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Abstract

Circadian rhythms have a profound influence on most bodily functions: from metabolism to

complex behaviors. They ensure that all these biological processes are optimized with the time-of-

day. They are generated by endogenous molecular oscillators that have a period that closely, but

not exactly, matches day length. These molecular clocks are synchronized by environmental

cycles such as light intensity and temperature. Drosophila melanogaster has been a model

organism of choice to understand genetically, molecularly and at the level of neural circuits how

circadian rhythms are generated, how they are synchronized by environmental cues, and how they

drive behavioral cycles such as locomotor rhythms. This review will cover a wide range of

techniques that have been instrumental to our understanding of Drosophila circadian rhythms, and

that are essential for current and future research.

1. Introduction

Circadian rhythms are biological events that occur with a period length of about 24 hours.

The name is derived from the Latin words “circa” and “diem”, which means “about a day”.

They are driven by molecular clocks and are found in most organisms, from cyanobacteria

to humans. These molecular pacemakers allow organisms to accurately predict rhythmic

changes in their environment and thus increase their fitness. Anticipation of dawn, for

example, helps a nocturnal animal to avoid predators active during the day and provides a

safe window for activities such as feeding, sleep and reproduction. In mammals, the

circadian clock in the brain orchestrates behavioral, hormonal and other physiological

rhythms throughout the body [1]. In Drosophila, it gates eclosion and courtship, determines

the period of rest and activity, the timing of feeding and influence temperature preference [2,

3]. Besides controlling various behaviors, the Drosophila circadian clock also coordinate

many rhythms in peripheral organs, such as olfactory and gustatory sensitivity rhythms [4,

5], and the mitotic response of gut stem cells to damage [6]. Clocks help organisms in

unexpected ways, too. For example, navigation using the sun as a compass requires a

functional circadian clock in insects and birds [7–9]. The position of the sun changes

throughout the day and circadian clocks provide the essential timing information to
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compensate for this change and adjust flight direction accordingly. The broad impact of

circadian clocks makes them of particular importance in the general field of biology, and

uncovering the mechanisms involved in their generation, regulation and output pathways is

essential.

Interestingly, although the individual molecular components of the circadian clock are not

always homologous, its features, organization and the molecular mechanism that generates

rhythmicity are very similar across kingdoms [10, 11]. In all organisms, circadian clocks are

endogenous and can sustain their rhythmicity in the absence of environmental cues. This

rhythmicity is also independent of ambient temperature. However, various time cues (also

called Zeitgebers, which means time-givers in German) such as light and temperature

cycles, and in many cases nutrient availability, can synchronize (entrain) the clock. At the

molecular level, circadian rhythms are generated by a negative transcriptional feedback

loop, which involves transcription factors that drive their own repressors. These repressors

are modified throughout the day by various means (such as phosphorylation) and eventually

degraded, thereby starting a new cycle.

Our knowledge of the basis of circadian rhythm generation and its entrainment by

environmental cycles has been profoundly influenced by research using Drosophila. The

roots of this influence can be traced back to Colin Pittendrigh, one of the founding fathers of

chronobiology, who used various Drosophila species to study fundamental aspects of

circadian clocks, such as entrainment and temperature compensation [12–15]. Further

critical influence came from the work of Seymour Benzer and Ronald Konopka and their

initial forward mutagenesis screen using Drosophila eclosion, in which they identified the

first circadian gene: period [16]. Their work and that of many others following these seminal

studies, as well as the powerful techniques developed by other Drosophila scientists, made

fruit flies especially suited to investigate circadian rhythms.

We have now a deep understanding of the Drosophila circadian pacemaker (Figure 1, for

review, see for example [2, 17]). The circadian transcription factors CLOCK (CLK) and

CYCLE (CYC) form a heterodimeric complex and promote period (per) and timeless (tim)

transcription [18–20]. PER and TIM accumulate during the night and form a heterodimer as

well [21, 22]. The PER/TIM complex enters the nucleus and promotes the phosphorylation

of CLK/CYC, which inhibits its activity, and reduces its affinity for DNA [23, 24].

However, PER and TIM are also gradually modified by phosphorylation during the day [21,

25]. This eventually results in their degradation and releases CLK/CYC from repression to

start a new cycle. This molecular clock receives one of the strongest environmental inputs,

light, through the activation of CRYPTOCHROME (CRY) [26–28]. Upon photon

absorption, this blue-light photoreceptor undergoes a conformational change that allows it to

bind TIM [29–31]. This promotes TIM ubiquitination and proteasomal degradation, thereby

resetting the clock [21, 32–37]. The neurons that control circadian locomotor behavior can

also receive light information through an as yet poorly characterized neuronal pathway that

originates from visual photoreceptors [38].

The pacemaker mechanisms we just described are remarkably well conserved in mammals

and humans [1]. Actually, conservation extends to the neural circuits controlling circadian
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behavior. Indeed, homologous neuropeptides and receptors are involved in the control of

rhythmic behavior [39]. Drosophila is thus a fantastic model organism to understand the

basic molecular and neural underpinnings of circadian rhythms. Here, we will attempt to

review the many approaches that have been developed to understand these pathways and the

molecular mechanisms of rhythm generation. We hope our review will provide a solid

background into the history of these techniques as well as their strengths and caveats.

2. Circadian behaviors

2.1. Eclosion

Eclosion is a key event in the development of Drosophila and is defined as the emergence of

the adult fly from the pupal case. This event occurs primarily in the morning and has been

very successfully used to study circadian rhythms by Colin Pittendrigh. He demonstrated

that the mechanism that drives eclosion is a true biological clock, because it satisfied all

three fundamental properties of a circadian clock: being endogenous, entrainable and

temperature compensated [11–15]. Pittendrigh’s eclosion monitors have been improved,

computerized and have become available from private manufacturers. A modern version

produced by Trikinetics (Waltham, MA) consists of a reusable pupae disk above a funnel

and an electronic solenoid attached to a computer that taps this disk. The flies that emerge

are counted by an infrared sensor as they fall. This version allows unattended monitoring for

days, occupies significantly less space and generates digital data.

Eclosion was the read-out used by Konopka and Benzer in their ground-breaking study that

transformed the field of chronobiology and moved it into the genetics era [16]. In a later

study, M.W. Young and his colleagues identified timeless as a clock gene also using

eclosion [40]. However, eclosion is a population rhythm that occurs only once in the lifetime

of Drosophila. This is a significant limitation, particularly if high throughput is required.

Thus, single fly assays have progressively replaced eclosion. Adult locomotor behavior and

luciferase based methods are now much more commonly used read-outs for the study of

circadian rhythms (see sections 2.2 and 3.5). This said, the study of eclosion and its

circadian control has important implications, such as population control of insects in the

wild.

2.2. Locomotion

2.2.1. Monitoring rhythmic locomotor behavior—Contributions by Pittendrigh on

the eclosion rhythm and its dependence on light have spurred a wide range of studies that

followed. In one such study, the wavelength of light that is required to shift the circadian

clock was characterized and found to be in the blue region of visible light [41]. An

unintended consequence of this study was cleverly utilized by Dr. Yoshiki Hotta, a post-

doctoral researcher in Seymour Benzer’s laboratory. He developed a device to monitor the

locomotor activity of a single fly based on the fact that infra-red light has no effect on the

circadian clock. In his contraption, flies were housed in individual tiny glass tubes (with

food) which was crossed by an infra-red light beam hitting photovoltaic cells that emitted an

electronic signal each time the fly crossed the beam (figure 2A). This method overcame the

two major limitations of eclosion: being a single life event and a population rhythm.
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Konopka and Benzer used adult locomotor behavior to demonstrate that in addition to

eclosion, per also affects this behavior, further supporting its role as a core clock gene [16].

This method, like eclosion monitoring, has been modernized and is ubiquitously used today

to monitor locomotor activity rhythms of single flies [42]. The most commonly used

monitors are those produced by Trikinetics. While usually small tubes are used,

modifications of the system exists for longer recordings of locomotor behavior such as

“comfortable” cells that are larger, with access to water in addition to food [43]. Also,

groups of flies can be monitored using large vials and monitors (Trikinetics).

The high-throughput nature of locomotor monitoring has considerably facilitated the study

of all aspects of circadian rhythms: from input detection to output mechanisms. Its most

salient success has been the discovery of many pacemaker genes through forward genetic

screens. Because of the importance of locomotion as a circadian read-out, we describe in

this section how to determine circadian period, study light inputs and the role of natural

cycles for entrainment. However, similar principles apply to any read-out, whether

behavioral or molecular.

2.2.2. Determining circadian period—One of the fundamental properties of a circadian

clock is that it is endogenous to the organism and it persists in constant conditions [11].

Studying the period length of circadian rhythms provides critical insight into the workings of

the clock. Therefore, determination of period length in constant darkness (and constant

temperature) has become a standard assay to test whether a given perturbation has any effect

on the clock. In this assay, flies are loaded into individual tubes and housed in incubators

with temperature (usually 25°C) and lightning control. They are then subjected to three days

(at least) of 12 h/12 h light/dark (LD) cycles followed by a release into constant darkness

(DD). Mathematical determination of period length can be based on different approaches

(periodogram, MESA, auto-correlation) and requires at least 5 days in DD [44, 45]. It is also

recommended that the assay be run with at least 8 flies per genotype and repeated three

times for satisfactory statistical analysis. The locomotor behavior of individual flies or group

averages is often plotted in an “actogram” format where period length, phase and amplitude

can be visually observed. In these plots, flies with a period length shorter or longer than 24

hours will seem to drift towards left or right in the actogram, respectively (figure 2b).

Multiple program and toolboxes are available for mathematical analysis of the properties of

circadian behavior (period, but also phase and amplitude) and for generation of actograms

(e.g. Matlab (Mathwork, Natick, MA) toolbox [44], FAAS [46], ClockLab (Actimetrics,

Willmette, IL); figure 2B).

2.2.3. Studying circadian light (or temperature) responses—Although

endogenous, circadian clocks are synchronized by environmental cues. A shift in the Light:

Dark (LD) (or temperature) cycle results in the clock gradually aligning itself to the new

cycle. This is called entrainment. To verify that flies have really entrained to an

environmental input, behavioral phase should be measured in constant conditions before and

after entrainment, or behavioral phase should be compared between flies subjected or not to

the entraining cue. Indeed, locomotor behavior can also respond to change in the

environment independently of the circadian clock, a phenomenon called masking [47].
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Masking disappears once flies are returned to constant conditions. The kinetics of

entrainment can be used as a measure of the sensitivity of the circadian pacemaker to an

input. For example, the circadian behavior of flies defective for CRY-dependent

photoreception takes longer to entrain to a shifted LD cycle than control flies [26, 27, 37].

Once a stable phase relationship with the environmental cycle is reached, the activity profile

during a circadian cycle under entrained conditions can be shown in “eduction” graphs

(figure 2c), where the activity is plotted against time of day. Most frequently, eductions are

average daily activity of a group of flies over several days. Under normal LD conditions (12

h of light and 12 h of dark), an anticipatory increase in activity is observed before dawn and

dusk (Figure 2c), which are aptly named the “morning” and the “evening” peaks. The

photoperiod (light phase duration) can be varied, and flies adapt to photoperiod length by

adjusting the timing of the evening and morning anticipation [48]. Interestingly, flies also

adapt the phase of their behavior to ambient temperature, earlier under cold temperature and

later under warm conditions [49]. This adjustment is dependent on a splicing in the 3′-UTR

of per.

The phase of circadian clocks can also be shifted by brief pulses of stimuli. Here, flies are

usually entrained to a LD cycle, and then pulsed with light or an increase in temperature

during the night of the last LD cycle, or the “subjective” day that follows [50–53]. Phase (Φ)

is then measured in constant conditions, and compared to that of flies that have not been

pulsed (figure 3a). To obtain precise phase measurement, it is best to use at least 16 flies per

time point and per genotypes, as phase is more variable than period in individual flies.

Different phase markers can be used, such as peak of activity or the midpoint of the

descending part of the evening peak (see for example [29, 53]). The programs mentioned

above for period measurements all have functions to calculate phase.

The direction (+ for advances, − for delays) and strength of the change in the phase of the

circadian clock can be depicted in “Phase-response curves” (PRC, Figure 3b). Indeed, the

amplitude and directionality (advance, delays) of the phase shift is a function of time, but

also of pulse intensity and duration. High intensity light pulses as short as 1 minute given

during the early or late night induce >3 h phase delays or advances [54]. Usually however,

5–10 minute light pulses are used (e.g. [27, 53]). Recent studies indicate that the duration/

intensity relationship is not linear, as the circadian photoreceptor CRY somehow integrates

photon detection during long pulses [55]. Flies are less responsive to temperature input. 30-

minutes of a 37°C pulse are required to elicit a ca. 2.5 h phase delay [51, 52]. Longer pulses

are required at temperatures that flies more frequently encounter. This translates into slower

entrainment to shifted temperature cycles, compared to light cycles [56].

PRCs have been an invaluable tool in elucidating the light-input pathway to the clock in

Drosophila (e.g. [26, 29, 37, 53, 57–59]. For example, light input pathways mediated by

CRY or the eyes can be dissociated with the use of a 5-minute light pulse given at night.

Indeed, acute photic responses are totally dependent on CRY [27], while entrainment to a

LD cycle can rely on both [38]. Sensitivity of the CRY input pathway can be tested by

varying light intensities, or the duration of a pulse at a given light intensity [28, 54, 55].
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Another way to probe specifically CRY-dependent photoreception is to place flies in

constant light (LL). Wild-type flies are arrhythmic under these conditions because of

constant CRY activation and hence TIM degradation, but cry mutant flies are rhythmic [60,

61]. The LL assay has resulted in the isolation of an additional cry mutant (crym) [29], as

well as identification of the jet gene, which encodes a subunit of an E3-ubiquitin ligase

responsible for light-dependent TIM degradation [37].

2.2.4. Natural cycles—It is common practice in the field of circadian biology to use

square shaped stimuli to entrain the clock (e.g. cycles with 12 hours of bright light and 12

hours of complete darkness). Furthermore, ambient temperature is usually kept constant,

flies are individually housed and food is provided ad libitum. However, these conditions are

far from what flies experience in their natural environment. Light and temperature are well

known to work synergistically to entrain the Drosophila clock [62, 63]. In addition, flies do

not live in isolation and are exposed to various social stimuli [64]. Understanding how

environmental cues are integrated by the clock is important if we are to elucidate the

mechanisms required for entrainment under natural conditions. Therefore, several new

approaches have been taken recently to more closely mimic natural conditions.

Under natural conditions, temperature rises gradually during the day. A thorough

examination of such temperature cycles have shown that clocks are very sensitive to this

stimulus and can entrain to a temperature cycle with an amplitude of 4°C [65]. As observed

with more square temperature cycles however, circadian clocks re-entrain slowly (days) if a

large phase shift is applied. Light also gradually increases at dawn and dusk, and light is

never null. Recent studies have thus used for example moonlight intensities during the night,

and progressive photic dawn and dusk. Behavior phase and entrainment were in some cases

affected, and molecular correlates identified [66, 67].

Perhaps the most surprising results were obtained when the traditional activity monitors

were placed outside the laboratory environment and the flies were exposed to natural

variables. Under these conditions (or when these conditions are mimicked more closely in

the laboratory), the morning anticipatory activity seems much less dependent on a functional

clock [68]. Interestingly, temperature seems to be a strong Zeitgeber in the wild, while under

lab conditions light is dominant [68]. Flies also exhibit an afternoon peak when temperature

is high, which might be actually an escape response [68, 69]. Whether this peak is actually

controlled by circadian clocks is disputed [69]. Results are not surprisingly quite complex

and very dependent on daily physical properties of the environment [68, 70]. Incubators in

which light, temperature and humidity can be computer-controlled to better mimic natural

conditions should prove in the future important to understand the intricacies of entrainment

under natural conditions.

2.3. Courtship, feeding and temperature preference

Circadian clocks also control reproductive behaviors such as courtship in Drosophila. Loss

of clock function results in arrhythmic courtship behavior [71, 72]. Moreover, specific

circadian neurons drive rhythmic courtship [73, 74]. Such circadian outputs were detected

by visual observations of courtship or approaches made by the male fly to female (close-
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proximity rhythm) [71]. In the case of nocturnal sex drive, locomotor behavior was used as a

proxy [72]. These techniques have also been computerized and it is now possible to monitor

a large number of flies for reproductive behavior using camera-based systems [75].

Drosophila is poikilothermic and thus cannot internally regulate its body temperature.

Instead, they move towards a preferred temperature [76]. This behavior is clearly observed

when flies are air blown into a chamber with a temperature gradient. Interestingly, the

preferred temperature is a function of time-of-day and under circadian control [3]. This

might be a functional homolog to the body temperature rhythm of mammals.

In many organisms, feeding behavior is driven by the circadian clock and Drosophila is no

exception. Rhythmic feeding of flies depends on functional and coordinated actions of

circadian clocks in the brain and digestive system [77]. This behavior can be measured by

either feeding flies with a dye and analyzing the dye content of the homogenates or by

measuring the consumption of a sucrose solution fed through a capillary tube (CAFÉ assay)

[77, 78].

These and other recent developments in behavioral monitoring allow researchers to

continuously follow even the most miniscule events in the life of a fly [79, 80]. This is an

exciting time for Drosophila circadian research as novel questions can be tackled using new

behavioral assays to understand the specific role and mechanisms by which the circadian

clock control daily behavioral rhythms.

3. Molecular clocks

3.1. Basic approaches to measure circadian mRNA and protein levels

Over the ca. 8 years that followed the cloning of the per gene by M. Rosbash and J. C. Hall

at Brandeis, and M. W. Young at Rockefeller [81–83], it was discovered that per

transcription, mRNA and protein abundance cycle [84–87]. This led to the central concept of

the circadian transcriptional feedback loop (section 1). The expression of several other

pacemaker genes (clk, tim, pdp1, vri), as well as cry (input) and many output genes are

under circadian control [2]. Finally, protein modifications such as phosphorylation are also

frequently rhythmic. Thus, methods to measure transcriptional, mRNA and protein rhythms

are essential for circadian rhythm research.

Rhythmic gene expression is frequently measured from whole heads, as this part of the fly

contains a high concentration of tissue with circadian clocks and is easily separated from the

rest of the fly by vortexing frozen flies. mRNA and proteins can then be isolated with

standard extraction approaches (see for example [88, 89]). Northern blots or RNAse

protection assays have been largely replaced by quantitative real-time PCR to measure

mRNA levels. For proteins, traditional Western Blots are mostly used, and can detect

phosphorylation cycles through changes in mobility [21, 25, 90]. Time points are usually

collected every 2–4 hours. It is essential to normalize data to a constantly expressed mRNA

or protein control to compensate for variation in samples.

While much of what we have learned about the molecular circadian pacemaker is based on

whole head extracts, what is mostly detected is circadian proteins from the eyes [91]. The

Tataroglu and Emery Page 7

Methods. Author manuscript; available in PMC 2015 June 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



neurons that control circadian behavior contribute to a small fraction of the signal. Thus, it is

also important to use immunohistochemistry for proteins and in situ hybridization for

mRNAs to directly correlate circadian behavioral observation with molecular phenotypes

(for methods, see for example [66, 92–94]. There are in fact differences between circadian

pacemakers in peripheral tissues and circadian neurons. For example, translation control of

PER expression is particularly important for the pacemaker neurons driving circadian

behavior, the small ventral lateral neurons (see section 4) [95–98].

3.2 S2 cell-based assays

S2 cells are a very commonly used embryonically-derived cell line. They do not have

circadian clocks though, and do not express several important clock genes. The absence of a

cell line with a circadian clock is actually the only weakness of Drosophila as a model to

study circadian rhythms. Nevertheless, S2 cells have been very frequently used to

recapitulate certain aspects of the circadian clock. The establishment of a transcriptional

assay that showed that PER and TIM repress the activity of the CLK/CYC dimer was a

major development [20]. This is a classic transcriptional assay, in which fragments of per

and tim promoters are placed in front of luciferase (see also section 3.5). CLK is co-

transfected with the luc constructs and increases their expression. CYC is expressed

endogenously in S2 cells. PER and TIM coexpression represses CLK/CYC activity. This

assay has been and is still widely used to understand the mechanisms of circadian

transcription. PER phosphorylation and degradation have been studied in detail in S2 cells

as well. For example, DBT expression can be placed under the control of the inducible

Metallothioneine promoter. Soon after DBT induction with copper, PER becomes

hyperphosphorylated and is degraded in a SLIMB-dependent manner, as in vivo [46, 99].

CRY and TIM degradation can be recapitulated in these cells as well [36, 37]. Although

very useful for initial studies, any conclusion needs to be validated in vivo, since S2 cells do

not contain a functional circadian clock

3.3 Genomic approaches

A critical development in molecular biology has been the powerful approaches to interrogate

expression profile at the genomic level. They are having an important impact on the field of

chronobiology. Microarray studies have shown that up to 10 percent of the mRNAs of the

genome might be driven by the clock, which in turn controls various downstream pathways,

further increasing the involvement and impact of the circadian clock [100–104]. However, it

should be noted that these studies surprisingly showed little overlap in the mRNAs that

cycle, probably because of methodology differences. A meta-analysis of all these data

indicated that about 200 genes show robust cycling in heads [105]. Recently, methods to

isolate specific population of neurons and extract mRNAs from them have been

tremendously improved. This has allowed profiling genome-wide expression in a few

groups of circadian neurons (see section 4) and has revealed interesting differences between

them [106–109]. These approaches might prove particularly potent to understand how

different circadian neurons perform their respective functions.

The binding of CLK/CYC heterodimer to E-boxes on their target promoters and the

rhythmic repression of this activity by PER/TIM play a critical role in the generation of
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circadian mRNA rhythms. In fact, CLK/CYC binding to E-boxes was shown to be rhythmic

initially by Hardin and colleagues using Chromatin Immunoprecipitation techniques (ChIP)

[90]. PER association to the chromatin has also been followed [23]. ChiP was used to map

CLK/CYC and PER binding sites on the genome and the timing of this binding, using tiling

arrays. Unexpectedly, RNA polymerase II binding indicates that only 30% of CLK targets

show rhythmic transcription [110]. This type of approaches could be extended to

rhythmically expressed transcription factor such as CWO, PDP1 and VRI to understand

further the circadian transcriptional network.

Recently, deep sequencing (RNA-seq) has also been used to study whole genome circadian

expression in Drosophila [111, 112]. This allows precise measurements of expression levels

and a detailed study of expression of alternatively spliced mRNAs, and usage of alternative

promoters, polyA and termination signals. It can also detect mRNA editing. Isolation and

sequencing of nascent transcripts – that have not yet been post-transcriptionally processed -

revealed yet another layer of regulation: post-transcriptional regulatory mechanisms amplify

mRNA oscillations for many genes, including circadian pacemaker genes [112].

3.4 Proteomic approaches

Analysis of post-translational modifications such as phosphorylation and ubiquitination can

be greatly facilitated by mass-spectrometry analysis of purified proteins. PER

phosphorylation is by far best understood among Drosophila circadian proteins. PER

phosphorylation sites were mapped by mass spectrometry through different approaches. One

study used phosphorylated PER with DBT in vitro [113], while two groups isolated PER

from S2 cells. The first group focused on DBT-dependent phosphorylation [114], while the

other looked for phosphatase-dependent sites [115]. Identification of putative

phosphorylation sites was then followed by mutagenesis of these sites and observations of

effects of PER phosphorylation, activity and stability in S2 cells and in vivo. Also, whether

these mutant PER could or not rescue circadian behavioral and molecular rhythms in per0

flies was tested. Several important phosphorylation sites have now been identified, and it

appears that there is a sequence of interdependent phosphorylation event that regulates PER

function. Of course, mass spectrometry could also be used to identify interactors of circadian

proteins, but there is no such report in Drosophila yet.

3.5 Luciferase-based methods

Luciferases are a class of enzymes that produce light upon oxidation of their substrates.

They are commonly used in biology as reporters of transcription or translation and the

circadian clock field is no exception. Luciferase-based methods are broadly used to monitor

circadian clocks in various organisms. Luciferase has several advantages over other

biological reporters such as green fluorescent protein (GFP) that make them particularly

suited for circadian research [116, 117]. The most important is the fact that luciferase does

not require excitation by light for its readout and therefore avoids phototoxicity and any

complications with entrainment or resetting of the clock by repetitive light exposure. It also

as a short half-life and there is no significant background luminescence from biological

tissues, so the signal to noise ratio is higher than GFP. Its substrate luciferin is non-toxic,
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relatively cheap (nowadays) and reasonably stable at room temperature and can be mixed in

the food or tissue culture medium.

We have briefly described above the basic methods to measure circadian gene expression

(section 3.1). These methods are still critical once a particular gene of interest is found.

However, they are not suitable for automated measurement of circadian rhythmicity in the

early phases of a study. They require samples that are taken at regular intervals, at least

every 4 hours and are practically hard since samples need to be collected over several days

for proper analysis of phase, period and amplitude in mRNA or protein expression. They

also require sacrificing animals or the lysis of the tissue sample, and require many flies (i.e.

20 heads per time-point) or transfected cells, which increase costs and labor even more.

Instead, Luciferase enzyme driven by candidate promoters or fusions with a target protein

can be used. Flies or cells that are transgenic with such constructs are supplied with luciferin

and luminescence is recorded with the help of a photo-multiplier tube based scintillation

counter or a CCD camera. Up to 384 flies can be reliably recorded simultaneously in current

generation luminescence readers for up to two weeks in a single multi-well plate and phase,

period length and amplitude of their rhythms can be analyzed (Figure 4). Use of plate

stackers, albeit with caution since they can fail due to the high number of readings, can

further increase this throughput.

The first luciferase reporter based recording in Drosophila was performed by Brandes et al.

in J.C. Hall’s laboratory [118]. A fragment of the period promoter was used to drive the

luciferase protein (plo-luc). This study showed that the circadian rhythmicity of individual

flies, or heads, can easily be recorded and reflects the circadian expression of endogenous

period mRNA. Later, construct including different part of the per gene, including

untranslated regions and coding regions, indicated the existence of multiple regulatory

elements for per expression [119, 120]. The promoter region of tim was also dissected using

luc reporters, and multiple cooperating regulatory sequences were identified [121].

Drosophila strains that harbor CRY [122] and PER [119] translational fusions with

luciferase are also available. BG-LUC, for example is a fusion of LUCIFERASE with PER.

It accurately reports the circadian expression profile of the PER protein [119]. Therefore, it

has been a useful tool in determining the period length of the clock in DD as well as its

entrainment.

Our understanding of entrainment has greatly benefited from screens based on luc. First, it

was possible with dissected body part to show that peripheral clocks can tissue-

autonomously entrain to light and temperature cycles, indicating the presence of cell-

autonomous thermal and photic sensors [123, 124]. Importantly, the first mutation in cry

was discovered from a screen using BG-LUC recordings in EMS-mutagenized flies [27].

This was possible because most peripheral clocks are strictly dependent on CRY for their

entrainment to light, and the luc assay essentially measures peripheral clock oscillations.

LUC signal was arrhythmic in cryb mutants under LD cycles. This mutant would not have

been identified in a regular LD/DD screen, because circadian behavior is also entrained by

the eyes [27, 38]. The first temperature entrainment gene (nocte) was also identified in a luc

screen [124, 125].
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Like any technique, luciferase-based methods of circadian clock measurement have

limitations. Although the throughput using BG-LUC or plo-luc is high (especially when

coupled with plate stackers), the rhythms do not persist for more than 3–4 days in constant

darkness. This is because rhythms in the periphery are not as robust as locomotor behavior,

as also observed with western blots. In addition, unlike GFP, light emitted by luciferase

diffuses, which affects the quality of the spatial resolution. Luciferase is thus not suitable for

recording from individual Drosophila neurons. Lastly, the activity of luciferase is

temperature dependent, which means that appropriate controls need to be used if

temperature cycles are used. These limitations, however, are likely to be overcome with the

development of new and improved luciferases [126].

4. Probing the circadian neural network

The previous section focused on molecular methods aimed at understanding circadian

rhythms. We now turn to approaches that can be used to understand the neural network

controlling circadian behavioral rhythms. Note that although peripheral clocks function

autonomously and can be directly entrained by light or temperature [123, 124], recent results

indicate that circadian clocks in the oenocytes (the pheromone-producing cells) are

modulated by brain circadian neurons [127]. Thus the role of circadian neurons extends

beyond the direct control of rhythmic behaviors.

Circadian neurons were first characterized through PER and later TIM immunostaining [86,

87, 128–130]. The use of GAL4 lines (see below) combined with markers such as GFP

considerably improved identification of circadian neurons and resolved their neural

projections [131]. These neurons have been divided into different groups based on their

anatomical localization (Figure 5A): the ventral Lateral Neurons (LNvs), the dorsal Lateral

Neurons (LNds), the Dorsal Neurons (DN) 1, 2 and 3, and more recently identified Lateral

Posterior Neurons (LPNs). It is important to realize that these are not functional groups. In

fact, most of these groups are very heterogeneous in terms of size, pattern of neural

projections and neurotransmitter content [2, 132]. For example, the 6 LNds contain at least

four different types of circadian neurons [133]. Most LNvs express the critical circadian

neuropeptide Pigment Dispersing Factor (PDF), which synchronizes oscillations throughout

the brain, and also influence oenocyte rhythms in the fly body. However, the LNvs can be

further divided into large and small LNvs (l-LNvs and s-LNvs, respectively), based on their

cell body size. These two sets of neurons have very different arborizations and functions.

Moreover, one of the five s-LNvs does not express PDF and is referred to as the “5th sLNv”.

Determining the function of these different types of neurons thus require methods to

specifically target them.

4.1. Neuron-specific GAL4 and LexA drivers

Heroic efforts based on the study of gynandromorphs and anatomical optic lobe mutants, as

well as a promoterless per rescue construct expressed only in few circadian neurons, all

pointed to a critical role of the Lateral Neurons in the control of circadian behavior,

particularly the PDF positive LNvs [43, 130, 134]. The development of the GAL4/UAS

system dramatically facilitated the analysis of the role of circadian neurons, and their

anatomy. Indeed, over the last 15 years, a plethora of tissue-specific drivers targeting
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different subset of circadian neurons, have been developed or isolated from enhancer trap

screens (figure 5b). For example, with the isolation of the Pdf gene, it was possible to

generate a GAL4 driver expressed in the brain the PDF positive LNvs [135, 136]. This

allowed researchers to definitely establish that these neurons are critical pacemaker neurons

that drive circadian behavior in constant darkness. However, it should be noted that PDF and

thus Pdf-GAL4 are also expressed in a few non-circadian neurons in the abdominal ganglion.

In general, it should always be kept in mind that drivers might not just be expressed in clock

neurons, in particular if promoters from circadian genes are used, since circadian clocks are

found in most organs [123]. Moreover, these drivers might also be active in glial cells in the

brain. This is important since glial cells impact circadian locomotor behavior [130, 137,

138]. All glia (with repo-GAL4) or subsets of glial cells can actually also be targeted by

specific GAL4 drivers [139–142], and thus determining whether a given phenotype is

caused by neurons or glia is easily testable. Finally, GAL4 drivers can show ectopic

expression. Also different genomic insertions of the same GAL4 driver can result in different

patterns of expression, because the chromatin environment is different. This is the case for

example with cry-GAL4 drivers. cry-GAL4-13 shows a much more restricted brain

expression than cry-GAL4-39 [143, 144].

The most commonly used circadian GAL4 drivers are Pdf-GAL4 and tim-GAL4 [131, 135,

145]. Both show robust expression. Pdf-GAL4 faithfully reproduces PDF expression and is

thus quite specific to the PDF-positive LNvs. tim-GAL4 is expressed in all circadian tissues

and thus all circadian neurons. A great advantage of Pdf-GAL4 – besides being expressed

quite specifically in key pacemaker neurons - is that it targets tissues that are not necessary

for viability. Thus, the role of essential genes such as kay in the control of circadian

behavior can be tested using RNA interference [146]. Before, the role of essential genes had

to be established using complicated genetic approaches, such as the use of heat-inducible

transgenic rescue construct activated only during development [147]. This approach does

not work if expression of the gene of interest is required during adulthood for viability.

Other commonly used GAL4 drivers target the LNds (as well as the LNvs), for example the

enhancer trap Mai179-GAL4 [148] and cry-GAL4-13 [26, 149]. Dissecting circadian

promoters in different pieces can prove very potent to limit expression to different circadian

neurons. Fragments of the clk promoter have yielded very specific drivers: the Clk-4.1M-

GAL4 driver targets only a subset of DN1s [150, 151], while the Clk-9M-GAL4 driver is

restricted to the DN2s and the sLNvs [3]. Recently, a pdf-LexA driver was developed to

drive expression of genes of interests independently of GAL4 [59, 152]. More circadian

LexA drivers will undoubtedly be generated to express one gene in a subset of circadian

neurons, and a different gene in another subset. A non-exhaustive list of important drivers is

given in figure 5b.

4.2. Intersectional and exclusion approaches

While having all these GAL4 lines is extremely helpful to dissect the function of circadian

neurons, they are frequently not specific enough. Tools to restrict expression further are

however available. A common approach is to use the GAL80 repressor [156], which blocks

GAL4 transactivation. GAL80 can be placed under the control of a circadian promoter. For
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example, Pdf-GAL80 is widely used [149]. Combining cry-GAL4-13 with pdf-GAL80 allows

targeting only 3 LNds, the 5th s-LNv and two DN1s (the so-called E-oscillators, see below).

Lethality problem may arise when an interesting driver is expressed in essential tissues. This

is the case of c929-GAL4, which within circadian neurons is only expressed in l-LNvs [148].

To target the l-LNvs specifically, Shang et al devised a very sophisticated approach [59].

They used a ubiquitously expressed tubulin-GAL80 flanked by FRT sites. In the same flies,

they introduced the c929-GAL4 driver and a UAS transgene of interest (the proapoptotic

gene hid for example). In addition, they also had Pdf-LexA and LexAop-FLP. Thus, FLP was

expressed in all PDF-positive LNvs, and it was therefore only in these cells that GAL80 was

excised. This allowed expression of HID controlled by c929-GAL4 only in the l-LNvs. The

caveat with this approach is that FLP/FRT is far from being 100% efficient at excising

GAL80. Thus, the phenotype obtained can vary dramatically from fly to fly, depending on

the number of cells in which the GAL80 excision occurs. For example, when measuring the

phase shifts occurring after short light pulses (see section 2.2.3); Shang et al. dissected

brains at the end of the behavioral experiments and correlated the amplitude of the phase

shifts with the number of hid-ablated cells [59].

Another intersectional approaches that could be used is split-GAL4, but to our knowledge,

this has not yet been applied to study circadian rhythms. The idea is to divide GAL4 in two

transgenes: the DNA binding domain with a dimerization domain in one, and the activation

domain with a complementary dimerization domain in the other. GAL4 is reconstituted only

in tissue expressing both transgenes [157].

4.3. Manipulation of circadian neurons

With these approaches to target specific circadian neurons, we have learned enormously

about the circadian neural network. Using UAS-hid (or UAS-rpr) to specifically eliminate

groups of circadian neurons can reveal the function of specific neurons if they are essential.

Eliminating the PDF positive LNvs demonstrated their role as circadian pacemaker neurons

[135]. It also showed that there are necessary for morning anticipatory activity. Eliminating

the LNds, the 5th sLNv and 2 DN1s showed that these cells are required for the evening

anticipation [149]. The opposite experiments, restoring PER expression only in specific

circadian neurons in arrhythmic per0 mutant flies beautifully complemented these results

[148]. These studies led to current model that the morning and Evening anticipatory

behavior is controlled by two separate groups of neurons, the M- and E-oscillators. Rescuing

CRY expression in cry mutant flies was used to demonstrate the cell-autonomous nature of

circadian photoreception, even in the brain [26].

The battery of neuronal manipulation has recently dramatically increased. RNAi can be used

in different clock neurons to inhibit specific genes. Neuronal activity can be manipulated in

different ways. Neurons can be silenced with Kir2.1, a potassium channel [158]. They can

be hyperexcited with NachBac, a bacterial Sodium channels [159]. Circadian neurons can be

acutely activated with TrpA1 [76, 160], a temperature sensitive cationic channels. Use of

temperature pulses has however to be done with careful controls, since temperature is an

input to the clock. Optogenetics is tricky, given the sensitivity of the circadian clock to light,

but use of red-shifted channel-rhodopsins [161] might in the future avoid activation of CRY,
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the dedicated circadian photoreceptor. Also note that the commonly used UAS-shibirets,

which inhibits synaptic transmission, seems somewhat problematic as well, as its expression

alters circadian period [162]. With careful controls, it might nevertheless be possible to use

it in experiments in which synaptic transmission is acutely inhibited.

Interestingly, manipulation of neural excitability was combined recently with the whole

genome approaches mentioned in section 3. LNvs isolated from larvae in which the sLNvs

had been either hyperexcited with NachBac or silenced with Kir showed interesting

alteration of the pattern of expression of circadianly-controlled genes [106]. These studies

indicated that electrical activity of circadian neurons can drive expression of many genes

under circadian control, suggesting that membrane properties contribute to or even

reprogram circadian transcription. It should however be kept in mind that long-term

manipulation of neural excitability might have unintended consequences in circadian

neurons. Constitutive Kir2.1 expression, starting early during development, had been shown

to completely disrupt oscillations of the circadian pacemaker in LNvs, and to result in

behavioral arrhythmicity [158]. However, a recent study used an inducible system. GAL4

can be fused to a fragment of the progesterone receptor, and its activity becomes dependent

on the presence of RU486 [163]. When using such an inducible Pdf-GAL4 driver to express

Kir only in adult flies, results were quite different from those obtained with constitutive Kir

expression [164]. Although flies were arrhythmic during induction, they returned to

rhythmicity after removal of RU486, and the phase of behavior was identical to that

observed before Kir induction. Immunohistochemistry confirmed that the circadian clock

kept running during Kir expression. Thus, acute manipulation of circadian neurons is

preferable when possible. Note that the use of a temperature-sensitive GAL80 (GAL80ts)

can also be used to induce expression of a gene or an RNAi of interest [165]. As mentioned

before it is however important to take into account the effect of temperature on circadian

oscillations, and thus have appropriate controls to ensure that any observed effects are due to

the transgene of interest and not to a phase-shift caused by the temperature change.

4.4. Visualizing activity in the circadian neural circuit

A recent development in neuroscience has been the ability to visualize the activity of

neurons in intact circuits. This approach is particularly important in a small animal like

Drosophila in which electrophysiology is challenging. For example, it is very difficult to

record from the s-LNvs, the pacemaker neurons of the fly brain. In only one report was

electrical activity recorded from these neurons, and this only in wild-type flies [166].

The first live-imaging of the circadian neural network used a FRET-based reporter for

cAMP/cGMP: Epac1-camp [167, 168]. This is a fusion between the cAMP-responsive

Guanine nucleotide exchange factor EPAC, YFP and CFP. Upon cAMP binding, loss of

FRET is observed. The use of Epac1-camp revealed widespread response of circadian

neurons to the neuropeptide PDF, which was bath applied in these experiments. In addition,

the genetically encoded Calcium sensor GCaMP is a powerful tool to detect neural activity

[169].

Recently, O. Shafer’s group has begun to interrogate the connectivity between circadian

neurons using GCaMP and Epac1-camp in combination with the purinoreceptor P2X2 [170].
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This receptor allows Sodium and Calcium entry in the presence of ATP, and thus excites the

neurons in which it is expressed. There are no such endogenous receptors in flies. P2X2 was

expressed in the sLNvs with Pdf-LexA, and GCamp3.0 was expressed throughout the

circadian neural network with Clk(856)-GAL4 [171]. Brains were dissected, and ATP bath-

applied to activate the LNvs. Nothing happened in the LNds, even though these cells are

targeted by the LNvs. However, when the Epac1-camp sensor was used instead of GCaMP3,

then functional connectivity was observed. This makes sense, since PDF is thought to be the

critical synchronizing circadian neurons with the s-LNvs, and its receptor is a GPCR

positively coupled to cAMP [172].

These results are the proof-of-principle that circadian neuron connectivity can be

interrogated. Much will probably learned about the circadian “connectome” in the near

future. It should be noted that methods to remote-control neurons and to monitor neural

activity keeps improving at a very fast pace. A very recent and important development is a

FRET-based Voltage sensor that allows the visualization of membrane potential and thus

electrical activity, virtually replacing electrophysiology [173]. This method was tested

successfully in circadian neurons and could dramatically improve our capacity of

understanding neural network (circadian or not) in fruit flies.

5. Non-behavioral circadian outputs

We have given great attention to circadian behavioral output throughout this review.

Locomotor activity, in particular, has been studied in great detail. However, as mentioned

above, circadian clocks are found in most organs of the flies, and thus must control local

physiology and metabolism. For example, rhythms in olfactory and gustatory sensitivity

have been observed [4, 5]. These rhythms can be recorded electrophysiologically through

extracellular recordings in different types of sensilla of the antennae and the labellum.

Interestingly, in the olfactory system, different sensilla have different phase of sensitivity

rhythms, suggesting that the fly tune its olfactory system to different odors at different time

of the day [174]. This could help explaining preferential times for courtship or food search.

Internal organs such as the gut and malpighian tubules also have circadian clocks [123, 175].

In an interesting recent study, it was demonstrated that the circadian clock controls the

mitotic response of gut stem cells to chemical damage, and is actually important for the

survival of the animals exposed to those damages [6].

The approaches to study the function of peripheral clocks are similar to many of those used

in the brain. Tissue-specific rescue or RNA interference can be used to determine the

necessity and sufficiency of peripheral clocks to defined clock-controlled physiological

responses. In the case of the antennae, dominant-negative mutants of the transcription

factors CLK and CYC were expressed tissue-specifically to disrupt the circadian clock in

antennae [176]. The antennal clock proved necessary and sufficient for normal olfactory

sensing rhythms. Interestingly however, the circadian clock in the Intestinal Stem Cells

(ISCs) are necessary, but not sufficient for proper ISC mitotic responses to chemically-

induced gut damages [6]. Clocks in both ISCs and Enteroblasts are required, indicating that

the mitotic response requires communication between circadian oscillators in multiple cell

types. The mechanisms by which clocks control ISC mitosis is not yet clear, but whole
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genome expression monitoring has identified multiple rhythmically expressed genes in the

gut. Among those must be genes important for communication between cell types.

In summary, the study of peripheral clocks require the identification of specific rhythmic

physiological or metabolic processes, and the role of local circadian clocks can then be

determined with local manipulations, that of course require the necessary GAL4 (or LexA)

drivers for specific targeting. We expect that whole genome expression studies combined

with local genetic manipulation will reveal the functions of circadian clocks all over the

body of fruit flies.

6. Conclusions

43 years after the genetic identification of the per gene, and 30 years after its cloning,

Drosophila remains a powerhouse for the study of circadian rhythms, from input pathways

to circadian outputs. The combination of biochemical, genetic, genomic, neural, and

behavioral approaches is permitting to understand with remarkable depth how circadian

rhythms are generated, and why they are important for fruit flies. This, of course, is greatly

facilitated by the relative simplicity of the Drosophila genome and brain, which makes fruit

flies such a fantastic animal model. We anticipate that advances in behavioral monitoring,

neural imaging, genomics and proteomics will considerably accelerate the pace of

discoveries in the upcoming years. It is therefore an exciting time to study circadian clock in

Drosophila.
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Figure 1. The transcriptional feedback loop of the Drosophila circadian clock
CLK/CYC drive expression of their own repressors PER and TIM. PER/TIM go through

various modifications during the day, until they are eventually turned over to release

CLK/CYC from repression, starting the next cycle.
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Figure 2. Locomotor activity monitoring
(A) Fly locomotion is detected when a fly breaks an infra-red beam crossing the small glass

tube in which it is housed (B) Double-plotted actogram showing the activity of flies

entrained to a 12/12-hr LD cycle and then released in constant darkness for period

determination. Each day is plotted twice, first on the right and duplicated on the left half of

the next line, except for the first day. Note the progressive drift of circadian behavior in

constant conditions in per mutant flies, corresponding to long and short periods (C)

Eduction plot of fly activity after entrainment to an LD cycle. The Morning (M) and

Evening (E) anticipatory behavior driven by the circadian clock are shown with arrows.
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Figure 3. Analyzing phase-shifts
(A) Flies are entrained to an LD cycle and pulsed with a brief light pulse during the early or

late night (white arrow). The phase in pulsed flies is compared to non-pulsed controls (Δϕ)

(B) A Phase-response curve (PRC) can be generated by plotting phase delays (−) and phase

advances (+) as a function of time of light pulse (or any other stimuli).

Tataroglu and Emery Page 28

Methods. Author manuscript; available in PMC 2015 June 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Luciferase recording
Individual flies are housed in wells of a multiplate containing food with luciferin. The light

generated by the luciferase activity is recorded over several days with a photomultiplier-

based device. The data is plotted to show the phase, amplitude and period length of the

rhythm.
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Figure 5. Targeting circadian neurons
(A) The circadian neurons of Drosophila and their best-known functions. Projection from

the s-LNvs are shown in green. (B) Important driver and repressor transgenes and their

expression patterns in circadian neurons. References are indicated in brackets.
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