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And God said, “Let there be light,” and there was light. And God saw that the light was
good. And God separated the light from the darkness. God called the light Day, and the
darkness he called Night. (Genesis 1:3-5)
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ABSTRACT OF THE DISSERTATION

Molecular and Whole Circuit Dynamics of Drosophila Clockwork and Light Integration
By
Logan Roberts
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2016

Professor Todd C. Holmes, Chair

Virtually all forms of life ranging from single-celled prokaryotes to humans have
molecular and cellular clocks that calibrate essential physiological and behavioral
patterns of activities. These clocks are fine-tuned by various environmental cues with
light being the most powerful. Misalignment of circadian rhythms due to altered photic
input by conditions such as jet lag and shift work has been linked to numerous negative
health effects including diabetes, depression, Alzheimer’s disease and cancer.
However, the fundamental question of how circadian neural networks dynamically
integrate photic input in real-time has long remained enigmatic. We address this issue
by using a combination of transgenic fruit flies, immunocytochemistry, mathematical
modeling and 6-day real-time bioluminescence imaging of cultured Drosophila whole
brain explants at single cell resolution. Although desynchrony has long been perceived
as a negative feature of circadian disruption, our primary findings suggest that transient
circuit-wide desynchrony by light may be a key feature of photoentrainment. We also
identify the functional contributions of strong and weak neuronal oscillators that permit

Drosophila circadian neural networks to drive robust yet adaptable rhythms. Using

Xiv



patch-clamp recordings, pharmacology, genetic recombination and behavioral assays,
we show that light activation of the flavoprotein cryptochrome (CRY) is coupled to rapid
membrane depolarization and acute behavioral arousal responses in Drosophila via a
redox sensor called Hyperkinetic. In addition to CRY’s recognized role in resetting
molecular clocks in response to blue light, we show that CRY may also mediate
behaviors such as phototaxis in response to ultraviolet light. We are also investigating
the growing problem of social jet lag using a novel photoentrainment protocol called LD
strobe in combination with a custom bioluminescence imaging system. Overall, our
findings indicate that there are distinct dynamic patterns of activity at the molecular, cell-
autonomous and circuit-wide levels involved in circadian photoreception which could be
harnessed and amplified to treat conditions such as jet lag, shift work and seasonal

affective disorder.

Supplemental Movie 1: Raw time-lapse bioluminescence recordings of adult XLG-Per-
Luc Drosophila whole-brain explants cultured for 6 days in darkness (Roberts et al.,
2015). A: Whole brain culture maintained in constant darkness throughout recording. B:
Whole brain culture exposed to a 15 minute 12.57 W/m2 light pulse at CT 22 of the

second day in constant darkness (DD). This movie is further discussed in Chapter 2.

Supplemental Movie 2: The animations show changes in the phase and amplitude of
XLG-Per-Luc bioluminescence activity for individual oscillators from all neuronal
subgroups in either DD (Left) or in response to a phase advancing light pulse (LP,
Right). The angle of the disks represents phase and drift of the disks towards the

center of the circle and the size of the disks indicates reduction in amplitude. The disks
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are colored according to neuronal subgroup for the s-LNvs (red), I-LNvs (yellow), LNds

(orange), DN1s (blue) and DN3s (green). This movie is further discussed in Chapter 3.

Supplemental Movie 3: Raw time-lapse bioluminescence recordings of cultured adult
XLG-Per-Luc Drosophila whole-brain explants in darkness. A: Whole brain culture
maintained in constant darkness throughout 7.5 days of recording. B: An 11-day
recording of whole brain cultures exposed to a 15 minute 12.57 W/m2 light pulse at CT

22 of the second day in DD. This movie is further discussed in Chapter 6.

Supplemental Movie 4: The animations show changes in the phase and amplitude of
XLG-Per-Luc bioluminescence activity for individual oscillators from all neuronal
subgroups in either control conditions (Left, LD strobe with no phase shift) or in
response to social jet lag (Right). The angle of the disks represents phase and drift of
the disks towards the center of the circle and the size of the disks indicates reduction in
amplitude. The disks are colored according to neuronal subgroup for the s-LNvs (red),
I-LNvs (yellow), LNds (orange), DN1s (blue) and DN3s (green). This movie is further

discussed in Chapter 6.
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CHAPTER 1

Introduction

1.1 Biological Rhythms

Biological rhythms are endogenously generated, cyclic events ubiquitously
observed in virtually all forms of life ranging from single-celled prokaryotes to complex
eukaryotes (Aschoff, 1981). Biological clocks regulating these rhythms exhibit a diverse
range of complexity within individual cells, tissues, organs and whole organisms. These
time-dependent biological events can endogenously persist in the absence of external
cues and confer essential regulation of periodic cycles in behavior and physiological
functions such as endocrine rhythms (De Mairan, 1729; Hastings, 1991). Temporal
oscillations are also often exogenous and are critical for coordinating internal cycles and
behavior with external stimuli such as daily solar cycles. Ordinarily, we do not notice
our internal biological rhythms until they are disrupted by events such as travel across

different time zones — thus giving the sensation of jetlag.

Circadian rhythms

Circadian rhythms are remarkably robust yet adaptable biological time-keeping
mechanisms (Aschoff, 1981). The term “circadian” is derived from circa diem, a Latin
phrase meaning “about a day.” Circadian clocks are capable of maintaining
synchronized endogenous oscillations with a periodicity of ~24 hours even in the
absence of environmental cues (De Mairan, 1729). However, circadian clocks can also
be fine-tuned and entrained by external environmental cues called zeitgebers (German

for “time giver”) to allow organisms to coordinate optimal timing of physiological and



behavioral activities (Aschoff et al., 1971). In mammals, such as humans, the master
clock is found in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus. The
SCN is a pair of structures that together contain ~20,000 neurons which dominantly
synchronize “slave oscillators” distributed throughout peripheral tissues. Circadian time-
keeping mechanisms have been implicated in a wide array of biological events including
sleep/wake cycles, hormone secretion, body temperature, arousal, immune response,
metabolism, cell proliferation, stem cell differentiation and drug response (Hastings et

al., 2003; Schibler et al., 2003).

General approaches for studying circadian rhythms

Traditionally, studies of circadian clocks involved sampling synchronous
populations of tissues at specific time points to construct phase and dose response
curves. This chapter will discuss how relatively static methods of measurements such
as immunocytochemistry and electrophysiology have revealed many aspects of
circadian systems such as clock gene expression, circuit connections and circadian
regulation of clock cell membrane excitability (Fogle et al., 2011; Helfrich-Forster, 2003;
Yu and Hardin, 2006). However, these methods have poor temporal resolution due to
the labor intensive nature of collecting data for large numbers of time points as well as
inter-sample variability. Since circadian rhythms are dynamic processes, longitudinal
methods of analysis are needed to clearly elucidate dynamic oscillations at the
molecular, cell-autonomous, whole circuit and behavioral level.

Bioluminescence imaging is a powerful alternative to fluorescence imaging for
longitudinal studies due to its extremely low background, low toxicity, and lack of

exogenous perturbation of light-sensitive cells. Bioluminescence studies of the



mammalian SCN have revealed many aspects of cell oscillator and peptide transmitter
dynamics (Ono et al., 2015; Welsh et al., 2010). However, it is not yet technically
practical to test real-time light entrainment in the mammalian brain due to the difficulty of
maintaining physiological photic input from the retina. Conversely, measuring real-time
circadian photoreception in Drosophila circadian networks is feasible because the fly
brain can be cultured and is directly light-sensitive due to expression of the blue light
photoreceptor Cryptochrome (CRY) in approximately half of the clock neurons (Ayaz et
al., 2008; Benito et al., 2008; Yoshii et al., 2008) Further, the fly circadian circuit is
arrayed in a relatively flat distributed fashion. However, prior to our studies,
bioluminescence studies with adult Drosophila only investigated cell autonomous
molecular mechanisms for short recording lengths of 3-5 days (Brandes et al., 1996;
Emery et al., 1997; Sellix et al., 2010). Later chapters of this thesis will discuss how we
expanded bioluminescence applications by designing and/or optimizing long-term whole
Drosophila brain culturing, bioluminescence imaging systems and sophisticated
methods of single oscillator analysis. These improvements enable extended
bioluminescence imaging of Drosophila whole circuit circadian dynamics with single
neuron resolution in constant darkness (DD) and in response to light cues. These later
chapters will also discuss how understanding longitudinal circadian dynamics will be
useful for understanding why circadian arrhythmicity occurs and, hence how circadian

rhythmicity may be restored.

Oscillation frequency: ultradian and infradian rhythms
In addition to circadian rhythms, various other biological oscillations have been

reported with critical roles in physiology and behavior. Based on the cyclic frequency of



oscillations, biological rhythms can be broadly characterized as ultradian, infradian or
circadian (Aschoff, 1981). Ultradian rhythms have a cyclic period of less than ~24 hours.
Ultradian oscillators have been reported for their roles in regulating important
physiological functions such as body temperature, hormone secretion, sleep,
locomotion and feeding (Bergendahl et al., 1996; Blum et al., 2015; Daan and
Slopsema, 1978; Dowse and Ringo, 1987; Ibuka et al., 1977; Kleitman, 1982). Yet
despite their prevalence and purported biological importance, ultradian rhythms are still
poorly understood due to their often erratic periodicity and masked expression by most
robust circadian rhythms. Conversely, infradian rhythms have an oscillatory cycle
period of greater than ~24 hours (Richter, 1965). Biological clocks with infradian
frequency are critical for regulating biological events such as menstrual cycles,
photoperiodic breeding, hibernation and seasonal rhythms (Whitton, 1978). It should be
noted that heterogeneous populations of circadian, ultradian and infradian biological
clocks are often observed within the same organism (Aschoff, 1981). However, the
current thesis will primarily focus on various aspects of circadian systems.

The primary goal of this chapter is to give an overview of cell-autonomous
circadian properties and emergent rhythms from heterogeneous neural networks in the
context of the highly studied model organism Drosophila melanogaster. This chapter
will also outline properties and functions of key players in Drosophila circadian
photoreception. Finally, this chapter will discuss circadian disruptions and current
strategies for treating circadian disorders due to events such as jet lag, shift work and

seasonal affective disorder (SAD).



1.2 The Circadian System of Drosophila Melanogaster
Drosophila melanogaster as a model organism for circadian research

The fruit fly, Drosophila melanogaster, has demonstrated numerous reasons why
it is an excellent model organism for studying circadian biology (Allada et al., 2001).
Since their early use in 1910 by the geneticist Thomas Hunt Morgan, fruit flies have
been recognized as a classic model organism for numerous biological fields as they are
relatively inexpensive, prolific, and are highly amenable to a wide array of molecular
tools (Morgan, 1916; Reeve, 2014). Further, D. melanogaster have highly
characterized circadian behaviors, genetics and neural networks making them
especially useful as model organisms for chronobiology studies. One of the key
advantages of the Drosophila circadian system that is critical for the work presented in
this thesis is that the master clock is directly photosensitive due to expression of the
light-sensing flavoprotein cryptochrome (CRY) (Stanewsky et al., 1998). Conversely,
the mammalian master clock found in the suprachiasmatic nucleus (SCN) is not directly
photosensitive and requires light input from the retina. Since the SCN is not directly
photosensitive, studies of mammalian circadian photoreception in vitro are highly
impractical due to the technical difficulty of maintaining photic input from the complex
and delicate retinohypothalamic tract (RHT). Nevertheless, the high conservation of
circadian genes and similar principles of circadian organization between fruit flies and
mammals make Drosophila melanogaster an outstanding model system for studying
circadian rhythms and photoreception.

By the late 1960s, circadian rhythms and internal pacemakers had already been

reported in numerous organisms ranging from cyanobacteria to humans. Early



research discovered that Drosophila eclose, or emerge from the pupal case, at dawn
(Pittendrigh, 1954). Furthermore, wild-type fruit fly populations were shown to have
“crepuscular” behavioral activity patterns in which they have a morning peak near
subjective dawn and a larger evening peak near subjective dusk. Yet despite various
behavioral and anatomical studies in a wide array of organisms, little was known about
the molecular components that comprised the circadian clockwork underlying these
rhythms. It was not until the 1970s that Seymour Benzer and his graduate student Ron
Konopka used the mutagen ethyl methanesulfonate (EMS) to induce point mutations in
D. melanogaster and screened the progeny for genotypes with altered eclosion
rhythmicity (Konopka and Benzer, 1971). This work identified the first circadian gene
called period. These mutants also exhibit changes in locomotor rhythmicity and indicate
that a central molecular clock mechanism may underlie various outputs of circadian
behavior. This work served as a catalyst to drive forward the field of circadian molecular
biology. Further research has since identified numerous genetic players linked to

circadian molecular clocks.

Drosophila molecular clocks are comprised of feedback loops

Molecular clocks are a fundamental mechanism central to all circadian systems.
All cellular oscillators have core molecular components, although there are subtle but key
differences that differentiate clock oscillators’ functions. A highly conserved feature of
molecular clocks is that they are comprised of interlocking, cell-autonomous transcription-
translation feedback loops of cycling transcriptional repressors that regulate rhythmic
gene expression (Bell-Pedersen et al., 2005). Since the identification of the first circadian

mutant (period®) in D. melanogaster inspired research into the molecular clock,



researchers have identified numerous clock-regulated genes. Core clock genes that
comprise the core inner-workings of the Drosophila molecular clockwork include: Clock
(CIk), cycle (cyc), timeless (tim), doubletime (dbt), shaggy (sgg), Par domain protein 1
(Pdp 1), and vrille (vri) (Allada et al., 1998; Blau and Young, 1999; Cyran et al., 2003;
Martinek et al., 2001; Price et al.,, 1998; Rutila et al.,, 1998; Sehgal et al., 1994).
Comparative analysis has shown that these genes are highly conserved or have
functional homologues in mammalian molecular clocks (Koh et al., 2006; Panda et al.,
2002).

In Drosophila, the molecular clock is comprised of two feedback loops with positive
and negative transcription factors which regulate transcription of their own genes (Figure
1.1). At the core intersection of the two loops are the two positively acting basic-helix-
loop-helix (BHLH) PER-ARNT-SIM (PAS) transcription factors CLOCK (CLK) and CYCLE
(CYC) (Allada et al., 1998; Hao et al., 1997; Rutila et al., 1998). During the day, CLK-
CYC heterodimers bind to E-box enhancer elements to stimulate transcription of circadian
genes including per and tim in the first loop and Pdpl and vri in the second loop (Blau
and Young, 1999; Cyran et al., 2003; Darlington et al., 1998). PERIOD (PER) is
phosphorylated during the late evening/early morning by DOUBLETIME (DBT), a
homolog of mammalian casein kinase 1¢, and CK2 (casein kinase 2) leading to its
degradation until it dimerizes with TIMELESS (TIM). Activation of the short wavelength
photoreceptor CRYPTOCHROME (CRY) by light results in the targeting of TIM for
degradation through a ubiquitin-proteasome pathway (Emery et al., 1998; Stanewsky et
al., 1998). The activities and properties of CRY will be discussed in greater detail later in

this chapter. In the late afternoon/early evening, PER and TIM accumulate in the



cytoplasm until TIM binds to, and stabilizes, the PER-DBT complex (Gekakis et al., 1995;
Marrus et al., 1996). PP2a (protein phosphatase 2a) serves to further stabilize PER by
removing phosphates that were added to PER. The TIM-PER-DBT complexes are then
phosphorylated by the two kinases SHAGGY (SGG), a homolog of mammalian glycogen
synthase kinase 3, and CK2 to promote translocation of the complexes into the nucleus
(Lin et al.,, 2002; Martinek et al., 2001). However, it should be noted that
immunocytochemical staining in vivo and in vitro has paradoxically provided evidence that
PER and TIM can translocate into the nucleus independently (Meyer et al., 2006; Shafer
et al., 2002). Once in the nucleus, PER and TIM bind to and inhibit CLK/CYC-mediated
transcription and thus suppress their own transcription (Darlington et al., 1998;
Nawathean and Rosbash, 2004). The second interlocked loop further ensures robust and
precise timing by regulation of Clk mRNA levels (Cyran et al., 2003). The basic leucine
zipper (bZip) transcription factor VRILLE (VRI) binds to Clk promoter to inhibit Clk
transcription. The cycling protein PAR DOMAIN 1¢ (PDP1) competes with VRI for the
same binding site. In the late evening, higher PDP1 levels can outcompete VRI to allow
for Clk transcription. In the morning, DBT phosphorylation of PER and CRY-mediated
TIM-degradation frees CLK/CYC to stimulate transcription and repeat the cycle (Blau and
Young, 1999; Cyran et al., 2003). The current thesis will focus on photic modulation of
circadian gene activity as it is understood to be a highly conserved and critical mechanism

of circadian systems in most organisms including Drosophila and humans.



Central pacemakers and peripheral cellular clocks

Cells expressing clock genes are known as clock cells. Almost all of the trillions
of humans cells such as cardiomyocytes, neurons, pancreatic 3 cells, and immune cells
contain an intracellular circadian clock that provides precise temporal control of
physiological and cellular functions throughout a day (Yamazaki et al., 2000; Zylka et al.,
1998). Notable exceptions include the male testis and certain cancer cells in which
molecular clocks are absent (Morse et al., 2003; Winter et al., 2007). Circadian cellular
oscillators can be broadly categorized as central pacemakers or peripheral clocks based
on functionality and cell type. Central pacemakers found in neurons maintain robust free-
running oscillations even in the absence of exogenous cues and synchronize the activities
of peripheral clocks. Peripheral clocks distributed throughout various tissues exhibit their
own distinct, endogenous rhythms and largely consist of oscillators that desynchronize
over time in the absence of exogenous cues. In mammals, the central pacemaker is
located within the suprachiasmatic nucleus (SCN) which serves to maintain synchrony
between peripheral clocks to generate robust circadian output.

Molecular-genetic studies in Drosophila melanogaster have reported molecular
clocks in neurons, glia, photoreceptors, fat bodies, rectum, the reproductive system,
Malpighian (renal) tubules and the antennal lobe (Giebultowicz, 2001; Giebultowicz and
Hege, 1997; Hunter-Ensor et al., 1996; Kaneko and Hall, 2000; Siwicki et al., 1988;
Tanoue et al., 2004). In the absence of environmental cues, molecular oscillations in
peripheral tissues dampen over time. Conversely, a small group of ~150 neurons in the
brain sustain cyclic gene expression for many days even in the absence of exogenous

cues. However, it is unclear whether the sustained oscillations are an intrinsic property



of the central pacemaker neurons or an emergent property of the coupled circuit. These
neurons are considered the central pacemaker cells as they appear to have a key role in

regulating circadian rhythms and output (Chang, 2006).

The Drosophila central clockwork consists of ~150 heterogeneous neurons

Each hemisphere of the Drosophila central circadian network is classically
comprised of six neuron subgroups, along with hundreds of glial cells. These cellular
oscillators were originally identified via immunohistochemical screening for per
expression and were classified according to their anatomic locations and sizes (Figure
1.2) (Ewer et al., 1992; Kaneko and Hall, 2000). The central clock neurons are broadly
classified as lateral neurons (LNs) or dorsal neurons (DNs) based on their relative
positions. Both the LNs and DNs can each be further subdivided into three canonical
groups that are symmetrically located in both hemispheres. The LNs consist of 5-6 dorsal
lateral neurons (LNds), 5 small lateral ventral neurons (s-LNvs) and 4-6 large lateral
ventral neurons (I-LNvs). The DNs consist of ~15 DN1s, 2 DN2s and ~40 DN3s. Recent
studies have further subdivided these subgroups and identified new classes of circadian
pacemakers based on chemical or genetic markers (Collins et al., 2012; Hamasaka et al.,
2007; Johard et al., 2009; Shafer et al., 2006; Zhang et al., 2010a). Examples of these
newer oscillator classes include a group of 3-4 cells called the lateral posterior neurons
(LPNs) in the posterior lateral central brain as well as a single large cell in the medial
central brain named the large medial cell (I-MC). Additionally, numerous glial cells have
been reported to rhythmically express PER/TIM and may have a role in circadian rhythms
(Ewer et al., 1992; Kaneko and Hall, 2000; Zerr et al., 1990). The DN1s have also been

subdivided into highly reproducible anterior (DN1as) and posterior (DN1ps) based on
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expression of the neuropeptide IPNamide (IPNa), discrete anatomical locations, and
axonal projections (Shafer et al., 2006). However, the current thesis will focus on further
evaluation of the six classical circadian subgroups based on function in the context of
free-running rhythms and circadian photoreception.

Although central clock cells were originally named for their anatomical position and
size, recent studies have since subdivided the circadian circuit based on functionality.
The s-LNvs are classically recognized as core pacemaker neurons as they exhibit robust
oscillations in constant darkness (DD) and have been shown to be sufficient for driving
rhythmic locomotor activity in DD (Grima et al., 2004; Helfrich-Forster, 1998). The
circadian role of the I-LNvs in DD is still unclear. However, studies incorporating genetic
and electrophysiological techniques have indicated that the I-LNvs are critical for light-
mediated arousal and are necessary for light-induced phase resetting at dawn (Shang et
al., 2008; Sheeba et al., 2008a). L-LNvs are ideally positioned to be coincidence
detectors as they are the only clock neurons that receive extensive rhodopsin-mediated
light input from the optic lobes and H-B eyelets that can be integrated with their own CRY-
mediated photoreception. This light integration is discussed in further detail later in this
chapter. Functional knock-out studies have implicated the LNds in rhythmic locomotor
activity (Blanchardon et al., 2001). Compared to the extensive functional analysis of the
more popularly studied LNs, relative little is known about the functional roles of the DNs.
However, the DN1s have been suggested to have a role in light-mediated circadian
behavior with subsets of the DN1s specifically exhibiting a role in driving rhythmic
behavior in constant light (LL) conditions and acute response to the onset of light (Murad

et al., 2007; Zhang et al., 2010a). Interestingly, the DN2s exhibit molecular oscillations
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that are opposite (anti-phase) to the rhythms of the majority of the circadian neural
network (Plautz et al., 1997). However, the role of the DN2s is still poorly understood.
The small ~40 DN3s have been suggested to mediate synchronized locomotor activity
under 12:12 hour light-dark (LD) conditions independently of the LNvs (Veleri et al., 2003).
The functional roles and molecular dynamics of the heterogeneous clock neurons in the
context of circadian photoentrainment will be further expanded in Chapters 2 and 3.

The Drosophila circadian neural network can also be parsed by neuropeptide
transmitters. The roles of numerous candidate signaling molecules have been reported
in distinct circadian neuron subgroups including glutamate, neuropeptide F (NPF),
neuropeptide precursor-like protein 1 (NPLP1), y-amino-butyric acid (GABA), serotonin
and pigment dispersing factor (PDF) (Chang, 2006; Wang et al., 2008). PDF, a
homologue to mammalian vasoactive intestinal peptide (VIP), is a highly studied
neuropeptide that has been shown to be critical for circadian behavior (Helfrich-Forster,
1995; Renn et al., 1999). Four of the s-LNvs and all of the I-LNvs are unique in expressing
PDF whereas the 5" s-LNv, LNd, and DNs do not express PDF (Helfrich-Forster, 1995;
Kaneko and Hall, 2000; Renn et al., 1999). Genetic ablation of PDF-expressing neurons
and a pdf null allele have shown that PDF is required for rhythmic behavior in 12:12 hour
LD entrainment and DD conditions (Renn et al., 1999). The PDF G protein-coupled
receptor (PdfR) was recently identified, although there is still not a consensus on its
expression patterns (Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005). PdfR is
most similar to Class Il (family B) receptors, such as those for secretin and VIP, and
increases CAMP levels upon activation. PDF is particularly important for circadian

research as much of our current understanding regarding inter-neuronal connections of
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the circadian neural circuit is derived from anti-PDF immunostaining of the Drosophila

brain (Helfrich-Forster, 1995; Helfrich-Forster, 2003).

Network connections of clock neurons

Studies utilizing anti-PDF immunostaining and transgenic-driven neurite markers
have revealed many of the complex inter-neuronal connections in the Drosophila
circadian circuit (Helfrich-Forster, 1995; Kaneko and Hall, 2000; Renn et al., 1999).
PDF-positive (PDF+) neurite connections are essential for synchronizing cell-
autonomous oscillators, which have their own endogenous phases and activities, and
driving emergent rhythmic behavioral output from the circuit (Lin et al., 2004; Renn et
al., 1999). The s-LNvs send ipsilateral PDF+ projections to the accessory medulla
(aMe), near the base of the optic lobe, and toward the dorsal central brain (Figure 1.2)
(Helfrich-Fdrster, 2003). These arborizations terminate near the mushroom-body
calyces, DN1s and DN2s. The I-LNvs also send PDF+ projections toward the aMe as
well as contralateral neurites across the brain midline via the posterior optic tract to
connect the LNvs and medulla of both hemispheres. The LNds, along with all three
subsets of the DNs, primarily send arborizations to the dorsal brain (Kaneko and Hall,
2000). The LNd neurites project dorsally before splitting into a dorsal and ventral
branch. The dorsal branch links with DN3 neurites whereas the ventral branch crosses
the brain midline to the contralateral dorsal protocerebrum. Neurites from the DN1s and
DN2s have also been shown to cross the midline in the dorso-anterior commissure.
The majority of the DNs’ neurite projections terminate near the axon terminals of the
LNds and s-LNvs. The DN1s also send projections to the dorsal brain and ventrally to

the esophagus (Mertens et al., 2005). After crossing the midline, projections from the
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DN2s terminate near the inferior protocerebrum (IP) of the contralateral dorsal brain
(Helfrich-Fdrster, 2003). The DN3s send neurite projections into the mid-dorsal brain
and toward the LNvs where they terminate ventral to the IP. In summary, the
Drosophila circadian circuit is comprised of intricate network connections between clock
neurons and neurosecretory centers (Cavanaugh et al., 2014; Cavey et al., 2016).
Furthermore, circadian-regulated restructuring of the complexity of PDF axon terminals
has been reported in both LD and DD conditions (Ferndndez et al., 2008). For instance,
the PDF circuit exhibits significantly greater complexity during the daytime and lower
complexity during the nighttime hours. We postulate that circuit-wide plasticity is a
critical mechanism for further consolidating the emergent functional output of clock cells.
An increasing level of evidence has shown that robust yet flexible intercellular
communication is a critical feature of circadian neural circuits. Although clock neurons
can express self-sustaining molecular rhythms, the longstanding model of cell-
autonomous oscillators driving rhythmic behavioral outputs is now shown to be
incomplete. Studies in both Drosophila and mammalian circadian neural circuits have
indicated that the molecular, electrical and neurochemical activities of clock neurons are
integrated in a multi-cellular network that drives self-sustaining rhythms that are also
adaptable to environmental stimuli (Lin et al., 2004; Nitabach et al., 2002; Reddy et al.,
2006; Welsh et al., 1995; Zhao et al., 2003). However, as discussed above, not all
clock cells are created equal. Further research is needed to understand the distinct
cellular physiology of the various clock cells as well as how they coordinate intercellular

communication to drive behavioral rhythms. Our recent findings on cell-autonomous
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and whole circuit dynamics driving robust free-running rhythms in DD and in response

to light cues are discussed in Chapters 2 and 3 of this thesis.

1.3 Photoreception in Drosophila melanogaster
Environmental inputs into circadian systems

Circadian networks are designed to be capable of robust oscillations yet are
extraordinarily adaptable to changes in the environment. These environmental temporal
cues, called zeitgebers (German for "time giver"), serve to fine-tune and entrain the
oscillatory gears of both Drosophila and mammalian clocks. This ensures that
physiological events and behavior are optimally coordinated with daily environmental
changes. Circadian systems are sensitive to a wide variety of zeitgebers including light,
temperature, feeding, and social behavior (Levine et al., 2002; Wheeler et al., 1993).
Light is considered the most powerful zeitgeber and synchronizes circadian systems with
daily solar cycles (Oishi et al., 2004; Pittendrigh, 1960). This thesis will focus on light
integration in the context of circadian photoreception, phototransduction pathways, and

light-mediated executive behavior.

Light input pathways into the Drosophila circadian clock

Light is the most dominant and well-studied environmental circadian cue in
Drosophila. Photic input can influence the circadian system in numerous ways depending
on factors such as phase, duration, periodicity, intensity and wavelength of the light
information. The most obvious example is day-night changes in light intensity and
spectral range which can synchronize central and peripheral clocks (Myers et al., 1996;
Plautz et al., 1997; Yang et al., 1998). Coordination of molecular clocks by daily solar
cycles drives entrainment of Drosophila behavior and eclosion rhythmicity (Pittendrigh,
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1954; Wheeler et al.,, 1993). Conversely, subjecting fruit flies to constant light (LL)
conditions results in arrhythmicity and altered period lengths (Konopka et al., 1989).
Acute brief pulses of light can phase-advance or phase-delay molecular and behavioral
rhythms of D. melanogaster depending on the time of day when the pulses are applied
(Cymborowski et al., 1994; Vinayak et al., 2013). In fact, application of two short pulses
at times corresponding to the entrained onset and offset of daytime light exposure (e.g.
15-minute light pulses at dawn and dusk for Drosophila) is reported to be sufficient to
simulate day-night entrainment (Kawato and Suzuki, 1981; Pittendrigh and Minis, 1964).
Due to the powerful influence of light on circadian systems, it is important to understand
the pathways and mechanisms of photic integration.

Studies have shown that the fruit fly, D. melanogaster, has five photoreceptors
and/or photopigments involved in circadian photoreception (Rieger et al., 2003). Two of
these are the externally visible light-sensing organs, the ocelli and the pair of compound
eyes (Figure 1.2). Photic information is also received through the extraretinal
photoreceptor structure called the Hofbauer-Buchner (H-B) eyelets (Hofbauer and
Buchner, 1989). The compound eyes, ocelli, and H-B eyelets all express the classical
retinal-based photopigment rhodopsin (Rh). Six different Rh molecules have been
reported in Drosophila with varying peaks of spectral sensitivities (Montell, 1999).
Molecular analysis and phototaxis studies have indicated that the max peaks of
absorption (listed in parentheses) are Rh 1 (blue-green, Amax = 480 nm), Rh 2 (violet, Amax
=480 nm), Rh 3 (UV, Amax = 347 nm), Rh 4 (UV, Amax = 375 nm), Rh 5 (blue, Amax = 436
nm) and Rh 6 (green, Amax = 508 nm) (Salcedo et al., 1999; Salcedo et al., 2003). These

Rh molecules are primarily expressed in the photoreceptor cells (R1 — R8) of the
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compound eyes. Rh 6 is also expressed in the H-B eyelets whereas Rh 2 is expressed
in the ocelli (Montell, 1999; Salcedo et al., 1999; Yasuyama and Meinertzhagen, 1999).
An additional unknown photopigment is putatively expressed in the DNs as well (Rieger
et al., 2006; Veleri et al., 2003). However, this thesis will primarily focus on the short-
wavelength photoreceptor CRYPTOCHROME (CRY) that is expressed in ~50% of brain
clock neurons. Specifically, we will focus on the molecular mechanisms of CRY

phototransduction and its roles in circadian photoreception and light-driven behaviors.

Cryptochromes

Cryptochromes (CRY) are short-wavelength sensitive flavoproteins with critical
roles in numerous light-driven mechanisms including circadian photoreception. This
photopigment is related to bacterial photolyases which repair UV-induced DNA damage
(Ahmad and Cashmore, 1993). Although CRY's were originally discovered in the flowering
plant Arabidopsis, they have since been reported in a wide array of organisms including
bacteria, plants, insects and mammals (Green, 2004; Shalitin et al., 2002). All CRYs
share a highly conserved core domain called the photolyase homology region (PHR) at
the N-terminus (Lin and Todo, 2005). The PHR domain is the chromophore-binding
domain of CRY and has two conserved binding sites for a pterin cofactor (5,10-methenyl
tetrahydrofolate, MTHF) and a flavin cofactor (FADH). The flavin adenine dinucleotide
(FAD)-binding site of CRY is the most conserved region of the PHR domain. Yet despite
the similarity in domain structures and amino acid sequence, cryptochromes can have a
diverse range of biological roles within and between organisms. CRY functions include
circadian rhythms, phototropism, cell cycles, apoptosis, immune responses and

magnetoreception (Lin and Todo, 2005). Interestingly, the two mammalian isoforms
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called CRY1 and CRY?2 are not directly light-sensitive and are instead functionally similar
to Drosophila TIM in acting as a circadian repressor (Griffin et al.,, 1999). Many
invertebrates also express light-insensitive CRY isoforms which appear to be
transcriptional repressors. Instead, the directly photo-activated Drosophila CRY is
functionally similar to the mammalian blue-light sensitive photopigment called
melanopsin. Melanopsin is expressed in intrinsically photosensitive retinal ganglion cells
(ipPRGCs) which directly communicate with the SCN to modulate light-driven circadian
rhythms (Hattar et al., 2003). However, the current thesis will focus on the directly light-
sensitive CRY found in Drosophila in the context of circadian rhythms and behavioral light
response.

In 1988, a chemical mutagenesis screen identified CRY as the primary circadian
photoreceptor for the Drosophila clock (Stanewsky et al., 1998). A severely hypomorphic
CRY mutant, cryPaby (cryP), was found to exhibit disrupted per expression in 12:12 hour
LD conditions. CRY mutants also retain behavioral rhythmicity in constant light (LL)
conditions which induce arrhythmicity in wild-type Drosophila (Emery et al., 2000;
Stanewsky et al., 1998). Peripheral tissues that express CRY, such as the Malpighian
tubules, also require CRY for rhythmic expression of PER and TIM as well as
synchronization with the master clock (lvanchenko et al., 2001). In Drosophila, CRY
modulates circadian oscillations via degradation of the critical circadian protein TIM
(Ceriani et al., 1999; Klarsfeld et al., 2004). Activation by light induces a conformational
change in CRY at the C-terminus resulting in CRY binding to TIM (Busza et al., 2004;
Dissel et al., 2004). The F box protein JETLAG (JET) is then recruited for ubiquitination

of the TIM/CRY complex which undergoes degradation through the ubiquitin-proteasome
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pathway (Koh et al., 2006). Without the stabilization provided by binding with TIM, PER
is also targeted for degradation, thereby resetting the clock.

Cryptochrome is expressed in ~50% of the 150 clock neurons that comprise the
Drosophila central clock (Benito et al., 2008; Yoshii et al., 2008). CRY is detected in all
of the small and large LNvs and approximately half of the LNds and DN1s. Conversely,
CRY is absent in all of the DN2s, DN3s and LPNs. In addition to its role in the circadian
molecular clock, CRY has been implicated in circadian regulation of neuronal firing rate
and membrane excitability (Fogle et al., 2011). Specifically, s-LNvs and I-LNvs exhibit
greater spontaneous firing frequencies during the early day which gradually decrease
until dusk before increasing again during the nighttime hours (Cao and Nitabach, 2008;
Sheeba et al., 2008a). Electrophysiological studies in the I-LNvs have also shown that
these neurons display a 20-200% increase in firing rate in response to an acute light pulse
of moderate intensity (Sheeba et al., 2007). CRY-mediated phototransduction occurs via
redox-based mechanisms which require membrane potassium channel conductance
(Fogle et al., 2015; Fogle et al., 2011). Molecular mechanisms by which CRY is coupled
to membrane depolarization are further expanded in Chapter 4 of this thesis. Chapter 5
of the current thesis will also discuss how CRY, long recognized as a blue-light
photoreceptor, and certain CRY-mediated complex behaviors are particularly sensitive to

ultraviolet (UV) light.

1.4 Circadian Disorders
Overview of circadian disorders: sources and conseqguences
Circadian disorders can result from disruptions in the internal clockwork and/or

misalignment between biological clocks and the external environment. Due to the vast
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influence of circadian systems on biological and physiological processes, altered
circadian rhythms can have a wide array of severely detrimental effects. Acute
disruptions in circadian rhythms can result from events such as jet lag, all-nighters and
exposure to electronic screens at late night hours. Although these are very frequent
events in modern society, these circadian disruptions have been shown to impair
memory, alertness, sleep quality, metabolism and mental health (Mohawk et al., 2012).
Furthermore, chronic circadian disruptions have been linked to the propensity and
severity of numerous conditions such as obesity, diabetes, bipolar disorder, depression,
seasonal affective disorder (SAD), sleep disorders, obesity, Alzheimer's disease,
Parkinson's disease, Huntington’s disease and cancer (A Quera Salva et al., 2011;
Czeisler et al., 1999; Harvey, 2008; Johansson et al., 2003; Kalra et al., 2003; Videnovic
et al.,, 2014). These circadian disorders and affiliated detrimental health effects often
become more pronounced over time as circadian clocks naturally begin to break down
with aging (Czeisler et al., 1992; Monk, 2005). These circadian disorders can significantly
impair the quality of life for both patients and caretakers due to the disrupted and irregular
sleep/activity schedules. Although circadian rhythms and sleep homeostasis are driven
by different circuits, sleep is regulated by the biological clock and is often the first

noticeable output of circadian disruptions.

Circadian phase disorders

Individuals with circadian phase disorders generally maintain relatively stable
periods and phases, but have phase angles that are misaligned with the societal norm.
Since the sleep hierarchy appears conserved, these disorders are generally not

associated with sleep homeostasis but rather issues in circadian systems. Individuals
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with circadian sleep phase disorders often do not notice their conditions until social
schedules force them to live against their phase-shifted biological clocks. Individuals with
Advanced Sleep Phase Disorder (ASPD) are considered “morning larks” as their entire
sleep/wake cycle is shifted up to several hours earlier relative to the majority of the
population’s rhythms which are entrained by daily solar cycles (Jones et al., 2013). This
condition is reported to be more common in the elderly (Jones et al., 2013). Familial ASPD
was the first circadian rhythm sleep disorder (CRSD) with an identified clock gene
mutation; specifically, a mutation in the human Period 2 gene that substitutes a serine
with a glycine residue (Jones et al., 1999). Although the classic idiom of “the early bird
gets the worm” makes phase-advanced sleep-wake cycles appear advantageous, this
condition can result in significant sleep deprivation when social obligations force
individuals to stay up later in the evening and wake earlier the next day.

Conversely, Delayed Sleep Phase Disorder (DSPD) is more common in
adolescents and young adults. These individuals are considered “night owls” as they
have a later onset of sleep/wake cycles (late chronotype). Clock gene polymorphisms in
Period 3 and CLOCK genes have been reported to putatively increase susceptibility to
DSPD (Dijk and Archer, 2010; Sei et al., 2001). Similar to individuals suffering from
ASPD, patients with DSPD can experience circadian disruption when artificial alarm
clocks and social cues force them to awake and become active in the morning before
their delayed clock-determined wake-up time. This misalignment of disrupted internal
clocks and external cues underscores the importance of studying circadian gene-

environment interactions.
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Circadian disorders of non-entrained clocks

In addition to maintaining robust endogenous oscillations, circadian systems are
critical for coordinating internal physiological events with exogenous environmental cues.
Accordingly, individuals with certain circadian disorders can experience severely
detrimental health effects when endogenous rhythms appear de-sensitized to, and thus
disconnected from, environmental stimuli such as light. Two examples of these types of
disorders are non-24-hour sleep wake syndrome (non-24) and irregular sleep wake
disorder (ISWD). Non-24 is characterized by free-running rhythms that fail to entrain to
environmental cues such as daily solar cycles (Bjorvatn and Pallesen, 2009; Okawa and
Uchiyama, 2007). This condition is more common in patients who are blind and lack
proper circadian photic input. Since the endogenous human circadian period is slightly
longer than 24 hours, an inability to re-entrain with day-night cycles results in patients
with non-24 exhibiting daily delays in sleep-wake onset times. Patients with Irregular
Sleep Wake Disorder (ISWD) exhibit another variant of altered endogenous circadian
rhythms as these individuals experience non-entrained, fragmented sleep-wake cycles
(Sack et al., 2007). Individuals with this disorder often suffer from constantly-shifting
sleep-wake cycles, excessive sleepiness and/or chronic insomnia. Circadian
arrhythmicity has been reported in a wide array of conditions including mood disorders,
Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, autism and prion
diseases (Barnard and Nolan, 2008). However, it is still unclear whether these circadian

disruptions are linked to the cause or effects of these conditions.
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Circadian disruptions by external cues

In addition to a breakdown in the endogenous circadian clockwork, circadian
rhythms can be disrupted by abnormal alterations in environmental cues. A classic
example of transient disruption is observed in individuals who have recently experienced
high speed travel across different time zones resulting in jet lag (Waterhouse, 1999;
Wegmann and Klein, 1985). Jet lag can result in impaired cognitive performance, fatigue,
gastrointestinal dysfunction, and desynchronization of circadian clock oscillators (Arendt
and Marks, 1982; Winget et al., 1984). Generally, the severity of symptoms increases
with the number of time zones crossed and also depends on directionality. Phase
advance from traveling eastward usually results in a greater circadian disruption than
phase delay from traveling westward. However, symptoms and severity can greatly vary
between individuals though the mechanisms underlying this variability are still poorly
understood. Due to an increasing awareness of the detrimental effects of constant
disruption by events such as shift work, social responsibilities, and late night exposure to
electronic screens, many researchers and clinicians are looking into the growing issue of
chronic circadian disruption.

Chronic circadian disruptions can result in serious negative health effects
including diabetes, heart disease and metabolic dysfunction (Fido and Ghali, 2008;
Parsons et al., 2015; Scheer et al., 2009). A growing proportion of the population is
experiencing chronic circadian disruption due to social obligations. Shift work disorder
affects individuals who work at night or frequently change work schedules. These work
schedules result in a constant state of misalignment between their body’s clocks, shift

schedules, and zeitgebers such as daily solar cycles. Approximately 15% of Americans
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are employed as shift workers who often experience severely negative effects of health,
performance and safety (Karlsson et al., 2001). Another example of chronic circadian
disruption is the disorder called social jet lag, coined by Dr. Till Roenneberg in 2006.
Social jet lag is a form of habitual circadian misalignment between social cues and
biological clocks (Wittmann et al., 2006). Specifically, this phenomenon refers to the time
discrepancy for many individuals between work days (i.e. weekdays) and free days (i.e.
weekends). Social jet lag resembles classical jet lag from high-speed travel across time
zones because many individuals tend to stay up later on Friday nights (a phase delay
analogous to flying West) and are forced to wake up earlier on Monday mornings for work
(a phase advance analogous to a return flight East) (Wittmann et al., 2006). However,
unlike classical jet lag, social jet lag occurs chronically for many people on a weekly basis
and has been linked to serious health issues such as obesity, diabetes, heart disease
and metabolic syndrome (Lau et al., 2013; Roenneberg et al., 2012). In Chapter 6 of the
current thesis, we discuss preliminary findings and tools that we have generated for future
studies of how social jet lag is reflected in circadian neural circuits ex vivo and circadian

behavior in vivo.

Strategies for treating circadian disorders

Treating circadian disorders is very difficult due to the complexity of input and
output signals to and from circadian clocks (Redfern, 1989; Redfern et al., 1994).
However, various therapeutic options do exist for ameliorating circadian disorders.
Behavioral therapy is a non-pharmacological approach with recommendations including
regular sleep-wake times, avoiding caffeine and alcohol, standard work hours, regular

meal times and engaging in regular exercise (Dodson and Zee, 2010; Morgenthaler et
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al., 2007). Another non-pharmacological intervention is chronotherapy. Chronotherapy
requires patients to progressively advance or delay their sleep-wake times 1-2 hour per
day until the correct schedule is established and stable (Foldvary-Schaefer, 2009). These
non-pharmacological interventions are often prescribed with pharmacological treatments.

Pharmacological interventions with the capacity to modulate circadian systems are
referred to as “chronobiotics” and include classes of drugs such as indoleamines,
cholinergics, peptides, antidepressants, antimanics, corticosteroids and benzodiazepines
(Dawson and Armstrong, 1996). Of all the pharmacological interventions, exogenous
melatonin has been the most studied (Dagan et al., 1998; Dahlitz et al., 1991; Nagtegaal
et al., 1998). Melatonin is a hormone that is endogenously produced by the pineal gland
in the brain with physiological roles that include regulation of circadian rhythms, blood
pressure and sleep-wake cycles (Altun and Ugur-Altun, 2007). Based on the timing of
ingestion, oral melatonin can advance or delay circadian systems and is currently
believed to be the best pharmacological treatment for jet lag (Lewy et al., 1992).
However, melatonin’s mechanism of action is poorly understood and includes side effects
such as lowered body temperature (Cagnacci et al., 1992). Endogenous melatonin
production is highly sensitive to light with levels of melatonin dropping during daytime
hours (Brainard et al., 2001). Short-wavelength blue light is particularly effective at
suppressing melatonin levels. Thus, late-night exposure to electronic displays such as
laptops and tablets, which emit blue-shifted light, can lead to circadian disruption.
Conversely, numerous studies have shown that the exposure of individuals to
appropriately timed light can function as an effective therapy for circadian disorders

(Dodson and Zee, 2010).
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Since circadian systems are exquisitely sensitive to photic information, light
therapy can be a very effective, non-invasive treatment for circadian disorders. Light
therapies can be generally classified as dark therapy or bright light therapy. Dark therapy
involves the removal of short-wavelength light at specific times of the day to prevent
circadian disruption by activation of the blue-light sensitive photoreceptor melanopsin. In
addition to lifestyle recommendations of deliberately avoiding evening light exposure,
patients have also been prescribed amber-tinted lenses to selectively block blue-shifted
light such as that emitted by electronic displays (Kayumov et al., 2005; Sasseville et al.,
2006). On the other end of the spectrum, numerous studies have shown that bright light
therapy (~2,500-10,000 lux) can also be used to treat circadian disorders (Boivin et al.,
1996; Fetveit et al., 2003; Rosenthal et al., 1990).

Timed exposure to bright light can be used to advance, delay or reset circadian
rhythms (Czeisler et al., 1981; Dodson and Zee, 2010; Morgenthaler et al., 2007). Light
sources used for bright light therapy include programmable light boxes, natural sunlight
and wearable therapy devices. Exposure to bright light has also been shown to improve
acute alertness and to enable more rapid adaptation to shift work schedules (Boulos et
al., 1995; Desan et al., 2007). Bright light therapies have shown great promise in treating
circadian disruptions in conditions such as Huntington’s disease and cancer (Cuesta et
al., 2014; Neikrug et al., 2012). However, current treatments for circadian disord