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Abstract

Circadian clocks organize behavior and physiology to adapt to daily environmental cycles. Genetic
approaches in the fruit fly, Drosophila melanogaster, have revealed widely conserved molecular
gears of these 24-h timers. Yet much less is known about how these cell-autonomous clocks confer
temporal information to modulate cellular functions. Here we discuss our current knowledge of
circadian clock function in Drosophila, providing an overview of the molecular underpinnings of
circadian clocks. We then describe the neural network important for circadian rhythms of locomotor
activity, including how these molecular clocks might influence neuronal function. Finally, we address
a range of behaviors and physiological systems regulated by circadian clocks, including discussion
of specific peripheral oscillators and key molecular effectors where they have been described. These
studies reveal a remarkable complexity to circadian pathways in this “simple” model organism.
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INTRODUCTION

The endogenous circadian system functions to organize behavior and physiology to adapt to
and anticipate environmental changes in light, temperature, food, and mate availability. In
addition, the circadian system temporally organizes molecular, cellular, and physiological
processes relative to one another. Synergistic processes are timed to coincide, whereas mutually
incompatible ones are temporally separated. The presence of circadian clocks in organisms
from bacteria to mammals is evidence of their critical role in organism fitness (1).

Circadian rhythms are defined by four canonical properties. These oscillations persist, or free
run, under constant conditions, indicating the presence of a self-sustaining clock. These clock-
driven events recur approximately, but not precisely, every 24 h (circa = near, dia = day). These
rhythms are yoked to, or entrained by, sun-driven changes in light and temperature. Although
the phase of the clock can be sensitive to environmental changes, the period is remarkably
stable over a wide temperature range, a phenomenon termed temperature compensation (2).

On the basis of these properties, circadian systems are organized into three main parts: the core
clock, which keeps time; input pathways, which synchronize the clock to the environment; and
output pathways, which transmit information to temporally organize behavior and physiology.
Interestingly, these three parts are not mutually exclusive. Considerable progress had been
made in our understanding of the first two components, which have been the subject of
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comprehensive reviews (3-5). Here we focus on output pathways to address how timing
information is faithfully transmitted to control behavior and physiology.

In Drosophila, circadian rhythms are typically assayed by monitoring locomotor activity using
the Drosophila Activity Monitoring (DAM) system (TriKinetics; Waltham, MA). In this assay,
individual flies are placed into glass tubes, and their activity measured via infrared beam breaks
over several days. Under conditions of light-dark (LD) (usually alternating 12 h light and 12
h dark), flies show a morning activity peak (M) around the time of lights-on and an evening
activity peak (E) around the time of lights-off (Figure 1). Flies gradually increase their
locomotor activity in advance of both dark-to-light and light-to-dark transitions, a phenomenon
termed anticipation. A presumed function of a circadian clock is to appropriately adjust
behavior in advance of environmental changes such as sunrise or sunset. Flies also rapidly
respond to these light transitions with substantial bursts of locomotor activity at both lights-on
and -off transitions, termed masking because of their ability to mask underlying circadian
behavior (Figure 1). To more clearly view circadian rhythms, flies are monitored in constant
darkness (DD). In DD, flies display activity bouts at approximately the same time each day
corresponding roughly to the evening activity peak and reflecting circadian clock function with
a near-24-h period (Figure 1).

MOLECULAR MECHANISMS OF DROSOPHILA CIRCADIAN CLOCKS

Genetic analysis of circadian behaviors, principally locomotor activity, has uncovered the
transcriptional feedback loops that are central to biological timing. These feedback circuits
consist of sequence-specific DNA binding proteins that stimulate transcription of their own
repressors. Temporal delays between activation and repression generate 24-h oscillations in
steady-state levels of many clock gene transcripts. Due to reference limitations, we refer the
reader to recent reviews covering these topics in detail (3,5,6).

Briefly, the DNA-binding heterodimer CLOCK/CYCLE (CLK/CYC) binds to E-box
sequences (usually CACGTG) in target promoters to activate gene expression (Figure 2). In
the principal feedback loop, CLK/CYC activates transcription of period ( per) and timeless
(tim), peaking during the late day. (By convention, proteins are indicated in all CAPS, whereas
genes or transcripts are indicated in italics.) PER and TIM proteins accumulate and dimerize
in the cytoplasm (early night), translocate to the nucleus (midnight), and bind CLK/CYC,
inhibiting their DNA binding (7) and thus their transcriptional activation function (late night).
Of note, PER and TIM may dissociate prior to entering the nucleus (8). Transcriptional
feedback is an important determinant of circadian period (9). Importantly, similar feedback
loops using similar components operate in mammalian clocks (1).

Posttranslational regulation of the inhibitory components imposes temporal delays between
CLKI/CYC transcriptional activation (late day) and PER/TIM repression (late night) (Figure
2). Temporal delays between activation and inhibition result in daily oscillations of CLK/CYC
target transcription. PER, TIM, and CLK exhibit rhythms of phosphorylation state, with peak
phosphorylation peaking during the late night/early day. PER is phosphorylated by CASEIN
KINASE l¢ (CK1¢)/DOUBLETIME (DBT) and CASEIN KINASE 2 (CK2). Phosphorylation
by DBT and CK2 enhances PER repressor activity (10). TIM is phosphorylated by
GLYCOGEN SYN-THASE KINASE 3B (GSK3B)/SHAGGY (SGG) and CK2 (11).
Phosphorylated PER and TIM are substrates for the phosphatases PROTEIN PHOSPHATASE
2A (PP2A) and PROTEIN PHOSPHATASE 1 (PP1), respectively (12). Of note, one transcript
isoform encoding a regulatory subunit of PP2A, twins, is under circadian regulation, suggesting
a mechanism by which PP2A may direct PER phosphorylation rhythms. A nuclear PER-DBT
complex also associates with and phosphorylates CLK, triggering its degradation and thus
providing a mechanism for feedback inhibition (7,13-15). Therefore, PER repression of CLK
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is likely mediated by the delivery of DBT to CLK, leading to its phosphorylation and reducing
its DNA hinding and half-life. Peak phosphorylation precedes protein disappearance, linking
phosphorylation to PER/TIM/CLK protein half-life. The E3 ubiquitin ligase
SUPERNUMERARY LIMBS (SLIMB) selectively associates with and ubiquitinates (at least)
DBT-phosphorylated PER (16), triggering its degradation by the ubiquitin-proteasome
pathway during the early day. The loss of PER relieves repression of CLK/CYC, permitting a
new cycle of transcriptional activation.

To synchronize the internal clocks to the 24-h cycle of sunlight, Drosophila utilize the cell-
autonomous blue-light photoreceptor CRYPTOCHROME (CRY) (3). Although we provide
an overview here, we refer the reader to recent reviews on this subject for more details (3,6).
Light activates CRY, which then binds TIM, targeting it for degradation. Light-induced TIM
degradation, in turn, explains how the clock responds to short light pulses. During the early
night when TIM is accumulating, light-induced TIM degradation leads to a delay in TIM
accumulation, explaining light-induced phase delays. In contrast, light pulses delivered during
the late night advance TIM disappearance and explain light-induced phase advances. In
addition to the function of CRY as a photoreceptor, CRY may also sustain peripheral clocks
(17), perhaps by playing a role as a transcriptional repressor (18), and mediate the clock
response to temperature (19). Besides CRY, Drosophila also employs a number of other light-
sensing pathways, including the retina, ocelli, and the Hofbauer-Buchner eyelets, all of which
convey environmental LD information to synchronize molecular clocks (3).

CLK/CYCalso activate at least two other interdependent feedback loops that may be important
for the phase and amplitude of core oscillators and rhythmic outputs (Figure 3). CLK/CYC
directly activate the transcription of the basic zipper (bZip) activator Par domain protein 1
(Pdpl) and the bZip transcriptional repressor vrille (vri ), which, in turn, alternately activate
and repress transcription of the Clk gene as well as cry (20). As a result of delayed accumulation
of the PDP1 activator relative to the VRI repressor (20), Clk and cry transcript rhythms are
antiphase to those of per/tim (they peak in the early day versus early night). The function of
the second loop is unclear; altering the phase of Clk transcription has little effect on behavioral
period or phase. Nonetheless, loss-of-function Pdpl mutations, including one that selectively
affects the rhythmic ¢ isoform, result in reduced Clk expression and, in the latter case,
arrhythmic behavior (20,21). CLK/CYC also activate a bHLH repressor, clockwork orange
(cwo). CWO specifically binds the CLK/CYC target E-box and represses CLK/CY C-mediated
transcription (22-24). In addition, CWO may also act as an activator (25). Loss of cwo results
in low-amplitude, long-period molecular and behavioral rhythms, suggesting a role of cwo in
sustaining robust rhythmicity (22—-25). The mammalian homologs of cwo, Decl and Dec2, also
appear to have clock functions and a role in regulating sleep amount (26,27). Although the
utility of multiple loops remains ambiguous, this intricate architecture highlights Clk as a focal
point for feedback regulation. Indeed, ectopic Clk expression is sufficient to induce molecular
circadian rhythms (28).

A salient aspect of fruit fly circadian timekeeping is the fact that most features of the fruit fly’s
molecular clockwork are conserved in mammals, including humans. For example, individuals
affected with familial advanced sleep phase syndrome (FASPS) exhibit an advanced phase of
sleep-wake rhythms and shortened circadian period that is inherited in a Mendelian dominant
manner. Mutations in the human PER2 and CK1¢ genes, both orthologs of fly circadian genes
per and Dbt, respectively, are responsible for this advanced sleep phase (29,30). These data
argue that the basic architecture and core components of circadian clocks can be traced back
to the shared ancestor of flies and humans hundreds of millions of years ago.
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Although fly genetics has been instrumental in improving our understanding of molecular
mechanisms of circadian clock function, genetic approaches have also led to remarkable
advances in revealing the network architecture important for circadian behavior. Molecular
clocks are located in only ~150 neurons (out of ~250,000) in the Drosophila brain (Figure 4).
These neurons are part of a dedicated neural network that drives circadian behavior (please see
reviews in References 3,4, and 6). Distinct subsets of these 150 neurons serve different aspects
of circadian behavior, particularly driving wakefulness/locomotor activity at different times of
day and under different environmental conditions. These 150 neurons can be divided into the
small and large ventral lateral neurons (SLNv and ILNv, respectively), the dorsal lateral neurons
(LNd), three groups of dorsal neurons (DN1, DN2, and DN3) and the lateral posterior neurons
(LPN) (3). The LNv are especially important for morning anticipation and so are termed
morning (M) cells, whereas the LNd/DN1 underlie evening anticipation and thus are termed
evening (E) cells. The circadian pacemaker network may arguably be the most well-studied
and well-understood CNS network governing behavior in Drosophila.

The neuropeptide PIGMENT-DISPERSING FACTOR (PDF) is the critical effector for the
~20 LNv. PDF expression is largely restricted to these neurons in the adult brain. The small
subgroup (sLNv) sends projections dorsally toward the DN1 and a number of putative
downstream circuits, including the pars intercerebralis (PI), a cluster of neuroendocrine cells
functionally and developmentally analogous to the mammalian hypothalamus, and the
mushroom bodies (MB), analogous to the mammalian hippocampus and a critical regulator of
fly sleep-wake (31,32). Rhythms in the dorsal SLNv terminal arborizations and the PDF
neuropeptide levels are evident, although pdf RNA levels do not show similar fluctuations
(33,34). Notably, PDF rhythms are not required for robust circadian behavior (35). Ablation
of PDF neurons as well as genetic loss of pdf ( pdf 1) or its receptor, pdfr, both result in a loss
of morning anticipation and a phase advance of the evening peak in LD and the first day of
DD (36-39). These behavioral rhythms slowly damp in DD. The loss of behavioral rhythms
is accompanied by reduced amplitude and desynchronized or complete loss of molecular
rhythms within clock neurons. Thus, PDF is released from the LNv but also feeds back to
impact the clocks in both PDF and non-PDF neurons. Bath application of PDF activates cyclic
AMP synthesis in most groups of clock neurons (40). A major functional target of the PDF
neurons appears to be the ~30 evening cells (LNd/DN1), mediating PDF effects on morning
and evening behavior in LD as well as circadian period (41,42). PDF may actually both speed
and slow target clocks (42,43). MAPK activation in the dorsal brain may in part mediate these
effects (44).

The large subset of LNv (ILNv) makes extensive projections into the optic lobes, a site of visual
input, and contralaterally toward the LNv and optic lobe (36,45,46). These optic lobe
projections may also be important for rhythms observed in visual input circuits (47). The ILNv
are also important loci for sleep/arousal (48-51) and may mediate the increase in sleep observed
in flies raised socially (52). Furthermore, these PDF varicosities in the optic lobe are also
sensitive to social experience and sleep loss (52).

The sLNv appear to be especially important for driving rhythms under constant darkness
conditions. Overexpression of sgg can speed up the molecular clock. Selective expression in
the LNV results in speeding up the clock in the SLNv and also in the LNd, DN1, and DN3
neurons as well as the behavioral rhythm (53). These results suggest that the SLNv are
especially important for driving free-running (DD) rhythms. The evening cells (LNd and/or
subsets of DNs) are relevant to determining the phase (rather than the period) of DD behavior
(53). Under constant light conditions, rhythms in wild-type flies damp. However, in mutants
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of the cry photoreceptor or in flies overexpressing per, rhythms persist. In these flies, subsets
of evening cells (rather than morning cells) apparently drive behavioral rhythms in LL (54,
55).

Although LL and DD are clearly unnatural environmental conditions, circadian clocks are
crucially important for adaptive seasonal responses to the long and short days of summer and
winter, respectively. Under long days, the evening clocks appear to dictate the phase of morning
clocks (56). In contrast, under short days, the morning clocks dictate the phase of evening
clocks (56). One possible explanation is that light activates the output of evening cells while
inhibiting output of the morning cells (54). In addition, reduced temperature can phase-advance
behavior and molecular rhythms by thermosensitive splicing of a per 3' UTR intron, and natural
variation in these splice sites between different drosophilids may underlie their adaptation to
different thermal environments (57). Thus, the coupled morning and evening oscillators can
respond to seasonal changes in photoperiod and temperature to time the activity of the morning
and evening oscillators. Under short days/cool temperatures, Drosophila can enter into
diapause to improve survival. Naturally occurring variation at the tim locus that alters
interactions with cry appears to be important for the tendency to enter this state (58,59). These
data suggest a role for clock genes in seasonal adaptation.

In addition to the pacemaker neural network, associated brain glial clocks are also important
contributors to locomotor activity rhythms. Subsets of glia rhythmically express PER (60).
Additionally, per mosaic analysis revealed that PER-expressing glial cells are sufficient to
establish weak behavioral rhythms (60). The close proximity of PER* glial cells with respect
to LN suggests a functional relationship between glia and pacemaker cells in mediating
locomotor rhythms (45,61). Below we discuss the role of the output gene ebony in mediating
glial clock function in circadian behavior.

CIRCADIAN CLOCKS COMMUNICATE TEMPORAL INFORMATION
THROUGH THE RHYTHMIC EXPRESSION AND FUNCTION OF CLOCK-
CONTROLLED GENES

Interdependent transcriptional feedback loops act as the internal gears for circadian clocks. To
regulate the myriad rhythmic processes, these core timers must convey time information to
output pathways. One mechanism by which temporal information is transmitted is through the
rhythmic transcription of clock-controlled genes (CCGs). To identify such genes,
Drosophila, as well as a number of other organisms, has been subjected to genome-wide gene
expression analyses using DNA microarrays.

Researchers reported hundreds of rhythmically expressed genes representing a wide range of
predicted gene functions (62—68). In addition, the temporal expression profiles exhibited by
these CCGs are well distributed across circadian times, suggesting that they may mediate time-
specific biochemical and cellular functions throughout the day. The limited overlap among
these reports has led to reanalysis of the existing data to extract more robust datasets with some
success (67,69). The function of these rhythmically expressed genes in temporally modulated
behaviors has been established for only a handful of genes, such as cwo. One possibility is that
rhythmic genes have been identified from whole heads where the majority of clock gene
expression can be attributed to the eye, whereas locomotor rhythms are driven by a relatively
small number of neurons and glia.

Output genes have also been identified using other approaches, including other types of screens
for clock-controlled transcripts and functional analysis of candidate genes. Some of these genes
do not exhibit rhythmic changes in steady-state transcript levels. Some of these genes are
rhythmic at the protein level, and others have no evident gene expression rhythm but may
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display a rhythm at a functional level (44,65,70-76). The diversity of genes and mechanisms
suggests multiple pathways for molecular clocks to drive cellular rhythms.

Although a large number of tentatively rhythmic genes have been identified, only a small
number have been confirmed as rhythmic, and even fewer have been shown to be functionally
important in rhythmic behaviors. Of these genes, a number are not acting purely as output
genes, such as Pdp1, vri, and cwo, which feedback and influence various aspects of Clk
function. The number of genes with principal output roles is relatively small. Although Pdpl
is important for activating Clk levels in larval and adult pacemaker neurons (20,21), additional
data reveal a role downstream of core oscillators in regulating circadian behavior (21,76). For
example, Pdp1 RNAIi knockdown or dominant-negative expression in circadian neurons results
in reduced behavioral rhythmicity without significant molecular changes in the core clock
(76,77). Rescue of CLK expression in a Pdple mutant restores core clock function but not
behavioral rhythms. These studies strongly suggest that Pdple rhythms are important for both
sustaining CLK levels and independently regulating circadian output. Thus, transcriptional
cascades may be a defining architecture for circadian output pathways.

In the circadian neural network, ion channel genes may be important transcriptional targets of
these output pathways. Electrophysiological studies in the LNv, which are relatively difficult
due to the small size of Drosophila neurons, have revealed that spontaneous activity peaks and
resting membrane potential are more depolarized in the early morning (78,79). The ion channel
SLOWPOKE (SLO), a calcium-sensitive potassium channel, and its putative regulator
Slowpoke Binding Protein (SLOB) are rhythmically expressed at the RNA and protein levels
(65,80-82). slo mutants display circadian behavioral changes with limited effects on molecular
rhythms, suggesting an output role (65,80). Of note, a mammalian SLO homolog is also
rhythmically regulated and important for clock output (83). The precise site of slo function in
the Drosophila pacemaker network or elsewhere remains unknown.

Other ion channels have also been implicated in circadian behavior, although it is not yet clear
if they are clock-regulated. The NARROW ABDOMEN (NA) channel encodes a likely cation
leak current that may be activated by neuropeptide/neurotransmitter receptors on the basis of
the function of its highly conserved mammalian homolog NALCN (84,85). na mutants display
poor circadian rhythms in the absence of strong effects on core molecular clocks (73).
Importantly, these effects can be rescued by na expression in pacemaker neurons (73). na
mutants display elevated PDF levels in dorsal terminals, suggesting a role in coupling
molecular clocks to neuronal outputs (73). Similarly, using a membrane-tethered spider toxin,
investigators demonstrated a role for voltage-gated sodium channels in mediating clock effects
on PDF (86). The SHAW potassium leak channel also appears to play an important role in
pacemaker neuron function (87). In addition to conveying circadian timing to neuropeptide
release, changes in membrane excitability may also feedback onto the molecular clock (88).

Cyclic AMP-regulated transcription is also rhythmic and has been implicated as a regulator
of core clocks and outputs. Cyclic AMP levels and cyclic AMP response element (CRE)-driven
transcription are both rhythmic (89,90). Mutations of dCREB2 reduce CRE-driven
transcription and alter the amplitude and/or period of molecular and behavioral rhythms,
suggesting a contribution to core clock rhythms (89). Endocytic pathways may also regulate
circadian period through protein kinase A (PKA) (91). Genetic loss of a catalytic subunit of
PKA results in locomotor activity arrhythmicity with intact eclosion rhythms, suggesting arole
in circadian output (70). Similarly, genetically mediated up- or downregulation of the cyclic
AMP pathway alters sleep homeostasis independently of effects on circadian rhythms,
implying arole in sleep/wake output pathways (92). These studies support arole of cyclic AMP
signaling in circadian output, but the precise cellular and molecular mechanisms remain to be
determined.
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A molecular effector of glial function in circadian rhythms is the beta-alanyl conjugase
synthetase ebony. ebony transcript and protein are expressed with a circadian rhythm including
in PER-expressing glia (61,62). ebony mutants exhibit poor locomotor activity rhythms, yet
eclosion rhythms are intact, suggesting a specific output role (93). Glial ebony expression is
sufficient to rescue ebony rhythm phenotypes (61). Rhythmic ebony production within glia
may regulate dopaminergic circuits responsible for locomotor activity (61). Mutations in
ebony also suppress the hyperactivity phenotypes observed in dopamine transporter mutants,
suggesting a role in mediating dopaminergic neurotransmission (61). Of note, rhythmic
ebony expression does not appear to be required for rhythms, although ebony activity may be
rhythmic. Nonetheless, ebony represents an important output effector for glial rhythms and
circadian behavior.

Considerable efforts have been devoted to understanding circadian locomotor activity rhythms
in Drosophila. Genetic analysis has yielded remarkable insights into the gears of the core
molecular clock and how these clocks are synchronized to the environments. Despite the
application of genetic and genomic techniques, few bona fide output genes with in vivo
circadian functions that regulate locomotor rhythms have been described. One possibility is
that, given the multitude of rhythmic genes, obtaining single-gene mutants with strong
phenotypes may be difficult to obtain and/or the rhythm of a single gene may not be required
for rhythmic behaviors. In these cases, more detailed behavioral or physiological analyses may
be necessary to tease out the roles of potential output genes.

CIRCADIAN REGULATION OF OTHER BEHAVIORS AND PHYSIOLOGY

Sleep

Because of the automated nature of the DAM assay, most Drosophila chronobiologists have
focused on locomotor activity rhythms. Here we detail an ever-expanding catalog of other
behavioral and physiological parameters that are temporally organized by circadian clocks.
These rhythms can be roughly divided into those largely governed by the circadian pacemaker
network or associated glia in the central brain and those timed by peripheral clocks. These
peripheral clocks, both non-CNS neural (largely sensory) and nonneural clocks, largely express
the same PER-based core molecular program present in CNS neurons and regulate a host of
rhythmic processes. Nonetheless, comparison of rhythmically expressed genes in head and
body suggests tissue-specific control of circadian outputs (65). In many cases, these clocks
demonstrate rhythmic expression that can persist as explanted cells using circadian
bioluminescent reporters (94,95). Although there is evidence that central brain pacemaker
neurons can drive the rhythmic release of humoral factors (96), as is observed in mammals,
whether these factors synchronize or entrain peripheral clocks is uncertain. Instead, peripheral
clocks are primarily synchronized to the external LD cycle through the cell-autonomous
expression and action of the blue-light photoreceptor CRY (3).

Like circadian behavior, sleep in Drosophila is also monitored using the DAM system (97).
Five minutes of continuous inactivity, i.e., no beam breaks, is conventionally defined as sleep.
During sleep, flies exhibit reduced activity/movement and reduced responsiveness to sensory
stimulation. In addition, sleep deprivation results in a subsequent increase in sleep amount and
intensity, indicating homeostatic regulation. Pharmacological and genetic evidence suggests
that the underlying mechanisms of Drosophila sleep are similar to those in mammals (97).

As in other animals, sleep is also under circadian control (98,99). Flies bearing dominant-
negative or null alleles of circadian transcriptional activators Clk and cyc exhibit less overall
sleep than do wild-type flies (100). The molecular and cellular basis of these mutant effects is
not yet known. As in rats, prolonged sleep deprivation (days) results in death (101,102). cyc
mutants, but not other circadian clock mutants, are hypersensitive to these lethal effects, and
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the heat shock stress pathway partially mediates this hypersensitivity (102). Nonetheless, this
finding likely reflects a nonclock role for cyc.

Studies suggest that the large subset of the LNV circadian pacemaker neurons promotes arousal.
Activation of the ILNv by selective channel expression disrupts nighttime sleep, whereas
ablation increases sleep (48-50). GABAergic inputs inhibit the arousal-promoting function of
these neurons (49,51), yet the source of these inputs remains unknown. Preliminary data
suggest that non-PDF evening cells may oppose the effects of the ILNv (50). Future work will
be necessary to fully understand the role of circadian neurons (e.g., non-PDF neurons) and
their molecular effectors in sleep-wake regulation.

Behavioral Responses to Light: Diurnality, Masking, and Phototaxis

Most animals live in rhythmic environments governed by daily cycles of sunlight, which can
have direct effects on behavior, i.e., masking effects. The term masking is derived from the
observation that behavioral effects of light can obscure underlying circadian rhythms (103).
These responses are critical in determining whether an animal is primarily day-active (diurnal)
or night-active (nocturnal), which has important implications for the evolution of its sensory
systems, the nature of its metabolism, and its choice of mates for reproduction.

Drosophilae respond to the lights-on signal with an increase in activity consistent with their
diurnal nature but paradoxically respond to a lights-off signal also with an increase in activity
(Figure 1). These masking responses do not require a functioning circadian system (104).
Nonetheless, the magnitude of the lights-on response exhibits daily oscillations (105). Flies
display a reduced locomotor response to light during the subjective day in constant darkness
and an enhanced response during the subjective night (105). Interestingly, whereas per®! and
tim91 mutants retain normal behavioral responses to light, Clk and cyc mutants display a
reduced or absent response to lights-on but an intact response to lights-off (106—108). In
addition, mutants of the na ion channel, important for circadian output of pacemaker neurons,
also phenocopy Clk and cyc mutants (109). These results suggest an intimate connection
between behavioral light response and the circadian clock program.

Compound eyes are cellular candidates for mediating masking rhythms. Eyes consist of 800
units termed ommatidia, each containing eight rhodopsin-expressing photoreceptor neurons
(R1-R8). Each photoreceptor neuron houses a functional circadian clock (60,110). In fact,
these cells account for the majority of molecular clock gene expression in the adult head
(111). Rhythms in visual pigment and in electroretinogram sensitivity have been noted as
potential circadian outputs (112), yet the role of the compound eyes remains unclear (104,
113,114). Regardless, suppression of clock function in the visual system did not abolish the
masking rhythm, suggesting that clock function in the brain, perhaps in circadian pacemaker
neurons, may be sufficient (105). The precise cellular and molecular basis of these photic
response rhythms remains to be determined.

Another behavioral light response under circadian regulation is larval phototaxis.
Drosophila larvae are negatively phototactic, i.e., they avoid light. This behavior is under
circadian regulation, peaking during the late night/early morning (115). Mutants affecting the
positive limb of the transcriptional feedback loop (i.e., Clock and cycle mutants) are highly
photophobic, whereas mutants affecting the negative limb of the transcriptional feedback loop
(i.e., period and timeless mutants) are less responsive to light (115). The ecological purpose
of this rhythm is unclear. Not surprisingly, how flies respond to light is tuned to circadian time.
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Learning and Memory

Eclosion

Fruit flies exhibit many forms of learning and memory, including visual, olfactory, spatial, and
courtship conditioning (116). In aversive olfactory memory, flies are trained to discriminate
between two odors after one has been paired with an electric shock punishment. A single
aversive training trial can induce a short-term memory (STM) that lasts for minutes after
training. The ability of flies to form short-term associative memories appears to be under the
influence of the circadian clock, with peak performance occurring during the early nighttime
under both LD and DD conditions (117). In both per®! and tim%1 mutants, the circadian
modulation of STM was abolished (117). The molecular and cellular bases of these rhythms
and whether they extend to other forms of memory remain unknown.

The first behavior used to monitor Drosophila circadian rhythms is also the first adult fly
behavior: emergence from the pupal case, or eclosion. Adult flies have a tendency to emerge
from their pupal casing during the early morning hours when the environment is moist, as
newly emerged flies lose water more rapidly than mature flies and wing expansion can fail
when conditions are too dry (2). As an individual ecloses only once in its lifetime, circadian
eclosion rhythms are measured using population assays.

A key mediator of circadian regulation of eclosion rhythms is a peripheral clock in the
prothoracic glands (PGs). In Drosophila, the PG assesses the growth and size of the developing
pupae to determine when they are ready for eclosion. Indeed, rhythmic oscillations of both
PER and TIM in LD and DD are evident in the PG just prior to eclosion (94,118,119).
Interestingly, disruption of the PG molecular clock by tim overexpression degraded normal
eclosion rhythms, whereas tim rescue in neurons, including pacemaker neurons, failed to rescue
eclosion rhythms (119). Furthermore, ablation of PDF*-expressing lateral neurons disrupted
the PG clock and rhythmic eclosion (119). Taken together, these results suggest a hierarchical
relationship similar to that observed in mammals in which peripheral clocks are synchronized
or driven by central pacemaker neurons.

Circadian eclosion rhythms may also involve crustacean cardioactive peptide (CCAP) neurons.
These neurons are important, but are not required, for eclosion rhythms (120). In addition, they
rhythmically express an RNA-binding protein, LARK (121), which is important for timing
eclosion without altering the core clock (122). LARK is rhythmic at the protein level, but not
at the RNA level, suggesting posttranscriptional control of output (123). A mammalian
homolog of lark appears to regulate Periodl posttranscriptionally (124). These studies suggest
that CCAP neurons/LARK are part of a clock-driven circuit important for rhythmic eclosion.
LARK may also cooperate with the RNA-binding protein FMR (Fragile X mental retardation)
protein (125), which is required for robust locomotor activity rhythms in both flies and
mammals (74,75,126,127).

Feeding and Metabolism

Similar to observations in rodents, circadian clocks in flies help coordinate rhythmic feeding
behavior and regulate proper energy consumption and metabolism. Food consumption in
Drosophila consistently occurs at specific times of the day (primarily during the morning), and
this rhythmic behavior persists under constant darkness (128).

Several feeding- and metabolism-related parts of the fly harbor circadian clocks. These parts
include the fat bodies (the fly homolog of fat, liver, and the immune system), involved in fuel
storage and energy balance; the antennae and maxillary palp, involved in food/odor detection;
proboscis (the fly mouth part), involved in taste and feeding; and the gastrointestinal tract,

involved in digestion and nutrient absorption. The fat body clock is an important contributor

Annu Rev Physiol. Author manuscript; available in PMC 2011 March 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Allada and Chung

Page 10

to metabolism and feeding. Targeted disruption of clock function in the fat body results in
reduced glycogen storage, increased sensitivity to starvation, and elevated food consumption
(128). A key molecular mediator of fat body function is the rhythmically expressed ligand
carrier protein takeout (to) (129). to mutants also display increased food intake and starvation
sensitivity (72,130).

Chemosensation

Possible contributors to feeding rhythms are rhythms in odor detection. The antennae and
maxillary palps enable the fly to detect chemical odorant stimuli from its surroundings. Small
hairs that encompass much of the surface area of these organs, called sensilla, contain olfactory
receptor neurons that allow chemical signals to be transformed into an electrical output.
Electroantennogram (EAG) responses, electro-physiological assessments of antennal neuron
responses to chemical odorants, cycle under LD and DD conditions, with a peak response
during night (131). Interestingly, unlike behavioral rhythms, this DD antennal rhythm depends
on CRY, suggesting a core clock function in the periphery for this photoreceptor (17).

Several pieces of evidence suggest that clock function in antennal neurons can act
independently from pacemaker neurons to regulate rhythmic olfactory function. Through use
of a transgenic per line in which PER cycling is retained only in pacemaker cells and not in
peripheral cells, rhythmic olfactory response was abolished, even though flies retained
rhythmic locomotor behavior (131), thereby suggesting a clear dissociation between locomotor
and olfactory rhythms. Additionally, EAG response rhythms were disrupted when a dominant-
negative CIk or cyc transgene was overexpressed exclusively within antennal neurons (132).
Rescue of cyc expression in antennal neurons restored rhythmic EAG amplitude (132). Thus,
intact molecular clocks within the antennal neurons are both sufficient and required for
rhythmic behavioral output and can function independently from pacemaker cells. Of note, the
protein kKinase G protein—coupled receptor kinase 2 appears to be an important mediator of
these rhythms (133). Nonetheless, it is not yet clear how these rhythms contribute to feeding
or other behaviors.

Courtship and Mating

Fruit flies display a highly stereotyped courtship ritual. Courtship and mating behavior is driven
by circadian clocks and depends on clock genes (134-136). This courtship/mating rhythm is
monitored by insemination (134,136) or close proximity of males and females, the latter likely
a reflection of courtship behavior (135). Increased mating/courtship are not a mere
consequence of increased locomotor activity rhythms, as the trough of the mating rhythm
around dusk corresponds to the evening peak of locomotor activity (134,135). Depending on
the assay used, this rhythm requires rhythmic females (134) or rhythmic males (135).

A number of distinct clocks are important for mating rhythms. Expression of a neurotoxic
polyglutamine-expanded protein in tim-expressing cells, presumably including neurons and
fat body cells, affects courtship behavior (137). Neither rescue of locomotor activity rhythms
by per rescue in the brain LN nor selective rescue of olfactory rhythms was sufficient to rescue
the close-proximity rhythm (135). The fat body is also an important contributor to male
courtship behavior. to is expressed in a sex-specific manner in the fat body (138). Feminization
of male to-expressing cells through expression of the female-specific sex determination gene
transformer causes reduced male courtship behavior (138,139). The presence of TO protein in
the hemolymph, the fly’s circulatory system, suggests that the fat bodies may coordinate
reproductive behaviors with the brain by means of TO signaling (139).

Another potential contributor to male courtship rhythms is the cytochrome P450 family
member sxel. sxel is much more strongly expressed in male flies than in female flies (140).
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Its transcript and protein are under circadian clock control, with protein levels peaking during
the night (141). RNAi-mediated knockdown and disruption of sxel reduced male courtship
levels but did not abolish circadian regulation (141). sxel is expressed in nonneuronal cells in
association with sensory bristles, including those involved in chemosensation and potentially
important for courtship behavior (141). sxel may also be expressed in the fat body (140).
Although the focus has been on male-driven reproduction-related rhythms, females also display
a circadian rhythm in egg-laying behavior (142).

Fruit flies deploy a highly conserved innate immune system to protect themselves against
pathogens. Microarray studies initially identified rhythms in innate immunity genes (63,65).
Flies tend to be more susceptible to bacterial infections during the early daytime hours than
during the nighttime (143). Loss-of-function per® mutant flies appear to be immunodeficient,
exhibiting increased mortality rates following bacterial infection, regardless of the time of
infection (143,144). Other clock mutants display infection resistance. Additionally,
antimicrobial peptides (AMPs), namely Peptidoglycan recognition protein SA and drosocin,
exhibita clock-dependent increase in expression immediately following bacterial infection that
is greater during the nighttime than during the daytime (143). An important source of AMPs
is the fat body. However, it is not yet clear if the fat body clock or other cellular clocks are
responsible for immune rhythms.

CONCLUSIONS AND FUTURE DIRECTIONS

The list of rhythms that flies display is ever-expanding. Some rhythms that we did not have
space to discuss include those in cuticle deposition (145), in susceptibility to oxidative stress
(146,147), and in synaptic bouton size at the neuromuscular junction (148). Although the
cellular basis of these rhythms is also unclear, they are likely driven by peripheral clocks as
well. In addition, clocks are present in a range of organs beyond those mentioned above, such
as the Malpighian tubules, which serves a similar function as do the kidneys (149). The larger
point is that, although the focus has been on locomotor activity rhythms, Drosophila exhibits
arich repertoire of circadian rhythms reflecting the diversity of its physiological systems. The
application of genetics, which has been so successful in elucidating the core components of
molecular clocks, will be valuable in understanding the functional significance of peripheral
clocks as well as how these clocks convey timing information to orchestrate a multitude of
cellular processes important for circadian rhythms. Given the highly conserved nature of
animal circadian systems, the fly should continue to provide insights into our own circadian
biology.

SUMMARY POINTS

1. Molecular genetics in Drosophila has revealed transcriptional feedback loops and
rhythmic phosphorylation as key timekeeping mechanisms of circadian clocks.

2. An elaborate interconnected network of just 150 neurons encodes temporal
information to mediate circadian locomotor activity.

3. Microarray and candidate approaches have been used to define rhythmically
expressed genes that potentially transmit temporal information to control cellular
outputs. Thus far, only a few rhythmic genes have been shown to be functionally
important for circadian output.

4. Flies display a wide range of circadian rhythms in behavior and physiology,
including sleep, responses to light, learning and memory, eclosion, feeding,
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chemosensation, mating, and immunity. Peripheral clocks, sometimes
independently of brain clocks, play an important role in many of these rhythms.
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1. How do molecular clocks transmit temporal information to regulate cellular
output, physiology, and behavior?

2.  What is the functional significance of peripheral clocks?

3. What is the cellular and molecular basis of rhythms beyond locomotor activity?

FUTURE ISSUES
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Glossary

Circadian

Free run

Entrainment

DAM system
LD

Anticipation

Masking

DD
per
Peripheral clock

Clk

cry

LNv

LNd
Pacemaker

PDF

a rhythmic biological process that recurs approximately every 24 h
(from Latin: circa = near, dia = day)

when a biological rhythm persists in the absence of external time cues
or does not synchronize to external time cues

the synchronization of a rhythmic biological process to external (light-
dark cycles) or internal (a circadian pacemaker) oscillations

Drosophila Activity Monitoring system
light-dark

a change in behavior or physiology occurring in advance of an
environmental transition

when an external factor (e.g., light) acutely affects behavior or
physiology in a clock-independent manner, interfering with the
observation of underlying rhythms (e.g., locomotor behavior)

constant darkness
period gene

a circadian clock beyond the clock in the pacemaker neural network of
the lateral and dorsal neurons in Drosophila and the suprachiasmatic
nuclei in mammals. These can include other neural clocks and
nonneural clocks in other organs

Clock gene
cryptochrome gene
ventral lateral neurons
dorsal lateral neurons

acell or group of cells that is capable of generating endogenous rhythms
in the absence of external time cues

PIGMENT-DISPERSING FACTOR
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CCG clock-controlled gene
Subjective day/ the interval during constant darkness that corresponds to the day/night
night phase under prior light-dark cycling conditions
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Figure 1.

Drosophila circadian locomotor behavior. (a) An averaged locomotor activity plot for wild-
type flies. Light and dark bars indicate normalized activity levels during 12 h of light and 12
h of dark, respectively. Increases in activity are evident in advance of light-to-dark and dark-
to-light transitions. (b) An activity plot, or actogram, for a single wild-type fly. The height of
vertical bars indicates level of activity during a 30-min interval, or bin. Each horizontal line
contains 48 h of activity data (double-plotted plot), with the second day of data on one line
repeated on the first day of data on the following line to ease visualization of the circadian
period. The transition from light-dark conditions (LD) to dark-dark conditions (DD) has been
indicated by a dashed horizontal line. Under DD, activity bouts occur at the same time each
day, indicating a free-running period of near 24 h.
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Figure 2.

The core molecular clock in Drosophila. CLOCK/CYCLE (CLK/CYC) bind to E-box elements
(E) contained in the promoters of period ( per) and timeless (tim). PER and TIM proteins are
modified by the kinases DOUBLETIME (DBT), CASEIN KINASE 2 (CK2), and SHAGGY
(SGG) and the phosphatases PROTEIN PHOSPHATASE 2A (PP2A) and PROTEIN
PHOSPHATASE 1 (PP1). PER and TIM dimerize and transition to the nucleus, where they
repress CLK/CYC activity. Phosphorylated PER and TIM also bind the E3 ubiquitin ligase
SUPERNUMERARY LIMBS (SLIMB), which leads to ubiquitination and ultimately
proteolysis by the 26S proteasome.
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Figure 3.

Additional feedback loops in the Drosophila molecular clockwork. In addition to the principal
PERIOD/TIMELESS (PER/TIM) feedback loop, CLOCK/CYCLE (CLK/CYC) also activate
CLOCKWORK ORANGE (CWO), PAR DOMAIN PROTEIN 1 (PDP1), and VRILLE (VRI).
CWO feeds back to repress CLK/CYC activation by binding to E-box elements (E). PDP1
activates the transcription of the Clk gene, whereas VRI competes with PDP1 binding to repress
Clk expression. P/V domain denotes PDP/VRI-binding sites.
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Figure 4.

The circadian pacemaker network in adult Drosophila brains. (a) Immunofluorescence of the
circadian neuropeptide PIGMENT-DISPERSING FACTOR (PDF) illustrates the divergent
projections stemming from ventral lateral neurons to other neural loci in the central nervous
system. The small ventral lateral neurons (SLNv) send projections dorsally (toward the top of
the image), whereas the large ventral lateral neurons (ILNv) send projections contralaterally
and extensively into the optic lobes (on the right and left of the image). (b) tim in-situ
hybridizations reveal the spatial orientation of pacemaker neurons in the central nervous
system. Labels denote the location of the ventral lateral neuron (LNv), dorsal lateral neuron
(LNd), and dorsal neuron (DN) clusters. Images in both panels a and b were provided by Ela
Kula-Eversole. (c) Schematic of the Drosophila circadian pacemaker network. sSLNv
(orange) send projections dorsally. ILNv (maroon) send projections contralaterally and into
the optic lobes (left and right sides of the schematic). LNd are indicated in yellow, and three
groups of dorsal neurons are indicated in green.
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