacteriocidal
properties and are produced by the Drosophila fat body in response to bacterial and
fungal infections. The well-conserved Toll and imd signaling pathways culminate in
AMP induction and are mainly induced by Gram positive and Gram negative bacterial
infections, respectively. In order to determine if dFMR1 mutants have altered AMP
induction, we examined mRNA levels of two different AMPs, Drosomycin (Drs) and
Diptericin (Dpt), which are induced after activation of the toll and imd signaling
pathways, respectively.

Although AMP induction is known to occur following P.

aeruginosa infection [243], the rapid time course of this infection is not suitable for
assaying long-term AMP induction. Instead, we examined basal levels of Drs and Dpt in
uninfected flies and in flies injected with M. luteus and E. coli, used most often to induce
the toll and imd pathways, respectively. Basal levels of Drs and Dpt were increased in
dFMR1 mutants (Fig 2A, p = 0.0370 and Fig 2B, p = 0.0010, respectively), but there
were no significant differences in Drs and Dpt expression at 5 and 24 hours after
infection in dFMR1 mutants and wild-type controls (Figs 2A and 2B). These results
suggest that loss of dFMR1 causes an increase in basal levels of AMP expression but
does not alter AMP response after infection in Drosophila.
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Fig. 2. dFMR1 mutants exhibit altered immune system parameters.
(A-B) dFMR1 mutants have increased basal levels of antimicrobial peptides. dFMR1 mutants exhibited
increased basal levels of (A) Drosomycin (p = 0.0370) and (B) Diptericin (p = 0.0010) compared to wildtype controls, but infection-induced levels of Drosomycin and Diptericin were equivalent between dFMR1
mutants and wild-type controls. (C-E) dFMR1 mutants have reduced systemic melanization after infection
with L. monocytogenes compared to wild-type controls. (C) Schematic of the melanization assay: 5 days
after infection with L. monocytogenes, systemic melanization and melanin deposited at the wounding site
were calculated. Briefly, for each fly, areas of melanin deposition were given a score from smallest to
largest of 0.5 to 4. These scored were summed for each fly to generate the melanization index for each fly.
(D) dFMR1 mutants have reduced systemic melanization when the melanization index was calculated (p <
0.0001) (E) but equivalent melanin deposition at wounding sites (p = 0.1949) after infection with L.
monocytogenes. (F-H) dFMR1 mutants exhibit reduced phagocytic activity compared to wild-type controls.
(F) Schematic of the phagocytosis assay: S. aureus labeled with the pH sensitive pHrodo fluorophore was
injected into wild-type and dFMR1 mutants flies. pHrodo only fluoresces in acidic environments; only
hemocytes that have phagocytosed the pHrodo-labeled bacteria fluoresces. The dashed line represents the
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thorax where fluorescence was quantified. (G) Representative micrographs showing thoraces from a wildtype fly and a dFMR1 mutant. (H) Phagocytic activity in wild-type and dFMR1 mutants was quantified by
measuring the sum of the intensity, which is a measurement generated from both the area and the intensity
of each fluorescent puncta in the thorax of each fly. dFMR1 mutants exhibit significantly less phagocytic
activity compared to wild-type controls (p = 0.0159). p-values for melanization and antimicrobial peptides
were calculated by the Mann-Whitney nonparametric t-test. p-values for antimicrobial peptide were
obtained by the Mann-Whitney nonparametric t-test. p-values for phagocytic activity were calculated using
an unpaired t-test.

dFMR1 mutants exhibit reduced systemic melanization after infection with L.
monocytogenes compared to wild-type controls
We next tested whether the loss of dFMR1 affects the melanization response. The process
of melanization produces reactive oxygen species that are toxic to pathogens and
parasites and leads to the deposition of melanin both systemically and at local sites of
wounding and infection. Melanization is the main defense used by Drosophila to fight
infections with L. monocytogenes [70]. To measure melanization, dFMR1 mutants and
wild-type controls were infected with L. monocytogenes and inspected for melanin
deposit five days after infection (Fig 2C). A melanization index was calculated for each
fly based on the number and size of melanin deposits present. Deposits at the injection
site, which primarily develop in response to wounding rather than infection, were scored
separately. Although we had previously found there to be no survival difference between
dFMR1 mutants and wild-type controls after infection with L. monocytogenes, we found
a significant decrease in systemic melanin deposition in dFMR1 mutants (Fig 2D, p <
0.0001). However, melanization at the injection site was comparable between the two
groups (Fig 2E, p = 0.1949), indicating that dFMR1 mutants are capable of producing
melanin but are specifically defective in depositing melanin systemically in response to a
pathogen. These results suggest that the loss of dFMR1 may decrease the systemic
melanization response after infection but not locally after wounding. Additionally, this
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altered systemic melanization response does not affect survival after L. monocytogenes
infection. dFMR1 mutants may exhibit wild-type survival rates and bacterial loads after
infection with L. monocytogenes despite reduced rates of melanization in part because of
their increased basal rate of AMP induction, as Toll signaling has been found to protect
flies synergistically with melanization against L. monocytogenes [69].
	
  

dFMR1 mutants exhibit decreased phagocytosis of bacteria by hemocytes
Drosophila is particularly dependent on phagocytosis by hemocytes to combat certain
infections, including S. pneumoniae, S. marcescens, and S. aureus [138,155]. To
determine if dFMR1 regulates phagocytosis, we then measured phagocytosis of
fluorescently-labeled bacterial particles in vivo in dFMR1 mutants and wild-type controls.
Flies were injected S. aureus bioparticles conjugated to a pH-sensitive rhodamine
fluorophore. Therefore, only particles that are engulfed and processed in acidic
phagolysosomes generate fluorescent signal (Fig 2F). We imaged the dorsal surface of
the thorax, where fluorescent puncta, representing phagocytosed bacteria, were visible
through the cuticle (Fig 2F). We found a decrease in the intensity of fluorescence in
dFMR1 mutants when compared to wild-type controls (Fig 2F and Fig 2G, p = 0.0159).
This result show that the loss of dFMR1 causes decreased phagocytic activity by
hemocytes, suggesting that dFMR1 promotes phagocytosis.

Loss of dFMR1 results in a decrease in axonal clearance after axotomy
Having found a significant defect in hemocyte phagocytosis, we hypothesized that the
loss of dFMR1 may impact phagocytosis by glia, the phagocytic immune cells in the
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brain. Glia and hemocytes use the same receptors and phagocytic pathways for
phagocytosis [244]. Glial phagocytosis is crucial for proper pruning during development
and for the removal of dead neurons [242,245]. To determine if dFMR1 mutants have a
defect in glial phagocytosis, we used a well-characterized assay developed by Marc
Freeman’s group to examine axonal clearance by glia after axotomy in dFMR1 mutants
[242]. Briefly, we genetically-labeled olfactory neurons that innervate the maxillary
palps with membrane-bound GFP.

The cell bodies of these neurons reside in the

maxillary palp and the neurons project to glomeruli in the antennal lobes.

After

surgically excising the maxillary palps, these olfactory neurons cannot survive without
their cell bodies, and the axonal remnants are phagocytosed by glia. With successful glial
phagocytosis, we see a decrease in GFP intensity in the glomeruli after maxillary palp
excision. GFP intensity is identical in unwounded dFMR1 mutants and wild-type
controls. We found that, after axotomy, dFMR1 mutants have less of a reduction of GFP
intensity in the glomeruli 18 hours after maxillary palp excision when compared to wildtype controls (Fig 3A-B, p = 0.0078), suggesting that dFMR1 mutants have reduced
axonal clearance after axotomy. These results suggest that dFMR1 mutants may have a
defect in glial phagocytosis.
	
  

There is a decrease in the induction of Draper, the phagocytic receptor, after
axotomy in dFMR1 mutants
Because we saw a significant decrease in the clearance of axonal remnants in the dFMR1
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Figure 3: Stone et al., 2014
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Fig. 3. Clearance of severed axons is delayed in dFMR1 mutants relative to wild-type
controls. (A) Shown here are representative micrographs of GFP-labeled glomeruli at 0 and 18
hours after axonal severing of wild-type (top) and dFMR1 mutants (bottom). (B) With
quantification, dFMR1 mutants exhibit significantly higher levels of GFP-labeled axonal
remnants at 18 hours after injury (p = 0.0078). GFP levels are similar in uninjured dFMR1
mutants and wild-type controls (p > 0.05 ). p-values were obtained by unpaired t-test.
	
  
	
  

mutants, we next asked if there is a defect in ensheathing glia, the specific glial
population that phagocytoses axonal remnants after injury. Both hemocytes and glia
express Draper, a phagocytic receptor required for phagocytosis [246].

Draper

expression is induced early after injury and is associated with the degree of glial
phagocytosis [241]. To investigate if dFMR1 mutants have reduced glial activity in
addition to reduced clearance of axonal remnants, we tested Draper induction after injury
as a measure of glial activation. We found that there is less Draper induction 18 hours
after injury in dFMR1 mutants compared to wild-type controls (Fig 4A and B, p <
0.0001). These results suggest that glial activation after axonal wounding is impaired in
dFMR1 mutants compared to wild-type controls.
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Figure 4: Stone et al., 2014
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Fig. 4. Fewer activated glia are seen in dFMR1 mutants than in wild-type controls after
axonal severing. (A) Shown here are representative micrographs of GFP-labeled axons and Draperexpressing glia for uninjured wild-type and dFMR1 mutants and18 hours after injury. (B) Quantification
shows that Draper induction is the same in uninjured wild-type and dFMR1 mutants but significantly lower
in dFMR1 mutants after injury (p < 0.0001). p-values were obtained by unpaired t-test.

	
  
	
  

Clearance of axonal remnants is delayed in dFMR1 mutants while Draper induction
is reduced at numerous time points after axotomy
Having found a defect in axonal clearance and Draper induction at 18 hours after
wounding, we next sought to determine whether glial phagocytosis in dFMR1 mutants is
inhibited or delayed after axotomy. To test this, we performed a time course, examining	
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Figure 5: Stone et al., 2014
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Fig. 5. Time course of Draper expression after axonal severing shows that glial phagocytosis
is delayed but not abolished in dFMR1 mutants. (A) Shown here are representative
micrographs of GFP-labeled axons for wild-type (top) and dFMR1 mutants (bottom) in uninjured
flies, 12 hours, 18 hours, 24 hours, and 48 hours after injury. (B) Shown here are representative
micrographs of Draper-expressing glia for wild-type (top) and dFMR1 mutants (bottom) in
uninjured flies, 12 hours, 18 hours, 24 hours, and 48 hours after injury. (C) Quantification of
GFP expression in wild-type and dFMR1 mutants shows significantly higher levels of GFPlabeled axonal remnants at 12 (p = 0.0026), 18 (p = 0.0062), and 48 hours (p = 0.0126) after
wounding. Levels of GFP-labeled remnants were the same in uninjured flies (p = 0.1527), and
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levels were not consistently higher at 24 hours (p = 0.3265 for this experiment). (D)
Quantificiation shows that Draper induction is the same in uninjured wild-type and dFMR1
mutants (p = 0.8069) and in wild-type and dFMR1 mutants 12 (p = 0.4663) and 48 hours (p =
0.8844) after wounding. Draper induction is significantly lower in dFMR1 mutants 18 (p =
0.0256) and 24 hours (p = 0.0261) after wounding. p-values were obtained by unpaired t-test.
	
  
	
  

GFP intensity of the olfactory neurons and Draper induction at different times after
maxillary palp excision. We found that dFMR1 mutants have significantly more GFP
intensity at 12 (p = 0.0026), 18 (p = 0.0062) and 48 hours (p = 0.0126) after maxillary
palp excision (Fig 5A). There was no consistent difference in GFP intensity at 24 hours
after wounding (p = 0.3265 for this particular experiment). These results show that
axonal remnants are cleared after axotomy in dFMR1 mutants, although the axonal
remnants persist longer in the mutants compared to wild-type controls.
We next investigated Draper induction at various times after axotomy to
determine if Draper induction is also delayed. We found that Draper induction is reduced
at 18 (p = 0.0256) and 24 hours (p = 0.0261) but is no different from wild-type levels by
48 hours post-axotomy (p = 0.8844). These results demonstrate that Draper induction is
not delayed but is moderately inhibited in dFMR1 mutants.

Taken together, these

findings suggest that the loss of dFMR1 not only causes general immune system
dysregulation, but also results in a defect in phagocytosis by glia, the resident immune
cells in the brain.
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DISCUSSION
In addition to neurological symptoms, patients with Fragile X syndrome and autism
spectrum disorders often present with other symptoms, including recurrent otitis media
[247] and gastrointestinal disease [248,249]. Patients with Fragile X syndrome also have
elevated cytokines levels [250], suggesting that they have increased inflammation.
Additionally, when the mothers of patients with Fragile X syndrome had aggravations of
an autoimmune disease or asthma during pregnancy, the children are more likely to have
seizures and tics, suggesting that immune activation affects the brain during development
[251]. The non-neurological symptoms in the absence of FMRP, the contribution of the
immune system on the neurological symptoms, and the etiology of these symptoms are
not well understood. Using the Drosophila model for Fragile X syndrome, we probed the
innate immune system function in the absence of dFMR1. We found the dFMR1 mutants
are more susceptible to infection with particular pathogens.

When we examined the

three main branches of the fly’s innate immune system in dFMR1 mutants, we found that
the dFMR1 mutants have increased basal levels of antimicrobial peptides, reduced
reactive oxygen species production after infection, and decreased phagocytosis of
bacteria. Just as human patients with Fragile X syndrome and autism have altered
immune system function, these results demonstrate that dFMR1 mutants have altered
immune system function in all three branches of the fly’s innate immune system.
Glia are the phagocytic immune cells in the brain, and glial phagocytosis is
crucial for proper synaptic and dendritic pruning and for the clearance of axonal debris
[242,252]. Patients with Fragile X syndrome and many forms of autism have defects in
synaptic pruning and synaptic plasticity, but how the absence of FMRP affects glial
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function on synaptic pruning and plasticity has not been previously studied. Using an
axonal injury model, we investigated ensheathing glial function in the absence of dFMR1.
We found that dFMR1 mutants exhibit reduced axonal clearance after injury. We next
examined the induction of Draper, a phagocytic receptor that is crucial for the activation
of glial phagocytosis, and we found that dFMR1 mutants have reduced Draper induction
after injury, corresponding with reduced glial activation. When we examined axonal
clearance at numerous times after injury, we found that glial phagocytosis is delayed but
is not abolished in dFMR1 mutants. These results suggest that there is a defect in glial
phagocytosis in the absence of dFMR1 mutants. This is the first in vivo evidence of
defects in a specific glial function, phagocytosis, in an animal model of Fragile X
syndrome.
To further characterize the glial phagocytosis phenotype, it would be important to
determine whether the glial phagocytosis defect stems from a defect in glial migration,
glial phagocytic activity, or a combination of these two possibilities. In order to
phagocytose the axonal remnants in the glomeruli, ensheathing glia need to migrate from
the neuropil and infiltrate the glomeruli. If glial motility is delayed, this could be due to
intracellular defects (such as defects in the molecular components of the glial
cytoskeleton or an altered expression of surface receptors) or extracellular defects (such
as defects in the extracellular matrix or defects in the secretion of glial enzymes, such as
metalloproteases, that allow motility through the extracellular matrix).

This last

possibility is especially interesting because minocycline, a drug that inhibits
metalloproteases, has been shown to ameliorate some of the neuroanatomical and
neurological defects in animal models of autism spectrum disorder [136,137]. If a
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migration defect is observed, we can next characterize ensheathing glia during migration
for their cytoskeletal components (including actin, microtubules, intermediate filaments,
and integrins). If, on the other hand, glial motility is unaffected and glial expression of
phagocytic components is delayed, this result would point to a different set of
mechanisms. For example, this defect in phagocytic receptor expression could be due to
defects in glial gene expression, protein translation, or protein trafficking to the
membrane. These results would begin to suggest a potential mechanism that dFMR1 is
employing in glia.
Another aspect of the glial phagocytosis defect that is essential to investigate is
the location in which dFMR1 is required for proper glial function. Both neurons and glia
are thought to actively participate in the process of axonal clearance after severing. After
axonal severing, axonal remnants putatively secrete two types of signals: a "find me"
signal that causes ensheathing glia to migrate specifically to the glomeruli and an "eat
me" signal that activates ensheathing glia to induce Draper expression [253]. The precise
nature and order of secretion of these signals is not known; nor is it known if there are
two discrete signals or a single signal that serves both functions. We hypothesize that
dFMR1 regulates either these neuronal signals and/or the glial response to these signals.
In order to account for the seemingly contradictory increased basal levels of
antimicrobial peptides (AMPs) but decreased hemocyte phagocytosis, we speculate that
the absence of dFMR1 induces an inappropriately primed and “distracted” immune
system that is less able to combat infections. Thus, when the immune system encounters a
pathogen, the immune system may not realize the threat and would then be unable to
combat the infection effectively. How the primed immune system function in dFMR1
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mutants affects brain function is not yet know. However, recent studies have emphasized
the importance of communication between the gut microbiome, the immune system, and
brain function in mammals. Studies in wild-type mouse [254], rat [255], and rhesus
monkey [256] have indicated that maternal immune activation (MIA) during pregnancy
can cause autistic features in the offspring of these animals. These offspring have
increased inflammatory cytokine signaling and abnormalities in hematopoietic lineages in
both the serum and in different areas of the brain [257]. Furthermore, the offsprings’
microbiome was altered, consistent with the observed differences in the microbiota
between patients with autism and typically developing controls [257]. What causes the
altered microbiota composition and the consequence of this cellular defect on immune
system and neuronal functions have not been fully elucidated. It would be important to
examine whether the differences in immune system function in dFMR1 mutants also
extend to an altered gut microbiota in these mutants.
Using the power of Drosophila genetics, it would be beneficial to dissect the
mechanism behind the so-called gut-microbiota-brain axis. In mammals, the phagocytic,
antigen-presenting dendritic cells, an innate immune cell type, is the link between the
microbiota and the adaptive immune system. If these cells have a defect in phagocytosis,
proper communication between the gut microbiota and the immune system may not
occur. Additionally, proper signaling between the immune system and the developing
brain, mediated by cytokine secretion and circulating immune cells, may be altered,
resulting in the exacerbation of some of the symptoms seen in Fragile X syndrome and
autism. Our results highlight the utility of the Drosophila model of Fragile X syndrome
to examine the innate immune system, and one future question is whether the innate
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immune system function in the brain apart from glia is dysregulated in the absence of
dFMR1.
Because Fragile X syndrome and autism are considered developmental disorders,
defects in phagocytosis seen during adulthood in dFMR1 mutants may reflect other, more
general defects in phagocytosis by glia during development.

In both mouse and

Drosophila, there appear to be two waves of dFMR1 expression, one during development
and the other during adulthood. The wave of dFMR1 expression during development,
specifically the pupal stage, appears to be required for neuronal function in adulthood
[257,258]. The mushroom body, the neuronal structure important for learning and
memory analogous to the hippocampus in vertebrates, has morphological defects in
dFMR1 mutants during adulthood [259]. Interestingly, neurite pruning of gamma neurons
in the mushroom body has been shown to require proper phagocytosis by glia during
neurodevelopment in wild-type flies [252]. We speculate that the mushroom body defect
observed in dFMR1 mutants stems from a glial phagocytosis defect. Taken together,
these studies highlight the need for future experiments to examine immune system
function, particularly glial phagocytosis, on Fragile X syndrome and autism, with the
potential for new therapeutics for these diseases.
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CHAPTER 5:

CONCLUSIONS
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Many complex physiologies, including immune system function, feeding, metabolism,
and learning and memory, are regulated by circadian rhythms. Circadian rhythms are
generated by the aptly named molecular clock, whose daily oscillations originating in
clock neurons in the brain drive the expression of hundreds of genes both in the neurons
and in the body. However, the manner in which the molecular clock and circadian
rhythms regulate these other complex physiologies has yet to be elucidated. In this thesis,
I have used the Drosophila model organism to investigate the interaction between the
brain and immune system function. In Chapter 2, I showed that a specific immune
mechanism, phagocytosis, is altered in the absence of circadian regulation. In Chapter 3, I
presented evidence that circadian regulation of two tolerance mechanisms, feeding
behaviors and metabolism, impacts survival after two sepsis-like infections in Drosophila.
And finally, in Chapter 4 I demonstrated that the Drosophila model of Fragile X
syndrome, a neurological disease that is characterized by intellectual disability, autistic
features, and circadian dysregulation, exhibits altered phagocytosis both by immune cells
in the body and in the brain. Here I will summarize my findings and propose future
investigations.
Phagocytosis of bacteria is circadian-regulated in Drosophila
An unfortunate consequence of modern living is circadian dysregulation and is evident in,
for instance, jet lag and shift workers. An interaction between sleep and immune system
function has long been known [260], however, the mechanism behind this interaction has
not been well elucidated. Circadian regulation and innate immunity are well conserved
between Drosophila and mammals, and the genetic tools and assays available for
Drosophila making Drosophila a useful model organism to study the relationship
136

between the two physiologies. We had previously found that wild-type flies lose
circadian regulation when infected with pathogenic bacteria and that two circadian
mutants, per01 and tim01, are more sensitive to infection with particular pathogens
compared to wild-type controls [81]; however, it was not known which (if any) of the
immunity mechanisms is circadian regulated. I investigated this relationship by
examining particular immune system mechanisms using the genetically tractable
Drosophila circadian tim01 mutant.
As I reported here, we found that tim01 mutants are more sensitive to particular
infections, but not all infections tested, suggesting that only particular immune
mechanisms are circadian regulated. In order to fight against pathogens, Drosophila
innate immune system utilizes three main well-conserved immune mechanisms:
antimicrobial peptide synthesis, melanization, and phagocytosis. We found that
phagocytosis, but not antimicrobial peptide synthesis or melanization, is upregulated
during the night compared to during the day in wild-type flies and is reduced in the tim01
circadian mutant. The definition of a circadian-regulated physiology is a process that
exhibits variation of the course of the circadian cycle in wild-types, and that change is
abolished in circadian mutants; thus, our results suggested that phagocytosis is circadian
regulated in Drosophila. Additionally, we found that a defect in phagocytosis resulting
from the absence of circadian regulation affects survival after infection. These results
suggest that Tim protein regulates phagocytosis.
As the mechanism by which Tim specifically regulates phagocytosis remains
unknown, we have a significant opportunity to build on these findings. For instance,
determining if Tim is expressed in phagocytes themselves and required for wild-type
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phagocytosis

would

suggest

whether Tim acts

cell

autonomously

or

non-cell

autonomously to regulate phagocytosis. If Tim is found to work non-cell autonomously, it
would be important to screen for potential downstream effectors between the molecular
clock in the brain and the phagocytes in the body. In addition, we do not know what is
altered in phagocytes in the absence of Tim. For instance, Tim expression at different
times of the day may induce phagocytic surface receptors or other phagocytic machinery
to be differentially expressed, enhancing phagocytosis activity at certain times of the day.
Alternatively, Tim expression may lead to an increased number of phagocytes during
development, leading to increased numbers of phagocytes during the life of the fly, thus
increasing phagocytosis rate compared to tim01 mutants after infection. In the meantime,
the results published here and in PLoS pathogens [63] demonstrate that the absence of
circadian oscillation has a direct, negative effect on phagocytosis after infection,
contributing to poor survival outcomes.

The circadian regulation of feeding and metabolism affects survival of infection in
Drosophila
Sepsis and its related syndromes, severe inflammatory response syndrome and severe
sepsis, are lethal consequences of extreme immune system activation in the presence of
overwhelming infection. The best therapy available to patients with sepsis include
supportive care, such as fluid replenishment, antibiotic treatment, and isolating and
treating the source of the infection [176]. However, patients are still dying of sepsis at an
alarming rate [174], and the optimal treatment is controversial [176]. I pioneered a sepsislike infection in Drosophila to further characterize potential metabolic mediators during
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infection with the aim that these data may deepen the understanding of sepsis.
Here I highlighted our findings that circadian regulation of two tolerance
mechanisms, feeding behaviors and metabolism, impacts survival after infection
in Drosophila. I show that per01 circadian mutants are more tolerant of rapidly lethal,
sepsis-like infections with P. aeruginosa and B. cepecia when compared to wild-type
controls, as they live longer but they have equivalent bacterial loads. These results
suggest that the per01 mutants are better able to tolerate the pathogenic effects of these
infections compared to wild-type flies. The improved survival in per01 mutants was found
to be due to a difference in feeding behavior, as uninfected per01 mutants consumed more
food over the course of the day and that starvation of infected per01 mutants and wildtype controls eliminated the difference in survival. Increased feeding was demonstrated to
be beneficial for survival after infection with B. cepecia and we determined that glucose
and amino acids were necessary food components required for this survival benefit.
Interestingly, although glucose could be injected into the fly to improve survival, amino
acids needed to be delivered to the flies orally to improve survival, and the fly’s
microbiota mediated the improved survival. These results suggest a complicated
relationship between diet, metabolism and microbiota on survival after infection.
Possible future experiments include elucidating how the gut microbiota interacts
with immunity after infection, either by priming the fly to absorb amino acids during
development [261,262] or by promoting the absorption of specific amino acids that
would otherwise be unavailable to the fly [263]. Another important avenue of study
would be to compare the microbiome between wild-type and per01 mutants and clarify
which Genus or species of bacteria is required for microbiota-mediated immunity. Taken
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collectively, these results published here contribute to our understanding of feeding and
metabolism on tolerance mechanisms after rapid, sepsis-like infections.
The Drosophila model of Fragile X syndrome exhibits defects in phagocytosis
Lastly, in addition to examining the altered phagocytic immune system function in
Drosophila circadian mutants, I also examined the immune system function in the
Drosophila model of a particular developmental disease, Fragile X syndrome, known to
have circadian dysregulation. Fragile X syndrome is the most common monogenic cause
of intellectual disability and autism. While the effect of Fragile X syndrome on the
immune system has not been well-characterized, patients with autism have altered
immune system parameters, including cytokine expression patterns [264]. I investigated
immune system function both systemically and in the brain in dFMR1 mutants, the
Drosophila model of Fragile X syndrome.
dFMR1 mutants were found to be more sensitive to infections with specific
bacteria but survived like wild-type flies when infected with other bacteria. Drosophila
use different immune mechanisms to fight against specific pathogens, and interestingly, I
found that dFMR1 mutants have defects in all three immune mechanisms, antimicrobial
peptide generation, melanization, which generates reactive oxygen species, and
phagocytosis. Although dFMR1 mutants have equivalent induction of antimicrobial
peptides after infection compared to wild-type controls, they exhibit an increase in the
basal level of two antimicrobial peptides. This result suggests that in an uninfected state,
the immune system function might be upregulated in dFMR1 mutants. We next examined
melanization in dFMR1 mutants with L. monocytogenes, which Drosophila use
melanization primarily to combat this particular infection [70]. Interestingly, dFMR1
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mutants were found to exhibit decreased systemic melanization after infection with L.
monocytogenes compared to wild-type controls, even though dFMR1 mutants had
identical survival and bacterial loads compared to wild-type controls when infected with
that same pathogen. These results suggest that dFMR1 is required for proper systemic
melanization, although the altered melanization does not affect survival or bacterial load.
This melanization and survival result should be investigated further, not only with other
pathogens to explore whether the melanization phenotype is pathogen-specific or a
general defect in melanization but also to elucidate the mechanism behind this
unexpected phenotype. Because L. monocytogenes infection also leads to antimicrobial
peptide induction [69], the increased basal levels of antimicrobial peptides may keep
bacterial growth in check in lieu of proper melanization, and this relationship should be
examined. Expression levels and activities of key players in the melanization enzymatic
cascade should be also investigated. Additionally, the effects of increased basal levels of
antimicrobial peptide expression and decreased systemic melanization on neuronal
function should be explored.
When dFMR1 mutants were examined for macrophage phagocytic activity, they
were found to have decreased macrophage phagocytosis compared to wild-type controls.
These results suggest that dFMR1 promotes survival after infection and is require for
proper phagocytosis. However, there are many other questions about this phenotype that
should be explored. For instance, do dFMR1 mutants exhibit less phagocytic activity
and/or fewer total phagocytes compared to wild-type controls? Is there a developmental
defect in macrophage phagocytosis? Where is dFMR1 required for proper macrophage
phagocytosis: in the phagocytes themselves or another cell type? Do dFMR1 mutants
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exhibit different patterns of macrophage distribution compared to wild-type controls,
making our assay examining phagocytosis through the dorsal cuticle a poor measure for
macrophage phagocytosis in these mutants? Is there altered circadian regulation of
phagocytosis in dFMR1 mutants? Additionally, do mammalian models of Fragile X
syndrome also have cellular phagocytosis immune cell defects? It is clear from these
questions that the characterization of the macrophage phagocytosis phenotype needs to be
expanded.
Next, I examined the absence of dFMR1 on glial function. Glia are the resident
immune cells in the brain, and glial phagocytosis has previously been found by others to
be important for proper neuronal connections, learning, and memory [233,265]. Using an
axonal injury model, I found that there is a delay in the clearance of axonal remnants
in dFMR1 mutants and that glia are less activated compared to wild-type controls. These
results suggest that the absence of dFMR1 leads to a defect in glial phagocytosis.
In additional to the experiments suggested in the Discussion of Chapter 3, further
examination of the glial phagocytosis phenotype after axotomy needs to be conducted.
There are three basic steps for glial phagocytosis of axonal remnants after axotomy:
presumed glial activation by an unknown “eat me” signal from the axonal remnants, glial
migration to the axonal remnants, and glial phagocytosis of the axonal remnants [266].
Using Drosophila genetics and the imaging techniques described in Chapter 3, whether
the cause of the defect in glial phagocytosis is due to reduced glial activation, glial
migration, or the glial phagocytosis machinery can be explored. Another important
avenue of study is to determine where dFMR1 is required for proper glial phagocytosis: is
it required in glia, neurons, or both? The results to these experiments would suggest the
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mechanism behind the role of dFMR1 on glial phagocytosis after axotomy.
Whether this observed adult glial phagocytosis phenotype has any consequences
on neuronal structure or function during development remains unknown. Preliminary
studies suggest that, similar to the glial phagocytosis phenotype observed after axotomy
in adults, there is a delay in normal axonal pruning during larval and pupal development
in dFMR1 mutants, suggesting a defect in glial phagocytosis during development. The
developmental pruning of a population of neurons has been tested; these neurons are
located in the gamma lobe of the mushroom body, the structure in the fly brain important
for learning and memory. This population of neurons is pruned at specific times during
development [245,252]. Other preliminary studies highlight that these developmental
defects in glial phagocytosis may be ameliorated by minocycline, a tetracycline analog
that is presumed to inhibit matrixmetalloproteases that is currently in drug trials for the
treatment of Fragile X syndrome and autism [134,267]. If minocycline is found to restore
glial phagocytosis in dFMR1 mutants, then this would suggest that the defect in glial
phagocytosis may be due to matrixmetalloproteases or the extracellular matrix and would
lead to further avenues of study. These preliminary results suggest that the glial
phagocytosis phenotype extends to a defect during development, and these are the first
data suggesting that glial glial dysfunction may contribute to observed defects in neuronal
structure. Additionally, these results illustrate the need for the characterization of the role
of dFMR1 on glial function as it relates to neuronal dendritic pruning and synaptogenesis,
and thus neural function. If glial function on dendritic pruning and synaptogenesis is
found to be dysregulated in dFMR1 mutants, these results may help guide future
therapeutics for the disease.
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As I explored in detail above, future studies are required to explore the role of
circadian regulation on systemic immune system function in Fragile X syndrome and
whether the altered systemic immunity impacts neuronal function. While neuronal
function in animal models of Fragile X syndrome has been investigated thoroughly, my
results reported here highlight the need for future studies on how glial function impacts
learning and memory in Fragile X syndrome. In particular, as glial phagocytosis is crucial
for proper synaptic pruning both during development and in adulthood [252,265], the
mechanism behind the glial phagocytosis defect needs to be clarified.

In summary, the findings discussed in this dissertation have built on previous
research by us and other groups and have demonstrated novel interactions between the
brain, metabolism, and immune system function. Each of these three projects has rich
possibilities for future work and discoveries for these complex physiologies with possible
future therapeutic consequences.
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Fig. 1. Per mutants are more tolerant of infection with P. aeruginosa, and starvation
eliminates this survival advantage. (A) Here is a Kaplan-Meier survival curve of wild-type and
Per mutants that were infected with P. aeruginosa at an OD of 1.0. Per mutants survived
significantly longer than wild-type controls (p > 0.0001). (B) Per mutants have equivalent bacterial
loads compared to wild-type controls 3 and 6 hours after infection with P. aeruginosa. These
results demonstrate that Per mutants are more tolerant of infection with P. aeruginosa. (C) Under
starvation conditions, Per mutants lose their survival advantage after infection with P. aeruginosa
(n.s., p = 0.1575). (D) Under starvation conditions, Per mutants still have equivalent bacterial
loads compared to wid-type controls. These data suggest that the tolerance phenotype that Per
mutants exhibit is a result of feeding or metabolic state.	
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Phagocytosis is upregulated in dFMR1 hypomorphs
Elizabeth Stone and Mimi Shirasu-Hiza

Data and observations unpublished.
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ABSTRACT
Loss of function of FMR1 causes Fragile X syndrome, the most common cause of
intellectual disability and autism. Autism and Fragile X syndrome are associated with a
loss of circadian rhythms, or physiological oscillations with a period of approximately 24
hours, and altered immune system function; however, the molecular mechanisms driving
these symptoms are poorly understood. Using the established Drosophila model of
Fragile X syndrome, we can examine immune system function. We found that a dFRM1
hypomorph, the Drosophila homolog of FMR1, has increased phagocytic activity by
immune blood cells. Surprisingly, the phagocytic phenotype in dFMR1 hypomorphs is
the opposite of the phenotype observed in dFMR1 null flies, which exhibit reduced
phagocytic activity by immune blood cells. Previously, we showed that phagocytosis by
macrophages is circadian-regulated [44]. We report here that dFMR1 hypomorph mutants
have lost circadian regulation of phagocytosis by macrophages. These results are the first
demonstration that loss of circadian regulation in the context a neurological disease leads
to immune system dysfunction. We anticipate that our research will introduce a new
model of Fragile X syndrome with possible future implications for therapeutic
approaches to this and other neurological diseases.
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Materials and Methods
Fly and bacterial strains
A transheterozygous Drosophila dFMR1 mutant was used in these experiments,
made from crossing the hypomorph dFMR1B55 mutant to the null dFMR1 50M. Infections
Δ

were performed with the following bacteria as described in Chapters 2, 3, and 4 [44].
	
  

Fly rearing conditions
Flies were raised as described in Chapter 4.
	
  

Injections
Flies were anesthetized on CO2 pads. Injections were performed using a custom
Tritech microinjector (Tritech) and pulled glass capillary needles. 50 nL of liquid were
injected into each fly, and the volume of each injection was calibrated by measuring the
diameter of the expelled drop under oil.
	
  

Survival assays
As described previously in Chapters 2, 3, and 4 [40], 60-85 flies per genotype per
condition were assayed for each survival curve and placed in 3 vials of either low
glutamate food or standard dextrose food with approximately 20 flies each. In each
experiment, 20-40 flies of each line were also injected with media as a wounding control.
Death was recorded daily. Data was converted to Kaplan-Meier format using custom
Excel-based software called Count the Dead. Survival curves are plotted as KaplanMeier plots and statistical significance is tested using log-rank analysis using GraphPad
Prism software. All experiments were performed at least three times and yielded similar
results.
166

Bacterial load quantitation
Following microbial challenge, six individual flies were collected at each time
point. These flies were homogenized, diluted serially and plated on appropriate media
(tryptic soy blood agar for S.pneumoniae, LB agar for all others). Statistical significance
was determined using non-parametric Mann-Whitney tests.

All experiments were

performed at least three times and yielded similar results.
Antimicrobial peptide gene expression
Flies were injected with 50 nL of bacterial culture at OD600 0.10 (M. luteus or E.
coli), or media alone (LB, Difco).

Following injection, flies were placed in vials

containing dextrose food and incubated at 25˚C for 6, 24, and 48 hours. Three groups of
six flies after each time point were homogenized in Trizol and stored at -80˚C until
processed. RNA was isolated using a standard Trizol preparation and the samples treated
with DNAse (Invitrogen). Fermentas RevertAid First Strand cDNA synthesis kit was
used to produce the cDNA following the manufacturer’s protocol. Quantitative RT-PCR
was performed using a Stratagene Mx3000 qPCR machine, with Roche FastStart
Universal SYBR Green Master (Rox) mix and the following primer sets: Drosomycin,
Diptericin, and Rpl1. Total mRNA concentration was normalized using Rpl1
expression. Differences in the infection-induced gene expression were calculated by
normalizing to basal gene expression in uninfected wild-type sample taken at the same
time point; p-values were obtained by Mann-Whitney test.

Phagocytosis assay
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5-7 day old male flies were injected with 50 nL of 20 mg/ml pHrodo-labeled S.
aureus in PBS (Molecular Probes, cat# A10010). The flies were allowed to phagocytose
the particles for 35-45 minutes. The wings of the flies were removed and flies were
pinned with a minutien pin onto a silicon pad. Fluorescence images were taken of the
dorsal surface using epifluorescent illumination with a Nikon Eclipse E800 microscope
fitted with an Photometrics Cool Snaps HQ2 camera. Images were captured with Nikon
Elements software. The exposure was set such that the brightest images had a very small
number of saturated pixels. The experiment was repeated three times with 8-14 flies for
each treatment.

Bead inhibition of phagocytosis
Fluorescent 0.2 um polystyrene beads (Molecular Probes, cat# F13080) were
injected into hemolymph to inhibit phagocytosis as previously described [138]. Briefly,
200 ul of beads in solution were washed three times in sterile water and resuspended in
20 ul final volume. 5-7 day old male flies were injected with 50 nL of bead solution. To
confirm that phagocytosis was inhibited with this protocol, the in vivo phagocytosis assay
was performed as described above. Phagocytosis was completely inhibited within 2 days
of bead injection. Flies were then injected with S. pneumoniae at OD600 ranging from 0.1
(see Survival Assays, above).
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Results
dFMR1 hypomorph mutants are more resistant to infections with specific pathogens
Drosophila use specific immune mechanisms to defend against different bacterial
pathogens. By infecting dFMR1 hypmorph mutants with different pathogens, I can assess
whether the loss of dFMR1 causes specific defects in immunity. I first compared the
survival kinetics of dFMR1 mutants and wild-type isogenic controls after infection with
four different pathogens known to elicit immune system activation. I found that dFMR1
mutants survived significantly longer than wild-type controls after infection with S.
pneumoniae (Fig 1A, p < 0.0001), S. marcescens (Fig 1B, p < 0.0001), and L.
monocytogenes (Fig 1C, p < 0.0001). Survival rates of dFMR1 mutants and wild-type
controls did not differ after infection with P. aeruginosa (Fig 1C, p = 0.6898). These
results show that dFMR1 mutants survive longer than wild-type flies after particular
infections.
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Figure 1. dFMR1 mutants survive longer than wild-type controls after infection with certain
pathogens. The graphs shown here are Kaplan-Meier survival curves of wild-type (black squares) and
dFMR1 mutant (dFMR1Δ50M/dFMR1B55, green triangles) flies. dFMR1 mutants survive significantly longer
than wild-type flies after infection with (A) S. pneumonia (p < 0.0001) or (B) S. marcenscens (p < 0.0001).
dFMR1 mutants have identical survival kinetics when compared to wild-type controls after infection with
P. aeruginosa (C, p = 0.6898). dFMR1 mutants are more resistant to L. monocytogenes compared to wildtype controls (D, p < 0.0001). p-values are determined using log-rank analysis.
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To determine if dFMR1 mutants were more resistant, meaning they were able to
kill and clear bacteria more efficiently, or if dFMR1 mutants were more tolerant, namely
if they were better able to withstand the pathogenic effects of infection, I next examined
bacterial loads in dFMR1 mutants and wild-type controls at different time points after
infection. I found that dFMR1 mutants have fewer bacterial colonies per fly compared to
wild-type controls at specific time points after infection with S. pneumoniae (Fig 2A) and
S. marcenscens (Fig 2B), indicating dFMR1 mutants were more resistant to these two
bacteria following infection when compared to wild-type controls. dFMR1 mutant flies
had similar bacterial loads after infection with L. monocytogenes (Fig 2C), dFMR1
mutants and wild-type controls had similar bacterial loads after P. aeruginosa infection
(Fig 2C). As the fly uses different immune mechanisms to fight these individual
pathogens and dFMR1 mutants have different survival kinetics compared to wild-type
flies depending on the pathogens, these data suggest that perhaps only specific immune
mechanisms are regulated by dFMR1.

Colony-Forming Units
per fly (CFUs)

A
10 6
10 5

S. pneumoniae:
dFMR1 is resistant
n.s.
**
*

B
10 6

10 4
10 3

10 5

10 2
10 1

10 4

10 0

10 3

0

5.5
20
Hours post infection

C

D
P. aeruginosa:
L. monocytogenes:
dFMR1 mutants are like wild-type
dFMR1 mutants are like wild-type
10 7
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
10 7
10 6

S. marcescens:
dFMR1 is resistant
n.s.
**
*

0

10 8
10 6

10 5

10 5

10 4

10 4

10 3

10 3

4
8
Hours post infection

Wild-type
dFMR1 mutant

0

3
6
Hours post infection

10 2

0

1
2
Days post infection

n.s. not significant
* p < 0.05
** p < 0.005

Figure 2. dFMR1 mutants are more resistant to infection with S. pneumoniae and S. marcenscens
compared to wild-type controls. After infection, dFMR1 mutants (green triangles) are better able to kill
and clear (A) S. pneumonia and (B) S. marcenscens when compared to wild-type controls (black squares).
dFMR1 mutants have similar bacterial loads after infection with (C) P. aeruginosa and (D) L.
monocytogenes, regardless of nutritional state (data not shown). p-values were determined using MannWhitney non-parametric test.
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Antimicrobial peptide induction is not regulated by dFMR1
I next tested whether the loss of dFMR1 leads to changes in the antimicrobial peptide
response, the most well characterized branch of the Drosophila innate immune system.
Antimicrobial peptides (AMPs) are small peptides that have bacteriocidal properties and
are produced by the Drosophila fat body in response to bacterial and fungal infections.
The well conserved Toll and imd signaling pathways culminate in AMP induction and are
mainly induced by Gram positive and Gram negative bacterial infections, respectively. In
order to determine if dFMR1 mutants have altered AMP induction, we examined mRNA
levels of two different AMPs, Drosomycin (Drs) and Diptericin (Dpt), which are induced
after activation of the toll and imd signaling pathways, respectively. Although AMP
induction is known to occur following P. aeruginosa infection [222], the rapid time
course of this infection is not suitable for assaying long-term AMP induction. Instead, I
examined basal levels of Drs and Dpt in uninfected flies and in flies injected with M.
luteus and E. coli, used most often to induce the toll and imd pathways, respectively.
There were no significant differences in Drs and Dpt expression either basally or at 6, 24,
and 48 hours after infection in dFMR1 mutants and wild-type controls (Fig 3). These
results suggest that loss of dFMR1 does not alter AMP response in Drosophila.

dFMR1 hypomorph mutants exhibit increased phagocytosis of bacteria by
hemocytes
I measured phagocytosis in dFMR1 mutants and wild-type controls. Drosophila
hemocytes use phagocytosis to combat particular infections, including S. pneumoniae, S.
marcescens, and S. aureus. To determine if dFMR1 regulates phagocytosis, I measured
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Figure 3. Antimicrobial peptide synthesis is notWild-type
regulated by dFMR1 Here are representative graphs of
dFMR1
mutant
the relative expression of (A) Drosomycin and (B)
Diptericin
assayed by qRT-PCR. dFMR1 hypomorph
mutants were found in three trials not to have a statistically-significant difference at all time points assayed
after infection in either (A) Drosomycin (6 hours: p = 1.0000; 24 hours: p = 0.1000; 48 hours: p = 0.4000)
or (B) Diptericin (6 hours: p = 1.0000; 24 hours: p = 0.2000; 48 hours: p = 0.2000) compared to wild-type
controls.

phagocytosis of fluorescently-labeled bacteria by hemocytes in live dFMR1 mutants and
wild-type controls. Briefly, to assay phagocytosis, I injected dFMR1 mutants and wildtype controls with FITC-labeled, dead S. aureus. I allowed the hemocytes to phagocytose
the dead bacteria, and then we quenched the extracellular fluorescence; thus, the only
fluorescence observed would be due to intracellular, phagocytosed bacteria. I imaged the
dorsal surface of the flies, and fluorescent puncta, representing phagocytosed bacteria,
were visible through the cuticle (Fig 4A). I found an increased number of fluorescent
puncta and an increase in the area of fluorescence in dFMR1 mutants when compared to
wild-type controls (Fig 4B-C). These results show that the loss of dFMR1 causes an
increase in phagocytosis by hemocytes, suggesting that the presence of dFMR1 inhibits
phagocytosis.
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Figure 4. dFMR1 mutants exhibit increased phagocytosis of bacteria by hemocytes. (A) dFMR1
mutants and wild-type controls were injected with fluorescein-labeled, dead S. aureus, and, after an
incubation during which hemocytes phagocytosed the fluorescent bacteria, extracellular fluorescence was
quenched. Hemocytes with intracellular bacteria become fluorescent. The dashed line illustrates the dorsal
surface of the flies imaged in the adjacent micrographs. (B) Shown here are representative images of
phagocytosis in wild-type controls and dFMR1 mutants. The insets are enlarged regions represented by
dashed lines. (C) Phagocytosis in wild-type and dFMR1 mutant flies was quantitated by counting the
number of fluorescent puncta. dFMR1 mutant flies exhibit significantly more phagocytosis when
compared to wild-type controls (p = 0.0047, obtained by unpaired, two-tailed t-test).

dFMR1 mutants have lost circadian regulation of phagocytosis.
One of the most striking phenotypes of dFMR1 mutants is loss of circadian
regulation, a phenotype also seen in human patients with Fragile X syndrome. I showed
in a previous publication that phagocytosis is circadian-regulated [40]. When I found that
dFMR1 mutants have altered phagocytic activity by their macrophages, I set out to test
whether this is because they have lost circadian regulation of phagocytosis. I tested this
hypothesis by performing phagocytosis assays as described above at different times of
day and night (Fig 5). As shown previously, wild-type flies exhibited less phagocytosis
during the day and more at night. In contrast, dFMR1 mutants exhibited similarly high
levels of phagocytosis during the day and night.

This result suggests that dFMR1

mutants have macrophages stuck in the “night state”—that is, rather than oscillating
between low and high activity, they have constant high phagocytic activity. Thus dFMR1
appears to inhibit phagocytosis by macrophages.
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Figure 5. dFMR1 mutants do no exhibit circadian changes in phagocytosis. Shown here are analyses of
phagocytic activity. For each genotype, two groups were entrained to antiphase circadian rhythms before
being assayed. Thus day and night conditions could be assayed simultaneously. (A) Wild-type exhibited
circadian differences in phagocytosis, with upregulated activity at night as previously published. (B) In
contrast, dFMR1 mutants did not exhibit these circadian differences.

Inhibiting phagocytosis prior to infection with S. pneumoniae abolishes the survival
benefit observed in dFMR1 mutants
I next asked whether the increase in phagocytosis observed in dFMR1 mutants
was responsible for their increase in survival time after S. pneumoniae infection. To
address this question, we inhibited phagocytosis in vivo and then assayed the survival
kinetics in dFMR1 mutants and wild-type controls. Briefly, we inhibited phagocytosis by
injecting flies with 0.2 mm polystyrene beads; hemocytes engulf these beads and
subsequently are unable to phagocytose bacteria 3 days post bead injection (Fig 6A).
Bead-inhibited flies were then infected with S. pneumoniae, and their survival rates were
compared to flies that were not bead-inhibited. Consistent with previous results showing
that bead-inhibiting flies decreases survival time after infection with S. pneumoniae [40],
we found that bead-inhibited wild-type and dFMR1 mutant flies died significantly more
quickly than uninhibited wild-type and dFMR1 mutant flies. We also found that beadinhibited dFMR1 mutants and wild-type controls had identical survival kinetics after
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infection with S. pneumoniae (Fig 6B). That is, bead inhibition caused dFMR1 mutants
to lose their survival advantage after S. pneumoniae infection. This result suggests that
the increased phagocytosis observed in dFMR1 mutants is responsible for the increase in
survival time after S. pneumoniae infection when compared to wild-type controls.

Figure 6. Inhibiting phagocytosis abolishes the survival benefit observed in dFMR1 mutants with S.
pneumonia infection. (A) Phagocytosis was inhibited by injecting wild-type and dFMR1 mutants flies
with polystyrene beads prior to infection with S. pneumoniae (“+ beads”); wild-type and dFMR1 mutant
controls were injected with an equal volume of PBS (“no beads”). (B) The graph shown here is a KaplanMeier survival curve comparing wild-type and dFMR1 mutant flies with and without inhibited phagocytes.
Uninhibited dFMR1 mutants survived significantly longer than wild-type uninhibited flies (p = 0.0144).
Bead-inhibited wild-type flies were more sensitive to infection with S. pneumoniae when compared to
uninhibited wild-type controls (p < 0.0001), and bead-inhibited dFMR1 mutants were also more sensitive
when compared to dFMR1 uninhibited controls. However, bead-inhibited dFMR1 mutant flies had similar
survival kinetics as bead-inhibited wild-type flies (p = 0.1779). p-values are determined using log-rank
analysis.

Together, these results demonstrate that reduced amounts of dFMR1 improves
phagocytic activity compared to wild-type flies while the complete absence of dFMR1
worsens phagocytic activity compared to wild-type controls, suggesting that there is a
dosage effect of the amount of dFMR1 present in Drosophila for proper immune cell
function.
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