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Zusammenfassung 

Der Wechsel von Tag und Nacht stellt für viele Organismen eine große Herausforderung 

dar, da sie ihre Physiologie und auch das Verhalten den äußeren Gegebenheiten 

anpassen müssen. Um dieser Aufgabe gerecht zu werden, haben viele Organismen 

innere Uhren entwickelt, welche es ihnen erlauben, den Wechsel von Tag und Nacht 

vorherzusehen. Diesen inneren Uhren liegt ein molekularer Mechanismus zugrunde, 

welcher einen Rhythmus von etwa 24 Stunden generiert. Eine wichtige Eigenschaft dieser 

Uhren ist es, dass sie durch äußere Faktoren, so genannte Zeitgeber, an den Tag-Nacht-

Wechsel angepasst werden können. Viele Studien an Mensch, Tier und Pflanze weisen 

darauf hin, dass Licht der wichtigste Zeitgeber ist, wobei auch Temperatur, 

Luftfeuchtigkeit oder soziale Interaktionen die innere Uhr an den Tag-Nacht-Wechsel 

anpassen können. Ziel dieser Arbeit ist es, die Auswirkung von Licht auf das Lauf-

verhalten und die innere Uhr genauer zu beleuchten, wozu der Modellorganismus 

Drosophila melanogaster herangezogen wird.  

Zahlreiche Forschergruppen haben sich bereits mit der Synchronisation der 

inneren Uhr durch Licht beschäftigt, wobei klar hervorgeht, dass die Taufliege 

verschiedene Möglichkeiten hat, Lichtinformationen für die Synchronisation der Uhr zu 

verwenden. Der wohl am besten untersuchte Prozess ist die Synchronisation durch das 

Pigment Cryptochrom. Dieses Molekül ist in etwa der Hälfte der Uhrneuronen exprimiert 

und greift direkt in den molekularen Uhrmechanismus ein, wodurch dieser an den Tag-

Nacht-Wechsel angepasst werden kann. Schaltet man jedoch das Gen für dieses Molekül 

aus so zeigt sich, dass die Tiere dennoch dazu in der Lage sind sich an den Licht-Dunkel-

Wechsel anzupassen. Dies bedeutet, dass die visuellen Organe Informationen an die 

innere Uhr weiterleiten können, wobei der Mechanismus dafür noch nicht vollständig 

entschlüsselt werden konnte. Selbiges trifft auf sogenannte Maskierungseffekte zu: 

Maskierung beschreibt eine Veränderung des Verhaltensmusters, welches nicht durch die 

innere Uhr gesteuert, sondern direkt durch äußere Reize hervorgerufen wird. Diese 

direkten Effekte komplettieren das Verhalten der Tiere, da sie dadurch selbst zu endogen 

ungünstigen Zeiten adäquat auf äußere Reize reagieren können. 

In dieser Arbeit wird sich beider Phänomene angenommen: Zum einen soll die 

Bedeutung des visuellen Systems für die Synchronisation der inneren Uhr genauer 

untersucht, und zum anderen soll uhrgesteuertes Verhalten von Maskierung getrennt 

werden. Zu diesem Zweck wurden Lichtbedingungen simuliert, die den natürlichen 

ähnelten und die Untersuchung beider lichtabhängiger Effekte ermöglichten. Die 

Untersuchung von Dämmerung und Mondlicht zeigte deutlich, dass diese starke 

Veränderungen im Lauf-Verhalten hervorrufen. Die Simulation von Mondlicht bewirkte 
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einen Anstieg der Nachtaktivität und ein Verschieben der Aktivitätsmaxima der Fliege in 

die Nacht. Das Gegenteil war bei Dämmerungssimulation zu beobachten, da die Tiere 

mehr Aktivität in den Tag legten. Bei gleichzeitiger Simulation von Mondlicht und 

Dämmerungsphasen zeigte sich, dass die Dämmerung ein stärkerer Zeitgeber ist als 

Mondlicht ist. Dieses Ergebnis geht einher mit der Annahme, dass die Dämmerung ein 

wichtiges Signal für die Synchronisation der inneren Uhr ist, da der Anstieg der 

Lichtintensität am frühen Morgen unabhängig von der Jahreszeit sehr ähnlich ist. Die 

Untersuchung von verschiedensten Mutanten konnte zudem zeigen, dass die 

Komplexaugen der Fliege von größter Bedeutung für die beobachteten Veränderungen im 

Verhaltensmuster und die Anpassung der inneren Uhr an "natürliche" Lichtbedingungen 

sind. Dabei stellte sich heraus, dass vor allem die inneren Rezeptorzellen wichtig für die 

Synchronisation der inneren Uhr und somit uhrgesteuerter Verhaltensänderungen sind. 

Für Maskierungseffekte scheint eine komplexe Interaktion von mehreren Rezeptorzellen 

für die Anpassung an Dämmerungs- und Mondlichtbedingungen vorzuliegen, da diese nur 

bei Mehrfachmutationen verschiedener Rhodopsine, den lichtabsorbierenden Molekülen 

der Fliege, verschwanden. Jedoch scheinen nicht nur die Komplexaugen das rhythmische 

Verhalten in Mondlichtnächten zu beeinflussen. Wird das Gen für Cryptochrom, dem 

Photorezeptor der inneren Uhr, ausgeschaltet, verschieben die Tiere ihre Abendaktivität 

noch stärker in die Nacht als es bereits beim Wildtyp der Fall ist. Durch verschiedene 

genetische Manipulationen konnten wir den Grund dieses Verhaltens auf die Expression 

von Cryptochrom in nur vier Uhrneuronen pro Hemisphäre zurückverfolgen. Zugleich 

zeigten unsere Ergebnisse, dass die Komplexaugen und Cryptochrom entgegengesetzte 

Wirkung auf das Timing der Abendaktivität haben. Während die Komplexaugen die 

Abendaktivität in die Nacht hinein schieben, bewirkt Cryptochrom, dass die Aktivität noch 

während des Tages stattfindet. Dies bedeutet, dass das wildtypische Verhalten eine 

Mischung aus beiden Lichteingängen ist und sich die Tiere somit ideal an die äußeren 

Gegebenheiten anpassen können. 

Cryptochrom wird jedoch nicht nur in den Uhrneuronen, sondern unter anderem 

auch in den Komplexaugen der Tiere exprimiert. Um die Funktion in den Augen genauer 

zu untersuchen, konnten wir in Kollaboration mit Prof. Rodolfo Costa (University of 

Padova) zunächst zeigen, dass CRY mit der Phototransduktionskaskade über das Protein 

INAD interagiert und dadurch visuelles Verhalten, wie zum Beispiel Phototaxis oder die 

optomotorische Antwort, beeinflussen kann. In weiteren Experimenten konnten wir zudem 

zeigen, dass CRY in den Augen die lokomotorische Aktivität der Fliegen beeinflusst. 

Dabei trägt es zur Wahrnehmung von Licht bei, ohne jedoch per se ein Photopigment zu 

sein. Vielmehr scheint CRY die Phototransduktion dahingehend zu verändern, dass es 
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den Phototransduktionskomplex an das Cytoskelett innerhalb der Rhabdomere bindet und 

somit die Umwandlung von Lichtenergie in elektrische Signale erleichtert. 

Zusammen mit Prof. Orie Shafer (University of Michigan) ist es uns zudem 

gelungen, die Rolle des extraretinalen Hofbauer-Buchner-Äugleins für die Synchronisation 

der Uhr genauer zu beleuchten. Die Anregung des Äugleins führte dabei zu einem 

Anstieg der Ca2+ und cAMP Mengen in bestimmten Uhrneuronen und dies bewirkte eine 

Phasenverschiebung des Verhaltens der Taufliege. 

Somit konnten in dieser Arbeit neue Erkenntnisse über die Funktionen von 

Cryptochrom und verschiedener Augenstrukturen für das Verhalten der Fliege gewonnen 

werden. Dabei konnten die Bedeutungen der inneren Uhr sowie von Maskierungseffekten 

für das Verhalten der Tiere in der Natur herausgearbeitet werden. 
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Summary 

The change of day and night is one of the challenges all organisms are exposed to, as 

they have to adjust their physiology and behavior in an appropriate way. Therefore so 

called circadian clocks have evolved, which allow the organism to predict these cyclic 

changes of day and night. The underlying molecular mechanism is oscillating with its 

endogenous period of approximately 24 hours in constant conditions, but as soon as 

external stimuli, so called Zeitgebers, are present, the clocks adjust their period to exactly 

24h, which is called entrainment. Studies in several species, including humans, animals 

and plants, showed that light is the most important Zeitgeber synchronizing physiology 

and behavior to the changes of day and night. Nevertheless also other stimuli, like 

changes in temperature, humidity or social interactions, are powerful Zeitgebers for 

entraining the clock. This thesis will focus on the question, how light influences the 

locomotor behavior of the fly in general, including a particular interest on the entrainment 

of the circadian clock. As a model organism Drosophila melanogaster was used. 

During the last years several research groups investigated the effect of light on the 

circadian clock and their results showed that several light input pathways to the clock 

contribute to wild-type behavior. Most of the studies focused on the photopigment 

Cryptochrome (CRY) which is expressed in about half of the 150 clock neurons in the fly. 

CRY is activated by light, degrades the clock protein Timeless (TIM) and hence entrains 

the clock to the light-dark (LD)-cycle resulting from changes of day and night. However, 

also flies lacking CRY are still able to entrain their clock mechanism as well as their 

activity-rest-rhythm to LD-cycles, clearly showing that the visual system of the fly also 

contributes to clock synchronization. The mechanism how light information from the visual 

system is transferred to the clock is so far still unknown. This is also true for so-called 

masking-effects which are changes in the behavior of the animal that are directly initiated 

by external stimuli and therefore independent of the circadian clock. These effects 

complement the behavior of the animals as they enable the fly to react quickly to changes 

in the environment even during the clock-controlled rest state. 

Both of these behavioral features were analyzed in more detail in this study. On 

the one hand, we investigated the influence of the compound eyes on the entrainment of 

the clock neurons and on the other hand, we tried to separate clock-controlled behavior 

from masking. To do so "nature-like" light conditions were simulated allowing the 

investigation of masking and entrainment within one experiment. The simulation of 

moonlight and twilight conditions caused significant changes in the locomotor behavior. 

Moonlit nights increased nocturnal activity levels and shifted the morning (M) and evening 

(E) activity bouts into the night. The opposite was true for the investigation of twilight, as 
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the activity bouts were shifted into the day. The simulation of twilight and moonlight within 

the same experiment further showed that twilight appears to dominate over moonlight, 

which is in accordance to the assumption that twilight in nature is one of the key signals to 

synchronize the clock as the light intensity during early dawn rises similarly in every 

season. By investigating different mutants with impaired visual system we showed that the 

compound eyes are essential for the observed behavioral adaptations. The inner receptor 

cells (R7 and R8) are important for synchronizing the endogenous clock mechanism to the 

changes of day and night. In terms of masking, a complex interaction of all receptor cells 

seems to adjust the behavioral pattern, as only flies lacking photopigments in inner and 

outer receptor cells lacked all masking effects. However, not only the compound eyes 

seem to contribute to rhythmic activity in moonlit nights. CRY-mutant flies shift their E 

activity bout even more into the night than wild-type flies do. By applying Drosophila 

genetics we were able to narrow down this effect to only four CRY expressing clock 

neurons per hemisphere. This implies that the compound eyes and CRY in the clock 

neurons have antagonistic effects on the timing of the E activity bout. CRY advances 

activity into the day, whereas the compound eyes delay it. Therefore, wild-type behavior 

combines both effects and the two light inputs might enable the fly to time its activity to the 

appropriate time of day. 

But CRY expression is not restricted to the clock neurons as a previous study 

showed a rather broad distribution within the compound eyes. In order to investigate its 

function in the eyes we collaborated with Prof. Rodolfo Costa (University of Padova). In 

our first study we were able to show that CRY interacts with the phototransduction 

cascade and thereby influences visual behavior like phototaxis and optomotor response. 

Our second study showed that CRY in the eyes affects locomotor activity rhythms. It 

appears to contribute to light sensation without being a photopigment per se. Our results 

rather indicate that CRY keeps the components of the phototransduction cascade close to 

the cytoskeleton, as we identified a CRY-Actin interaction in vitro. It might therefore 

facilitate the transformation of light energy into electric signals. 

In a further collaboration with Prof. Orie Shafer (University of Michigan)  we were 

able to shed light on the significance of the extraretinal Hofbauer-Buchner eyelet for clock 

synchronization. Excitation of the eyelet leads to Ca2+ and cAMP increases in specific 

clock neurons, consequently resulting in a shift of the flies´ rhythmic activity. 

Taken together, the experiments conducted in this thesis revealed new functions of 

different eye structures and CRY for fly behavior. We were furthermore able to show that 

masking complements the rhythmic behavior of the fly, which might help to adapt to 

natural conditions.  
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1. Introduction 

1.1. A functional model of the circadian clock 

All animals and plants are exposed to environmental changes which affect their daily life. 

Some of these events occur suddenly, e.g. thunderstorms. Others appear in a predictable 

way like the gradual changes of the seasons or the alterations of day and night. To predict 

the latter most organisms have evolved circadian clocks, either on the single cell level or 

several clocks in specific tissues like brain, liver or kidneys. In mammals the 

suprachiasmatic nucleus (SCN) in the brain was shown to be the master clock 

synchronizing peripheral clocks in other tissues (Saunders, 1985). Depending on the 

species the SCN consists of several thousand neurons. Such concentrated clocks in the 

central nervous system are not restricted to mammals as in all so far investigated higher 

animals, like insects or fish, clock neurons were found in the brain. 

Even though the molecular components of the circadian clock differ between 

species its basic functioning is well conserved: In constant conditions the clock generates 

a period of approximately 24 hours and is therefore free-running in its own speed. 

However, as soon as external stimuli, so-called Zeitgebers, are presented in a rhythmic 

fashion, the clock can adjust its period to exactly 24h, which is referred to as entrainment 

(Figure 1). 

 

Figure 1: A functional model of the circadian clock. In constant conditions the circadian clock 

runs in its own period close to 24h. However, input from the environment (Input), such as cycles in 

light, temperature or humidity, are able to adjust the period to exactly 24h, which is called 

entrainment. As a consequence the clock generates rhythms in physiology or behavior of the 

animal. The latter can easily be measured as locomotor activity rhythms. However, not all 

components of the behavior are clock controlled, as changes in the environment can directly affect 

the activity of the animals, which is referred to as masking (modified from Golombek and 

Rosenstein, 2010). 
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Several studies demonstrated that light is the most important Zeitgeber synchronizing the 

clock (Golombek and Rosenstein, 2010). However, also other environmental factors like 

temperature, vibration or social interactions can synchronize the clock to the changes of 

day and night. Once synchronized to the environment the clock generates outputs as 

rhythmic changes in physiology, metabolism or behavior. 

In this study I used Drosophila melanogaster as a model organism to investigate the 

importance of light for rhythmic locomotor behavior and entrainment of the circadian clock. 

 

1.2. The molecular clock of Drosophila melanogaster 

The first clock gene, period (per), was already described in 1971 by Ron Konopka and 

Seymour Benzer. They identified mutants with altered free-running periods of adult 

emergence under constant conditions (Konopka and Benzer, 1971). It took another 13 

years until the per gene was finally isolated and the first mechanism of PER protein acting 

as a transcriptional repressor of per m-RNA was proposed (Bargiello et al., 1984;  

Bargiello and Young, 1984;  Reddy et al., 1984;  Zehring et al., 1984;  Hardin et al., 1990;  

Hardin et al., 1992;  Zeng et al., 1994). In the following years genetic screens uncovered 

many additional clock genes including timeless (tim), Clock (Clk), cycle (cyc) and 

Cryptochrome (Cry) and others (Sehgal et al., 1994;  Allada et al., 1998;  Rutila et al., 

1998;  Stanewsky et al., 1998). The whole circadian clock mechanism consists of several 

interlocked feedback loops (Hardin, 2011). However, for this study the "core" feedback 

loop is most relevant and therefore the different interlocked feedback loops will not be 

discussed.  

Between Zeitgeber Time (ZT) 4 and ZT18 per and tim transcription is activated by the 

binding of CLK and CYC to the E-boxes of the per- and tim-genes (Hao et al., 1997;  

Allada et al., 1998;  Darlington et al., 1998;  Rutila et al., 1998). 6-8 hours after 

transcription PER and TIM proteins start to accumulate in the cytoplasm of the cell. This 

delay is thought to be caused by the balance between phosphorylation-mediated 

degradation of PER and the stabilization of PER by an interaction with TIM. The 

degradation of PER is mediated by doubletime (DBT) which phosphorylates PER and 

hence leads to its degradation via the proteasome. In the presence of TIM the DBT-PER-

TIM complex is built in the cytoplasm and thereby protects PER from degradation (Curtin 

et al., 1995;  Gekakis et al., 1995;  Price et al., 1995;  Kloss et al., 1998;  Price et al., 

1998;  Kloss et al., 2001). More recent studies also demonstrated that translational 

regulation of PER mediates the delay of protein accumulation in addition to 

phosphorylation dependent degradation (Chiu et al., 2008;  Lim et al., 2011). Further 

phosphorylation of PER and TIM promotes the nuclear entry of DBT-PER and TIM into the 
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nucleus, where the PER-DBT and/or DBT-PER-TIM complex binds CLK (Martinek et al., 

2001;  Lin et al., 2002;  Akten et al., 2003). This binding induces a phosphorylation of CLK 

and the CLK-CYC complex is released from the E-boxes of the per- and tim-genes and 

thereby their transcription is inhibited between ZT18 and ZT4 (Lee et al., 1998;  Lee et al., 

1999;  Bae et al., 2000;  Yu and Hardin, 2006;  Menet et al., 2010). Once PER and TIM 

protein levels drop, CLK and CYC bind to the E-boxes of the per- and tim-genes again 

and a new cycle starts. 

 

1.3. Influence of light on the clock mechanism 

Light was shown to be the most important Zeitgeber synchronizing the circadian clock of 

several animal species (Foster and Helfrich-Förster, 2001). Unlike in mammals, in which 

the master clock (SCN) synchronizes the peripheral clocks via humoral signals (Dibner et 

al., 2010;  Golombek and Rosenstein, 2010), the Drosophila circadian clocks seem to 

work cell autonomously, as single tissues can be entrained to light-dark (LD) cycles even 

if they are separated of the rest of the body (Plautz et al., 1997). Several studies showed 

that TIM is rapidly degraded after illumination, as TIM levels out of head extracts are 

drastically reduced already after a light pulse of 30 min duration (Hunter-Ensor et al., 

1996;  Myers et al., 1996;  Zeng et al., 1996). This light-dependent degradation of TIM is 

mediated cell-autonomously via the blue-light absorbing pigment Cryptochrome (CRY), 

which is expressed in several clock neuron clusters and the retina of adult flies (Emery et 

al., 1998;  Stanewsky et al., 1998;  Benito et al., 2008;  Yoshii et al., 2008). CRY directly 

binds TIM in a light-dependent manner and leads to its degradation in the proteasome 

(Ceriani et al., 1999;  Naidoo et al., 1999;  Busza et al., 2004;  Dissel et al., 2004). 

This CRY mediated degradation of TIM is also thought to reset the clock of 

Drosophila at the beginning of each day. At ZT0 PER and TIM levels are high in the 

nucleus and DBT-PER and/or DBT-PER-TIM is bound to CLK and leads to the release of 

the CLK-CYC complex from the E boxes of the per- and tim-genes. Upon illumination, TIM 

is degraded and PER is "deprotected", thus progressively phosphorylated by DBT, and 

afterwards targeted for degradation via the proteasome at around ZT4 (Naidoo et al., 

1999;  Kloss et al., 2001;  Grima et al., 2002;  Ko et al., 2002). Upon degradation of PER, 

hypo-phosphorylated CLK accumulates in the clock neurons, the CLK-CYC dimer forms 

again and starts a new cycle by binding to the E-boxes of the per- and tim- genes (Hardin, 

2011). 

Light does not only synchronize the clock to the changes of day and night. Short 

light pulses (LPs) are further able to shift the clock, when applied at certain times within 

the 24h cycle (Pittendrigh, 1967;  Egan et al., 1999). However, depending on the time of 
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day the clock "interprets" a given LP differently (Suri et al., 1998). A LP during the 

subjective day (between circadian time (CT) 0-12) does not shift the endogenous clock, as 

TIM levels are low and thereby TIM cannot be degraded. A LP in the early evening 

(around CT15) phase-delays the clock. At that time of the subjective day TIM is 

accumulated in the cytoplasm and starts to enter the nucleus. The LP induced TIM-

degradation delays its nuclear entry but TIM levels can be replenished within a few hours 

as tim-mRNA levels are high. This changes, when the LP is applied in the late night 

(around CT22). Due to low tim-mRNA levels degraded TIM protein cannot be re-

synthesized and the LP therefore mimics "early dawn" and resets the core mechanism 

and phase advances the clock (Golombek and Rosenstein, 2010;  Hardin, 2011). When 

the LP-induced phase shifts are plotted against the time of day a phase-response-curve is 

generated with a dead zone, an advance zone and a delay zone (Figure 2). 

 

Figure 2 Photic phase response curve. Depending on the time of day a light pulse (LP) can 

phase shift the clock in different directions: A LP in the early night phase-delays the clock, a LP in 

the late night phase-advances the clock, whereas a LP during the subjective day does not affect 

the clock. 

Even though the light-resetting function of CRY is widely accepted, it is not the 

only pathway synchronizing the clock neurons in the brain of Drosophila. Flies without 

CRY (cry01) or with a mutated form of CRY, that renders its photoreceptive ability out of 

function (cryb), are still able to synchronize to light/dark-cycles or respond to light pulses 

applied in the subjective night (Stanewsky et al., 1998;  Dolezelova et al., 2007;  

Kistenpfennig et al., 2012). However, flies lacking photoreceptive CRY show rather weak 

phase shifts upon a LP and need more time to entrain to LD regimes (Emery et al., 2000;  
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Kistenpfennig et al., 2012). This shows that input from the opsin-based visual system is 

able to synchronize the clock neurons upon illumination, which is supported by the fact 

that only flies lacking all photoreceptive organs as well as CRY are not able to entrain to 

LD regimes (Helfrich-Förster et al., 2001). The mechanism of how light from the opsin-

based photoreceptors is integrated by the clock remains so far unknown (Dubruille and 

Emery, 2008). 

1.4. The visual system of Drosophila melanogaster 

Even though the pathway mediating light information from the visual organs to the clock is 

still unknown in Drosophila, the above mentioned findings in cry-mutants demonstrated 

the importance of the visual system for clock synchronization. In total the fruit fly 

possesses seven eye structures: Three ocelli, two Hofbauer-Buchner (H-B) eyelets and 

two compound eyes (Hofbauer and Buchner, 1989). 

The ocelli of the adult fly are arranged in a triangle between the compound eyes 

and the vertex of the head. The receptor cells of the ocelli contain microvilli structures, so-

called rhabdomers, with Rhodopsin 2 (Rh2) being the photopigment to absorb light 

(Pollock and Benzer, 1988). They provide the fly with information about its horizontal 

position and help to maintain the orientation in space, to stabilize flight and to keep the 

gaze level (Krapp, 2009). The ocelli signal into the lateral protocerebrum of the fly where 

the signals are transmitted to descending neurons which connect to motor systems. 

The H-B eyelets consist of only four photoreceptor cells per hemisphere at the 

posterior margin of the compound eye (Hofbauer and Buchner, 1989). The eyelets derive 

from the larval Bolwig organ and appear during adult development (Helfrich-Förster et al., 

2002). The receptor cells constitute various microvilli, which are arranged into coherent 

rhabdomeres that contain Rhodopsin 6 (Rh6) as a pigment, suggesting that the eyelets 

are functional photoreceptors. There is evidence that histamine and acetylcholine are 

synthesized as transmitter in these cells, which can be released into the accessory 

medulla at the axonal terminals (Yasuyama and Meinertzhagen, 1999;  Yasuyama and 

Salvaterra, 1999). In the accessory medulla the axons overlap with fibers of clock 

neurons, implying a role in clock synchronization (Helfrich-Förster et al., 2002;  Veleri et 

al., 2007). 

The most prominent visual organs of the fly are the compound eyes which allow 

the fly to see 85% of its surrounding environment with only a small blind spot in the back 

(Heisenberg and Wolf, 1984). They are comprised of approximately 750-800 hexagonal 

ommatidia, each of which contains 20 cells, including eight photoreceptor cells. Six 

receptor cells (R1-6) are arranged in the periphery of each ommatidium and span the 

whole depth. In the center of the ommatidium receptor cell seven (R7) is situated in the 
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distal and receptor cell eight (R8) in the proximal half of the retina (Wolken et al., 1957). 

The ommatidia are shielded from each other, with the secondary pigment cells being the 

main shielding cells. Tertiary pigment cells as well as mechanosensory bristle cells are 

located at the vertices of the ommatidia in an alternating fashion. On top of each 

ommatidium a cornea and primary pigment cells regulate the exposure to light (Borst, 

2009;  Montell, 2012) (see Figure 3). In Drosophila the phototransduction cascade is 

localized in the rhabdomeres, a specialized area of each receptor cell which is formed by 

approximately 30.000 tightly packed microvilli. In this part of the receptor cells the light 

absorbing molecules, the rhodopsins, as well as the necessary molecules to transfer light 

information into an electrical signal are located (Hardie and Raghu, 2001). Each rhodopsin 

consists of a protein, the opsin, which is fixed in the membrane of the receptor cell via 

seven trans-membrane domains, and the chromophore 11-cis-retinal. Upon illumination 

11-cis-retinal changes its conformation and the rhodopsin turns into the activated state, 

the metarhodopsin. This transition activates the phototransduction cascade, which, over 

several steps, leads to the opening of Trp- and Trpl-channels and hence to the 

depolarization of the cell and to the release of histamine at the synapse (Vogt and 

Desplan, 2014). To return to the rhodopsin state the metarhodopsin has to absorb another 

photon of different wavelength or an enzymatic "visual cycle" recycles the activated retinal 

and thereby restores normal rhodopsin function (Wang et al., 2010;  Wang et al., 2012). 

 

Figure 3: The ultrastructure of an ommatidium. Each ommatidium is comprised of 20 cells 

including eight photoreceptor cells. R1-6 are arranged in the periphery of the ommatidium and span 

its whole depth. R7 and R8 are located in the center with R7 being located above R8. Pigment cells 

shield the ommatidia from each other with the secondary pigment cell being the main shielding cell 

between the different ommatidia. Tertiary pigment cells as well as mechanosensory bristle cells are 

located in the vertices of the ommatidia in an alternating fashion.(modified from Wang and Montell 

(2007)). 
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Besides the structural difference between outer and inner receptor cells they also differ in 

rhodopsin content and function (Figure 4). The outer receptors R1-6 are homogenous in 

morphology and function. They express Rhodopsin 1 (Rh1) as a pigment which shows 

two sensitivity peaks at 360 nm (UV light) and 486 nm (blue light) (O'Tousa et al., 1985;  

Zuker et al., 1985;  Feiler et al., 1988). The UV sensitivity of the molecule is achieved by 

an additional sensitizing pigment or a second chromophore, presumably a vitamin A 

derivate (Kirschfeld and Franceschini, 1977). These cells appear to be important for 

motion and dim light detection (Yamaguchi et al., 2008). 

The rhodopsin constitution in the inner receptors is more complex, including four different 

rhodopsins, and they are therefore ideal candidates for color processing (Yamaguchi et 

al., 2008). The retina of the fly is mainly composed of two types of ommatidia which are 

distributed in a stochastic fashion (Bell et al., 2007) (see Figure 4). The pale subtype 

occurs in about 30% of the ommatidia. In this subtype R7 express the UV-sensitive Rh3 

with its absorption maximum at 331 nm and R8 express the blue-sensitive Rh5 with its 

absorption maximum at 442 nm (Feiler et al., 1992;  Chou et al., 1996;  Chou et al., 1999;  

Salcedo et al., 1999;  Bell et al., 2007). In approximately 70% of the ommatidia the yellow 

subtype can be found, with R7 expressing the UV-sensitive Rh4 with an absorption 

maximum at 355 nm, and the green sensitive Rh6 with its maximum at 515 nm in R8 

(Montell et al., 1987;  Feiler et al., 1992). Rh6 is to some degree special: whereas the 

metarhodopsins of all other Drosophila rhodopsins absorb light of higher wavelength, the 

metarhodopsin of Rh6 absorbs in a shorter range (Salcedo et al., 1999). The above 

described rhodopsin constitution is present in most of the regions in the compound eyes 

with 2 exceptions: In the dorsal third of the retina yellow R7 co express Rh3 and Rh4 

(dorsal yellow) and in the dorsal rim area, a specialized part for detecting polarized light, 

R7 and R8 express Rh3 (Fortini and Rubin, 1991;  Wernet et al., 2003;  Mazzoni et al., 

2008;  Wernet et al., 2012). 

 

Figure 4: Rhodopsin expression in the Drosophila compound eyes. All outer receptors 

express Rh1 whereas the expression pattern of the inner receptors is more complex, which is 

attributed to their role in color vision. 70% of the ommatidia show Rh4 expression in R7 and Rh6 
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expression in R8, whereas about 30% of the ommatidia show Rh3-expression in R7 and Rh5-

expression in R8. In the dorsal part of the retina specialized regions show ommatidia of altered 

rhodopsin expression (dorsal yellow and the dorsal rim area). For details see text. (Modified from 

Mazzoni et al. (2008)). 

1.5. The neuronal network of the clock and its light input pathways 

The molecular mechanism described in section 1.2 is expressed in certain neurons in the 

brain of the fly, which are called clock neurons. This clock consists of approximately 150 

neurons, which can be subdivided into several lateral and dorsal neuron clusters (see 

Figure 5) (Helfrich-Förster, 1995). 

 

Figure 5: Overview of the neuronal clock network in Drosophila. The Drosophila clock consists 

of about 150 clock neurons, which can be subdivided into five different lateral neuron clusters 

(LPN, sLNv, 5
th
 sLNv, lLNv and LNd) and three dorsal neuron clusters (DN1, DN2 and DN3). Left 

panel: Schematic overview of the arborizations pattern of the different clock neuron clusters. 

Arborizations of each neuron cluster are depicted in different colors. The accessory medulla, as 

well as the dorsal protocerebrum are centers of high fiber density and therefore putative 

communication sites. Right panel: Expression pattern of CRY within the clock neuron network. 

CRY-positive neurons are depicted in red, CRY-negative neurons in blue. The s-LNv, lLNv, 5
th
 sLNv, 

half of the LNd as well as half of the DN1 are CRY-positive and can sense light cell-autonomously. 

For details see text.(modified from Helfrich-Förster et al. (2007a) and Yoshii et al. (2008)). 

In the lateral brain five different neuron clusters can be found: three lateral posterior 

neurons (LPN) per hemisphere with yet unknown projection pattern. A further group is 

comprised of the ventro-lateral neurons (LNv) which can be further subdivided due to their 

size or the expression of the pigment dispersing factor (PDF). Four of the small ventro-

lateral neurons (sLNv) express PDF and send their projections into the dorsal 
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protocerebrum and the accessory medulla, which is an important pacemaker center of 

many insects (Reischig and Stengl, 2003). The fifth small ventro-lateral neuron (5th sLNv) 

is PDF-negative, but shows similar arborizations in the accessory medulla and the dorsal 

protocerebrum. The large ventro-lateral neurons (lLNv) express PDF but show a different 

projection pattern: They innervate the ipsilateral accessory medulla and its ventral 

elongation as well as outer medulla layers in both sides of the brain, thereby allowing the 

communication between the two hemispheres. Another group comprising six neurons, the 

dorsal-lateral neurons (LNd), is located more dorsally. Even though the size of these cells 

is the same this group appears to be very heterogeneous: Only three of the six cells 

express CRY, three cells express the neuropeptide F (NPF), one expresses the ion 

transport peptide (ITP) and 2 express the short neuropeptide F (sNPF) (Lee et al., 2006;  

Johard et al., 2009). They send their projections into the dorsal protocerebrum and some 

fibers also innervate the ipsilateral accessory medulla (Helfrich-Förster et al., 2007b). 

In the dorsal brain of Drosophila three different groups of dorsal neurons (DN) can 

be identified (DN1, DN2 and DN3). As with the LNd also the DN1 are a heterogeneous 

group, as only about half of the neurons express CRY and are therefore light-sensitive 

(Benito et al., 2008;  Yoshii et al., 2008). All dorsal neurons also innervate the dorsal 

protocerebrum and some fibers project to the ipsilateral accessory medulla. Taken 

together the arborizations of the different neuron clusters are closely packed in the area of 

the accessory medulla and the dorsal protocerebrum allowing communication among the 

different clusters (Helfrich-Förster et al., 2007b). 

As described in section 1.3, CRY is one of the key molecules synchronizing the 

circadian clock to LD-cycles. Focusing on the expression pattern of CRY in the clock 

neurons, it is expressed in all ventro-lateral neurons, in 3 of the six LNd and in some DN1 

(Yoshii et al., 2008) (see Figure 5). However, only flies lacking CRY as well as all 

photoreceptor organs are not able to entrain to LD-cycles, clearly showing that the visual 

system is contributing to entrainment (Helfrich-Förster et al., 2001). The H-B-eyelet sends 

its axons towards the accessory medulla, where it most probably shares synapses with 

the lateral clock neurons. Several studies already showed a significance of the H-B-eyelet 

for clock synchronization (Helfrich-Förster et al., 2002;  Mealey-Ferrara et al., 2003;  

Veleri et al., 2007). The ocelli are so far not known to contribute to light entrainment even 

though the anatomical vicinity to the dorsal neuron clusters would suggest a connection of 

the two systems. In case of the compound eyes it is widely accepted that they contribute 

to the entrainment of the clock, even though the exact mechanism is so far unknown. The 

candidate receptor cells are R7 and R8, as they send their projections directly into the 

medulla, close to the arborizations of the lLNv and thus could communicate with these 

cells either directly via histamine or via inter-neurons (Helfrich-Förster, 2014). 
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1.6. Drosophila behavior under light-dark conditions 

Input to the clock via Zeitgebers is able to synchronize the circadian clock to the 

environment. As light is the most important Zeitgeber most studies focus on the behavior 

of flies in light-dark conditions, in which flies show a bimodal activity pattern with a 

morning (M) and an evening (E) activity bout and only low levels of activity during midday 

or night. Based on a hamster study Pittendrigh and Daan (1976) proposed the so called 

dual oscillator model, which explains the behavior of animals in entrained conditions. 

According to this model the first oscillator tracks dawn and is therefore called M oscillator 

whereas the second one tracks dusk and is therefore called E oscillator. This model 

perfectly fits to the behavior of Drosophila as the M oscillator can control the morning 

activity bout and the E oscillator the E activity bout. It further allows interpretation of the 

behavioral changes under long or short photoperiods: Under short photoperiods the M 

and the E peaks get closer together whereas they move apart from each other under long 

photoperiods (Rieger et al., 2003;  Rieger et al., 2012). This can be explained by the 

different properties of the M and E oscillators which control the timing of the two activity 

bouts. Upon illumination the period of the M cells is shortened thereby allowing to phase-

advance the M peak under long photoperiods. On the contrary the period of the E cells is 

lengthened by light thereby allowing to phase-delay the E peak in long day conditions 

(Yoshii et al., 2012).The neuronal basis of this hypothesis was established by the studies 

of Grima et al. (2004) and Stoleru et al. (2004) in Drosophila, in which they manipulated or 

ablated specific clock neurons. By this they identified the four PDF positive sLNv being 

necessary and sufficient to drive M-activity and rhythmic behavior in DD, whereas the 

three CRY positive LNd drive E-activity. More recent studies showed, however, that this 

view of distinct M and E cells appears to be too simplified: It seems as if complex 

interactions between the different neuronal clusters are necessary in order to drive 

rhythmic locomotor activity (Sheeba et al., 2010;  Yoshii et al., 2012;  Dissel et al., 2014;  

Yao and Shafer, 2014). 

However, not all aspects of fly behavior are clock controlled as flies also respond 

directly to changes in the environment. These direct responses are referred to as 

masking, as they often hide the clock-controlled output of the clock. Nevertheless, 

masking often complements the behavior of the animals and enables them to respond to 

sudden changes in the environment (Mrosovsky, 1999). In Drosophila the endogenous 

timing of M and E peaks is often masked by lights-on or lights-off, when rectangular LD-

cycles are applied, as the flies respond with a strong increase of activity to the sudden 

change of light intensity. In addition flies show only low levels of activity in completely dark 

nights, which is caused by an inhibition of activity by darkness. 
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1.7. Aim of the study 

The aim of this study was to investigate the significance of the visual system for the 

locomotor activity rhythm of Drosophila melanogaster. Using different light regimes and 

mutants I aimed to segregate clock controlled behavior from direct responses to light 

(masking). To do so, I focused on the investigation of more "natural" light conditions, 

including the simulation of twilight and moonlight.  

Previous studies already showed that the simulation of moonlight leads to an 

increase of nocturnal activity, a phase advance of the M and a phase delay of the E peak 

(Bachleitner et al., 2007;  Kempinger et al., 2009). These effects were shown to depend 

on photoreceptors of the compound eyes as they did not occur in eyeless flies. Therefore 

one aim was to unravel which rhodopsins are necessary for moonlight detection.  

In addition, I focused on the investigation of twilight conditions. This part of the 

study appears to be very interesting as dawn is the first light stimulus the organisms are 

confronted with in the beginning of the day. While in the course of a year the average 

temperatures and photoperiods change, the properties of dawn and dusk remain rather 

stable throughout the year (Bünning, 1969). Consequently it was predicted that dawn 

might be the most important light cue synchronizing the clock in nature. A previous study 

already showed that twilight is able to alter the behavior of Drosophila in comparison to 

rectangular LD-cycles: the activity maxima occur during dawn or dusk, meaning the flies 

delay the M and advance the E peak, respectively (Rieger et al., 2007). Therefore, we 

investigated which input to the clock is necessary to evoke those behavioral changes and 

whether these effects are caused by changes of clock synchronization or are directly 

triggered by changes of light during dawn or dusk (masking).  

As described previously, moonlight or twilight have different effects on the timing of 

the M or E peak: Moonlight generates an advanced M and a delayed E peak compared to 

completely dark nights. On the contrary, twilight simulation induces a phase delay of the M 

and a phase advance of the E peak. In nature these light stimuli never happen in isolation 

and also completely dark nights never occur. Thus we asked in a third study, if twilight or 

moonlight is the dominant factor triggering the activity of Drosophila and investigated the 

simultaneous simulation of twilight and moonlight. We again focused on the light input via 

rhodopsins from the compound eyes as these were shown to be important to detect light 

of moonlight intensity (Bachleitner et al., 2007).  

So far I have only focused on the input of rhodopsins of the compound eyes on the 

circadian clock. However, Yoshii et al. (2008) had shown that Cryptochrome is not only 

expressed in about half of the clock neurons, but also in the compound eyes. In 

collaboration with Prof. Rodolfo Costa, we aimed to unravel the biological significance of 
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CRY in the eyes. Our first aim was to identify, if CRY can affect photoreception in the fly. 

This question arose as CRY is activated by blue light in the clock neurons and appears to 

be very light sensitive as already a blue light intensity of 0.03 nW/cm2 is able to 

synchronize the molecular clock (Hirsh et al., 2010). Therefore its ability to absorb 

photons might also have an effect on photoreception in the fly retina. Then we aimed to 

separate the effects of CRY in the compound eyes and CRY within the clock neurons on 

the locomotor activity of the fly. 

In the last study we focused on the input from another photoreceptor, the H-B 

eyelet, on the clock. This organ is the residue of the larval photoreceptor, Bolwig organ, 

which is originally comprised of 12 photoreceptor cells, but only 4 cells survive through 

metamorphosis. The axons of the eyelet terminate in the area of the accessory medulla 

and therefore the eyelet is thought to be important for clock synchronization by light. In 

collaboration with Prof. Orie Shafer we tried to identify the mechanism, how this eyelet is 

able to transfer light information to the clock of Drosophila. 
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2. Material and Methods 

In this section I will introduce different ways of monitoring the flies´ locomotor activity and 

the analysis of the obtained data. The exact light conditions and the investigated 

genotypes of each experiment will be displayed in the Materials and Methods sections 

prior to the respective projects. The same applies to the immunocytochemical 

experiments: In this part of the thesis I will introduce the general protocols used for 

staining of adult retinas and adult brains, whereas the used antibodies and genotypes will 

be listed in the particular projects. 

 

2.1. Fly rearing 

All flies were raised on standard Drosophila medium (0.8% agar, 2.2% sugar beet syrup, 

8.0% malt extract, 1.8% yeast, 1.0% soy flour, 8.0% corn flour, and 0.3% 

hydroxybenzoicacid). Prior to each experiment and for crossings flies were raised at 25°C, 

for long-time storage flies were kept at 18°C. 

 

2.2. Binary expression systems 

Besides the fact that the number of clock neurons in Drosophila is much smaller than in 

mammals, a second reason for studying the fruit fly is its rather simple genetic 

accessibility in targeting specific neurons in the brain or also cells of interest in the whole 

body. To do so Brand and Perrimon (1993) introduced the GAL4-UAS system which 

allows the expression of gene constructs in cells of interest in vivo. This system consists 

of 2 transgenic fly lines: The GAL4 (driver) line and the UAS (responder) line. In order to 

target gene expression to specific cells the promotor region of the gene of interest is 

cloned upstream of the GAL4 sequence, which encodes a transcriptional activator of 

yeast. Thus the transcription of GAL4 is under the control of the promotor of interest and 

is thereby restricted to cells in which the gene of interest is expressed. On the contrary the 

responder line contains an upstream-activating-sequence (UAS) which is cloned upstream 

of any kind of effector gene (for example RNA interference (RNAi) constructs, reporters 

like the green fluorescent protein (GFP), cell death genes and many more). GAL4 is able 

to bind to the UAS sequence and thereby activates the transcription of the effector gene.  

As the expression pattern of GAL4 lines can be rather broad, Lee and Luo (1999) 

added a third element to this binary expression system which is called GAL80. This 

transgenic fly strain again contains a promotor of interest which is cloned upstream of the 

sequence of GAL80, which acts as a transcriptional regulator in yeast. GAL80 is able to 
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bind to the active domain of the GAL4 protein and prevents its binding to the UAS 

sequence of the responder line. As soon as all three components are combined in one fly, 

the effector gene is only expressed in those cells that express GAL4 but not GAL80, 

thereby allowing to narrow down GAL4 expression to much smaller cell populations. 

In order to express different effector genes in different cell types a second binary 

expression system was introduced by Lai and Lee (2006), the so called lexA-lexAop 

system. This system uses the lexA DNA-binding domain from a bacterial transcription 

factor which can be linked to a strong activation domain from the herpes simplex virus. 

The working principle is the same as in the GAL4-UAS-system: lexA is produced under 

the control of a promotor of interest and binds to and activates the lexA operator (lexAop) 

which is fused to an effector of choice (del Valle Rodriguez et al., 2012). 

 

2.3. Locomotor activity recording 

2.3.1. Home-made system 

This system was described first in Helfrich-Förster (1998). To monitor locomotor activity 2-

6 days old male flies were singularly transferred into specially prepared photometer-half-

cuvettes (Figure 6). 

 

Figure 6 Home made system for locomotor activity recording. A Structure of the half-cuvettes 

with water and food supply as well as opening for ventilation on the broad end of the cuvette. Eight 

of these specially prepared cuvettes are glued next to each other building a rack for monitoring 

eight flies. B Four of the racks are placed in one light box in which an infra red (IR) light beam 

crosses at the narrow side of the cuvette and a computer samples the number of beam crosses in 

one minute intervals. Water tanks on both sides supply the flies with water. Light is provided using 

white LEDs and additional neutral density filters. In front of each cuvette four LEDs simulate the 

changes of day and night for one single fly. The upper row simulates daylight intensity whereas the 

lower row was used to simulate moonlit nights . 
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At the tight end an infra red (IR) light beam crossed the cuvette which was interrupted, 

whenever a fly passed this section of the cuvette. A computer counted the number of 

beam interruptions caused by the fly in one minute intervals. At the other end of the 

cuvette a small and a big hole were introduced. The big one was closed by a cotton net in 

order to provide air ventilation. In front of the second one a glass-fiber rope was arranged 

in order to close the cuvette. Both ends of this rope were placed into a water reservoir and 

supplied the flies with water. At the same side of the cuvette a big piece of sugar was 

fixed as food. Eight of these specially prepared cuvettes were glued in a row as a rack. 

Finally four of these racks were placed into the recording system at the same time, 

allowing the recording of 32 flies in one experiment. As a light source white light emitting 

diodes (LEDs, Lumitronix LED-Technik GmbH, Jungingen, Germany) were placed in front 

of each single cuvette. The additional use of neutral density filters (Lee Filters Worldwide, 

Andover, UK) broadened the range of light intensities without disturbing the spectral 

composition of the LEDs. Using this setup the range of light intensity (LI) was adjustable 

between 0.001 lux and 10000 lux. All experiments were conducted in a climate controlled 

chamber at 20°C. In order to avoid heating up of the light boxes, each box was 

additionally connected to a ventilation system. 

 

2.3.2. Drosophila Activity Monitor (DAM) system 

The DAM system (Trikinetics, Waltham, MA) is the most commonly used method to record 

locomotor activity of Drosophila or also bigger insects (see Figure 7). It consists of activity 

monitors that can simultaneously record the activity of 32 individual flies. To do so, 2-6 

days old male flies were singularly transferred into glass tubes with food on one end 

(consisting of 4% sucrose and 2% agar) and a plug to close the tube on the other end. An 

IR light beam crossed the tube in the center and a computer measured the number of 

beam crosses in one minute intervals. Light was provided using white LEDs (Lumitronix 

LED-Technik GmbH, Jungingen, Germany) that were fixed above the monitors. Neutral 

density filters (Lee Filters Worldwide, Andover, UK) were used for fine tuning light 

intensity. In this system the range of possible light intensities was, however, smaller 

compared to the home-made system, since the neutral density filters had to be installed in 

front of all LEDs of the whole box, containing 6 monitors, whereas this was variable in the 

above described system. Additionally, the LEDs in the home-made system were placed 

directly in front of the cuvette whereas the LEDs in the DAM system illuminated the flies 

from the top of the box resulting in a bigger distance between LEDs and flies. All 

experiments were conducted in a climate controlled chamber at a constant temperature of 



Material and Methods 

22 
 

20°C. Using this setup it was possible to record the activity pattern of individual flies for up 

to 30 days without disturbance.  

 

Figure 7 Recording locomotor activity using the DAM-system. A Individual flies are transferred 

into glass tubes which are filled to 1/3 with an agar/sucrose mixture at one end and closed with a 

plug at the other end. 32 of these tubes are placed in one monitor allowing the simultaneous 

monitoring of these flies. B Six monitors are placed into one light box. Above the monitors white 

LEDs are installed, which were used to simulate the changes of day and night. Additional neutral 

density filters (removed in this picture) are introduced for fine-tuning the light intensity without 

changing the spectrum of the LEDs. 

 

2.3.3. Camera based system 

In the above described systems the activity was monitored by measuring light-beam 

interruptions caused by the fly in one minute intervals, allowing already a quantitative way 

of measuring activity. However, camera based systems are the only way to really 

determine the distance covered by the fly in a certain time interval. They further provide 

the possibility to define special regions of interest in the investigated area, leading to a 

more detailed analysis of behavior. In this study the commercially available Noldus-

tracking system (Noldus Information Technology, www.noldus.com) was used. 

To record activity, 2-6 days old male flies were transferred into photometer 

cuvettes. At the closed end a sponge soaked with 4% sucrose solution was provided and 

the open end was closed with a plug. Eight of these cuvettes were placed on a glass table 

and the focus of the camera was adjusted. Pictures were sampled every 500 ms and the 

distance covered by the fly during each time interval was determined. To enable activity 

recording also during darkness IR LEDs illuminated a white light-reflecting platform below 

the table. The reflected light passed the photometer cuvettes and was recorded by the IR 

sensitive camera. Illumination was provided with white LEDs (Lumitronix LED-Technik 

GmbH, Jungingen, Germany) from above simulating the changes of day and night. The 

range of light intensity was even smaller in this system, as the distance between the LEDs 
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and the flies was even bigger compared to the DAM system and the number of white 

LEDs was reduced. 

 

Figure 8 Recording locomotor activity using the Noldus-system. A Flies are transferred into 

photometer cuvettes and placed on a glass plate. IR-LEDs expose the cuvettes with reflected light 

from below that is detected by the IR sensitive camera and white LEDs above are used to 

synchronize the flies to specific light conditions. The camera takes a picture every 500 ms and the 

software calculates the distance covered by the fly. B Two examples of flies recorded in this 

system. The left fly is rather inactive, whereas the right fly shows high levels of activity. The 

distance covered by each fly is depicted by the black line. C Cuvettes used for recording locomotor 

activity. Singular flies are transferred into photometer cuvettes containing a sponge soaked with 4% 

sucrose solution at one end as food supply. The open end of the cuvette is closed using a foam 

plug (Schlichting and Helfrich-Förster, 2015). 

 

 



Material and Methods 

24 
 

2.3.4. Data analysis 

In this section I will shortly explain the most commonly used ways of analyzing locomotor 

activity data throughout this study. Whenever more detailed or a special analysis was 

applied in any of the projects, this will be explained in the material and methods section 

prior to each project summary in section 3.  

 

Average activity profiles 

In each experiment the respective light regime was at least applied for six consecutive 

days so that the animals were able to entrain their clock as well as their rhythm in 

locomotor activity to the given light condition. To calculate the average activity profile the 

first day of the raw data was cut off and an actogram for each single fly was displayed 

using the FIJI (free distribution of ImageJ, available at www.fiji.sc) plugin ActogramJ 

(available at actogramj.neurofly.de, Schmid et al. (2011)). The actograms show the 

activity of the flies day by day and were used to check 1) if the flies survived over the 

whole experiment, as only flies surviving throughout the whole experiment were used for 

the analysis and 2) how long the flies needed to entrain to the given light regime, as 

average activity profiles should only be calculated if the flies´ behavior is stable. 

Depending on the genetic background of the flies entrainment took up to three days, so 

that in some experiments only the data of the last three days of each light condition were 

used for the analysis. To calculate the average activity profiles of single flies an excel 

makro-sheet (constructed by Prof. Taishi Yoshii, University of Okayama) was used, which 

averaged the activity of each minute of the day in single flies. To calculate the average 

activity profile of one experiment the single fly average days were averaged and 

smoothened using a moving average of 11. As the timing of the activity maxima was the 

main focus of this study, the average activity profiles were normalized to 1 and plotted 

using the program QtiPlot (version 9.8.8, Ion Vasilief, Craiove, Romania). Thereby 

differences in absolute activity level were not visible any longer, but these were not 

subject of our experiments. 

 

Further analysis based on single fly activity profiles 

To investigate the effect of light on the behavior of the flies in more detail further analysis 

was necessary. One important feature of the flies´ activity profile is the timing of the M or 

E peak. To determine this, the single average activity profiles were smoothened by a 

moving average of 30, thereby reducing the number of spontaneous spikes in the 

recording. Then the single smoothened average activity profiles were plotted and the 
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timing of M and E peak was determined fly by fly. This is necessary as the "real" peak is 

often masked by activity caused by lights-on or lights-off but can be distinguished 

independently when single fly activity profiles are analyzed (reviewed in Mrosovsky 

(1999)). The single peak timing values were averaged and a standard error of the mean 

(SEM) was calculated for each peak. 

We further evaluated how light influences the distribution of diurnal or nocturnal 

activity of the flies. To do so, we determined 1) the mean activity level of the flies during 

the day by calculating the mean activity between ZT0-ZT12, 2) the mean activity level of 

the flies during the night by calculating the mean activity between ZT12-ZT24 and 3) the 

relative nocturnal activity calculated by the sum of activity between ZT12-ZT24 divided by 

the sum of activity of the whole day. For each value the average activity, either in beam-

crosses/minute (case 1 and 2) or in percent of whole activity (case 3), was calculated 

including the SEM.  

 

Statistics 

Statistical analysis was performed using Systat11. We either applied a one-way ANOVA, 

two-way ANOVA, Kruskal-Wallis-test or a Wilcoxon-test after testing for normal 

distribution using a Kolmogorov-Smirnov test. For details see material and methods 

sections of the different projects. 

 

2.4. Immunocytochemistry (ICC) 

2.4.1. ICC on adult Drosophila brains 

Depending on the aim of each staining, the flies were entrained for 5-7 days to the light 

condition of interest. When flies were expressing GFP, the whole flies were subsequently 

fixed in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) for 3h at room 

temperature (RT). In any other case fixation was performed for 2.5h in PBS including 

0.5% TritonX (PBST). After fixation, the flies were rinsed 4x 15 min in PBS and dissected 

in PBS. Afterwards the brains were blocked with 5% normal goat serum (NGS) in PBST 

for 2 hours at RT, followed by the first antibody solution, which was applied overnight at 

RT. This included the selected antibodies (see different projects) in a solution consisting 

of 5% NGS and 0.02% NaN3 in PBST. The next day the brains were rinsed 5x 10 min with 

PBST and the secondary antibody solution (secondary antibodies of choice 1:200 in 5% 

NGS in PBST) was applied for 3h at RT excluding illumination. This step was followed by 

washing the brains 5x 10 min in PBST and a last washing step with PBST with a reduced 

level of TritonX (0.1%). In the last step the brains were mounted on glass slides with the 
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anterior side up using Vectashield mounting medium (Vector Laboratories, Burlingame, 

CA) and the slide was sealed using Fixogum. The slides were stored at 4°C until 

microscopy. 

 

2.4.2. ICC on Drosophila retinas 

To stain the retina of Drosophila the whole flies were fixed for 2.5 h in 4% PFA in PBS. 

Then the flies were rinsed 4x 15 min with PBS and afterwards dissected in PBS. The 

dissected retinas were blocked 30 min in 5% NGS in PBST and afterwards transferred 

into the first antibody solution consisting of the antibody of interest (see different projects), 

5% NGS and 0.02% NaN3 in PBST. After incubation at RT for 2 nights the retinas were 

rinsed 5x 20 min with PBST and the secondary antibody solution (antibody of interest 

1:200 including 5% NGS in PBST) was applied overnight at RT. On the next day the 

retinas were washed 6x in PBST for 10 min. Flies in w- background (including flies 

carrying a miniwhite construct) were embedded at this stage of the staining as the 

pigmentation was washed out completely. Flies in w+ background were washed for 

several days in PBST until the red eye pigmentation disappeared. Afterwards the retinas 

were mounted on glass slides in a way that the cornea laid on the slide using Vectashield 

mounting medium (Vector Laboratories, Burlingame, CA). Slides were closed using 

Fixogum and stored at 4°C until microscopy. 

 

2.4.3. Confocal laser scanning microscopy and image analysis 

For image acquisition the Leica TCS SPE (Leica, Wetzlar, Germany) was used. Using 

three different laser diodes (488nm, 532nm and 635nm) either GFP or the fluorophores of 

the secondary antibodies were excited and confocal stacks of 2 µm thickness were 

obtained. Experimental strains and controls were scanned using identical laser settings. 

The same applied for experiments in which a time-series was investigated and the 

staining intensity had to be determined. Image analysis was performed using FIJI. 

Brightness and contrast were adjusted using Photoshop CS5.1 (Adobe Corporation, San 

José, CA, USA). For detailed description of specific analyses see section 3. 
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3. Results 

In this section I will summarize the results we obtained in the different projects. To do so I 

will first give a short introduction to each topic to mention previously published results and 

to give an overview, why the experiments were conducted. As I did not give detailed 

material and methods in section 2, each paragraph will include a material and methods 

part, which describes fly strains, antibodies and further details on the conducted 

experiments. Then short summaries will emphasize the main results of each project. For 

details please refer to the full-text paper or manuscript attached in section 6. 

 

3.1. Photic Entrainment in Drosophila Assessed by Locomotor Activity Recordings 

Published in Methods in Enzymology (2015) 

3.1.1. Introduction 

Light is the most important Zeitgeber for synchronizing the circadian clock of Drosophila 

and other animals to the changes of day and night (Foster and Helfrich-Förster, 2001). In 

Drosophila the approximately 150 clock neurons in the brain get direct and indirect input 

from the H-B eyelet and the compound eyes. In addition, half of the clock neurons express 

the blue light sensitive photopigment CRY, which resets the molecular clock mechanism 

upon illumination. Therefore the circadian clock of Drosophila is very light sensitive and 

most studies often apply a rectangular light dark cycle of 12h light and 12h darkness (LD 

12:12) to entrain the circadian clock (Hardin, 2011). Using this LD regime, flies show a 

bimodal activity peak with an M peak shortly after lights-on and an E peak shortly before 

lights-off. However, the endogenous peak timing is often masked by the sudden 

transitions in light condition as flies react to these events with a strong increase of activity. 

The first aim of this study was to show different possibilities of using light as a Zeitgeber 

for synchronizing the activity pattern of the flies, which might be more useful in specific 

cases. In the second part we aimed to show different possibilities of recording locomotor 

activity and provide a possible way of analyzing locomotor activity data in entrained 

conditions. 
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3.1.2. Material and Methods 

Fly strains 

Table 1 Fly strains used in Schlichting and Helfrich-Förster 2015 

Genotype Source Reference 

WTCantonS stock collection  

pers stock collection (Konopka and Benzer, 1971) 

perl stock collection (Konopka and Benzer, 1971) 

 

Locomotor activity recording 

In order to show the advantages of using different photoperiods for separating the 

endogenous peak of activity from responses to lights-on or lights-off, all genotypes were 

monitored in LD12:12 followed by LD 16:8 and LD 20:4 using the DAM system. From 

these data average activity profiles were calculated as described in section 2.3.4. 

In order to show different ways of monitoring activity, we analyzed the behavior of 

WTCantonS in LD12:12 using all monitoring devices described in section 2.3. In every 

experiment white LEDs were used to simulate the changes of day and night and the light 

intensity was set to 100 lux. Analysis was performed as described previously. In addition, 

we calculated the Morning-anticipation Index (MI) by dividing the sum of activity 3h before 

lights-on (ZT21-24) by the sum of activity 6h before lights-on (ZT18-24). Whenever this 

value is significantly higher than 0.5, the flies anticipate lights-on. We further analyzed the 

duration of the siesta as the time between offset of M and onset of E activity. 

 

3.1.3. Summary 

In this study we showed different ways of monitoring locomotor activity rhythms in flies. 

Two of the systems count the number of beam crosses in a given time interval, whereas 

the Noldus-system directly tracks the movement of the flies and records the activity in a 

much smaller time window (500ms). Our results show that the activity pattern appears 

different in the three systems even though the same light conditions and the same 

wildtype were used. The overall activity measured with the home-made system was 

drastically reduced compared to the DAM system, which can be explained by more 

available space for moving inside the cuvettes. An interesting result was that the timing of 

the M peak was exactly the same in all systems, whereas the flies showed a later E peak 

in the DAM system compared to the other ones. This is mainly due to the much stronger 
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response to lights-off in this system whereby the real E peak is strongly masked 

compared to the other systems. These results clearly show that data obtained with 

different recording systems strongly influences the activity pattern of the fly and thus a 

comparison of data obtained with different systems should be considered with caution. 
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3.2. Moonlight Detection by Drosophila´s Endogenous Clock Depends on Multiple 

Photopigments in the Compound Eyes 

Published in the Journal of Biological Rhythms (2014) 

3.2.1. Introduction 

Researchers usually use rectangular LD cycles to simulate the changes of day and night. 

However, absolutely dark nights never occur in nature, as they are illuminated by the 

moon or even by the stars. Several studies demonstrated an alteration of the daily pattern 

of activity, foraging or predation in moonlit nights in a variety of species (Kronfeld-Schor et 

al., 2013). Also Drosophila alters its behavior in light-moonlight (LM) conditions. The most 

prominent effect is an increase of nocturnal activity, which was shown to be directly 

mediated by the light input from the compound eyes and to be independent of a functional 

clock (Kempinger et al., 2009). On the other hand the M peak was significantly advanced, 

whereas the E peak was significantly delayed in LM compared to LD, which resulted in 

changes in PER immunoreactivity in M and E cells controlling the timing of the activity 

peaks (Bachleitner et al., 2007). These studies clearly show that the activity pattern of 

Drosophila depends strongly on the input from the compound eyes in LM conditions. 

Therefore we asked, whether we are able to narrow down the effects on behavior to 

specific receptor cells in the compound eyes. 

 

3.2.2. Material and Methods 

Fly strains 

Table 2 Genotypes used in Schlichting et al., 2014 

Genotype Source Reference 

WTCantonS stock collection  

WTALA R. Costa (Sandrelli et al., 2007) 

WTLindelbach R. Wolf  

rh31rh41 C. Desplan (Vasiliauskas et al., 2011) 

sevLY3 stock collection (Benzer, 1967) 

rh52 stock collection (Yamaguchi et al., 2008) 

rh61 C. Desplan (Cook et al., 2003) 
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rh52;rh61 C. Desplan (Yamaguchi et al., 2008) 

rh52;rh31rh41rh61 C. Desplan  

ninaE17 C. Schnaitmann (Kumar and Ready, 1995) 

ninaE17rh61 F. Rouyer  

clieya stock collection (Bonini et al., 1993) 

w;rh52;cryb R. Stanewsky (Szular et al., 2012) 

+;CyO/Sco;MKRS/TM6B stock collection  

+;Cyo/Sco stock collection  

+;ls-tim;MKRS/TM6B stock collection  

 

ICC 

In order to avoid differences in the yellow/pale distribution in the retina of the investigated 

flies, we determined the Rh5/Rh6 ratio in WTCantonS, sevLY3, rh31rh41, rh61 and ninaE17rh61. 

As there is an age dependent de-repression of Rh5 in rh61 mutants we determined the 

distribution at the age of 4 and 11 days (Vasiliauskas et al., 2011). To do so the ICC 

protocol described in section 2.4.2 was used. We applied three different antibodies: anti-

pigment-cell enriched dehydrogenase (PDH) was used to stain the pigment cells, whereas 

anti-rhodopsin 5 (Rh5) and anti-rhodopsin 6 (Rh6) stained the two photopigments in R8 

(see Table 3). 

 

Table 3 Antibodies used in Schlichting et al., 2014 

Antibody Dilution Reference/Source 

rat anti-PDH  1:100 
(Wang et al., 2012) 

C. Montell 

mouse anti-Rh5  1:50 
(Salcedo et al., 1999) 

S. Britt 

rabbit anti-Rh6  1:1000 
(Tahayato et al., 2003) 

C. Desplan 

Alexa Fluor 488 (goat anti rat) 1:200 Invitrogen 

Alexa Fluor 555 (goat anti-mouse) 1:200 Invitrogen 

Alexa Fluor 635 (goat anti-rabbit) 1:200 Invitrogen 
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To determine the yellow/pale ommatidia ratio, the number of Rh5 and Rh6 expressing 

cells of at least 7 retinas was counted manually. In case of flies carrying the rh61 mutation 

the PDH staining was used in order to determine the whole number of counted ommatidia. 

 

DNA extraction and Polymerase Chain Reaction (PCR) 

Recent studies showed a natural polymorphism of tim splicing. Flies either carry the s-tim 

allele resulting only in the short m-RNA isoform, whereas flies carrying the ls-tim allele 

produce small and long mRNA isoforms (Sandrelli et al., 2007;  Tauber et al., 2007). 

These studies further showed that the clock of s-tim flies appears to be more light 

sensitive compared to ls-tim flies. In order to avoid differences in behavior as a result of 

s/ls-tim polymorphism, we checked all investigated mutants for the tim-allele. To do so, 

the DNA of 5 individual flies per genotype was extracted using 50 µl Squishing buffer 

(consisting of 10 mM Tris-HCl (pH=8.2), 1 mM EDTA and 25 mM NaCl) and 5 µl 

Proteinase K (final concentration of 20 mg/ml). The suspension was heated to 56°C for 30 

min using a Thermo Shaker TS-100 followed by an inactivation step of 92°C for 2 min. 

The suspensions were then put on ice until the PCR reaction (composition see Table 4) 

was performed. The following primers were used for the PCR: 

tim 5´:  TAGGTATCGCCCTCCAAG 

tim 3´: TAGGCAGCTCCACAATCA 

 

Table 4 PCR mix for 1 reaction 

Reagent Amount 

RedTaq Readymix 10 µl 

H2O 5 µl 

tim 5´ (10mM) 2 µl 

tim 3´ (10mM) 2 µl 

DNA template 1 µl 

 

The PCR was performed using the PeqLab PeqStar Universal 96 thermocycler using the 

temperature protocol described in Table 5. Afterwards the PCR-product was separated 

using a 1% agarose gel including Midori Green (Nippon Genetics Europe) as a dye. As 

expected the PCR resulted in only one band which represented an amplified part of the 

tim-gene. Then the PCR reaction was purified using the standard protocol of the MSB 

Spin PCRapace (Invitec GmbH & Co KG, Düsseldorf, Germany) kit and the samples were 

sent to LGC Genomics for sequence analysis. 
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Table 5 Standard PCR steps to amplify small DNA fragments (up to 1000bp) 

Step Temperature [°C] Duration (mm:ss) 

Initialization 94 5:00 

Denaturation 94 0:30 

Annealing 60 0:30 

Elongation 72 0:30 

Final elongation 74 5:00 

 

Genetic fly crosses for the project 

As the rh52 mutant of our stock collection carried the s-tim allele, we decided to replace it 

by a strain carrying the ls-tim allele. To do so I back-crossed the w;rh52;cryb strain (ls-tim) 

twice to the Cyo/Sco;TM6B/MKRS (+DB) strain resulting in a stable stock with the 

following genetics: rh52;TM6B/MKRS (ls-tim). To remove the balancers/markers on the III. 

chromosome this strain was crossed once to CyO/Sco and rh52/CyO;TM6B/+ flies were 

finally crossed with each other until all balancers were removed. 

Similar to rh52 also the ninaE17 mutant was back-crossed twice to the +DB 

resulting in the stable CyO/Sco;ninaE17 strain. To remove the balancer/marker of the II. 

chromosome and to introduce the ls-tim allele the flies were crossed once to ls-

tim;MKRS/TM6B. ls-tim/CyO;ninaE17/TM6B flies were collected and crossed to each other 

until final removal of the balancers. 

 

Locomotor Activity Recording 

To analyze the locomotor activity the home-made system described in 2.3.1 was used. 

The flies were either recorded in a light-dark cycle of 12 h light and 12 h darkness 

(LD12:12) or in a light-moonlight cycle (LM12:12, moonlight intensity of 0.01 lux). We 

further analyzed 4 different daylight intensities (10, 100, 1000 and 10000 lux). Each light 

condition was given for one week. 

 

3.2.3. Results 

The tim polymorphism was shown to be important for the fly´s behavior with flies carrying 

the s-tim allele being more light sensitive (Sandrelli et al., 2007;  Tauber et al., 2007). In s-

tim flies the deletion of a G nucleotide at position 294 of the tim cDNA results in the 

35x 



Results 

34 
 

generation of a stop codon immediately 5´ of the translational start of s-tim (Myers et al., 

1995;  Peschel et al., 2006). The amplification and sequencing of the region of interest in 

the tim allele showed that all investigated mutants, except rh52 and ninaE17, carried the ls-

tim allele. Therefore these mutants were crossed into the ls-tim background as described 

above. For further results of this study please see supplement. 

 

3.2.4. Summary 

In contrast to the studies of Bachleitner et al. (2007) and Kempinger et al. (2009) we were 

able to analyze the behavior of the flies in a quantitative way. In the previous studies an 

older version of the home-made system was used allowing only yes (1) or no (0) activity 

counts in a 4 minute interval. Nevertheless, we were able to reproduce the data of both 

studies: The flies delayed their E peak and increased nocturnal activity levels in moonlit 

nights, although this increase was less prominent in the updated system. Both effects 

depended on the daylight intensity applied: the higher the light intensity, the later the E 

peak and the stronger the increase of nocturnal activity upon moonlight simulation. We 

were further able to confirm that all of these effects require light input from the compound 

eyes, as eyeless flies neither delayed their E peak, nor increased the nocturnal activity 

level in moonlit nights. By analyzing several photoreceptor mutants, we could show that a 

complex interaction of inner (R7 and R8) and outer receptor cells (R1-6) is necessary for 

wild-type behavior. As soon as either of them was not functional (due to the manipulation 

of rhodopsins), the flies were not able to delay their E peak in moonlit nights. On the 

contrary, with functional inner or outer receptor cells the flies were still able to increase the 

nocturnal activity level when moonlight was simulated, but to a much lower extent 

compared to wild-type flies. Only when Rh1 and Rh6 were absent, the flies did not 

respond to moonlight at all, indicating an important role of these rhodopsins. This was 

rather unexpected, as only R1-6 were reported to be important for dim light detection. Our 

data clearly show the influence of especially Rh6, which is expressed in R8. The 

importance of Rh6 got even more obvious in sevLY3 mutants: Due to the lack of R7 these 

flies only express Rh6 in R8. When we compared this mutant to wild-type flies, we 

observed a significant increase of nocturnal activity. On the contrary, as soon as only Rh6 

was absent, we found strong decreases in nocturnal activity in LM conditions.  
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3.3. Normal vision can compensate for the loss of the circadian clock 

Submitted to BMC Biology 

3.3.1. Introduction 

Circadian clocks were thought to be essential for timing the animals´ daily activity and 

hence increase their fitness (DeCoursey et al., 2000). Recent studies challenged this point 

of view as the behavior of clock-less flies or mice was almost indistinguishable from WT 

behavior when they were recorded in "natural" conditions (Daan et al., 2011;  Vanin et al., 

2012). However, in nature many factors like humidity, temperature, light or the emergence 

of predators may synchronize the clock and/or provoke direct responses of the animals, 

which bypass the clock. In this study we went back to the lab and investigated WT flies as 

well as photoreceptor- and clock-mutants by singularly changing the light regime, whereas 

all other external cues were kept constant. As twilight was predicted to be the most 

important light stimulus for synchronizing the circadian clock in nature, we investigated the 

flies in rectangular LD cycles, in conditions including the simulation of twilight and in 

conditions with gradual in- and decreases of the light intensity within a longer time period 

to simulate the course of the sun within one day. Previous studies already showed that 

twilight simulation significantly altered the behavior of the flies. In twilight conditions the M 

peak was significantly delayed, whereas the E peak was significantly advanced. Both 

peaks took place at a light intensity of approximately 5 lux, at which the flies prefered to 

be active (Rieger et al., 2007). Our aims of the present study were 1) to identify behavioral 

changes caused by prolonged twilight simulation (4.5h for dawn and dusk each) 2) to 

clarify if the effects we observed were clock controlled or directly mediated by light 

(masking) and 3) whether the circadian photoreceptor CRY or the compound eyes 

mediate the behavioral adaptations. 

 

3.3.2. Material and Methods 

Fly strains 

Table 6 Fly strains used in "Normal vision can compensate for the loss of the circadian 

clock" 

Genotype Source Reference 

WTCantonS stock collection  

per01 stock collection (Konopka and Benzer, 1971) 
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tim01 stock collection (Sehgal et al., 1994) 

cry01 (CS)  (Dolezelova et al., 2007) 

eya2 stock collection (Bonini et al., 1993) 

per01;eya2 stock collection  

per01;;cry01   

+;CyO/Sco;MKRS/TM6B stock collection  

 

ICC 

In order to examine the effect of more natural light conditions on the clock, we 

investigated WTCantonS and cry01 flies in rectangular light dark cycles (LD 12:12) with a 

daylight intensity of 100 lux and compared the expression pattern of the clock protein TIM 

with a light condition simulating the course of the sun via increasing light intensity within 

4.5 h in the morning and decreasing it within 4.5 h in the evening (LDR2). To do so, the 

flies were entrained either in LD or LDR2 and collected every 2h between ZT10 and ZT24, 

and every 1h after lights-on (between ZT0 and ZT2). As TIM protein levels are low during 

the day we only focused on time-points of high protein levels (ZT10-ZT2). Flies were fixed 

and stained as described in section 2.4.1. For analyzing TIM cycling in the lateral neuron 

clusters we used anti-TIM and anti-PDF in order to be able to distinguish the 5th sLNv from 

the other lateral neurons (see Table 7 for used antibodies). Laser settings were adjusted 

using ZT22 and were kept constant for all samples to avoid differences in staining 

intensity due to different scanning settings. The staining intensity was analyzed using FIJI. 

To do so we defined a square shaped area of 9 pixels and analyzed the staining intensity 

of single neurons by measuring the mean grey value of the 9 pixel area. We concentrated 

on the analysis of the lateral neurons as they are known to be important for the timing of 

M and E activity peaks. For each time point at least 5 different brains were analyzed. 

 

Table 7 Antibodies used in "Normal vision can compensate for the loss of the circadian 
clock" 

Antibody Dilution Reference/Source 

mouse anti-PDF  1:1000 
C7, Developmental Studies 

Hybridoma Bank, Iowa, USA 

rabbit anti-PER 1:500 R. Stanewsky 

rat anti-TIM  1:2000 J. Giebultowicz 
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Alexa Fluor 488 (goat anti rabbit) 1:200 Invitrogen 

Alexa Fluor 555 (goat anti-rat) 1:200 Invitrogen 

Alexa Fluor 635 (goat anti-mouse) 1:200 Invitrogen 

 

Genetic fly crosses for the project 

To generate per01;;cry01 flies, chromosomes II and III of the per01 mutant and chromosome 

II of the cry01 mutant were balanced using the +DB. The two balanced lines were crossed 

together and residual balancers and markers were removed using standard Drosophila 

genetics. 

To "Cantonize" the cry01 mutant the +DB was backcrossed to WTCantonS seven times to 

exchange chromosomes and allow recombination events to take place. Afterwards two 

balancer lines (CyO/Sco and MKRS/TM6B) were generated with all chromosomes, except 

the balanced one, being in WTCantonS background. The cry01 mutant was backcrossed to 

WTCantonS for 5 generations allowing recombination events and thereby exchanging the 

genetic background. Afterwards individual male flies were checked for the cry01 mutation 

using PCR (see below). To clearly identify the single flies, they were kept isolated in 

Eppendorf tubes for the duration of DNA extraction and PCR. Males still carrying the 

mutation were crossed to the MKRS/TM6B (CS) balancer. In the next generation only 

males and virgins carrying TM6B as a balancer were analyzed for the presence of the 

mutation using PCR and crossed together until removal of all balancers. 

 

DNA extraction and PCR 

As the flies carrying the cry01 mutation had to be used for ongoing crossings it was not 

possible to use the whole fly to extract DNA. To minimize violation of the flies they were 

anaesthetized with CO2 and a single haltere was ripped off with a forceps. These were 

transferred into a DNA extraction solution consisting of 20µl squishing buffer including 

Proteinase K. The samples were treated as previously described in section 3.2.2. For the 

PCR reaction we used two pairs of primers at the same time: As the flies were either 

heterozygous cry01 or homozygous WT we used one set of primers amplifying a part of 

the cry gene as positive control whether the PCR worked (cry primers). We further 

generated primers that selectively amplify a part of the cry01 mutation (cry01 primers). In 

cry01 the whole cry gene was replaced by a miniwhite gene using homologous 

recombination (Dolezelova et al., 2007). Therefore we placed one primer into the 

miniwhite construct and the other one downstream of the cry locus into one of the 

recombination sites. The sequence of the primers were: 
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cry 5´:  CGGAGTTGATGAATGTGCC 

cry 3´:  GCATGTTTCGCTTTACGG 

cry01 5´: AACGAAACCAAATAAAACGGTACCC 

cry01 3´: CGTAAACCGCTTGGAGCTTCGTCAC 

Due to the lower amount of DNA the composition for the PCR reaction was slightly 

changed (see Table 8). 

Table 8 PCR composition to amplify cry and cry
01

 fragments out of haltere DNA extracts 

Reagent Amount 

RedTaq Ready Mix 10 µl 

cry 5´ (10mM) 1.5 µl 

cry 3´ (10mM) 1.5 µl 

cry01 5´ (10mM) 1.5 µl 

cry01 3´ (10mM) 1.5 µl 

DNA template 4 µl 

 

To amplify these fragments the PCR settings described in Table 5 were used. The 

samples were then separated using a 1% agarose gel including MidoriGreen as a dye.  

 

Locomotor activity recording 

To analyze the locomotor activity the home made system was used, which was described 

in section 2.3.1. In the first set of experiments we applied the standard rectangular light 

dark cycle for one week. In the second week we simulated twilight by a gradual increase 

of the light intensity within 1.5h in the morning and a gradual decrease within 1.5h in the 

evening (LDR1). In the third week the course of the sun was mimicked by gradually 

increasing/decreasing light intensity within 4.5h each (LDR2). For each condition the light 

and dark phases were set to 12h and the maximal light intensity was set to 100 lux. 

In a second set of experiments we tested, to which degree the observed changes 

in behavior are clock regulated or direct responses to light. To do so we monitored the 

flies in LD12:12 (100 lux) for 5 days. On day 6 we applied a "night pulse" after lights-off: 

Light intensity was gradually increased between ZT15.5-ZT17, kept constant at 100 lux for 

2h and finally gradually decreased between ZT19-ZT20.5. This light pulse was applied at 
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a time, in which the clock normally inhibits activity and we could therefore investigate the 

contribution of the clock to the behavior in twilight conditions. 

 

3.3.3. Results 

After back-crossing for 5 generations to WTCantonS we checked in total 26 male flies (Figure 

9), whether or not they still carry the cry01 mutation. As a control we used WTCantonS and 

cry01 flies. As expected we only got one band with a length of 380bp in WTCantonS flies, as 

the cry01 primer pair, which was designed to detect the miniwhite construct, was not able 

to bind. On the contrary, we only got one band of 194bp in the cry01 mutant, since in this 

case the cry primer pair was not able to bind the cry locus as this had been exchanged by 

miniwhite. In the back-crossed flies we always observed the band deriving from the cry 

primer pair, since at least one of the 2 chromatides was still WT. In 4 of the 26 flies we 

additionally found a band at about 200bp deriving from the cry01 specific primer pair, which 

confirmed that these 4 flies were heterozygous for cry01.  

 

Figure 9 PCR results after back-crossing 5x to WTCantonS. As a control we also performed the 

PCR using DNA-extracts from WTCantonS (first lane on the left) and cry
01

 (first lane on the right). Only 

4 out of 26 investigated flies still carried the cry
01

 mutation. For details see text. 

These four flies were then crossed to MKRS/TM6B (CS) and we determined the genotype 

of single male and female virgin flies carrying TM6B as a balancer using the same set of 

primers. As 50% of those flies were expected to carry the mutation, the number of 

analyzed flies was reduced: We determined the genotype of 8 male flies (1-8) and 18 (9-

26) virgin females (Figure 10).  

 

Figure 10 PCR results after crossing cry
01

/+ flies to TM6B/MKRS (CS) balancer. WTCantonS 

(first lane on the left) and cry
01

 (first lane on the right) served as controls for this PCR. Lanes 1-8 

represent 8 individual male flies with flies 3,4,6,7 and 8 still carrying the cry
01

 mutation. Lanes 9-26 

represent 18 virgins with flies 9,11,15,18,19,23,25 and 26 carrying the cry
01

 mutation. 
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Again we used WTCantonS and cry01 as controls which resulted in single bands of 380bp 

(CS) and 194bp (cry01), respectively. As expected the number of flies carrying the cry01 

mutation was much higher in this screen. 5 out of 8 males and 8 out of 18 virgin females 

carried the cry01 mutation. These flies were then mated to generate the cry01 (CS) strain. 

For further results of this study please see supplement. 

 

3.3.4. Summary 

In this study we investigated the behavior of WTCantonS in three different light conditions: In 

LD12:12 the flies showed a bimodal activity pattern with the M peak occurring shortly after 

lights-on and the E peak shortly before lights-off. Upon the simulation of twilight (LDR1) 

flies delayed the M and advanced the E peak, which is in accordance to the study of 

Rieger et al. (2007). The peaks occurred at a light intensity of 2-7 lux, at which the flies 

prefer to be active. In the third light condition, LDR2, the shifts of M and E activity bouts 

were even stronger as the preferred light intensity was reached later in the morning and 

earlier in the evening. To test whether the sharp peaks during twilight are mediated by the 

clock, we investigated null-mutants for the clock genes per and tim. In LD these flies 

showed an increase of activity during the day, but lacked activity peaks and siesta. In 

LDR1/LDR2 the flies developed a bimodal activity pattern with the M peak occurring 

during dawn and the E peak during dusk. Especially in LDR2 the activity profiles were 

almost identical to WT, indicating that the sharp peaks during dawn and dusk may be 

direct responses to light. Therefore we wondered which light input pathway might cause 

these effects, and tested, whether CRY or the compound eyes cause this bimodal activity 

pattern. To investigate the contribution of the clock we further analyzed clock-less cry01 

and eyes absent mutants. Our results showed that flies lacking CRY, independently of a 

functional clock, exhibit sharp M and E peaks in LDR1/LDR2 conditions, whereas eyes 

absent mutants do not respond to the simulation of twilight. This strongly indicates that the 

compound eyes are necessary and sufficient for detecting twilight and causing a WT-like 

activity pattern. To further test, whether the sharp peaks were only caused by the gradual 

changes of light intensity or if the molecular clock was also shifted, we investigated 1) the 

cycling of TIM in the lateral neuron clusters in LD and LDR2 and 2) the effect of a midnight 

pulse simulating dawn/dusk in the middle of the night. The results of the TIM staining 

showed that twilight is able to significantly broaden the TIM protein bout over the day, 

whereas the time point of maximal TIM staining was not affected. The broadening of TIM 

appeared to be mediated by CRY as we did not observe this in cry01 flies. On the other 

hand, the night pulse experiment showed that all clock mutants responded to dawn and 
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dusk with sharp activity peaks even during the middle of the night (strong masking), 

whereas cry01 and WT flies only showed increased activity levels and eyes absent flies did 

not respond at all to the midnight pulse. Taken together our results show that CRY 

mediates clock related adaptations, whereas the compound eyes mediate the timing and 

occurrence of the sharp M and E peak in twilight conditions that can be regarded as 

masking. The fine-tuning of the activity profile by masking results in normal rhythmicity of 

clock-less flies, which might explain the observed quasi-normal activity rhythms of flies 

and mice in the wild (Daan et al., 2011;  Vanin et al., 2012).  
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3.4. Twilight dominates over moonlight in adjusting Drosophila´s activity pattern 

In press in the Journal of Biological Rhythms 

3.4.1. Introduction 

The previous studies (section 3.2 and section 3.3) investigated the effects of moonlight or 

twilight simulation on fly rhythmic behavior. This separate examination allowed us to judge 

the behavioral changes evoked by either moonlight or twilight alone. The observed effects 

were quite opposite: moonlight shifted M and E peaks into the night and strongly 

increased nocturnal activity levels whereas twilight shifted M and E peaks into dawn and 

dusk of the day and thereby also reduced the level of nocturnal activity (Bachleitner et al., 

2007;  Rieger et al., 2007;  Kempinger et al., 2009). Both effects were shown to be 

mediated by the compound eyes, as eyes absent mutants neither shifted activity into 

moonlit nights nor showed activity peaks during dawn or dusk. Even though our studies 

focusing separately on either of the two light conditions had resulted in new insights into 

masking and entrainment pathways influencing the fruit fly´s activity pattern, in nature both 

light stimuli are coupled. Consequently, we asked which of the two light cues dominates 

the fly´s activity pattern and investigated the behavior in standard LD cycles followed by 

the simulation of twilight (LDR), as well as in LM cycles followed by the combination of 

moonlight and twilight (LMR). Our results showed that twilight dominates over moonlight, 

as both activity peaks take place during dawn or dusk. We were further able to support the 

above described studies, showing that the compound eyes are required for dim light 

detection, with a special role of Rh6. 

 

3.4.2. Material and Methods 

Fly strains 

Table 9 Fly strains used in "Twilight dominates over moonlight in adjusting Drosophila´s 

activity pattern." 

Genotype Source Reference 

WTCantonS stock collection  

WTALA R. Costa (Sandrelli et al., 2007) 

WTLindelbach R. Wolf  

rh31rh41 C. Desplan (Vasiliauskas et al., 2011) 
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sevLY3 stock collection (Benzer, 1967) 

rh52 stock collection (Yamaguchi et al., 2008) 

rh61 C. Desplan (Cook et al., 2003) 

rh52;rh61 C. Desplan (Yamaguchi et al., 2008) 

rh52;rh31 rh41rh61 C. Desplan  

ninaE17 C. Schnaitmann (Kumar and Ready, 1995) 

clieya stock collection (Bonini et al., 1993) 

 

WTCantonS served as a control for all investigated photoreceptor mutants as all of them 

carried the ls-tim allele. To further address the contribution of the s-/ls-tim polymorphism 

on more natural light regimes we investigated WTLindelbach (s-tim) as well as WTALA (mixture 

of s-/ls-tim) under the same conditions. WTALA is a mixture of 37 iso-female lines, which 

were collected in Alto Adige, Italy. Due to the mixture they contain both tim-isoforms. 

 

ICC 

To investigate the yellow/pale distribution in adult retinas we entrained WTCantonS, 

WTLindelbach, rh31rh41, sevLY3 and rh61 mutants for 18 days in LD 12:12. Afterwards the 

whole flies were fixed and retinas were stained as described in section 2.4.2 using anti-

Rh5 and anti-Rh6 (Table 10). 

 

Table 10 Antibodies used in "Twilight dominates over moonlight in adjusting Drosophila´s 

activity pattern." 

Antibody Dilution Reference/Source 

mouse anti-Rh5  1:50 
(Salcedo et al., 1999) 

S. Britt 

rabbit anti-Rh6  1:1000 
(Tahayato et al., 2003) 

C. Desplan 

Alexa Fluor 555 (goat anti-mouse) 1:200 Invitrogen 

Alexa Fluor 635 (goat anti-rabbit) 1:200 Invitrogen 
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To determine the ratio of yellow/pale ommatidia we manually counted the number of Rh5 

or Rh6 expressing cells of at least 7 retinas. 

 

Locomotor activity recording 

To record the locomotor activity of the flies the home-made system described in section 

2.3.1 was used. 2-6 days old male flies were transferred into photometer cuvettes and 

entrained by white LEDs. 

In the first set of experiments we applied a light-dark cycle of 12h light and 12h 

darkness for one week, followed by a week of LD cycles with increasing light intensity 

during 1.5h in the morning and decreasing light intensity during 1.5h in the evening, 

simulating twilight (LDR). In the second set of experiments flies were recorded for one 

week in light-moonlight cycles (LM12:12, moonlight intensity: 0.01 lux) followed by one 

week with the same twilight simulation as in LDR but additional simulation of moonlight 

(LMR). WT flies were investigated at 4 different daylight intensities (10, 100, 1000 and 

10000 lux) to unravel an appropriate light intensity for investigating the behavior of the 

different photoreceptor mutants. Thereafter, the latter were only recorded at a daylight 

intensity of 100 lux. 

For each experiment we calculated the average activity profiles, the levels of 

nocturnal activity and the peak timing as described in section 2.3.4. For details on 

statistical analysis please see section 6.4. 

 

3.4.3. Summary 

In this study we aimed to investigate the effects on behavior when moonlight and twilight 

are simulated within the same experiment. In LD WT flies showed a bimodal activity 

pattern with the M peak occurring shortly after lights-on and the E peak shortly before 

lights-off. Dawn and dusk simulation shifted the peaks into daytime with the M peak taking 

place significantly later and the E peak significantly earlier compared to LD, as it had 

already been reported previously (Rieger et al., 2007). Moonlight simulation, however, 

caused the advance of the M and the delay of the E peak as well as an increase of 

nocturnal activity as it had been described previously (Bachleitner et al., 2007). The 

simultaneous simulation of twilight and moonlight (LMR) resulted in a bimodal activity 

pattern with the M peak taking place during dawn and the E peak during dusk, meaning 

that they come closer together compared to LM conditions, as it is the case when LD and 
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LDR are compared. Also the level of nocturnal activity was decreased in LMR compared 

to LM, indicating that the effect of twilight dominates over moonlight. 

However, the light intensity during the day seems to play an essential role in the flies´ 

behavior. Already in LD flies delayed their E peak and shifted activity into the night with 

increasing light intensity. Also the s-tim/ls-tim polymorphism plays a role in this kind of 

adaptation. Flies in which the clock is more light-sensitive (s-tim) increasingly shifted their 

activity into the night corresponding to the increasing day light intensity, whereas ls-tim 

flies increased nocturnal activity in a less linear way. The peak-delaying effect caused by 

the increasing day light intensity was not restricted to LD conditions. We observed a delay 

of the E peak with increasing light intensity in all four investigated light regimes. As the 

phase differences between LD/LDR and LM/LMR were biggest at 100 lux, we investigated 

the different photoreceptor mutants at this light intensity.  

Our aim was to further unravel the significance of specific photoreceptors for detecting 

twilight. In the "moonlight" study (section 3.2) we were already able to show that Rh1 and 

Rh6 are very important for dim light detection, whereas we so far only showed that the 

compound eyes are necessary for twilight detection in our "twilight" study (section 3.3). 

However, dim light detection and the detection of gradual changes in light intensity may 

be achieved by different photoreceptors. Thus, we first re-investigated the eyes absent 

mutant under all light conditions and did not find any changes in peak timing or levels of 

nocturnal activity confirming our previous results. The investigation of several 

photoreceptor mutants unraveled the importance of the inner receptor cells (R7 and R8) 

for WT-like peak timing, as only eyeless flies and rh52;rh31rh41rh61 mutants did not 

advance their E peak upon twilight simulation (comparison between LD/LDR or LM/LMR, 

respectively). The reduction of nocturnal activity by twilight seems to depend on a 

complex interaction of all photoreceptor cells as it was only absent in eyeless flies. A 

special role in this process seems to apply to Rh6, as sevLY3 flies, which express Rh6 in all 

R8, were the only flies that shifted significantly more activity into moonlit nights compared 

to WT flies. In all other mutants the level of nocturnal activity was either decreased or at 

WT level. 
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3.5. Fly Cryptochrome and the visual system 

Published in the Proceedings of the National Academy of Sciences (2013) 

3.5.1. Introduction 

The previous studies investigated the significance of the compound eyes and its 

rhodopsins on the adaptation to more natural light regimes. However, the study of Yoshii 

et al. (2008) clearly showed that also the blue light photopigment Cryptochrome is strongly 

expressed in the retina. In Drosophila most of the studies involving CRY focused on its 

mediation of the light-dependent degradation of TIM within the molecular mechanism of 

the circadian clock (see section 1.3). CRY is not only present in the fly genome, it can 

widely be found in the animal and plant kingdom. Cryptochromes consist of an N-terminal 

domain homologous to photolyases and a very divergent C-terminal tail (Hemsley et al., 

2007). Even though the molecular mechanism of how the activation of CRY by light works 

is widely unknown, several studies showed that the C-terminus region seems to be 

mediating this process (Rosato et al., 2001;  Dissel et al., 2004;  Ozturk et al., 2011). 

Structural analysis of the C-terminal region showed that it contains several molecular 

interaction motifs among which two class III PDZ-binding motifs were found (Hemsley et 

al., 2007). These motifs contain modular domains, which are essential for the formation of 

large protein complexes and the structure of these motifs are rather conserved: They 

consist of five to six β-strands and two or three α-helices forming a β-stranded sandwich. 

In this study we focused on potential interaction partners of the CRY C-terminus which are 

involved in phototransduction and the resulting question, whether CRY is involved in 

visual processes in Drosophila. For this study we collaborated with Prof. Rodolfo Costa. 

 

3.5.2. Material and Methods 

Fly strains 

Table 11 Fly strains used in the study Mazzotta et al., 2013 

Genotype Source Reference 

WTCantonS stock collection  

w1118 D. Dolezel (Dolezelova et al., 2007) 

cry01 D. Dolezel (Dolezelova et al., 2007) 

cryM R. Costa (Busza et al., 2004) 
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Determination of Phototaxis 

The phototaxis experiments were conducted as described in Benzer (1967). The setup 

consists of a stationary row of six Plexiglas vials. On top a flexible part, that can be 

pushed left and right, is installed consisting of five Plexiglas vials. To investigate the 

phototaxis, flies were starved for 3 h prior to the experiment in order to improve the activity 

level. Flies were then transferred into the first tube of the lower vial row, which was closed 

by the mobile upper part so that the flies were unable to escape. Then the flies were 

shook down to the bottom of the tube and the mobile vial row was shifted allowing the flies 

to walk into the first glass of the upper part. To do so the whole apparatus was placed 

horizontally on a table with the upper part being directed towards a fluorescent lamp (light 

intensity approximately 3000 lux) allowing the flies to run towards the light source for 15 

sec. Afterwards the mobile part was shifted back to its original position, the flies were 

shook to the bottom of the vials again and the process was repeated four times. Like this 

the flies were distributed over six vials at the end of the experiment with flies remaining in 

the first vial showing no phototaxis and flies reaching the sixth vial showing five times 

positive phototaxis. The flies in each vial were then counted resulting in the number of 

flies in each vial (n(1) to n(6)) and the number of all flies investigated (n(total)). Out of 

these values a performance index (PI) was calculated using the following equation: 

PI = 
                                         

          
 

A PI of 1 indicates that all flies showed five times positive phototaxis (all flies in the last 

vial) whereas a PI of 0 indicates that none of the flies showed positive phototaxis (all flies 

in vial one). For each genotype the experiment was repeated 10 times using 

approximately 40 male flies resulting in a number of about 400 investigated flies per 

genotype.  

 

Determination of optomotor response (OR) 

To measure the OR flies were starved for 3 h in order to increase the general activity level 

and dark adapted for 10 min prior to the experiment. Without anesthesia flies were 

transferred into a Plexiglas walking chamber (circular arena:   3 cm, height: 0.15 cm) 

which was placed in the center of an upright cylinder (   8 cm, height: 4.5 cm). The walls 

of the outer cylinder were vertically striped with six equally spaced black stripes on white 

background (width: 30°). The outer cylinder was rotated with a velocity of ω =60°/s, which 

means that 10 revolutions per minute were generated. Illumination was provided using 

white LEDs, which were arranged in a ring surrounding the striped cylinder (15 LEDs, light 
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intensity in the center: 23 µW/cm2). To record the OR of single flies the outer cylinder was 

first rotated 5 minutes clock-wise (cw), followed by 5 s darkness and 5 min counter clock-

wise (ccw) rotation. The number of the fly´s cw revolutions (revcw) was counted during the 

first period of 5 min and in the second period the number of ccw revolutions (revccw) was 

counted. Then a performance index was calculated using the following equation: 

PI = (revcw + rewccw) / (ncw+nccw) x 100% 

ncw indicates the number of cw revolutions by the outer cylinder in the first 5 min (5x 10 

revolutions/min are given as a stimulus) and nccw the number of revolutions within the 

second 5 min period. A PI of 1 indicates perfect OR with the fly following the striped 

pattern all the time and a PI of 0 indicates no OR with the fly showing no revolution in the 

right direction. 

 

3.5.3. Summary 

In this study we were focusing on the C-terminal domain of Drosophila CRY. Using in 

silico analysis we were able to show that the class III PDZ-binding sites are selectively 

maintained in the animal kingdom. In a coimmunoprecipitation assay we investigated 

possible interaction partners of CRY using tim-GAL4 which is expressed in clock neurons, 

glia cells and photoreceptor cells. Using this technique we were able to identify CRY in 

two complexes containing the visual signaling molecules Retinal Degeneration A (RDGA) 

and Neither Inactivation Nor Afterpotential C (NINAC). Using bioinformatical and 

molecular tools we further demonstrated that CRY is able to interact with NINAC through 

the scaffolding protein Inactivation No Afterpotential D (INAD), which is an important 

protein keeping phototransduction running. This interaction appears to be light dependent, 

as the interaction was significantly stronger after illuminating the flies for two hours 

compared to a time point in the dark. In order to show which part of CRY is necessary for 

the interaction with INAD, we expressed different parts of CRY and INAD in yeast cells. 

Using the yeast-2-hybrid system we were able to show that the C-terminal region of CRY 

is required for the interaction with the phototransduction protein INAD. This already 

suggests that CRY might act in Drosophila vision but in order to show a biological 

relevance for this interaction, we tested CRY mutants in visual behavior. To do so we 

investigated cry01 mutants, in which the whole gene is replaced by miniwhite (Dolezelova 

et al., 2007), and a cryM mutant, in which a part of the regulatory C-terminal region is 

missing (Busza et al., 2004). Our phototaxis analysis revealed that both CRY mutants 

showed a significantly reduced phototactic response. Using two different assays for 

analyzing OR we were further able to show that the OR is significantly reduced in both 
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mutants compared to controls. This phenotype was rescued by expressing CRY only in 

R1-6, which had been shown to be essential for motion vision in the fly (Yamaguchi et al., 

2008). By monitoring the electro-retinogram-response (ERG) and OR at several times of 

the day, we showed that the daily cycling in strength of the two responses is absent in 

cry01 mutants. Taken together our results show that CRY is able to interact with INAD and 

is thereby able to alter visual behavior and rhythms in ERG and OR in adult flies. 

 

 

  



Results 

50 
 

3.6. Cryptochrome plays different roles in the fruit fly´s compound eyes and clock 

neurons 

Submitted to the Proceedings of the National Academy of Sciences (PNAS) 

3.6.1. Introduction 

The study of Mazzotta et al. (2013) nicely showed that CRY is able to interact with 

components of the phototransduction cascade and that this interaction is able to alter 

visual behavior. Together with the fact, that CRY in the clock neurons mediates 

entrainment of the circadian clock to light, these findings suggest that CRY in the 

compound eyes may contribute to this. With the help of different rhodopsin mutants (see 

sections 3.2 and 3.4), we could already show that the compound eyes have different roles 

in the entrainment of activity rhythms: On the one hand the compound eyes fine tune the 

activity pattern by causing direct light-responses in behavior. On the other hand the 

compound eyes signal most probably to the lateral clock neurons and thereby alter 

entrainment of the clock. In this study we asked whether we are able to separate effects 

on rhythmic activity caused by CRY in the compound eyes from those caused by CRY 

expressed in the clock neurons. Using CRY-rescue and -knockdown experiments we were 

able to show that CRY in the compound eyes contributes to the fine-tuning of Drosophila´s 

activity pattern, whereas CRY in the clock neurons sets the phase of the clock with a 

special importance for timing the E peak. 

 

3.6.2. Material and Methods 

Fly strains 

Table 12 Fly strains used "Cryptochrome plays different roles in the fruit fly´s compound 

eyes and clock neurons". 

Genotype Source Reference 

WTCantonS stock collection  

w1118 D. Dolezel (Dolezelova et al., 2007) 

w;cry01 D. Dolezel (Dolezelova et al., 2007) 

cry01 (CS)   

w;ninaE-GAL4  BL: 30540 

w;UAS-cry P. Emery (Emery et al., 1998) 
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w UAS-dcr2  VDRC: 60012 

w;;UAS-cryRNAi P. Emery BL: 25859 

w;R78G02-GAL4  BL: 40010 

w;UAS-stinger2  (Barolo et al., 2000) 

 

ICC 

To investigate the expression pattern of R78G02-GAL4 we expressed nuclear GFP using 

UAS-stinger2. In order to be able to determine co-localization of GFP in specific clock 

neurons we co-labeled with anti-PDF and anti-CRY. This staining showed that R78G02-

GAL4 is expressed in a subset of the clock neurons, which were the CRY-positive LNd 

and the 5th sLNv (E cells). Therefore we analyzed in a second set of experiments the 

efficiency of CRY knockdown in these cells. To do so we expressed UAS-cryRNAi using 

R78G02-GAL4 and determined the CRY staining intensity in the LNd and the 5th sLNv. To 

mark the clock cells we additionally stained against PDF and Vrille (VRI). Prior to staining 

flies were entrained in LD12:12 (light intensity: 100lux) and fixed at ZT21. Brain staining 

was performed as described in section 2.4.1. For dilution of the antibodies see Table 13.  

We further investigated the subcellular location of CRY in the receptor cells of the 

compound eyes. To do so cry01 (CS) and WTCantonS were kept in complete darkness to 

allow accumulation of CRY. As Mazzotta et al. (2013) had shown that the CRY-INAD 

interaction was light dependent, we analyzed CRY staining after complete darkness or 

after a 2h light pulse of 1000 lux. To mark the rhabdomeres of R1-6 we used the Rh1 

antibody. The CRY staining intensity in the rhabdomeres was analyzed from at least 7 

retinas by measuring the staining of at least 10 ommatidia per retina using a 9-pixel area. 

We used the staining protocol previously described in section 2.4.2. For dilution of the 

used antibodies see Table 13. 

 

Table 13 Antibodies used in "Cryptochrome plays different roles in the fruit fly´s compound 

eyes and clock neurons". 

Antibody Dilution Reference/Source 

mouse anti-PDF  1:1000 
C7, Developmental Studies 
Hybridoma Bank, Iowa, USA 

guinea pig anti-VRI  1:2000 
(Glossop et al., 2003) 
P. Hardin 

chicken anti-GFP  1:2000 abcam® 
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mouse anti-Rh1  1:30 
4C5, Developmental Studies 
Hybridoma Bank, Iowa, USA 

rabbit anti-CRY  1:1000 
(Yoshii et al., 2008) 
T.Todo 

Alexa Fluor 488 (goat anti-chicken) 1:200 Invitrogen 

Alexa Fluor 555 (goat anti-guinea pig) 1:200 Invitrogen 

Alexa Fluor 635 (goat anti-mouse) 1:200 Invitrogen 

Alexa Fluor 488 (goat anti-rabbit) 1:200 Invitrogen 

 

Locomotor activity recording 

To analyze the behavior of the flies the home-made system described above in section 

2.3.1 was used. We investigated two different light conditions: In the first week a 

rectangular light-dark cycle of 12h light and 12h darkness (LD12:12) was applied and in 

the second week we additionally simulated moonlight at night (LM12:12, moonlight 

intensity: 0.01 lux). The behavior was investigated at 4 different light intensities (10, 100, 

1000 and 10000 lux) using white LEDs as a light source. For all experiments only flies 

surviving the whole experiment were analyzed. We determined the average activity 

profiles, relative nocturnal activity levels and peak timing as described in section 2.3.4. 

 

3.6.3. Summary 

In collaboration with Prof. Rodolfo Costa we continued investigating the significance of 

CRY with a special focus on the impact of CRY in the compound eyes on the entrainment 

in LD and LM conditions. Using ICC we were able to show that CRY is expressed in every 

receptor cell of the ommatidium and that it is stably expressed even after a 2h light pulse. 

Therefore the interaction with INAD, which had been shown to be light dependent in the 

study of Mazzotta et al. (2013), opens the possibility that CRY might enhance light-

sensitivity of the compound eyes even after longer illumination. Further molecular studies 

revealed that CRY is able to interact with 3 different forms of Actin in a light independent 

fashion. As mentioned in section 1.4 the rhabdomeres of the photoreceptor cells are 

composed of several thousand microvilli, which are built of Actin filaments. As the different 

Actin proteins, which are encoded in the genome of Drosophila, show high similarity, a 

CRY-Actin-interaction in the compound eyes is very likely. Together with the CRY-INAD-

interaction we had described previously this suggests that CRY keeps the signalplex in 

the rhabdomers attached to the cytoskeleton. This hypothesis is further supported by our 

ERG recordings: Whereas we do not observe any difference in the ERG after raising the 
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flies in complete darkness, we find a slight reduction of the receptor potential in cry01 flies 

after a 2h light pulse followed by 15 min of darkness. These data suggest that CRY does 

not work as a photoreceptor per se, but enhances light-sensitivity of the compound eyes 

by keeping the signalplex together. 

To test this hypothesis we investigated the locomotor activity of the flies in LD and 

LM with increasing daylight intensity. In our previous study (section 3.2) we already 

demonstrated that the compound eyes are essential for dim light and daylight detection 

and that the flies tend to be active at rather low light intensities. Also in the present study, 

the flies responded sensitively to light and increased their relative level of nocturnal 

activity with increasing daylight intensity. This behavioral response is mediated by 

receptor cells R1-6 and was significantly lower in cry01 flies. Expressing cry only in R1-6 

fully rescued relative nocturnal activity. This indicates that CRY contributes to the light 

sensitivity of the compound eyes and thus to setting diurnal/nocturnal activity levels in LD 

conditions. 

In a next step we analyzed the behavior of WT flies and cry01 mutants in LM 

conditions. We expected cry01 flies to shift less activity into moonlit nights, as our previous 

findings in LD conditions suggested a reduction of light sensitivity of the compound eyes, 

which are responsible for the delay of the E peak and the increase in nocturnal activity. 

Surprisingly, the cry01 mutant shifted more activity into the night compared to its respective 

control (w1118). This appeared to be caused by a significant delay of the E peak, which was 

overlooked in the previous study (Bachleitner et al., 2007). This delay of the E peak was 

even more prominent in cantonized cry01 mutants, which was puzzling, as our previous 

results clearly showed that the compound eyes mediate this effect on E peak timing. In 

collaboration with Dr. Agnes Fekete we found, however, that cry01 flies in w1118 

background have an impaired compound eye signaling as the levels of histamine out of 

head extracts were significantly reduced compared to WT flies (Borycz et al., 2008). Thus 

the difference in  E peak timing between cry01 mutants in WTCantonS and w1118 background 

can be explained by reduced histamine signaling derived from the compound eyes and 

therefore a reduced phase delay in w1118 flies. The question remained, however, why cry01 

mutants display a significantly delayed E peak timing in LM compared to WT flies. As the 

knockdown of CRY in the compound eyes did not result in a change of peak timing this 

suggests a role of CRY within the clock neurons for phasing the E peak in LM conditions. 

Indeed, we found that the knockdown of CRY in the E neurons was sufficient to reproduce 

the delayed E peak phenotype of cry01 mutants in LM. This suggests that CRY in the clock 

neurons partly counterbalances the phase-delaying effect of the compound eyes on timing 

the E peak in LM. In summary we were able to show that CRY has different roles in the 

compound eyes and in the clock neurons. On the one hand, CRY in the compound eyes 
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contributes to the light sensitivity as it keeps the signalplex together. On the other hand, 

CRY within the clock neurons partly counter-balances the phase-delaying effect of the 

compound eyes in LM conditions. Consequently, WTCantonS flies have only a slightly 

delayed E peak in LM, whereas cry01 mutants show a strong delay and eyes absent 

mutants a strong advance of the E peak. For a model of these interactions please see the 

attached manuscript in section 6.6. 
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3.7. Rhodopsin 5 and 6 expressing photoreceptors modulate the small ventral lateral 

neurons and shift the free-running circadian rhythms of Drosophila melanogaster. 

3.7.1. Introduction 

So far I have only focused on the importance of the compound eyes and CRY on the light-

entrainment of the rhythmic activity in Drosophila. However, also the Hofbauer-Buchner 

(H-B) eyelet was shown to be an important light input pathway for synchronizing the 

lateral clock neurons in Drosophila (Helfrich-Förster et al., 2001;  Veleri et al., 2007). 

These studies mainly investigated the effect of the H-B eyelet on the behavior of the fly, 

whereas a physiological connection between the eyelets and the clock was not yet shown. 

The H-B eyelet consists of 4 receptor cells expressing Rh6. These four cells derive from 

the larval visual system, the Bolwig organ, and are strongly modified during 

metamorphosis. Whereas the Bolwig organ consists of 12 receptor cells, with 8 cells 

expressing Rh6 an 4 cells expressing Rh5, the adult eyelet consists of only 4 Rh6 

expressing neurons (Sprecher et al., 2007). Interestingly the adult receptor cells derive 

from the Rh5 positive larval cells, which switch their rhodopsin expression (Sprecher and 

Desplan, 2008). Besides the change in rhodopsin content the adult eyelet also differs in its 

transmitter constitution: Besides histamine, which is the common neurotransmitter in the 

Drosophila visual system, a choline acetyltransferase is expressed in the eyelet, 

suggesting that it uses a second transmitter, acetylcholine, to communicate with 

postsynaptic cells (Yasuyama and Meinertzhagen, 1999). These postsynaptic cells, 

among others, were shown to be the clock neurons in both, larval and adult flies, 

indicating an important function in clock synchronization (Malpel et al., 2002). This 

function has already been demonstrated in several studies in both developmental stages 

(Helfrich-Förster et al., 2001;  Wegener et al., 2004;  Hassan et al., 2005;  Veleri et al., 

2007;  Keene et al., 2011). 

However, the previous studies mainly investigated different photoreceptor mutants 

and suggested the connection between the eyelet and the clock neurons to be functional. 

In this study we aimed to unravel, how the eyelet contacts the clock neurons and which 

effect this connection has on the behavior of the fly. This study was done in collaboration 

with Prof. Orie Shafer. 
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3.7.2. Material and Methods 

Fly strains 

Table 14 Fly strains used in "Rhodopsin 5 and 6 expressing photoreceptors modulate the 

small ventral lateral neurons and shift the free-running circadian rhythms in Drosophila 

melanogaster". 

Genotype Source Reference 

w;;rh6-GAL4  BL: 7464 

w;UAS-GFPS65T stock collection BL: 1522 

w1118 stock collection  

w;hdcJK910 stock collection (Burg et al., 1993) 

w;hdcJK910;rh6-GAL4   

w; hdcJK910;UAS-TrpA1   

w; LexAop-CD4:: 

spGFP11; UAS-

CD4::spGFP1-10 

 (Gordon and Scott, 2009) 

w;pdf-lexA  (Shang et al., 2008) 

w;;UAS-TrpA1 O. Shafer  (Hamada et al., 2008) 

 

ICC and GRASP 

In this study we aimed to use the GRASP (GFP Reconstitution Across Synaptic Partners) 

technique in order to show direct interaction of the Rh6 expressing photoreceptors and the 

PDF-neurons. To apply this technique the GFP is split into two parts, which can be 

separately expressed in two different clusters of cells. To do so we used the UAS-GAL4-

system to express UAS-CD4::spGFP1-10 in the rh6-expressing neurons. To express the 

second fragment of GFP we employed the lexA-lexAop-system and expressed the 

fragment in the PDF-positive lateral neurons. However, to avoid false positive signals the 

lexA and GAL4 lines may not express in the same cells as otherwise both GFP constructs 

are expressed within the same cell and would allow the split-GFP molecules to 

reconstitute. Therefore we investigated the expression pattern of UAS-GFPS65T/+;rh6-

GAL4/+ and the proper controls and compared it to PDF staining using the protocol 

described in section 2.4.1. As primary antibodies we used chicken anti-GFP and mouse 

anti-PDF. For dilution of antibodies see Table 15. 
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As GFP and PDF were not expressed in the same subset of cells we applied the GRASP 

technique using rh6-GAL4 and pdf-lexA. Brains were dissected and stained as described 

in section 2.4.1. As the GFP antibody also recognizes the un-reconstituted parts of the 

GFP protein we only applied anti-PDF in order to avoid false positive signals. 

 

Table 15 Antibodies used in " Rhodopsin 5 and 6 expressing photoreceptors modulate the 

small ventral lateral neurons and shift the free-running circadian rhythms in Drosophila 

melanogaster". 

Antibody Dilution Reference/Source 

mouse anti-PDF  1:1000 
C7, Developmental Studies 

Hybridoma Bank, Iowa, USA 

chicken anti-GFP  1:2000 abcam® 

Alexa Fluor 488 (goat anti-chicken) 1:200 Invitrogen 

Alexa Fluor 635 (goat anti-mouse) 1:200 Invitrogen 

 

Locomotor activity recording 

To monitor locomotor activity the DAM system, described in section 2.3.2, was used. In 

order to investigate the cholinergic input of the H-B eyelet on the clock of Drosophila we 

aimed to eliminate signals deriving from the compound eyes and monitored the behavior 

in hdcJK910 mutant background (Burg et al., 1993). This mutation renders histidine-

decarboxylase, an essential enzyme for histamine synthesis, out of function, which hence 

leads to the absence of histamine in the fly. As described previously, histamine is the 

neurotransmitter of all eye structures, thus the signaling from these organs is abolished in 

hdcJK910 mutants with exception of the cholinergic signaling from the H-B eyelet. To 

stimulate the H-B eyelet we expressed the temperature sensitive UAS-TrpA1 channels 

using rh6-GAL4. At low temperatures this channel is inactive, but as soon as the 

temperature rises (above 28°C) the ion channels open and depolarize the targeted cells 

(Hamada et al., 2008). To apply this technique we recorded our experimental 

(w;hdcJK910;rh6-GAL4/UAS-TrpA1) and control flies (w;hdcJK910;rh6-GAL4/+ and 

w;hdcJK910;UAS-TrpA1/+) in an incubator (SANYO Incubator MIR-154) for 7d in LD 12:12 

at 20°C. In the first night after this LD period we applied a heat pulse (HP, temperature: 

30°C) for 2h and afterwards recorded the behavior in DD for 10 more days at 20°C. The 
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HP was applied at 5 different time points: Two in the subjective day (CT 2-4 and CT 8-10) 

and three in the subjective night (ZT 14-16, ZT 18-20 and ZT 21-23). 

To determine phase differences in behavior caused by the HP we used 

Chronoshop (freely available, developed by J. Spoelstra). As the offset of activity could 

not be determined reliably in all flies, we used the center of gravity (COG) to determine 

the phase of the activity rhythm. First we determined an average COG for entrained 

conditions (COGE) by averaging the COGs of the last 3 days in LD. We further analyzed 

the COG of one day after the HP (COG1) and two days after the HP (COG2). For each of 

the two COGs we subtracted the phase difference caused by the free-running period in 

order to avoid calculating phase shifts due to a shorter or longer period. We then 

calculated the phase shift (PS) using the following equation: 

PS = [(COGE-COG1)+(COGE-COG2)]/2 

This analysis was done on single flies and only flies, in which we could reliably determine 

all COGs plus the free-running period, were used for analyzing the phase shift caused by 

the activation of the H-B eyelet. 

 

3.7.3. Summary 

The aim of this study was to show the physiological connection of the H-B eyelet to the 

clock neuron network and to unravel its physiological significance for the animal. In order 

to show possible interaction sites we investigated the rh6-GAL4 expression pattern. The 

synaptic terminals of the Rh6-positive R8 of the compound eyes terminate in the medulla, 

whereas the axons of the H-B eyelet directly innervate the accessory medulla, in which 

also the PDF neurons arborize (Helfrich-Förster et al., 2007a). In order to show direct 

interaction of the PDF-positive neurons, which are located in the lateral brain, and the 

eyelet we used the GRASP technique and observed reconstituted GFP in the accessory 

medulla and its ventral elongation, suggesting a direct interaction of the PDF-neurons with 

the H-B eyelet. In order to investigate, whether the interaction is functional in the adult 

brain we used an ex vivo live-imaging approach on adult Drosophila brains with attached 

lamina and H-B eyelets. We expressed an ATP-receptor, which functions as a ligand-

gated ion channel, in the Rh6-positive receptor cells and were thereby able to activate 

these neurons upon application of ATP (Yao et al., 2012). Employing both the GAL4/UAS-

system and the lexA/lexAop-system, we could simultaneously image from the lateral clock 

neurons. Using different second messenger sensors we demonstrate a significant 

increase of cAMP and Ca2+ after the activation of the Rh6-positive neurons, which was 

restricted to the sLNv. This response could principally derive from histamine signaling via 
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the compound eyes and/or the H-B eyelet or from cholinergic signaling stemming from the 

H-B eyelet. Imaging experiments, in which histamine was bath-applied, did not show any 

increase of either cAMP or Ca2+ in any of the lateral neurons, whereas a previous study by 

Lelito and Shafer (2012) demonstrated the increase of cAMP and Ca2+ upon stimulation 

with cholinergic agonists, indicating that the responses observed after the activation of the 

Rh6-positive neurons in our experiments derives from the cholinergic input from the 

eyelet. 

To test whether this cholinergic input of the eyelet is relevant for phase-shifting the 

circadian clock of Drosophila, we investigated locomotor activity rhythms of adult flies after 

temporal activation of the eyelet. As described in section 1.3, a light pulse at a certain time 

of the subjective night phase shifts behavioral rhythms in the fly. We aimed not to excite 

Cryptochrome, which causes the main phase shifts by light, and therefore took advantage 

of UAS-TrpA1, an ion channel, which is closed at low, but opens at high temperatures. By 

applying a heat-pulse to w1118;hdcJK910;rh6-GAL4/UAS-TrpA1 flies in the subjective night, 

we temporally activated the Rh6-positive neurons, but simultaneously impaired histamine 

signaling due to the hdcJK910 mutation that blocks histamine synthesis. In this way we 

could investigate the consequences of the cholinergic input from the H-B eyelet on the 

phase of the clock. Our experiments show that flies significantly phase-advance their 

behavioral rhythms, upon activation of the H-B eyelet at two different time-points in the 

subjective night. This indicates that the cholinergic connection of the H-B eyelet is relevant 

for phase advancing the clock.  
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4. Discussion 

4.1. The compound eyes mediate behavioral adaptations to more natural light regimes 

Two main factors influence spontaneous locomotor activity of animals: 1) environmental 

stimuli to which animals respond immediately and that allow rapid, adequate changes of 

behavior (e.g. increasing or decreasing activity) 2) clock controlled processes, which 

affect the activity cyclically on a longer time scale. Both factors have the adaptive value of 

confining the animals to their temporal niche (Redlin, 2001). However, in terms of 

locomotor activity it is often hard to separate these two factors, as spontaneous behavioral 

responses frequently hide the output of the endogenous clock. Therefore, direct 

responses of the animals to the environment are also referred to as "masking"-effects 

(Mrosovsky, 1999). In this study I only focused on the effects of light on locomotor activity 

of flies, but already simple changes in light conditions evoke both, masking and entraining 

effects in behavior. As mentioned above, separating these effects is most of the time hard, 

but studies in various animals already attributed different photoreceptors to masking and 

entrainment responses: In silk moths and fruit flies an increase in the eclosion rate directly 

after lights-on was observed. This is regarded as a masking effect, as it disappears as 

soon as the animals are transferred into constant darkness. Furthermore, this effect was 

attributed to the compound eyes of the animals, as the effect was absent in eyes absent 

mutants (fruit fly) or when the eyes were removed surgically (moths) (Engelmann and 

Honegger, 1966;  Truman, 1972). Masking effects cannot only be found in the eclosion 

rhythm; also the adult locomotor activity is composed of masking and entrainment effects, 

especially under rectangular LD regimes. First of all, absolute darkness during the night 

strongly suppresses activity, but the most prominent “masking”-effect is a sudden increase 

in activity when lights are switched on, which is referred to as "startle response" 

(Hamblen-Coyle et al., 1992;  Wheeler et al., 1993). This effect was also shown to depend 

on functional compound eyes, but not on the blue-light pigment Cryptochrome (Rieger et 

al., 2003). These results indicate that the compound eyes play an essential role in direct 

responses of the animals´ behavior and physiology. But their role is certainly not restricted 

to masking, as only flies lacking all known photoreceptors were not able to entrain to LD-

regimes, whereas flies lacking either the compound eyes or Cryptochrome were still able 

to, indicating that the compound eyes entrain the clock neurons via an up to now unknown 

mechanism. It was suggested by several groups, that the large ventro-lateral neurons 

receive light information from the compound eyes, but this has not been proven so far 

(Helfrich-Förster, 2014). 
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As the endogenous output of the clock is often masked by direct responses to 

light, there are different light regimes applicable that encounter this problem and that can 

be used in behavioral experiments instead of rectangular LD-cycles. One possibility is to 

change the photoperiod, as the endogenous M and E activity bouts are often uncoupled 

from lights-on or lights-off under short or long days, respectively. Another possibility is to 

mimic more natural light conditions, a strategy that we pursued in this study. On the one 

hand, this provides the possibility to understand the behavioral data of fly locomotor 

activity recorded in nature-like conditions (Vanin et al., 2012;  De et al., 2013) and on the 

other hand it might enable us to separate masking from real entrainment. Our first attempt 

was to investigate the effect of moonlight, as our lab already obtained promising results in 

the past: moonlight simulation at night significantly reduced the startle response at lights-

on and the inhibition of activity during the night vanished completely. On the contrary, 

moonlight even stimulated nocturnal activity (Kempinger et al., 2009). In addition, it 

advanced the M and delayed the E activity peak, respectively. (Bachleitner et al., 2007). 

Both effects depend on the presence of the compound eyes, as eyeless flies neither shift 

their activity maxima nor increase nocturnal activity in LM conditions. Even though both 

effects are caused by the compound eyes, they belong to different pathways: The shifts in 

peak timing are caused by an entraining signal, as it coincides with phase changes of 

PER/TIM cycling in clock neurons controlling M and E activity (Bachleitner et al., 2007). 

On the other hand the increase of nocturnal activity is a direct response to dim light at 

night, as it is also present in clock mutants (Kempinger et al., 2009). Therefore LM-cycles 

appear to be an ideal model for studying the contribution of different receptor cells in 

masking and/or entrainment. In the present study WT flies showed in general the same 

behavioral changes as described previously. However, the differences in nocturnal activity 

and E peak timing were not as severe as described in Bachleitner et al. (2007), probably 

because of the more precise way of monitoring locomotor activity in the present study 

(Schlichting et al., 2014). Whereas in the former study only a "yes-or-no"-response within 

a four-minute interval was counted as activity, we were able to register the exact number 

of beam crosses in one-minute intervals, leading to a quantitative measurement of activity 

levels. Nevertheless, even though there are quantitative differences between the two 

studies, we could again demonstrate that the compound eyes are essential for the 

increase of nocturnal activity as well as the shift of M and E peaks. By investigating 

different rhodopsin mutants, we aimed to separate masking from entrainment and to 

confine a certain function to each of the receptor cells, which, unfortunately, turned out to 

be impossible even under LM conditions: only flies, in which we manipulated outer and 

inner receptors (ninaE17rh61) were neither able to increase nocturnal activity nor delay 

their E peak, whereas mutants lacking inner or outer receptors (ninaE17 and 
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rh52;rh31rh41rh61) alone were not able to delay their E peak but were still able to slightly, 

but significantly, increase nocturnal activity levels upon moonlight simulation (Schlichting 

et al., 2014). These findings suggest that inner and outer receptors work together in fine-

tuning behavioral adaptations to moonlight simulation. A "cooperation" between different 

photoreceptor cells as the here reported one between inner and outer receptors had 

already been proposed by several studies (Jacob et al., 1977;  Yamaguchi et al., 2008;  

Yamaguchi et al., 2010). The sophisticated study of Wardill et al. (2012), which combined 

genetic manipulation of rhodopsin expression with electrophysiological and behavioral 

experiments, finally confirmed a connection between R8 and R1-6. Hence, we were not 

able to assign masking/entrainment pathways to specific receptor cells of the compound 

eyes, but were able to show a complex interaction of all receptor cells in adjusting 

Drosophila´s activity pattern. 

Along our aim to unravel the significance of more natural light conditions for the 

locomotor activity pattern of Drosophila, we continued with the investigation of twilight 

conditions. We did so, as a previous study had shown that the M peak is significantly 

delayed, whereas the E peak is significantly advanced when twilight is simulated and that 

both peaks occur during dawn and dusk, respectively, at a light intensity of approximately 

5 lux (Rieger et al., 2007). However, this previous study left some open questions: 1) Are 

the shifts of M and E peaks directly mediated by the increase/decrease of the light 

intensity (masking) or are they caused by a shifted PER/TIM cycling in the clock neurons 

as observed in moonlight conditions? 2) Which photoreceptors contribute to these 

behavioral changes? To answer the first question, we recorded the clock mutants per01 

and tim01 under rectangular light-dark-cycles (LD) and light regimes simulating gradual 

increases/decreases of light intensity in the morning or evening, respectively (LDR). 

Under LD conditions the mutants showed the startle response to lights-on, but lacked WT-

like siesta or the anticipation of E activity. This, however, changed upon simulation of 

twilight: Both mutants exhibited an activity pattern with an M activity maximum around 

dawn and an E activity maximum around dusk. Especially when light intensity 

increased/decreased within 4.5 h each, the activity patterns of WT and clock mutants 

became almost indistinguishable from each other (with the exception of reduced activity 

during midday and night in WT) (Schlichting et al., submitted-b). This is in accordance to 

studies of flies and mice in the wild, as these experiments revealed that the behavior of 

clock mutants is rather similar to WT animals under natural conditions, a finding that had 

not been observed in standard rectangular LD regimes in the lab (Daan et al., 2011;  

Vanin et al., 2012). Interestingly, we observed the same phenomenon in the lab by 

changing only the light regime to a more natural condition. This indicates that especially 

the gradual changes of light intensity during dawn and dusk are important signals guiding 
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the behavior of animals. In nature, the activity pattern of clock mutants might appear even 

more similar to WT, as other Zeitgebers like temperature and humidity also cycle in the 

course of a day and therefore also influence the animals behavior either directly (masking) 

or as an entraining signal. Taken together these results suggest that the sharp peaks 

during dawn and dusk observed in Rieger et al. (2007) are masking effects with the 

increase/decrease of light intensity directly influencing the fly´s activity. However, not all of 

the fly´s behavioral changes are masking effects, as we also observed differences in daily 

TIM cycling in M and E cells. Even though the timing of the staining intensity maximum (= 

protein maximum) did not change, TIM accumulated earlier in the cytoplasm and was 

detectable for longer time after lights-on in the nucleus (Schlichting et al., submitted-b).  

But, are these changes in TIM-cycling mediated by the compound eyes or by CRY 

which is present in half of the clock neurons? We were able to show that CRY is 

responsible for the change in TIM cycling, whereas the sharp peaks in activity around 

dawn/dusk are singularly caused by the compound eyes. This again suggests that the 

compound eyes are important organs causing direct responses such as the startle 

response, the increase of nocturnal activity in moonlit nights as well as the shift of the 

activity into dawn/dusk when twilight is simulated (Wheeler et al., 1993;  Kempinger et al., 

2009). 

Summing up, the results obtained so far show one thing very clearly: Twilight and 

moonlight have antagonistic effects on the behavior of Drosophila with twilight shifting the 

activity peaks into the day and moonlight shifting them into the night. We further know that 

a high portion of the behavioral changes are directly mediated by light input deriving from 

the compound eyes. However, the question remains, which light stimulus is the dominant 

one and which photoreceptors of the compound eyes mediate twilight responses. To 

unravel this, we investigated flies in a condition simulating dawn and dusk during the day 

and applying moonlight at night (LMR). Our results indicate that twilight dominates over 

moonlight in adjusting the activity pattern of Drosophila. Even though the nocturnal activity 

was still increased in moonlit nights compared to dark nights, the activity spent during the 

night was significantly reduced in LMR compared to rectangular LM cycles. On the other 

hand all activity peaks occurred during dawn or dusk, respectively, and were not shifted 

into the night. The investigation of different photoreceptor mutants confirmed our previous 

results with the compound eyes being essential for twilight and moonlight detection. 

However, the phase-advancing effect of the E peak seems to depend on the inner 

receptor cells R7 and R8, whereas the reduction of nocturnal activity again seems to be 

due to an interaction of inner and outer receptor cells, with a special importance of Rh6 

(Schlichting et al., in press).  
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The open question remains, whether the behavior we observed in LMR conditions 

is comparable to the behavior of flies in nature. A previous study showed that in spring 

and autumn flies display a bimodal activity pattern in nature with an M and an E peak 

occurring during dawn/dusk respectively, which we were able to reproduce in our 

experiments in the lab (Vanin et al., 2012;  Schlichting et al., submitted-b). In summer a 

third activity peak appeared in nature, the so called afternoon (A) peak, which seemed to 

be clock controlled, as it was differently phased in short and long period mutants. In our 

experiments, in which exclusively overall light intensity and the dynamics of light intensity 

were altered, we were not able to observe this A peak in any of our experiments. This 

appears to be due to the low temperature of 20°C that we applied in our studies. By 

mimicking hot summer days in the lab Menegazzi et al. (2012) demonstrated that the A 

peak only occurs when temperature rises above 30°C, which appears to be 

disadvantageous for the flies and cause an escape response. The clock appears to 

modulate (suppress) this response, as clock mutants showed a significantly higher A 

peaks compared to WT flies. A second astonishing result of Vanin et al. (2012) was that 

the clock mutants per01 and tim01 appeared to behave almost identically to WT flies in 

nature. This is not only restricted to Drosophila, but identical results were also observed in 

mice being monitored outdoors (Daan et al., 2011). In our twilight experiments we were 

able to observe similar things. Especially when the increase/decrease of light intensity 

was performed over 4.5 hours each, WT flies and clock mutants behaved almost 

identically. This astonishing behavior appeared to be mediated by light input from the 

compound eyes, which directly stimulates the activity of the fly, independent of a 

functional clock (Schlichting et al., submitted-b). Similar mechanisms might have caused 

the WT behavior of clock mutants in the outdoor experiments. However, the 

synchronization of the animals´ behavior might have been masked even stronger in the 

experiments of Vanin et al. (2012) as not only light was altered in this case, but also 

temperature, humidity and noise are cycling during the change of day and night. These 

factors might also directly affect the behavior of flies and mice in the wild. However, the 

almost WT-like behavior of per01 and tim01 might not only be mediated by masking, as 

several studies discuss a residual clock in these mutants (Helfrich and Engelmann, 1987;  

Yoshii et al., 2002;  Collins et al., 2005). As the molecular clock mechanism is composed 

of several interlocked feedback loops, these mutations only interfere with the core-loop, 

allowing the second interlocked loop to retain some residual clock function. The reason for 

this discussion is that single tim01 or per01 mutants sometimes still exhibit a bimodal 

activity patterns and are able to maintain a rhythm for one or two days in DD before they 

get arrhythmic (Bywalez et al., 2012). Also in the present study especially some of the 

tim01 flies showed M and E activity peaks, even though the reduction of the siesta was not 
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as prominent as in WT flies (Schlichting et al., submitted-b). If these mutants indeed 

possess a residual clock, multiple Zeitgebers in nature might additionally improve the 

synchronization of the fly´s behavior. Therefore it might be worth to investigate mutants, 

which are expected to display a stronger phenotype, as their gene products represent key 

features in several feedback loops, such as clkJRK, clkAR or cyc01. We also recorded clkJRK 

flies in twilight conditions (data not shown) and just like tim01 and per01 the flies showed 

sharp peaks around dawn and dusk. However, this particular mutant also carries some 

disadvantages: On the one hand it is marked by a scarlet (st1) mutation affecting the 

pigmentation of the eye, which is disadvantageous when investigating an effect mediated 

by the compound eyes. On the other hand the flies show a significantly higher dopamine 

signaling, which is thought to cause high levels of activity during the night (Kumar et al., 

2012). Nevertheless the mutant shows an M activity peak during dawn and an E activity 

peak during dusk, again stressing the hypothesis that these sharp peaks in twilight 

conditions are caused by the gradual changes of light intensity. 

Even though a lot of our results fit to the results of Vanin et al. (2012), flies recorded 

outdoors never became nocturnal like WT flies did under LM conditions in the lab. 

Furthermore, Vanin et al. (2012) did not observe a difference in nocturnal activity in full-

moon or new-moon nights, which argues against our theory of nocturnal light stimulating 

the activity of the flies. One reason for this difference might be the low temperatures 

during the night outside, which would cause a waste of energy for the flies when being 

active, in contrast to the temperature in our lab experiments, which was set to 20°C during 

day and night. A second reason, why the authors were not able to identify any difference 

between full-moon and new-moon nights, might be that in nature complete darkness is 

never achieved: Even though moonlight intensity varies, starlight or "light pollution" from 

the surrounding cities/villages is always present. More studies in the lab systematically 

varying "moonlight" intensity would be necessary to investigate this further. In this respect, 

another interesting question arises: how big does the difference in light intensity have to 

be between day and night in order to allow the fly to interpret the light regime as "day and 

night" or constant light. On the one hand the Drosophila clock is extremely light sensitive 

due to the photon-integrating function of CRY (Hirsh et al., 2010;  Vinayak et al., 2013). 

On the other hand similarly high light intensities during day and night would degrade TIM 

in similar ways, thereby strongly interfering with the molecular clock mechanism. A third 

reason why these high levels of nocturnal activity are not present in outdoor experiments 

might be due to the dominating effect of twilight over moonlight. In our lab experiments we 

were able to show that the E peak of WT flies always occurs during dusk as soon as 

twilight is simulated (Schlichting et al., in press). Another effect of simulated twilight is the 
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reduction of activity during the night, which might be even more obvious in nature as low 

temperatures during the night inhibit fly activity. 

 

4.2. The compound eyes and CRY in the clock neurons have antagonistic effects on 

timing Drosophila behavior 

Even though the compound eyes mediate many direct responses to light, their function is 

not restricted to masking. Only flies lacking signaling from Cryptochrome and the visual 

system are "circadianly blind", meaning that they fail to entrain to the changes of light and 

dark (Helfrich-Förster et al., 2001). Flies lacking CRY (cry01, cryb) are still able to entrain to 

LD cycles, although the re-entrainment to shifted LD-cycles takes longer than in WT flies 

(Stanewsky et al., 1998;  Emery et al., 2000;  Dolezelova et al., 2007). Furthermore, flies 

lacking CRY still show shifts in their free-running behavior when a light pulse is applied 

during the subjective night, even though the amplitude of this shift is severely reduced 

compared to WT flies (Kistenpfennig et al., 2012). All of these results indicate that CRY 

within the clock neurons is an essential component of the Drosophila light entrainment 

pathway, but that the compound eyes suffice to entrain the circadian clock to the changes 

of day and night via a so far unknown mechanism. It is proposed that the eyes contact the 

large ventro-lateral neurons, as these send their projections into the medulla, the region in 

which the axons of receptor cell 7 and 8 terminate (Helfrich-Förster, 2014). However, it is 

unknown, whether this contact is direct or mediated by inter-neurons exacerbating the 

investigation of visual input to the clock.  

The opposite is true for CRY, for which the interaction with the core clock 

components is well understood: CRY is activated by light and directly binds TIM. This 

interaction leads to the degradation of TIM in the proteasome and hence resets the clock 

to the changes of day and night (Hunter-Ensor et al., 1996;  Myers et al., 1996;  Zeng et 

al., 1996;  Ceriani et al., 1999). The investigation of trp- or trpl-mutants, which prevent the 

photoreceptor cells from depolarizing, revealed, that the flies are still able to synchronize 

to the changes of day and night but show a perturbed entrainment (Yang et al., 1998). 

The same was true for flies lacking the compound eyes (clieya) or compound eyes plus 

ocelli (so1). Even though CRY is still present in the different clock neuron clusters, these 

flies showed perturbed entrainment under LD12:12 (Helfrich-Förster et al., 2001). 

Especially the investigation of eyeless mutants under long and short photoperiods 

revealed that CRY alone is not able to entrain the behavioral rhythms of Drosophila in an 

appropriate way, as 70% of the clieya and so1 flies were not able to entrain to LD 20:4, but 

showed free-running behavior with a longer period instead (Rieger et al., 2003). Taken 

together, these studies strongly suggest that both, the visual system and CRY contribute 
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to the entrainment of the fly. However, under certain conditions, none of these pathways is 

essential for entraining the flies´ behavior, as either of them suffices to entrain the 

locomotor activity rhythm of the fly. How the two different mechanisms interact or lead to 

wild-type behavior remains unknown.  

Here, I investigated the behavior of WT, eyeless and CRY-less flies under LD and 

LM conditions. Already under LD 12:12 the flies appeared to behave differently: whereas 

the E peak of WTCantonS was masked by lights-off, the E peak of eyeless flies was 

significantly advanced compared to the control, indicating that the light input from the eyes 

to the clock phase-delays the E peak (Schlichting et al., 2014). On the contrary, the E 

peak of cry01 flies was not significantly different from WT. However, the onset of E activity 

appeared later in the mutant and the E peak appeared not to have reached its full height, 

when lights were switched off. This indicates that cry01 mutants have a late E activity but 

that the inhibition of activity by complete darkness might hinder the E peak from appearing 

during the night (Schlichting et al., submitted-a). This inhibition of activity in darkness 

disappears, however, in LM conditions. As described previously, moonlit nights lead to an 

increase of nocturnal activity, an advance of the M and a delay of the E peak compared to 

completely dark nights (Bachleitner et al., 2007;  Kempinger et al., 2009). Investigating the 

above mentioned flies under LM conditions showed a more severe phenotype: WT flies 

significantly delayed their E peak by approximately 30 min, meaning the E peak occurred 

shortly after lights-off at the beginning of the night. On the contrary, eyes absent mutants 

did not change their E peak timing upon moonlight simulation, clearly showing that the 

compound eyes, but not Cryptochrome are needed for phase delaying the E peak in 

moonlit nights (Schlichting et al., 2014). As the E peak was already significantly advanced 

in eyes absent flies compared to WTCantonS in LD, this difference appeared to be even 

bigger under LM conditions. Eyeless flies still showed an advanced E peak, whereas WT 

flies significantly delayed it. However, from this we are not able to conclude that this 

phase-delaying effect is singularly mediated by the compound eyes. Flies lacking CRY 

showed a significantly delayed E peak in LM conditions compared to WT flies, which is 

consistent with the finding that the E peak appeared to be not at its real maximum in LD. 

These findings strongly suggest that the compound eyes and CRY have antagonistic 

effects on timing the E peak: Whereas CRY phase advances the E peak, meaning it 

keeps the peak during the day, the compound eyes appear to have a delaying effect 

(Schlichting et al., submitted-a). Assuming this hypothesis is right we are able to explain 

our results in an appropriate way: Eyes absent flies lack the phase-delaying effect from 

the compound eyes and therefore the phase-advancing effect remains, leading to an 

advanced E peak compared to WT flies. In contrast, cry01 flies only retain the phase-

delaying effect of the compound eyes but lack the phase advancing-effect of CRY and 
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therefore show an E peak significantly later compared to WT flies. In WT flies both effects 

are present, which leads to an intermediate response, which is the case as the activity 

peak of WTCantonS was in between cry01 and eya2. Along this argumentation the 

investigation of long photoperiods should give similar results with an E peak occurring 

significantly earlier in eyeless flies and significantly later in cry01 flies. Indeed, eyeless flies 

have been shown to have an early peak under long photoperiods (Rieger et al., 2003). 

Furthermore, very recently, Yoshii et al. (2015) were able to show that the E peak of cry01 

flies appeared significantly later than in controls under long photoperiods. Moreover this 

appeared to be independent of the compound eyes, but singularly caused by CRY in the 

E cells (3 LNd and 5th sLNv), which was shown by rescuing CRY using different GAL4 

driver lines that express in different neuronal clusters. These results strengthen our 

hypothesis. 

Interestingly, Yoshii et al. (2015) found that it is CRY in the evening neurons that 

controls the timing of the E peak. In their experiments they used the GAL4-UAS system to 

rescue CRY in these neurons. In our moonlight experiments we were also able to show 

that CRY in the E neurons is essential for phase-advancing the E peak by using a 

different approach. In our experiments we used RNA interference to knock down CRY 

specifically in the CRY positive LNd and the 5th sLNv that belong to the E neurons. We 

were able to show by ICC that this knockdown drastically reduces CRY levels in these 

cells, showing that the UAS-cryRNAi line is sufficiently working. By knocking down CRY in 

the E neurons we were able to reproduce the phenotype of cry01 in LM, strongly 

supporting the idea of Yoshii et al. (2015) that CRY in the E cells is important for phase-

advancing the E peak (Schlichting et al., submitted-a). The question remains, however, 

how the compound eyes contribute to clock synchronization. For a long time it has been 

hypothesized that the compound eyes signal to the lLNv which then integrate these signals 

(Helfrich-Förster, 2014). Electrophysiological recordings from lLNv showed that the 

neurons respond to the application of histamine, the neurotransmitter of the compound 

eyes, with a reduction in firing rate (personal communication of Dr. Edgar Buhl), strongly 

supporting this hypothesis. Furthermore, hdcJK910 mutants showed a significantly 

advanced E peak already in LD 12:12, indicating that the histamine signaling from the 

compound eyes via the lLNv is able to phase delay the E peak (Schlichting et al., close to 

submission). However, the lLNv do not belong to the neurons controlling the phase of the 

E peak and therefore a connection between the lLNv and the E neurons must exist. This 

connection is most probably mediated via PDF, as pdf01 mutants show a significantly 

advanced E peak in LD, just like flies lacking input from the compound eyes do (Renn et 

al., 1999;  Yao and Shafer, 2014). The inhibition of the PDF-neurons by histamine might 

affect PDF release and therefore alter the communication to PDF-receptor (PDFR) 
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positive neurons. Further experiments rescuing the PDFR in specific groups of neurons 

will be useful to answer this question. An indication for this is already included in the study 

of Bachleitner et al. (2007): In this study the PER staining intensity maximum appeared 

significantly later under moonlight conditions compared to rectangular LD cycles in the 5th 

sLNv (one of the E neurons). Latest studies showed, however, that PDF leads to an 

increase of cAMP in PDFR-positive neurons and hence stabilizes PER (Li et al., 2014). 

Therefore, the delay of PER cycling might be caused by the stabilization of PER via PDF 

signaling from the lLNv. Considering the present results and those of Yoshii et al. (2015), 

Bachleitner et al. (2007) and Rieger et al. (2003) together, it becomes evident that CRY in 

the E neurons and the compound eyes work antagonistically on timing the E activity bout. 

 

4.3. CRY in the compound eyes contributes to visual input 

As described in section 1.3, CRY is an essential component of the light-resetting 

mechanism of the circadian clock. Upon illumination CRY undergoes a conformational 

change, gets activated, binds TIM and leads to its degradation via the proteasome. 

However, the mechanism how this conformational change is achieved remains so far 

unknown (Ozturk et al., 2014). Studies ablating the C-terminal 20 amino acids (aa) tail 

render CRY constitutively active, which led to the suggestion that light at least affects 

these 20 aa in wild-type CRY (Dissel et al., 2004). However, several studies focused on 

the conformational change of Cryptochrome. Purified dCRY contains the two-electron 

oxidized FADox form. Upon illumination with blue light, which is the main absorption range 

for CRY, this oxidized form is transferred into a semiquininone (FAD-) and this transition 

has been thought to cause the conformational change (Berndt et al., 2007). However, a 

recent study challenged this point of view, suggesting that the oxidized form of dCRY is 

caused by the purification protocol of the protein, assuming that some other mechanism 

must be responsible for the conformational change (Kavakli and Sancar, 2004;  Ozturk et 

al., 2014). Even though the detailed mechanism of how CRY is activated by light is still not 

understood, its function in clock synchronization or magneto-sensation has been 

described by several studies (Yoshii et al., 2009;  Fedele et al., 2014). In collaboration 

with Prof. Rodolfo Costa we were now able to unravel an additional role of CRY in the 

visual system. Yoshii et al. (2008) already demonstrated that CRY is highly expressed in 

the compound eyes, although the sub-cellular location was not determined. In our studies 

we were able to show that CRY is present in all photoreceptor cells and that it is not only 

located in the cell bodies, but also within the rhabdomeres, the site where the 

phototransduction cascade takes place (Schlichting et al., submitted-a). Whereas light 

leads to rapid CRY degradation in the clock neurons (Hunter-Ensor et al., 1996;  Myers et 
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al., 1996;  Zeng et al., 1996), CRY appeared to be stable within the rhabdomeres of the 

compound eyes. This suggests that either the ubiquitin-ligases necessary for degradation 

via the proteasome are not expressed in the compound eyes or that CRY is actively 

bound to the rhabdomere and hence is protected from degradation. The stability of CRY 

even after illumination suggests that the molecule could indeed be involved in 

phototransduction (Mazzotta et al., 2013). This hypothesis is strengthened by in silico 

analysis as well as yeast-2-hybrid and CoIP experiments, confirming that CRY is able to 

interact with members of the phototransduction cascade via the scaffolding protein inaD 

as well as with F-Actin. Together with the subcellular localization of CRY within the 

rhabdomeres this strongly suggests that CRY might affect vision (Mazzotta et al., 2013;  

Schlichting et al., submitted-a). And indeed cry01 mutants showed significantly reduced 

levels of phototaxis as well as optomotor response (Mazzotta et al., 2013). However, 

these behaviors are far downstream of the processing cascade of visual input to the brain 

and many other aspects might contribute to changes in behavior of cry01 mutants. One of 

these factors might also be the processing of light information in the different optical 

neuropils. The axons of R1-6 terminate in the lamina, the first optic neuropil. Recent 

studies showed that these are important for dim light and motion detection, indicating that 

the processing within the lamina might already influence the performance index in 

optomotor response experiments (Yamaguchi et al., 2008). Several studies showed that 

the lamina is a site of pronounced circadian plasticity and that rhythmical morphological 

changes in interneuron- and glia-size take place (Pyza and Meinertzhagen, 1995). Further 

analysis revealed that CRY mediates the cycling of a Na+/K+-ATPase α subunit in the 

lamina, which could affect visual behavior (Damulewicz et al., 2013). The contribution of 

this neuronal plasticity on the phototaxis and/or the optomotor response should be, 

however, rather negligible, as we were able to fully rescue the behavioral phenotype of 

cry01 flies by expressing CRY only in R1-6. The same is true for locomotor activity 

rhythms: WT flies significantly increased nocturnal activity with increasing daylight 

intensity, which was less pronounced in cry01 flies. This phenotype was also rescued by 

expressing CRY within R1-6 (Schlichting et al., submitted-a). With the help of our newly 

cantonized cry01 mutant we were further able to investigate the ERG response of this 

mutant. Interestingly CRY seems not to work as a photoreceptor per se, but appears to 

modulate light adaptation. One possible mechanism would be that CRY keeps the 

signalplex close to the F-Actin filaments in the rhabdomere. This would be possible as 

yeast-2-hybrid and CoIP assays showed that CRY is able to interact with three different 

forms of F-Actin, which are encoded by different genes in Drosophila. Further studies 

proving the role of CRY in phototransduction will be necessary, but our data strongly 

suggest that CRY is able to alter visual inputs from the compound eyes to the central 
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nervous system. This input appears to be strong enough to alter visual behavior and 

influence the ratio of diurnal/nocturnal activity in locomotor activity rhythms. 

 

4.4. The Hofbauer-Buchner eyelet acts as a functional photoreceptor to entrain the 

clock 

Besides the compound eyes and CRY, Drosophila possesses two additional types of 

photoreceptive organs: three ocelli on the vertex of the head in between the two 

compound eyes and two Hofbauer-Buchner eyelets which are located on the surface of 

the lamina in both hemispheres. Even though the ocelli are located rather close to the 

dorsal neuron clusters of the circadian clock, so far no connection between the two 

systems is known. On the contrary, the axons of the H-B eyelets directly innervate the 

accessory medulla, to which most clock neuron clusters send arborizations. Such an 

overlap with fibers from the clock neurons is also observed for the Bolwig organ (BO), the 

precursor of the H-B eyelet in larvae (Helfrich-Förster et al., 2002). In this case, even a 

functional connection between BO and the clock neurons (sLNv) has been demonstrated 

(Wegener et al., 2004) that might persist into adulthood. However, during metamorphosis 

BO undergoes several changes: 1) Its location moves from anterior to the margin of the 

lamina, 2) only four of the 12 larval cells building up Bolwig organ persist into adulthood, 

3) these four neurons switch their photopigment from Rh5 to Rh6, and 4) a switch of the 

neurotransmitter from acetylcholine to histamine occurs (Helfrich-Förster et al., 2002;  

Sprecher et al., 2007;  Sprecher and Desplan, 2008). Nevertheless, the switch in 

neurotransmitters may be incomplete, since the adult H-B eyelet still expresses the 

enzyme choline acetyltransferase that is necessary for acetylcholine synthesis (Yasuyama 

and Meinertzhagen, 1999). Thus, the H-B eyelet may use acetylcholine in addition to 

histamine. Indeed, Lelito and Shafer (2012) found that the sLNv of adult flies still respond 

to acetylcholine as they do in larvae; but, they did not respond to histamine. To test, 

whether this acetylcholine stems from the H-B eyelet, we electrically activated the eyelet 

and simultaneously measured cAMP and Ca2+ in the sLNv and lLNv. This study was done 

in collaboration with Prof. Orie Shafer and clearly showed that the eyelet activation 

provokes a rise of cAMP and Ca2+ in the sLNv but not in the lLNv (Schlichting et al., close 

to submission). This strongly suggests that the release of acetylcholine from the H-B 

eyelet is responsible for this neuronal response. This would make sense, as our 

investigation of the rh6-GAL4 expression pattern clearly showed that the axons of the 

eyelet terminate in the accessory medulla close to the sLNv. GRASP experiments further 

suggested that the eyelet and the PDF-neurons share synapses (Schlichting et al., close 
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to submission). Even though GRASP is not a direct proof of synaptic interaction, the 

physiological response in the sLNv to the eyelet activation strongly suggests that this 

interaction is direct. Furthermore, in the blowfly Protophormia terraenovae electron 

microscopy studies revealed synapses between the Pt-eyelet (the extra-retinal eyelet of 

the blowfly) and the PDF-neurons in the fly, suggesting that this connection might also be 

direct in D. melanogaster (Yasuyama et al., 2006). To further confirm the role of this 

acetylcholine mediated response of the clock, we also recorded locomotor activity rhythms 

of the fly. By activating the rh6-GAL4 neurons in the hdcJK910 mutant background we were 

able to narrow down the signaling to the eyelet via acetylcholine. Our results show that the 

activation of the eyelet slightly phase shifts the activity rhythm of the fly. We found 

significant advances of the rhythm when the eyelet was activated around ZT14 or ZT22 

(Schlichting et al., close to submission). This suggests that the H-B eyelet is most 

probably only able to phase-advance the clock, which is in contrast to previous studies 

showing that the eyelet mainly mediates phase-delays (Helfrich-Förster et al., 2002). The 

main difference between the two studies lies in the investigated mutants: In order to draw 

conclusions on the eyelet Helfrich-Förster et al. (2002) compared so1 (lacking compound 

eyes and ocelli) and so1 gl60j (lacking compound eyes, ocelli and H-B eyelet) flies in their 

ability to phase delay their activity rhythm and showed, that the eyelet is important for 

phase-delaying the clock. However, a more recent study showed that glass-mutants also 

lack a part of the dorsal clock neurons, which could be one reason for the differences in 

phase shifting between the two investigated genotypes (Helfrich-Förster et al., 2007a). 

The significance of the H-B eyelet for clock synchronization, especially in phase delaying 

the clock, was further analyzed by Veleri et al. (2007). They did not use anatomical 

mutants in order to exclude signaling from the compound eyes, but used the norpAP41 

mutant, which is a mutant for phospholipase C and hence blocks phototransduction 

without degeneration of the compound eyes. In addition they introduced a cryb mutation so 

that only input via the H-B eyelet is left. Their study showed that flies lacking signaling 

from the compound eyes and CRY are still partially able to entrain to a light-dark cycle. 

Surprisingly these flies showed a lights-on response, which we did neither see in our eyes 

absent flies nor in flies being deficient in histamine signaling. When the authors further 

blocked signaling of the rh5-expressing neurons using TTX, none of the flies was able to 

re-entrain to a phase delay of 6 hours. The authors attributed this to the signaling of the H-

B eyelet on the clock, but by expressing TTX using rh5-GAL4 also 30% of R8 in the 

compound eyes are affected. In our study we were nicely able to show that R8 does 

contribute to the entrainment of the clock, as flies lacking the photopigments in R8 

(rh52;rh61 mutants) showed a significantly advanced E peak in LD 12:12, just like flies 

lacking signaling from the eyes (Schlichting et al., 2014;  Schlichting et al., in press). 
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Therefore the influence of the compound eyes cannot be neglected, especially since a 

recent study showed that signaling from Rh5 and Rh6 expressing neurons might be 

independent of phospholipase C (Szular et al., 2012). If true, this would mean that 

norpAP41 flies still retain reduced signaling from the compound eyes, which would fit to the 

behavioral lights-on response observed in the mutants. Therefore, the lack in phase 

delaying might also derive from the input of the compound eyes, as we were nicely able to 

show that input from the compound eyes is important for phase delaying the activity of the 

flies (Schlichting et al., submitted-a). 

Whereas all up to now published data rather suggest a phase-delaying effect of the 

eyelet, our data strongly suggest a phase advancing effect. In the previous studies the 

conclusions were drawn either by completely disrupting the visual system or by blocking 

the signaling from the H-B eyelet using TTX, whereas we activated the eyelet in the 

hdcJK910 mutant background. This means that the previous studies compared flies with an 

intact eyelet and flies lacking the eyelet, whereas we only blocked one of the possible 

signaling mechanisms via histamine, but retained acetylcholine signaling. Thus, a possible 

explanation for the discrepancy between our data and previous studies is that the eyelet is 

able to phase-delay the clock via histamine and phase advance the clock via 

acetylcholine. This may be possible by contacting different neurons, as our GRASP 

staining did not only show labeling in the accessory medulla but also in its ventral 

elongation. Only the lLNv arborize in the ventral elongation suggesting that the eyelet is 

also able to communicate to the lLNv via histamine thereby causing phase delays. As 

stated above Dr. Edgar Buhl observed a reduced firing rate in the lLNvs when applying 

histamine (personal communication), which can also explain the different responses of the 

clock to the two neurotransmitters: whereas ACh activates the neurons and leads to 

increases of cAMP and Ca2+ in the sLNv, histamine reduces the firing and therefore 

silences the lLNv. Further studies will be necessary to unravel the function of the H-B 

eyelet in clock synchronization. However, for such future studies an eyelet-specific driver 

line would be necessary as the differentiation between signaling from the compound eyes 

and/or the eyelet will be hard to achieve otherwise. 
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6.1. Photic Entrainment in Drosophila Assessed by Locomotor Activity Recordings 
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6.2. Moonlight Detection by Drosophila´s Endogenous Clock Depends on Multiple 

Photopigments in the Compound Eyes 
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6.3. Normal Vision Can Compensate for the Loss of the Circadian Clock 
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Significance Statement 

The well-established view that the circadian clock is necessary for normal rhythmic 

behavior was recently challenged for mice and fruit flies, since clock-less mutants showed 

astonishingly normal activity rhythms in nature. Therefore, compensatory mechanisms 

enable clock mutants to live a normal life under natural conditions. Here we show that, in 

fruit flies, normal vision can largely compensate for the loss of the clock and almost 

enable normal daily locomotor activity patterns, although the circadian clock would help to 

reduce futile activity at unfavorable times. Our results are generally encouraging for clock 

mutants: regular exposure to natural light-dark cycles may guarantee a rather normal 

adaptation to cyclic changes in the environment.   
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Circadian clocks are thought to be essential for timing the daily activity of animals 

and consequently increase fitness. This view was recently challenged for clock-less 

mice and fruit flies that exhibited astonishingly normal activity rhythms under 

outdoor conditions. Compensatory mechanisms appear to enable even clock 

mutants to live a normal life in nature. Here, we aimed to unravel these 

mechanisms. We show that gradual daily increases/decreases of light in the lab, 

with all other environmental conditions kept constant, suffice to provoke normally 

timed sharp morning (M) and evening (E) activity peaks in clock-less flies. We also 

show that the compound eyes but not cryptochrome (CRY), mediate the precise 

timing of M and E peaks, since this timing is absent in eyeless but unchanged in 

CRY-less mutants. Eyeless period01 mutants completely lack sharp M and E peaks, 

whereas CRY-less period01 mutants behave essentially like period01 single mutants. 

We conclude that the precisely timed M and E peaks under natural-like conditions 

are not controlled by the circadian clock but by signals coming from the compound 

eyes. Nevertheless, the circadian clock appears critical for keeping activity low 

during midday and midnight, since clock-less flies exhibit a less pronounced siesta 

than wild-types and respond with high activity to twilight exposure in the middle of 

the night. Thus, possessing a clock may help to save energy by reducing futile 

activity. Furthermore, the circadian clock responds to natural-like light-cycles by 

significantly broadening Timeless (TIM) abundance in the lateral clock neurons, and 

this effect is mediated by CRY.  

 The daily pattern of animal behavior is thought to be of critical importance for 

fitness. It is generally assumed that the circadian clock times activity to the optimal time of 

day and that possessing a circadian clock is important for survival and reproductive fitness 

(e.g.(1-3)). This view was recently challenged in mice and fruit flies, because clock-less 

mutants showed almost wild-type activity patterns when exposed to natural-like conditions 

(4-7). In particular, wild-type mice and mutants for the period2 gene (Per2Brdm1) were kept 

in a semi-natural outdoor environment over two years and the differences in activity 

patterns between the two genotypes turned out to be negligible compared to the very 

similar seasonal changes observable in both genotypes (4). Furthermore, the clock 

mutation had no persistent negative effects on fitness. In fruit flies, locomotor activity of 

wild-type and different clock-less mutants was recorded in the traditional glass tubes 

placed outdoors in an area sheltered from rain and direct sunlight (5-7). All genotypes 

showed typical morning (M) and evening (E) activity and virtually no differences in activity 

patterns were observed between clock-less mutants and wild-type flies. 

To determine the timing cues that enable clock-less flies to time locomotor activity 

in a wild-type manner in nature, we recorded locomotor activity of wild-type strain 
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CantonS (WTCANTONS) and of previously studied clock mutants – per01 and tim01 – in the 

lab, where we could precisely define the cyclic environmental conditions. We kept 

temperature and day length constant and only varied the daily light-profile: all flies were 

first exposed to usual lab light-dark cycles (LD) with the light being switched-on/ -off 

suddenly, then to light-dark cycles with simulated twilight (LDR1, R=ramp; (8, 9)) and 

finally to light-dark cycles closely mimicking the light profile occurring in nature (LDR2, 

(10, 11)). We found that the natural-like light profile was sufficient to provoke almost wild-

type like activity patterns in the mutants. 

Next we aimed to unravel the light-input pathways that are responsible for the wild-

type like activity pattern of the mutants. D. melanogaster has several photoreceptors, the 

compound eyes, the ocelli, the extraretinal eyelets and CRY (reviewed in (12)). Among 

these, CRY and the compound eyes have the greatest impact on locomotor activity 

rhythms. CRY is expressed in the majority of Drosophila’s lateral clock neurons (13, 14). 

Upon light-activation, CRY interacts directly with the molecular feedback loop that 

generates circadian oscillations by provoking degradation of the clock protein TIM (15, 16) 

and consequently, the molecular clock is set to a new phase (17). The compound eyes 

only have moderate effects on rhythm phase (18), but they are necessary to adapt fly 

activity to long days (19), to nocturnal dim light (20, 21), as well as to twilight (22). 

To investigate whether CRY or the compound eyes are necessary for a wild-type 

(WT)-like behavior under natural-like light cycles, we recorded mutants without CRY (cry01 

mutants; (23)) or without eyes (eya2 mutants; (24)), as well as mutants that lack the clock 

and additionally either CRY or the eyes under the above mentioned light schedules. 

Furthermore, we measured TIM oscillations in the lateral clock neurons of WT flies and 

cry01 mutants to reveal the effect of natural-like light cycles on the molecular clock. We 

found that CRY is responsible for slight effects of natural-like light cycles on the molecular 

clock, but that the compound eyes are responsible for fly wild-type like activity patterns.  
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Results 

M and E peak timing under simulated twilight is independent of a functional clock  

WT flies showed the typical bimodal activity pattern with M and E activity bouts and a 

pronounced siesta between them under all tested conditions (LD, LDR1 and LDR2; Fig. 

1). In LD, M activity peaked shortly after lights on, E activity shortly before lights off and 

the flies were strongly diurnal as maximally 11.7% of the activity took place at night. Dawn 

and dusk simulation even augmented fly diurnality (Fig. 1C), since the M peak significantly 

delayed and the E peak significantly advanced in LDR1 and even further in LDR2 (Fig. 

1D, E; M peak: F(2,51)=62.573 p<0.001 ; E peak: F(2,52)=84.966 ; p<0.001). 

As reported previously (25-27), per01 and tim01 clock mutants behaved very 

differently from WT flies under conventional LD cycles: they showed no clear M and E 

activity bouts, lacked the siesta and were slightly more active during the night (Fig. 1). 

However, when light-intensity was gradually increased/decreased (LDR1 and LDR2) the 

locomotor activity of per01 and tim01 mutants became more similar to the one of WT flies: 

WT-like M and E peaks appeared (Fig. 1B) and nocturnal activity decreased (Fig. 1C). 

Mutant flies delayed the M peak and advanced the E peak in LDR2 compared to LDR1 as 

wild-type flies did (Fig. 1D, E). Under LDR2 the activity pattern of the mutants was virtually 

indistinguishable from that of WT flies, only the activity during the siesta remained higher 

in the mutants (Fig. 1B). 

Taken together, our findings show that the timing of M and E peaks, as well as the 

shift of activity out of the night into daytime upon simulation of natural-like light conditions, 

is independent of a functional clock. The two clock mutants are able to precisely track 

changes in light intensity with their activity. Consequently, the activity patterns of per01 and 

tim01 mutants look surprisingly similar to those of WT flies. When calculating the light 

intensity at which M and E peaks occurred, we found that they always took place between 

1 and 10 lux, independently of the presence or absence of the clock. 

 

The compound eyes are necessary to time M and E peaks in a wild-type manner 

We subsequently wanted to elucidate the mechanisms by which flies precisely time their 

activity peaks under LDR even in absence of a functional clock. We therefore tested eya2 

mutants and cry01 mutants under LD, LDR1 and LDR2 conditions (Fig. 2 A-H). We found 

that both mutants still entrained to all applied light conditions, but that their activity pattern 

differed substantially from each other. cry01 mutants behaved essentially indistinguishably 

from WT flies, whereas eya2 mutants exhibited rounded M and E activity bouts, but no 

sharp M and E peaks. Furthermore, eya2 mutants neither reduced nocturnal activity when 

exposed to LDR1 and LDR2 conditions (Fig. 2C; F(2,48)=0.670; p=0.517) nor significantly 

altered the timing of E activity bouts upon these conditions (Fig. 2D; F(2,48)=0.976; 
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p=0.384): The percentage of nocturnal activity stayed constant in eya2 mutants under all 

light conditions and the same was true for the timing of maximal E activity. We could not 

reliably calculate the phase of the M activity bout in eya2 mutants, because M activity was 

drastically reduced under LDR1 and even more so under LDR2 (Fig. 2A). This shows that 

eya2 mutants can still detect the different light conditions but that the compound eyes are 

absolutely essential for the presence of sharp M and E peaks and their precise timing to 

gradually increasing/decreasing light. CRY, on the other hand, appears unnecessary for 

this timing. 

 

Functional eyes are also necessary for WT-like activity patterns in clock mutants 

To test whether losing the compound eyes but not CRY also leads to a loss of M and E 

activity peaks in clock-less flies, we recorded per01;eya2 and per01;;cry01 double mutants 

under LD, LDR1 and LDR2 conditions (Fig. 2I-O). Indeed, the activity pattern of 

per01;;cry01 double mutants was very similar to that of per01 single mutants (compare Fig. 

2L-O with Fig. 1). In contrast, per01;eya2 double-mutants lacked M and E peaks (Fig. I-K), 

showing that the occurrence of these peaks depends on functional compound eyes but 

not on CRY. We conclude that the normal timing of M and E peaks in per01 mutants is 

solely caused by the ability of the compound eyes to measure and integrate the regularly 

changing light intensity and to provoke almost normal activity patterns under LDR2 even 

in the absence of a circadian clock. 

 

The clock is needed for a normal siesta and for suppressing activity during the 

night 

In spite of the identical timing of M and E peaks in WT flies and clock mutants under LDR 

conditions, some differences in the activity pattern of the two strains were evident. The 

typical WT-like siesta seemed less pronounced in the mutants (Fig. 1B) and, at least 

under LD, clock mutants were slightly more active during the night. This suggests that a 

functional clock may suppress activity during midday and midnight. If true, it should be 

more likely to induce nocturnal activity in mutant than in WT flies. To test this hypothesis, 

we simulated 1.5h dawn followed, two hours later, by 1.5h dusk in the middle of the night 

while recording fly activity. 

 We found that per01 and tim01 mutants responded to “midnight twilight” exactly as 

they did to morning/evening twilight (Fig. 3). The same was true for clock-less flies that 

lacked, in addition, CRY (per01;;cry01 mutants). Flies with functional clock as WT and cry01 

also increased activity in response to light, but lacked the sharp activity peaks during 

midnight twilight whereas eyeless flies did not respond at all to the nocturnal light. 

Together this shows that light driven behavior at midnight is mediated by the compound 
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eyes but suppressed by a functional clock. Consequently, eyeless flies with functional 

clock are not at all stimulated by nocturnal light. WT flies and cry01 mutants that have 

functional eyes and clocks show an intermediate response and clock-less flies with 

functional eyes show the strongest response. 

 

LDR2 alters TIM-cycling in clock neurons in a CRY-dependent way 

As the clock seems to contribute to the activity pattern of the flies, we investigated next 

how LDR2 affects the molecular clock in the lateral clock neurons known to control M and 

E activity bouts (s-LNv, 5th s-LNv, and LNd; Fig. 4A). We assessed TIM cycling by 

immunocytochemical means in wild-type flies and cry01 mutants under LD and LDR2.  

As reported previously for wild-types flies under LD (16, 28-34), we found TIM to 

rise after lights off reaching its maximum between ZT 18 and ZT 21 and then to decrease 

again (Fig. 4B). After lights on, TIM disappeared and started to rise again after lights off 

(ZT 12). More natural-like light conditions (LDR2) significantly affected TIM cycling in WT 

flies. ANOVA revealed that the increase and decrease of TIM depended on the light-

condition (LD/LDR2) in two of the three groups of clock neurons. Furthermore, there was 

a significant interaction between time of day and light-condition on TIM, meaning that the 

slopes of TIM increase and decrease were different between LD and LDR2: TIM 

accumulated earlier and stayed stable for a longer time under LDR2 than under LD (Fig. 

4B). Only small differences in TIM cycling were visible between M and E neurons. In the 

s-LNv, that belong to the M neurons, TIM reached its peak levels slightly earlier than in the 

5th s-LNv, that belongs to the E neurons. 

cry01 mutants did not show any difference in TIM cycling between LD and LDR 

(Fig. 4B) indicating that CRY is necessary for mediating the observed effects of twilight on 

the clock. In addition, the absence of CRY influenced the general TIM cycling profile. TIM 

persisted clearly longer after lights-on in cry01 mutants than it did in WT flies. Furthermore, 

TIM rose later and reached its peak significantly later in the 5th s-LNv cell (E neuron) than 

in the s-LNv cells (M neurons). Consistent with earlier studies, the shape of TIM cycling 

was flattened in the LNd cells, which seem to consist of a mixture of M and E neurons (20, 

35-37).  
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Discussion 

In nature, many environmental factors oscillate during the 24-hour day, among which 

irradiance, temperature and humidity are most important. Animals sense these regular 

fluctuations and respond immediately in an adequate way. For example, a diurnal animal 

whose visual system cannot tune to darkness will stop moving after night onset. In 

addition, the circadian clock will prepare the animal for the coming night allowing it to 

anticipate inactivity already before darkness onset. Consequently, an animal’s daily 

behavior is a mixture of immediate responses to environmental changes and clock-

controlled processes. It is not always easy to distinguish between the two contributions, 

especially not under natural conditions where multiple environmental factors are changing 

in parallel. Immediate responses to the environment are usually important for fine-tuning 

clock-controlled responses, but they can be strong enough to conceal the clock-controlled 

processes, a phenomenon known as “masking” of the endogenous clock output (38). 

Transferring animals to the lab, and especially to constant conditions, helps to see 

which part of activity is clock controlled. This procedure has been carried out for many 

animals in the last century. Under constant conditions, fruit flies exhibit bimodal activity 

with a smaller activity bout in the subjective morning (M, best visible at temperatures 

above 25°C) and a larger activity bout (E) spanning the subjective afternoon and evening 

[28,29]. Cycling environmental conditions in the lab (especially LD-cycles) modify the 

shape of M and E activity bouts: they become higher and narrower, couple to lights on 

and off, respectively, and are clearly separated by a siesta (e.g., (39, 40)). The phase of 

these sharp M and E activity peaks in LD can easily be determined. Under LDR1, M and E 

activity bouts become even sharper and the peaks occur at specific irradiances: ~7.5 lux 

in a previous study (8)and between 1 to 10 lux in the present study. Yet, are these sharp 

peaks the output of the entrained circadian clock or induced by light? 

 

The sharp M and E peaks are not controlled by the circadian clock 

The present study clearly shows that sharp M and E peaks provoked by twilight simulation 

are not outputs of the circadian clock. Activity of the clock mutants peaked at the same 

irradiance as activity of WT flies (1-10 lux). Moreover, when irradiance was gradually 

increased/decreased to/from the same maximal intensity but within 4.5 hours instead of 

1.5 hours, the activity of all flies still peaked at 1-10 lux. Since 1-10 lux was now reached 

significantly later/earlier, the peaks were shifted, respectively. This behavior can be fully 

explained by an immediate response of the flies to the increasing/decreasing irradiance 

sensed by the compound eyes. Indeed, the sharp peaks completely disappeared in 

eyeless flies. Obviously, fly activity is stimulated by the increasing/decreasing irradiance 

and flies prefer to be active at rather low irradiances. This observation fits to previous 
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results obtained in the lab that have shown that flies show a preference for rather dim light 

(8) and clock mutants exhibit the same light preference (41).  

The perhaps most surprising result of this study is the fact that the activity pattern 

of per01 and tim01 clock mutants looks virtually identical to that of WT flies when irradiance 

is slowly increased/decreased, closely mimicking the natural time course of irradiance 

during the 24-hour day. Thus, we could largely reproduce the results of Vanin, et al. (7), 

who recorded flies outside the lab under natural-like light and temperature cycles and 

found similarly timed onsets of M and E activity in WT flies and per01 and tim01 mutants. 

Our results also suggest that, in the outdoor experiments of Vanin, et al. (7), clock 

mutants may have mainly responded to the cyclic environment. Furthermore, our study 

indicates that natural-like light-dark cycles are sufficient to provoke these quasi-normal 

activity patterns in clock mutants, additional temperature cycles seem not to be 

necessary.  

Nevertheless, outdoor temperature cycles have most likely contributed to the WT-

like activity pattern of clock mutants. High temperatures have furthermore caused the so-

called ‘afternoon peak’ that appeared in the outdoor experiments during warm days and 

that was interpreted as an escape response of the flies (5, 7). Menegazzi, Yoshii and 

Helfrich-Förster (6) found the afternoon peak to be more pronounced in clock mutants 

than in WT flies supporting the idea that it is a direct response to high temperature that 

may be partly repressed by the circadian clock of WT flies that usually rest at this time. 

Here, we found that clock mutants were more active during siesta than WT flies, which fits 

to this idea. In addition, we show that clock mutants responded stronger than wild-type 

flies to twilight simulations in the middle of the night, a time at which flies normally sleep 

(42, 43). These findings support our conclusion that a functional clock suppresses activity 

at unfavorable times. Activity during the hottest part of the day would require a cooling 

system, whereas activity during the coldest part of the day would need an internal heating 

system consuming considerable amounts of energy. Consequently, activity suppression 

during these times prevents flies from wasting energy. Amazingly, this suppression also 

works at the here applied constant temperature of 20°C clearly speaking for an 

endogenous control. 

 

The circadian clock responds to twilight 

Although the circadian clock is not necessary for the exact timing of M and E peaks under 

twilight conditions, the molecular clock is receptive to twilight as we show here for TIM-

cycling in the lateral clock neurons. TIM accumulated earlier and was present longer 

under LDR2 than under LD in two lateral groups of the clock neurons. TIM plays a 

relevant role in clock sensitivity to light because it gets degraded via the proteasomal 
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pathway after interaction with CRY and JETLAG, as soon as the fly perceives light in the 

morning (16, 17, 26, 44-48). Similarly, TIM cannot re-accumulate before dusk. In our 

study, the gradual increase/decrease in irradiance under LDR2 obviously allowed TIM to 

remain longer in the morning and to increase earlier in the evening. Interestingly, this 

difference disappeared in cry01 mutants supporting the idea that CRY is critical for timing 

the molecular clock in response to twilight. However, the absence of CRY did not only 

impair sensitivity of the molecular clock to twilight, but also delayed the timing of TIM 

accumulation and degradation in the 5th s-LNv that belongs to the E neurons (under LD 

and LDR2). Interestingly, the delay of this E neuron had only minor consequences on the 

timing of the E activity bout. Only under LD, E activity of cry01 mutants rose slower than in 

WT flies and the E peak appeared not quite at its maximal level at lights-off (Fig. 2E). 

However, under LDR1 and LDR2 the differences between cry01 mutants and WT flies 

disappeared suggesting that M and E peak timing by the compound eyes dominated over 

the effects of CRY on the molecular clock. 

 

The eyes as important light-sensing organs 

Here we show that light is the key signal for adapting the activity pattern of Drosophila to 

natural-like conditions and the compound eyes play a major role in sensing gradual 

changes in light-intensity. This makes sense, as the compound eyes mediate other 

immediate responses of light reported previously, such as the startle response after lights-

on in LD-cycles and the nocturnal increase in activity upon moonlight (41). To measure 

gradually changing light intensity, an irradiance-detecting system employing several 

photopigments is required (49). Indeed, we showed recently that fruit flies use multiple 

photopigments within their compound eyes to detect dim light (21) and twilight (22).  

In summary, our study is encouraging for organisms carrying clock gene 

mutations. Obviously, nature provides mechanisms that allow for almost normal activity 

rhythms. The natural light-dark cycle and functional eyes seem to be sufficient for normal 

timing. In nature, temperature cycles and other cycling Zeitgebers will contribute to fine 

tune activity, making it difficult to distinguish clock mutants from animals with normally 

ticking clocks. 
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Material and Methods 

Fly strains and rearing 

To investigate the impact of a functional clock on locomotor activity we studied per01 and 

tim01 flies that are null mutants for the core clock genes per and tim (50-52). WTCantonS 

served as control. eya2-mutants, that lack compound eyes but have normal ocelli as well 

as the extraretinal Hofbauer-Buchner-Eyelets (24), were used to investigate the role of 

compound eyes in timing activity to the appropriate time of day. cry01 mutants (23) were 

used to test the role of CRY in this process. Double mutants, per01;eya2 and per01;;cry01, 

were used to investigate the importance of both intact vision and a functional clock on 

timing of behavior. All flies were raised on Drosophila medium (0.8% agar, 2.2% 

sugarbeet syrup, 8.0% malt extract, 1.8% yeast, 1.0% soy flour, 8.0% corn flour, and 0.3% 

hydroxybenzoic acid) at 25 °C in LD 12:12. 

 

Locomotor activity recordings and data analysis 

Fly locomotion was measured in a home-made system described first in Helfrich-Förster 

(53) and refined in Rieger, et al. (8). 2 to 5 days old male flies were singly transferred into 

photometer cuvettes with water and food supply on one end and an infrared light-beam 

recording the number of infrared light-beam interruptions caused by the fly in 1 minute 

intervals on the other end. All experiments were performed in a climate controlled 

chamber at 20°C. Illumination was provided by tunable “white” LEDs (Lumitronix LED-

Technik GmbH, Jungingen, Germany). In addition, neutral density filters (Lee Filters 

Worldwide, Hampshire, United Kingdom) were used for fine-adjustment of light intensity. 

We simulated 3 different light conditions, each consisting of 12 hours light and 12 hours 

darkness and a maximal light intensity of 100 lux. In LD we simulated a rectangular light-

dark-cycle, in LDR1 the light intensity increased within 1.5 hours in the morning and 

decreased within 1.5 hours in the evening to simulate dawn and dusk and in LDR2 the 

light intensity increased or decreased within 4.5 hours each to simulate the course of the 

sun within one day. Each light condition was given for 7 days with LD being present from 

day 1 to 7, LDR1 from day 8 to 14 and LDR2 from day 15 to 21. In each experiment 32 

flies per genotype were recorded, but only flies surviving until day 21 were analyzed. To 

further test the contribution of masking in the response to simulated twilight we entrained 

flies in LD12:12 for 6 days. On day six we additionally applied a light pulse in the night 

with light intensity rising to 100 lux between ZT15.5 and ZT17 and decaying between 

ZT19 and ZT20.5. 

Raw data were plotted as actograms using ActogramJ (54). Behavioral analysis 

was performed as described in Schlichting and Helfrich-Förster (55). Besides the average 

activity profile, we analyzed relative nocturnal activity and peak timing of individual flies. 
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Statistical analysis was performed using Systat11. After testing for normal distribution by a 

Kolmogorov-Smirnov-test, data were compared using a 1- or 2-way-ANOVA. In case of 

not normally distributed data, p-values were adjusted by multiplication with 5 (56). 

 

Fluorescent immunohistochemistry 

To analyze the molecular cycling of TIM in the brain, 1-4 days old male WTCantonS and cry01 

flies were entrained for 5 days either in LD or LDR2 with a maximal light intensity of 100 

lux and sampled every 2 h. Whole flies were fixed in 4% paraformaldehyde (PFA) in 

phosphate buffer (PB) containing 0.1% Triton X-100 (PBT, pH=7.4) for 2.5 hours at room 

temperature. After washing the flies 4 times for 15 min in PB, the brains were dissected in 

PB and afterwards transferred into blocking solution (5% normal goat serum (NGS) in 

PBT) over night at 4°C. On the following day, brains were transferred into the first 

antibody solution containing rat anti-TIM (dilution 1:1000, provided by Isaac Edery, (48)) 

and mouse anti-PDF (dilution 1:2000, Developmental Studies Hybridoma Bank, Iowa), 5% 

NGS and 0.02% NaN3 in PBT. After incubating overnight at 4°C, brains were washed 5 

times in PBT for 10 min. In the next step, the secondary antibody solution was applied for 

3 hours at room temperature consisting of Alexa Fluor 555 (goat anti-rat) and Alexa Fluor 

635 (goat anti-mouse), each in a dilution of 1:200 in PBT containing 5% NGS. After 

washing 5 times for 10 minutes each in PBT, brains were embedded in Vectashield 

mounting medium (Vector Laboratories, Burlingame, CA) with the anterior surfaces upside 

on the slide. 

 

Microscopy and image analysis 

Brains were analyzed using laser scanning confocal microscopy (Leica TCS SPE; Leica, 

Wetzlar, Germany). To excite the fluorophores of the secondary antibodies we used 2 

different laser diodes (532 nm and 635 nm) and obtained confocal stacks of 2 µm 

thickness. To quantify and compare the intensity of TIM staining, laser settings were kept 

constant for all samples. Staining intensity was analyzed in 3 different clock neuron 

clusters (s-LNv, 5
th s-LNv, and LNd) using the ImageJ distribution Fiji (http://fiji.sc/Fiji). For 

quantification, we determined the brightness of single clock neurons using a 9 pixel-area 

and subtracted three different background intensities to compensate for unspecific 

staining as described in Menegazzi, et al. (57). For each time-point, one hemisphere of at 

least 5 different brains was analyzed. TIM cycling was normalized to 1 and plotted using 

Qtiplot. To show general tendencies in TIM staining intensity cycling, a polynomial fit of 

the 4th order considering the value’s standard error of the mean was applied (internal 

function of Qtiplot). A two-way ANOVA was used to calculate the dependency of TIM 

increase and decrease on time (ZT) and light-regime (LD/LDR2).  
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Figure Legends: 

 

Figure 1 

Rhythmic activity of wild-type flies (WTCantonS ) and the clock mutants per01 and tim01 

in LD (light-dark cycle with lights-on and -off), LDR1 (LD with 1.5 hour twilight 

simulation) and LDR2 (LD with 4.5 hours increasing/decreasing light). For each 

strain average actograms (A), average activity profiles (B), nocturnal activity (C), timing of 

morning (M) and evening (E) activity peaks (D and E) were calculated. In the average 

actograms, the mean activity of 25 flies is indicated in black without error bars. LD was 

simulated from day 1-7, LDR1 from day 8-14 and LDR2 from day 15-21. The gray vertical 

lines indicate Zeitgeber Time (ZT) 0 (= beginning of day) and ZT 12 (= beginning of night). 

The average activity profiles indicate the average activity of all flies (black curve) ±SEM 

(light gray) under the relevant light condition (LD, LDR1, LDR2), which is given on top of 

each diagram (black: complete darkness, dark gray: time of increasing or decreasing light 

intensity, white: time of maximal light intensity (100 lux)). The WT strain shows bimodal 

activity patterns with M and E activity bouts under all three light conditions. Upon LDR1 

and more so upon LDR2, nocturnal activity decreases (C), M and E peaks delay/advance, 

respectively, (D, E). Nocturnal activity is given in percentage of whole daily activity (± 

SEM), timing of M and E peak in ZT. The clock mutants lack bimodal activity patterns 

under LD, but develop them under LDR1 and LDR2 (A,B). Nocturnal activity was higher 

than in WT flies under LD, but was reduced under LDR1 and LDR2 in a WT-like manner 

(C). Timing of M and E peaks under LDR1 and LDR2 was also WT-like in the mutants (D, 

E). Consequently, the activity pattern of per01 and tim01 mutants is virtually 

indistinguishable from that of wild-type flies in LDR2 (B). Only activity during the siesta 

was higher in the mutants. For direct comparison, the activity profiles of LD (black) and 

LDR2 (gray) are plotted together in the lowest panel of B (without SEM). 

 

Figure 2 

Rhythmic activity of mutants with impaired photoreception (eya2 and cry01 mutants) 

and with impaired photoreception plus circadian clock (per01;eya2 and per01;;cry01 

double mutants) in LD, LDR1 and LDR2. Average actograms, average activity profiles 

as well as nocturnal activity and the timing of the E peaks are shown (labeling as in Figure 

1).Only for per01;eya2 double-mutants E peak times could not be calculated, because E 

peaks were simply absent (I, J). eya2 mutants lack the sharp M and E peaks, but still show 

M and E activity bouts although the M bout was small under LDR1 and LDR2 (A, B). eya2 
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mutants neither reduce nocturnal activity (C) nor advance their E activity maxima (D) in 

response to LDR1 and LDR2. cry01 mutants behaved in principal WT-like (E-H). Only their 

E activity rose slower under LD (arrow). per01;eya2 double-mutants still responded to the 

light-regimes and even modified their activity pattern in response to LDR1 and LDR2, but 

they did not show M and E activity bouts nor sharp M and E peaks under any condition (I, 

J). Nocturnal activity levels also did not change in response to LDR1 and LDR2 (K). 

per01;;cry01 double mutants behaved in principle like per01 single mutants, with the 

exception that their activity after lights-on was lower (arrow) under LD, and the M peak 

rather small under LDR1 (L, M).  

 

Figure 3 

Clock-less mutants can be stimulated to high activity by simulating twilight in the 

middle of the night.  Flies were entrained in LD12:12 for 5 days. On day 6 we applied a 

light pulse in the middle of the night with dawn from ZT15.5-17 and dusk from ZT19-20.5. 

The activity profiles depicted represent the mean average activity profiles of days 6 and 7 

(black line) ± SEM (gray lines). Times of total darkness are depicted in black, dawn/dusk 

simulation in dark gray and times of highest light intensity (100 lux) in white. Most 

genotypes respond to the "midnight pulse" by increasing activity, only eyeless flies do not 

respond at all. Clock mutants (per01, tim01 and per01;;cry01) show a bimodal pattern during 

dawn and dusk simulation in the middle of the night, whereas WT and cry01 flies only show 

an increase of activity without sharp peaks. This indicates that the sharp M and E peaks in 

LDR1/LDR2 are direct effects of light caused by the compound eyes. For details see text. 

 

Figure 4 

TIM cycling in the lateral clock neurons under LD and LDR2 in WT flies and cry01 

mutants. The position of the lateral clock neurons (s-LNv, 5
th s-LNv and LNd) in the brain 

relative to the dorsal clock neurons (DN1, DN2 and DN3) of the fly is indicated in A, TIM 

cycling in these neurons in B. Black circles (± SEM) connected by thin broken black lines 

represent the measured staining intensity in LD, whereas gray circles (± SEM) connected 

by thin gray broken lines represent the staining intensity in LDR2. Polynomial fits of the 

cycling in LD and LDR2 are added in thick black and gray lines, respectively. The 

polynomial fits were characterized by R2≥0.98 indicating that they nicely match the original 

cycling (only exception: LNd in cry01 R2=0.89). In WT flies, TIM accumulates earlier and 

stays stable for longer time in LDR2 as compared to LD in the sLNv and the LNd lateral 

neurons (F>9.105; p≤0.003). In cry01 mutants the LDR2 effects were absent. Besides the 

broadening of TIM distribution we do not observe a significant shift of TIM protein 

maximum in LDR2 compared to LD (F≤0.735; p≥0.393) neither in WT nor in cry01. 
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However, we found differences between WT and cry01 flies: the TIM protein peak was 

significantly later in the sLNv (F(1,77)=11.636; p=0.001) and in the 5th sLNv (F(1,17)=5.44; 

p=0.032) whereas it did not change in the LNd (F(1,117)=2.941; p=0.089). The cycling 

amplitude of the LNds is reduced in cry01 as these neurons are composed of different 

neuronal subsets that cycle out of phase. 
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Figure 1 
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Figure 2
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Figure 3 

 

 

Figure 4 
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ABSTRACT 

Light is the most important Zeitgeber for the synchronization of the D. 

melanogaster circadian clock. In nature, there is twilight and the nights are rarely 

completely dark a fact that is usually disregarded in lab experiments. Recent studies 

showed contrary effects of simulated twilight and moonlight on fly locomotor activity with 

twilight shifting morning and evening activity into the day and moonlight shifting it into the 

night. A currently unanswered question is what may happen to locomotor activity when 

flies are exposed to more natural conditions in which both moonlight and twilight are 

simulated? Our data demonstrate that flies are able to integrate twilight and moonlight. 

However, twilight seems to dominate over moonlight as both morning and evening activity 

peaks take place at dawn or at dusk, respectively and not during the night. Furthermore, 

nocturnal activity decreases in the presence of twilight. The compound eyes are essential 

for this behavior and by investigating different photoreceptor mutants we unraveled the 

importance of photoreceptor cells 7 and 8 for wild-type phases of the activity peaks. In 

order to adjust nocturnal activity levels to a wild-type manner, all photoreceptor cells work 

together in a complex way with rhodopsin 6 having a prominent role. 

 

 

Key words: circadian clock, entrainment, twilight, moonlight, rhodopsins 
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INTRODUCTION 

In nature, many Zeitgebers cycle within the span of a 24h day, with light being the 

most important environmental cue for synchronizing the circadian clocks of animals and 

plants. Lab studies mostly apply rectangular light-dark cycles of 12h light and 12h 

darkness (LD 12:12) to simulate day-night changes, which do not reflect the actual 

changes of light in nature as dawn, dusk and moonlight are consequently disregarded. All 

of these light features cause significant changes in animal behavior and physiology: 

moonlit nights lead to an accelerated recovery from jetlag, can increase the activity of 

nocturnal animals and, in humans, can affect sleep (Erkert and Cramer, 2006; Evans et 

al., 2009; Cajochen et al., 2013). Moreover, the simulation of twilight by nature-like 

increases or decreases of light intensity improves entrainment compared to abrupt lights-

on and lights-off in many species and is able to advance Per1, Per2 and PER1, PER2 

oscillation profiles under long photoperiods in mice (Boulos et al., 1996a; Boulos et al., 

1996b; Boulos et al., 1996c; Boulos et al., 1996d; Fleissner and Fleissner, 1998; 

Danilenko et al., 2000; Fleissner and Fleissner, 2002; Boulos and Macchi, 2005; Comas 

and Hut, 2009; Sosniyenko et al., 2009). 

In Drosophila melanogaster, simulation of moonlit nights leads to an advance of the 

morning (M) and a delay of the evening (E) activity peak which correlates with changes in 

PER cycling in specific clock neurons (Bachleitner et al., 2007). Additionally, the level of 

nocturnal activity increases significantly in moonlit nights. The latter is independent of a 

functional clock and is especially mediated by rhodopsin 1 (Rh1) and rhodopsin 6 (Rh6) of 

the compound eyes (Kempinger et al., 2009; Schlichting et al., 2014). The effect of twilight 

simulation goes instead in the opposite direction: dawn and dusk provoke a delay of the M 

and an advance of the E peak, and the flies reduce their nocturnal activity to a minimum 

(Rieger et al., 2007). In addition, twilight is able to improve the ability to phase-delay the E 

peak under long photoperiods (Rieger et al., 2012).  

To fulfill the difficult sensory task of using light as a Zeitgeber, a complex visual system is 

necessary (Foster and Helfrich-Förster, 2001). To perceive light, Drosophila uses 

cryptochrome as well as six rhodopsins (Stanewsky et al., 1998; Ceriani et al., 1999; 

Emery et al., 2000; Helfrich-Förster et al., 2001; Rieger et al., 2003; Busza et al., 2004). 

Cryptochrome is a circadian blue-light photoreceptor and it is expressed in the compound 

eyes as well as in several clock neurons (Benito et al., 2008; Yoshii et al., 2008). 

Rhodopsins are expressed in seven eye structures: two compound eyes, two Hofbauer-

Buchner (H-B) eyelets and three ocelli (Hofbauer and Buchner, 1989; Salcedo et al., 

1999; Rister et al., 2013). This study focusses on the compound eyes, which are the most 
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prominent visual organs of the fly; they consist of about 800 ommatidia, each containing 

pigment cells as well as eight photoreceptor cells (R1 to R8). The photoreceptor cells 

express specific rhodopsins. In particular, the outer photoreceptor cells, R1-R6, express 

rhodopsin 1, whereas 70% of the inner photoreceptor cells (R7 and R8) express 

rhodopsin 4 in R7 and rhodopsin 6 in R8 (yellow subtype) and 30% express rhodopsin 3 

in R7 and rhodopsin 5 in R8 (pale subtype) (Rister et al., 2013). Only few specialized 

ommatidia in the dorsal rim area express only rhodopsin 3 in both inner photoreceptor 

cells (Wernet and Desplan, 2014).  

The first aim of this study was to investigate fly behavior when moonlight and twilight are 

simulated at the same time. We show that twilight dominates over moonlight in terms of 

peak timing and nocturnal activity, even though the moonlight-induced nocturnal activity 

increase was still present. The second aim was to unravel the contribution of the different 

photoreceptor cells and rhodopsins in perceiving gradual changes in irradiance during 

twilight. We demonstrate that flies lacking compound eyes fail to adjust their behavior in a 

normal way and that inner and outer photoreceptor cells cooperate in adapting fly 

behavior to combined twilight and moonlight with a prominent role of rhodopsin 6 in dim 

light detection. 
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Materials and Methods 

Fly strains and rearing 

Light sensitivity of the circadian clock is known to be influenced by a naturally 

occurring polymorphism in the timeless (tim) gene (Sandrelli et al., 2007; Tauber et al., 

2007). To exclude possible effects of this tim polymorphism we crossed all photoreceptor 

mutants into the ls-tim background (Schlichting et al., 2014) and used the wild-type strain 

WTCantonS with the same ls-tim background as control. In addition, we recorded two 

additional wild-type strains with completely different backgrounds to see whether they 

responded similarly to the combination of twilight and moonlight. These are WTALA and 

WTLindelbach that have been described in Rieger et al. (2012) and Schlichting et al. (2014), 

respectively. WTLindelbach is s-tim and WTALA carries a mixture of both tim forms. 

clieya mutants, which lack the compound eyes but retain the H-B-eyelets and the ocelli, 

served as negative controls (Bonini et al., 1993; Schlichting et al., 2014). To eliminate R1-

R6 we used ninaE17 (neither inactivation nor afterpotential E) mutants (O'Tousa et al., 

1985; Kumar and Ready, 1995). To impair R7 function we used 2 different strains: (1) 

sevLY3 mutants, in which R7 do not develop and therefore all R8 express rhodopsin 6 and 

(2) rh31rh41 double mutants, which leave the rhodopsin distribution in R8 unchanged 

(Benzer, 1967; Chou et al., 1999; Vasiliauskas et al., 2011). To manipulate R8 we used 

rhodopsin 5 and rhodopsin 6 single mutants (rh52 and rh61) as well as the relevant double 

mutant (rh52;rh61) (Cook et al., 2003; Yamaguchi et al., 2008). To render both inner 

photoreceptor cells out of function rh52;rh31rh41rh61 quadruple mutants were investigated. 

All flies were raised on standard Drosophila medium (0.8% agar, 2.2% sugar beet syrup, 

8.0% malt extract, 1.8% yeast, 1.0% soy flour, 8.0% corn flour, and 0.3% 

hydroxybenzoicacid) at 25 °C in LD 12:12. 

 

Behavior recording and light programs 

For recording locomotor activity, a home made system was used (Helfrich-Förster, 

1998; Schlichting and Helfrich-Förster, 2014). 2-4 days old single male flies were 

transferred into photometer cuvettes with food and water supply on one end. On the other 

end an infra red beam was installed and a computer measured the number of beam 

crosses in 1 minute intervals. Behavior was recorded in a climate controlled chamber at 

20°C. As light source "white" LEDs (Lumitronix LED-Technik GmbH, Jungingen, 
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Germany) were used with additional neutral density filters (Lee Filters Worldwide, 

Andover, UK) for finetuning of light intensity. 

To distinguish the effect of simulated dawn and dusk on behavior we recorded the flies at 

4 different light conditions: In the first week we applied a rectangular light-dark cycle of 

12h light and 12h darkness (LD 12:12) and in the second week twilight was simulated 

using a gradual increase of light intensity in the morning and a gradual decrease in the 

evening within 1.5 h each (LDR) (Rieger et al., 2007). In the same way we investigated 

conditions including moonlight: Flies were recorded for one week in light-moonlight 

conditions (LM, moonlight intensity of 0.01 lux) and in the second week twilight simulation 

was added (LMR condition). For wild-type flies we investigated 4 different daylight 

intensities (10 lux, 100 lux, 1000 lux and 10000 lux) in order to evaluate effects that 

depended on daylight intensity and to find the optimal intensity for testing the 

photoreceptor mutants. Experiments were repeated at least twice. Finally we had 17 to 32 

flies for each genotype that survived the entire experiment and could be used to analyze 

the behavior. 

 

Data analysis and statistics 

The raw data were plotted as actograms using the ActogramJ plugin for Fiji 

(available at http://fiji.sc/Downloads, Schmid et al. (2011)). In the next step, average 

activity profiles were analyzed using the last 4 days of each light condition. All activity 

profiles were normalized to 1 and plotted using the program Qtiplot (version 0.9.8.9, Ion 

Vasilief, Craiova, Romania). To analyze peak timing the activity profiles of single flies 

were smoothened by a moving mean of 30 and the timing of the peak was determined 

manually as desribed in Schlichting and Helfrich-Förster (2014). In addition we calculated 

the relative nocturnal activity for each experiment by dividing the sum of activity between 

ZT12 and ZT0 by the whole daily activity. The analysis was done for each single fly and 

the values ontained were then averaged.  

Statistical analysis was performed using Systat11. Normal distribution was tested using a 

one-way Kolmogorov-Smirnov test. In case of normal distributed data a 1- or 2-way 

ANOVA was applied. For non-normally distributed data a Mann-Whitney-U test (2 groups) 

or a Kruskal-Wallis test (more than 2 groups) followed by a Wilcoxon comparison 

including Bonferroni adjustment was used. 
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Immunocytochemistry and image analysis 

To assess the distribution of rhodopsin 5 and 6 in the retina, 18-day-old male flies 

were entrained in LD 12:12 at 20°C and fixed for 2.5 hours in 4% paraformaldehyde (PFA) 

in phosphate buffered saline (PBS). After rinsing 4x15 min each with PBS containing 0.5% 

Triton-X (PBST) the retinas were dissected in PBST and the lamina was removed. 

Retinas were blocked for 30 min in 5% normal-goat-serum (NGS) in PBST and 

subsequently incubated in the primary antibody solution consisting of rabbit anti-rhodopsin 

6 (1:1000, gift of C. Desplan, New York University, New York, NY, USA, Tahayato et al. 

(2003)) and mouse anti-rhodopsin 5 (1:50, gift of S. Britt, University of Colorado, Aurora, 

CO, USA, Salcedo et al. (1999)) in PBST containing 5% NGS and 0.02% NaN3. Samples 

were incubated in the primary antibody for 2 nights at room temperature (RT). After rinsing 

5x20 min each with PBST, the secondary antibody was applied overnight (Alexa Fluor 555 

goat anti-mouse and Alexa Fluor 635 goat anti-rabbit, each in a dilution of 1:200 in PBST 

and 5% NGS). For the following 3-5 days, the retinas were rinsed several times per day 

until the red pigmentation of the eyes was fully washed out to eliminate autofluorescence. 

Retinas were embedded in Vectashield mounting medium (Vector Laboratories, 

Burlingame, CA) in a way that the cornea of the eye laid on the glass slide. 

The retinas were analyzed using laser scanning confocal microscopy (Leica TCS 

SPE, Leica, Wetzlar, Germany). To excite the secondary antibody fluorophores two 

different lasers were sequentially used (532 and 635 nm) and of 2 µm thick stacks were 

obtained. All images were analyzed using Fiji. We counted manually the number of 

ommatidia expressing Rh5 or Rh6 in the entire retina and did so for 7 different retinas.  
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RESULTS 

Wild-type behavior under LD, LDR, LM and LMR with different daylight intensities 

Our previous studies have shown that fly activity pattern depends not only on the 

presence of twilight or moonlight but also on daylight intensity (Rieger et al., 2007; 

Schlichting et al., 2014). Therefore, we recorded activity of the wild-type strains under LD, 

LDR, LM and LMR at four different daylight intensities (10, 100, 1000 and 10000 lux), 

respectively. Consistent with previous studies, all three wild-type strains showed bimodal 

activity patterns with M and E peaks, with the phase of the M peak occuring earlier and 

that of the E peak later with increasing daylight intensity (shown for WTCantonS in Fig. 1A 

and WTLindelbach and WTALA in Fig. S1A, F). Here, we determined only the phase of the E 

peak and found that it significantly delayed with increasing light intensity in all wild-types 

and at all four light regimes (LD, LDR, LM, LMR) (p<0.001; Fig. 1B, C; Fig. S1). This delay 

was most pronounced under moonlight conditions in WTLindelbach (Fig. S1C) and the least 

pronounced in WTCantons (Fig. 1C). In addition, E peak timing depended significantly on the 

light regime, and this was again similar in all wild-type strains (Fig. 1B, C; Fig. S1): 

simulated twilight advanced the E peak, whereas moonlight delayed it. Consequently, the 

earliest E peaks were found under LDR (Fig. 1B) and the latest under LM conditions (Fig. 

1C) (see also Fig. S1). Most importantly, twilight appeared to prevent the E peak from 

occurring during the night (Fig. 1B, C; Fig. S1B, C, G, H). Under LMR the E peak occurred 

always during dusk (between 10 and 1000 lux) or directly at lights-off (at 10000 lux), 

whereas under moonlight alone (LM) the E peak was after lights-off when daylight 

intensity exceeded 100 lux. This indicates that advancing the E peak by twilight dominates 

over delaying the E peak by moonlight. 

Daylight intensity and light regime influenced also nocturnal activity. The flies 

tended to reduce diurnal and increase nocturnal activity with increasing daylight intensity 

under all light regimes. As already found for the daylight-intensity-dependent delay of the 

E peak, this tendency was slightly different in the three wild-type strains and the least 

pronounced, though still significant, in WTCantonS (Fig. 1D, E). WTLindelbach flies that carry the 

s-tim allele showed a linear and steep increase of nocturnal actvity with increasing 

daylight intensity, whereas WTALA flies that carry a mixture of s-tim and ls-tim behaved in-

between WTCantonS and WTLindelbach flies (Fig. S1). 

In all strains the highest nocturnal activity was present under LM conditions, 

followed by LMR, LD and LDR (Fig. 1D, E; Fig. S1D, E, I, F) and these differences were 

significant (p≤0.004). Thus, moonlight could even shift activity into the night in the 

presence of twilight, though nocturnal activity in LMR was lower compared to LM alone 

(Fig 1E; Fig. S1I, F). 
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Photoreceptors of the compound eyes mediate E peak timing and nocturnal activity 

To elucidate the contribution of the different compound eye rhodopsins to the adaptation 

of fly activity patterns to the four light regimes, we chose a light intensity of 100 lux, 

because the WTCantonS control flies strongly responded to twilight and moonlight at this light 

intensity. 

We found that E peak timing and nocturnal activity levels depended significantly on 

the compound eyes under all four light regimes (p<0.001) (Fig. 2, 3): The more 

photoreceptor cells or rhodopsins were absent, the earlier the evening peak and the lower 

the nocturnal activity. This can be best seen in Figure 3, where we arranged the 

photoreceptor mutants according to their phenotype severity with the mutants lacking 

most photoreceptors to the right.  

In the following we will not consider absolute differences in E peak timing and 

nocturnal activity between controls and mutants but concentrate on the responses to 

twilight and moonlight of each mutant, since this was the main aim of this study. Eyeless 

clieya mutants did neither respond to moonlight nor to twilight; their E peak always occurred 

at about 1.5h before lights-off (p>0.472; Fig. 3A, B) and they always spent about 10% of 

their daily activity in the night (Fig. 3C, D). ninaE17 mutants that lack the outer 

photoreceptor cells (R1 to 6) responded to twilight by advancing their E peak in LMR as 

compared to LM (p=0.002) and showed a tendency to do so in LDR compared to LD 

(p=0.062) (Fig. 2A, B). In addition they slightly but significantly reduced nocturnal activity 

in response to twilight (LDR and LMR; p≤0.02) (Fig. 2C, D). rh52;rh31rh41rh61 quadruple 

mutants, in which both inner photoreceptor cells were impaired, always showed their E 

peak at the same time (~1h before lights-off; p>0.386) as did completely eyeless mutants. 

Nevertheless, these mutants clearly responded to moonlight and twilight with respect to 

nocturnal activity (Fig. 3C, D). This result indicates that different photoreceptors contribute 

to the phasing of the E peak and the control of nocturnal activity. The inner photoreceptor 

cells appear essential for phasing the E peak, while all photoreceptor cells seem involved 

in adjusting nocturnal activity levels.  

 

Rhodopsin 6 (and rhodopsin 1) play a special role in sensing moonlight 

Next, we aimed to unravel the role of the different rhodopsins in sensing moonlight and 

twilight. Clearly, all five rhodopsins of the compound eyes contributed to the increase of 

nocturnal activity in response to moonlight, since only completely eyeless flies failed to 

increase their activity in moonlit nights whereas all tested single or double mutants were 

able to do so (Fig. 3D). Similarly, all four rhodopsins of the inner photoreceptor cells 

contributed to the shift of the E peak into twilight, given only quadruple mutants 

(rh52;rh31rh41rh61), that lack the four rhodopsins, failed to shift the E peak into dusk in 



Papers and manuscripts 

153 
 

LDR and LMR. Flies lacking only rhodopsin 3 and 4 (sevLY3 and rh31rh41 mutants) or 

rhodopsin 5 and/or 6 (rh52, rh61, rh52;rh61 mutants) were still able to shift their E peak into 

dusk in LDR (p<0.011) and LMR (p<0.004) (Fig. 3A, B).  

In spite of the obvious interplay of all rhodopsins in twilight and moonlight 

detection, rhodopsin 6 (and to some degree also rhodopsin 1) appear to have a special 

role in detecting moonlight in the presence of twilight. Mutants lacking rhodopsin 6 (rh61, 

rh52;rh61 and rh52;rh31rh41rh61 mutants) or rhodopsin 1 (ninaE17) barely responded to 

moonlight when twilight was additionally present (Fig. 4A). sevLY3 mutants were 

exceptional, because they increased nocturnal activity in response to moonlight more than 

wild-type flies did (p<0.001). This may most likely be caused by their high rhodopsin 6 

expression (Chou et al., 1999; Vasiliauskas et al., 2011). We found that virtually all R8 

cells of our sevLY3 mutants expressed rhodopsin 6 (Fig. 4B, C). In contrast, rh31 rh41 

double mutants showed a wild-type rhodopsin 6 distribution (Fig. 4B, C) and also 

responded to moonlight in a wild-type manner (Fig. 4A).   
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DISCUSSION 

The main aim of the present study was to reveal the impact of combined twilight and 

moonlight on daily activity patterns of fruit flies. We tested the behavior of three wild-type 

strains to unravel the principal effects of the applied light regimes as well as the behavior 

of eight photoreceptor mutants to reveal the role of compound eyes, different 

photoreceptor cells and rhodopsins. 

 

Twilight dominates over moonlight 

The presence of twilight significantly reduced fly nocturnal activity in moonlit nights hence 

making their activity pattern look more similar to that observed under out-door conditions 

(Vanin et al., 2012). Under natural light- and temperature conditions flies were not 

nocturnal, neither were they in full-moon nights. Our results indicate that the lack of 

nocturnal activity in nature is not only caused by lower temperatures at night, but also by 

the presence of twilight that dominates over the moonlight effects even under lab 

conditions. Most interestingly, all tested wild-type strains behaved in a very similar way. 

Slight differences were evident in the shift of the E peak into the night and the increase of 

nocturnal activity under moonlight conditions with increasing daylight intensity. Here, the 

s-tim flies, such as WTLindelbach, responded most sensitively to an increase of daylight 

intensity, whereas the ls-tim flies, such as WTCantonS, showed from the beginning onwards 

a rather late E peak and high nocturnal activity. E peak timing and nocturnal activity level 

were only moderately altered when daylight intensity increased. WTALA flies carrying a 

mixture of both tim alleles behaved intermediate to the two others. This is consistent with 

previous studies showing that the clock of s-tim flies is more light sensitive compared to 

ls-tim flies (Sandrelli et al., 2007; Tauber et al., 2007). It is very likely that also other still 

unknown gene polymorphisms contribute to fly responses to twilight and moonlight. 

Nevertheless, for the present study it is most important to note that the here reported 

principal responses are very similar in all three investigated wild-type strains. Thus, these 

seem rather independent of the genetic background.  

 

 

 

Simultaneous simulation of twilight and moonlight combines masking and clock 

effects in behavior 

Generally, light has two principal effects on fly activity: (1) direct effects (inhibiting or 

promoting activity) and (2) phase-shifting (entraining) effects on the circadian clock that 

controls fly activity rhythm. The direct light effects on activity are also known as “masking” 

because they may hide the clock-mediated effects. Most importantly, both light effects 
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have the adaptive value of confining animals to their temporal niche (Redlin, 2001). 

Masking often complements the circadian clock in fine-tuning activity patterns in response 

to environmental stimuli. In D. melanogaster clock neurons, cryptochrome can integrate 

photons over time and effectively phase-shift the clock (Tang et al., 2010; Kistenpfennig et 

al., 2012; Vinayak et al., 2013; Guo et al., 2014). In contrast, the compound eyes mediate 

mainly masking effects of light, although they seem to be also involved in entrainment, 

especially under long photoperiods (Rieger et al., 2003; Helfrich-Förster, 2014). 

Moonlight provokes clear masking effects as it stimulates nocturnal activity. This 

stimulation depends on rhodopsin 1 and rhodopsin 6 in the compound eyes (Schlichting et 

al., 2014) and it is completely independent of a functional clock (Kempinger et al., 2009). 

On the other hand, moonlight affects the phase in PER cycling of certain clock neurons 

leading to an advance of the M peak and a delay of the E peak compared to LD conditions 

(Bachleitner et al., 2007). These phase changes are mediated by several rhodopsins in 

the outer and inner photoreceptor cells, but again rhodopsin 6 played a prominent role 

(Schlichting et al., 2014). 

For twilight, the fraction of masking and clock-mediated effects on fly activity have 

not been evaluated, yet. Simulated twilight (LDR) clearly affects the clock because it 

facilitates entrainment to long photoperiods (Rieger et al., 2012). In addition, the gradual 

increase/ decrease of light may directly stimulate fly activity leading to the sharp activity 

peaks at dawn and dusk. The fact that these sharp peaks take place at an irradiance of ~5 

lux, which coincides with the irradiance at which flies are preferrably active (Rieger et al., 

2007; Kempinger et al., 2009), strongly suggest that the sharp peaks are masking effects. 

Here, we applied irradiances between 10 and 10000 lux and found that the timing of the E 

peak delays with increasing irradiance. This finding is consistent with the results of Rieger 

et al. (2007) and with the idea that the sharp E peak always takes place at the same dim 

light intensity, which occurs later during dusk at higher day-light intensities (since twilight 

duration was kept constant at 1.5h).  

Furthermore, LMR advances the E peak into dusk compared to LM conditions, 

where the E peak occurs in the night. This effect cannot be regarded as pure masking of 

twilight,  because the E peak occurrs significantly later under LMR than under LDR. Thus, 

the clock-dependent delay of moonlight on the E peak is also present.  

 

The inner photoreceptor cells R7 and R8 are essential for the response to twilight, 

whereas all photoreceptor cells contribute to the responses to moonlight 

Our results from the different photoreceptor mutants show that the inner photoreceptor 

cells R7 and R8 are essential for phase advancing the E peak in response to twilight. The 

phase delaying effect of moonlight in presence of twilight (LMR-LDR) was mainly 
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dependent on rhodopsin 6, which fits perfectly to the results obtained from LM alone 

(Schlichting et al., 2014). The nocturnal activity stimulating (masking) effect of moonlight 

in presence of twilight (LMR-LDR) was also mediated by several photoreceptors, but 

again rhodopsin 6 - and in this case also rhodopsin 1 - was important. Once more this 

result fits to the effects of pure moonlight on nocturnal activity (Schlichting et al., 2014). 

Most importantly, sevLY3 mutants with a higher amount of rhodopsin 6, showed 

significantly more nocturnal activity in LMR than wild-type flies, which again points to the 

prominent role of rhodopsin 6. 

 

Concluding remarks 

At present we are not able to clearly distinguish masking effects from entraining effects of 

twilight and moonlight as well as the role of the different photoreceptor cells and 

rhodopsins in masking and entrainment. Nevertheless, we demonstrate a prominent role 

of the compound eyes and their rhodopsins in fine-tuning fly activity pattern to twilight and 

moonlight with a special influence of rhodopsin 6. Future studies with clockless mutants 

will have to reveal whether the sharp activity peaks seen under simulated twilight are 

indeed pure masking effects of light. In addition, the universal phase delaying effect of 

photoreceptors in the compound eyes on the E peak observed under all light regimes 

should be further investigated.  
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FIGURE LEGENDS 

 

Figure 1 Rhythmic behavior of WTCantonS flies under four different light regimes: light-dark 

cycles (LD, D indicated by black), light-dark cycles with simulated twilight (LDR, twilight 

(R) indicated by light gray), light-moonlight cycles (LM, M indicated by dark gray) and 

light-moonlight cycles with simulated twilight (LMR, twilight (R) indicated by light gray, M 

indicated by dark gray). A Average activity profiles under the four light regimes with 

daylight intensity increasing from 10 to 10000 lux (left to right). Black lines represent the 

mean of at least 17 flies, the grey lines represent the SEM. B Timing of the E peak under 

LD (upper panel) and LDR (lower panel). Dotted lines indicate lights-off (at Zeitgeber Time 

(ZT) 12). Timing of the E peak depended on daylight intensity (the higher the light intensity 

the later the E peak). Furthermore, the E peak occurred significantly earlier under LDR 

than under LD at all four daylight intensities (p<0.001) (as indicated by asterisks on top of 

B). C Timing of the E peak under LM (upper panel) and LMR (lower panel). Again the E 

peak occurred earlier in LMR compared to LM (p<0.001) indicating a dominant role of 

twilight for timing of the E peak. Labeling as in B. D Percentage of nocturnal activity (from 

whole day activity) in LD and LDR. Under LDR nocturnal activity was significantly lower 

than under LD (p<0.001) as indicated by the asterisks on top. E Percentage of nocturnal 

activity (from whole day activity) in LM and LMR. Moonlight generally increased nocturnal 

activity and this effect was significantly higher under LM than under LMR, at least between 

100 and 10000 lux (see asterisks on top). n.s. not significant; ** p<0.001. 

 

Figure 2 Average activity profiles of WTCantonS flies and all investigated photoreceptor 

mutants in LD, LDR, LM and LMR (from left to right) at a daylight intensity of 100 lux. As in 

Fig. 1A, the average values of at least 17 flies (±SEM) were depicted in each diagram. 

Activity in completely dark nights is represented in black, during moonlight in dark grey, 

during dawn and dusk in light grey and in times of maximal light intensity in white. All flies 

were able to entrain to the investigated light conditions with a prominent E peak and a 

smaller M peak. Nocturnal activity and the timing of the E peak were clearly influenced by 

the absence of certain photoreceptor cells or rhodopsins. The highest nocturnal activity 

was present in sevLY3 mutants, while nocturnal activity was wild-type like in rh31rh41 

mutants and reduced in all other mutants. The E peak occurred earlier with increasing 

severity of the photoreceptor mutation being the earliest in complete eyeless flies (clieya). 

In addition, E peak timing and nocturnal activity depended on the light regime. For 

quantification of E peak timing and nocturnal activity levels see Figure 3. 
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Figure 3 Timing of E peak and levels of nocturnal activity in WTCantonS flies and all 

investigated photoreceptor mutants. Values are calculated from the data shown in Figure 

2. E peak timing and nocturnal activity are compared between LD and LDR (A, C 

respectively) and between, LM and LMR (B, D respectively). Significant differences 

between the two conditions are indicated as asterisks on top. n.s.: not significant; *p<0.05 

**p<0.001. Details see text. 

 

Figure 4 Effect of the different rhodopsins on moonlight detection in the presence of 

twilight plus rhodopsin 5/6 distribution in the retina of selected mutants. A: Differences in 

nocturnal activity between LMR and LDR were calculated for WTCantonS flies and all 

investigated mutants (± SEM). Asterisks on top of the diagrams indicate significant effects 

of moonlight in presence of twilight. n.s. not significant; *p<0.05 **p<0.001. sevLY3 mutants 

strongly increased nocturnal activity in LMR compared to LDR, whereas rh31rh41 mutants 

behaved wild-type-like. B: Distribution of rhodopsin 5 and 6 in the retina of 18d old 

WTCantonS flies, rh31rh41 and sevLY3 mutants. sevLY3 mutants almost exclusively expressed 

rhodopsin 6 in photoreceptor cell R8, whereas rh31rh41 mutants were wild-type like. The 

scale bar applies to all images. C: Calculated percentage of rhodopsin 5 and rhodopsin 6 

expression in R8. WTCantonS flies and rh31rh41 mutants showed the expected ratio of 30:70, 

whereas sevLY3 mutants expressed rhodopsin 6 in virtually 100% of R8 cells.  
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Figure 1 

 

 

  



Papers and manuscripts 

164 
 

Figure 2 
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Figure 3 

 

 

  



Papers and manuscripts 

166 
 

Figure 4 
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Supplement: 

 

Figure S1 Rhythmic behavior of two different wild-type strains WTLindelbach and WTALA 

under four different light regimes: light-dark cycles (LD, D indicated by black), light-dark 

cycles with simulated twilight (LDR, twilight (R) indicated by light gray), light-moonlight 

cycles (LM, M indicated by dark gray) and light-moonlight cycles with simulated twilight 

(LMR, twilight (R) indicated by light gray, M indicated by dark gray). A, F: Average activity 

profiles under the four light regimes with daylight intensity increasing from 10 to 10000 lux 

(left to right). Black lines represent the mean of at least 17 flies, the grey lines represent 

the SEM. B, G: Timing of the E peak under LD (upper panel) and LDR (lower panel). 

Dotted lines indicate lights-off (at Zeitgeber Time (ZT) 12). Timing of the E peak depended 

on daylight intensity (the higher the light intensity the later the E peak). Furthermore, the E 

peak occurred significantly earlier under LDR than under LD at all four daylight intensities 

(p<0.001) (as indicated by asterisks on top of B). C, H: Timing of the E peak under LM 

(upper panel) and LMR (lower panel). Again the E peak occurred earlier in LMR compared 

to LM (p<0.001) indicating a dominant role of twilight for timing the E peak. Labeling as in 

B, G. D, I: Percentage of nocturnal activity (from whole day activity) in LD and LDR. Under 

LDR nocturnal activity was significantly lower than under LD (p<0.001) as indicated by the 

asterisks on top. E, F: Percentage of nocturnal activity (from whole day activity) in LM and 

LMR. Moonlight generally increased nocturnal activity and this effect was significantly 

higher under LM than under LMR, at least between 100 and 10000 lux (see asterisks on 

top). n.s. not significant; ** p<0.001. 

 

  



Papers and manuscripts 

168 
 

Figure S1: 

 



Papers and manuscripts 

169 
 

6.5. Fly Cryptochrome and the visual system 
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6.6. Cryptochrome plays different roles in the fruit fly´s compound eyes and clock 

neurons 
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6.7. Rhodopsin five and six expressing photoreceptors modulate the small ventral 

lateral neurons and shift the free-running circadian rhythms of D. melanogaster. 

Rhodopsin five and six expressing photoreceptors modulate the small ventral 

lateral neurons and shift the free-running circadian rhythms of D. melanogaster. 
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Abstract 

Circadian clocks were shown to be of high adaptive value for animals and plants. 

One of the key features of this clocks is that they can adjust their endogenous 

period of approximately 24h to exactly 24h if external stimuli are presented in a 

rhythmic fashion, which is called entrainment. Several studies demonstrated that 

light is the most important Zeitgeber entraining the clock. In Drosophila the blue-

light photopigment Cryptochrome is expressed in about half of the clock neurons 

and resets the molecular clock mechanism to light-dark-cycles. However, also flies 

lacking CRY are able to adjust their endogenous period to 24h showing that the 

visual system of the fly is sufficient for entraining the clock in the fly. In this study 

we focus on the Hofbauer-Buchner-eyelet, a photoreceptor, which consists of only 

4 receptor cells per hemisphere. Using new imaging approaches we are able to 

show a physiological connection between the Hofbauer-Buchner-eyelet and the 

lateral clock neurons for the first time. This connection appears to be mediated via 

acetylcholine and is able to phase-shift the activity-rest rhythm of the fly, 

suggesting a biological relevance of the investigated connection. 
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Introduction: 

 

Circadian clocks create an endogenous sense of time that is used to produce daily 

rhythms in physiology and behavior (Aschoff, 1981a). A defining characteristic of a 

circadian clock is a modest deviation of its endogenous period from the 24.0-hour period 

of daily environmental changes (Aschoff, 1981b). For example, the average human clock 

has an endogenous period of 24 hours and 11 minutes (Czeisler et al., 1999), while the 

fruit fly Drosophila melanogaster’s clock has an average period of around 23-and-a-half 

hours (Dowse et al., 1987). Thus, in order to maintain a consistent phase relationship with 

the environment, the human clock must be sped-up by 11 minutes a day while the fly’s 

clock must be slowed down by half an hour. A sensitivity of the circadian clock to 

environmental time cues (Zeitgebers) ensures that circadian clocks are adjusted daily to 

match the period of environmental change (Pittendrigh, 1981). This process, called 

entrainment, is fundamental to the proper daily timing of behavior and physiology 

(Roenneberg et al., 2003).  For most organisms, daily light/dark cycles are the most 

salient Zeitgeber (Aschoff, 1981b). 

Though most tissues express molecular circadian clocks in animals, small islands 

of neural tissue are responsible for producing sleep/activity rhythms and many other daily 

rhythms in physiology (Herzog, 2007).  Within these islands a circadian clock neuron 

network (CCNN) functions as the master circadian clock (Nitabach and Taghert, 2008;  

Welsh et al., 2010). Subsets of neurons within the CCNN receive resetting signals from 

photoreceptors and connections between these neurons and their non-photoreceptive 

targets likely ensure light entrainment of the CCNN (Golombek and Rosenstein, 2009).  

In both mammals and insects the CCNN receives light input from multiple 

photoreceptor types. In mammals these consist of rods, cones, and intrinsically 

photosensitive retinal ganglion cells, each of which is sufficient for the entrainment of 

sleep wake cycles (Guler et al., 2007). In Drosophila the CCNN is entrained by 

photoreceptors in the compound eye, the ocelli, the Haufbaur-Buchner (HB) eyelet, and 

by subsets of clock neurons that express the blue light photoreceptor cryptochrome (cry) 

(Helfrich-Förster, 2002). Understanding how multiple light input pathways modulate the 

CCNN to produce entrainment to the environmental light/dark cycle is critical for our 

understanding of the circadian system and its dysfunction in the face of the unnatural light 

regimes accompanying much of modern life (Münch and Bromundt, 2012). To what extent 

do these light input pathways converge on specific nodes within the CCNN? What is the 
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physiological basis for their effects?  What are the effects of their excitation on 

sleep/activity rhythms? 

Here we investigate the physiological basis and circadian role of a long-suspected 

circadian light input pathway in Drosophila: the HB-eyelets. These simple accessory eyes 

contain four photoreceptors located at the posterior edges of the compound eyes and 

project directly to the accessory medullae (Hofbauer and Buchner, 1989;  Helfrich-Förster 

et al., 2002;  Malpel et al., 2002), neuropils that support circadian timekeeping in insects 

(Helfrich-Förster, 1998).  In Drosophila the AMe contain projections from ventral lateral 

neurons (LNvs), important components of the CCNN that express the neuropeptide 

Pigment Dispersing Factor (PDF) (Helfrich-Förster, 1997;  Helfrich-Förster, 1998), an 

output required for robust circadian rhythms in sleep and activity (Renn et al., 1999). The 

axon terminals of the HB-eyelet terminate near PDF positive projections (Helfrich-Förster 

et al., 2002;  Malpel et al., 2002) and analysis of visual system and cry mutants supports a 

role for the HB eyelet in the entrainment of locomotor rhythms to LD cycles (Helfrich-

Förster et al., 2001;  Helfrich-Förster et al., 2002;  Veleri et al., 2007), but how the eyelet 

influences the CCNN to support light entrainment is not well understood. 

Here we examine the physiological nature of the connection between the HB-

eyelet and the CCNN of Drosophila and present evidence that this circadian light input 

pathway specifically excites the small LNvs among the PDF positive LNvs and acts to 

phase-dependently advance free-running rhythms in sleep/activity. This work establishes 

for the first time the nature of a connection between the CCNN and an identified visual 

system pathway in the adult fly and indicates that input from external photoreceptors 

targets specific nodes within the fly CCNN. 
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Materials and Methods 

 

Fly Rearing and Transgenic Strains 

Flies were reared on cornmeal-yeast-sucrose media. Unless otherwise noted, flies 

were reared at 25˚C under a 12:12 light:dark cycle. All flies strains used in this study have 

been previously described. For GFP Reconstitution Across Synaptic Partners (GRASP) 

experiments we used the LexAop-GFP-11 and UAS-GFP1-10 elements (Gordon and 

Scott, 2009) in combination with the Rh6-GAL4 driver, which drives GAL4 expression in 

rhodopsin-six (Rh6) expressing photoreceptors (Sprecher and Desplan, 2008) and the 

Pdf-LexA element, which drives LexA in the PDF expressing LNvs (Shang et al., 2008). To 

visualize the Rh6-GAL4 expression pattern, we crossed this element to UAS-cd8GFP 

(Siegmund and Korge, 2001). For live imaging experiments, we used these same drivers 

along with the Pdf(M)-Gal4 element (Renn et al., 1999) in conjunction with the UAS-

GCaMP3.0 (Tian et al., 2009), UAS-P2X2 (Lima and Miesenböck, 2005), UAS-Epac1-

camps(50A) (Shafer et al., 2008), Lex- Aop-GCaMP3.0, and LexAop-Epac1-camps (Yao 

et al., 2012) responder lines to drive the Ca2+ sensor GCaMP3.0 (Tian et al., 2009), the 

FRET based cAMP sensor Epac1-camps (Nikolaev et al., 2004), and the mammalian 

purinergic receptor P2X2 (Lima and Miesenböck, 2005) in rhodopsin-six (Rh6) expressing 

photoreceptors or LNvs. For the TrpA1 mediated excitation of Rh6-expressing 

photoreceptors, the Rh6-GAL4 line above was combined with UAS-TrpA1 (Hamada et al., 

2008) in the hdcJK910-mutant background.  The hdcJK910-mutant suffers a loss of function 

mutation in histidine decarboxylase (hdc) and therefore lacks histamine (Burg et al., 

1993), the neurotransmitter of the compound eyes. Thus, in the hdcJK910-mutant 

background the excitation of Rh6 expressing photoreceptors will not result in the release 

of histamine from Rh6 expressing photoreceptors in the compound eye, whereas the HB-

eyelets will still produce and release acetylcholine upon excitation. 

 

GRASP and Microscopy 

To visualize the general projection pattern of the Rh6 expressing photoreceptors of 

the compound eyes (R8) and the HB-eyelet we crossed Rh6-GAL4 and UAS-cd8GFP flies 

and immuno-labeled F1 brains for anti-GFP and anti-PDF. To determine if the termini of 

Rh6 expressing photoreceptors and projections of the LNvs were sufficiently close to allow 

for the reconstitution of GFP between these two cell types, we crossed flies containing 

complementary split GFP elements (LexAop-GFP-11;UAS-GFP1-10) with flies containing 
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both the Rh6-GAL4 and the Pdf-LexA elements and processed FI brains only for anti-

PDF, relying on basal GFP fluorescence to visualize reconstituted GFP. Both parental 

strains were independently crossed to w1118 flies and offspring served as negative GRASP 

controls.   

For immunocytochemistry we submerged five to nine day old males of each 

genotype in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) at room 

temperature. We washed these flies with four changes of PBS, removed the heads, and 

dissected brains from the cuticle and eye tissue. We blocked the brains in 5% normal goat 

serum (NGS) in PBST (0.5% TritonX) for three hours at room temperature and then 

stained the brains in primary antisera (anti-GFP and anti-PDF for mapping Rh6 

expression, anti-PDF only for GRASP experiments). We used mouse anti-PDF 

(Developmental Studies Hybridoma Bank, The University of Iowa) at 1:1000 and chicken 

anti-GFP at 1:2000 (Abcam, Cambridge, MA) in 0,02% NaN3 and 5% NGS in PBST. 

Brains were kept in primary antibody over night at room temperature (RT). Following 

exposure to primary sera, we rinsed the brains with five 10-minute rinses in PBST and 

transferred the brains into secondary antisera consisting of Alexa Fluor 635 conjugated 

goat anti-mouse (for GRASP experiments) or, in the case of rh6-GAL4/uas-cd8GFP 

brains, Alexa Fluor conjugated 488 goat anti-chicken, and Alexa Fluor 635 conjugated 

goat anti-mouse. We exposed brains to secondary sera for three hours at room 

temperature. All secondary sera were diluted 1:200 in 5% NGS in PBST and were 

purchased from Life Technologies (Grand Island, NY). We rinsed the secondary sera from 

brains with five 10-minute rinses in PBST and mounted brains on glass slides using 

Vectashield mounting medium (Vector Laboratories, Burlingame, CA). 

We imaged brains using a Leica TCS SPE scanning confocal microscope (Leica, 

Wetzlar, Germany). We used 488 and 635 nm laser diodes to excite GFP and the 

fluorophores of the secondary antibodies using confocal steps of 2 μm. The laser settings 

were kept constant within each experiment. All images were analyzed using the Fiji in 

ImageJ.  

 

Live Imaging 

We performed live imaging experiments as previously described (Lelito and 

Shafer, 2012;  Yao et al., 2012) using an Olympus FV 1000 laser-scanning microscope 

(Olympus, Center Valley, PA) and a 60X 1.1N/A W, FUMFL N objective (Olympus, Center 

Valley, PA). We anesthetized flies over C02 and dissected brains under HL3 saline 

(Stewart et al., 1994). We mounted brains on the bottom 35-mm FALCON culture dishes 
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(Becton Dickenson Labware, Franklin Lakes, NJ) under a drop of HL3 saline in a Petri 

Dish Insert (PDI, Bioscience tools). We allowed brains to settle for 5-10 minutes before 

imaging. We established continuous perfusion of HL3 while the regions of interest (ROIs) 

over LNv somata or the HB-eyelet nerve were selected using Olympus Fluoview software 

(Olympus, Center Valley, PA). We performed Ca2+ imaging using the sensor GCaMP3.0, 

scanning brains with a 488 nm laser at 1 Hz and collecting GFP emission. We performed 

cAMP imaging using the FRET sensor Epac-1cAMPS, scanning brains with a 440 nm 

laser at 1 Hz and collecting CFP and YFP emission. We processed GCaMP3.0 

fluorescence and Epac1-camps inverse FRET (CFP/YFP) as previously described (Lelito 

and Shafer, 2012;  Yao et al., 2012). 

 Each imaging experiment began with the acquisition of 30 seconds of baseline 

fluorescence. At 30s, we switched perfusion channel to a second channel, which 

contained either test compounds dissolved in HL3 or HL3 alone as a vehicle control, for 

30s, after which we switched back to the first HL3 channel for the remainder of the 5-

minute time-course.  We purchased all chemicals from Sigma-Aldrich (St. Louis, MO) and 

Fisher Scientific (Waltham, MA).  We performed statistical tests on all live imaging data 

using Prism 5 (GraphPad, San Diego, CA) and compared maximum changes in 

GCaMP3.0 fluorescence or the Epac-1caMPs inverse FRET ratio between vehicle and 

test compounds. We used the Mann-Whitney U test for pairwise comparisons of maximum 

changes, and the Kruskal-Wallis one-way ANOVA with Dunn’s post-test for multiple 

comparisons. All plots were generated in Prism 5.  

 

Analysis of HB-Eyelet Induced Behavioral Phase Shifts 

To address the effects of HB-eyelet excitation on free running locomotor rhythms, 

we expressed the heat activated cation channel TrpA1 (Hamada et al., 2008) in the Rh6 

expressing photoreceptors of the compound eyes and HB-eyelets in a loss of function 

hdcJK910 mutant background, thereby removing the influence of the photoreceptors of the 

compound eyes. We performed an anchored phase-response curve (PRC) in these flies 

using pulses of high heat. As controls for our experimental line (w; hdcJK910;rh6-

GAL4/UAS-TrpA1) we crossed the w; hdcJK910;UAS-TrpA1 and w; hdcJK910;rh6-GAL4 

parental lines to hdcJK910 mutants resulting in the GAL4 (w;hdcJK910;rh6-GAL4/+) and the 

UAS (w;hdcJK910;UAS-TrpA1/+) controls. We used the Trikinetics Drosophila Activity 

Monitoring (DAM) system (Trikinetics; Waltham, MA) to record the number of beam 

crosses in one-minute intervals. We singly loaded two-to-five-day old male flies into 

capillary tubes containing a sucrose agar media and entrained the flies to a 12:12 
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light/dark (LD) cycle for 7 days at 20°C followed by constant darkness (DD). We delivered 

a two-hour heat pulse of 30°C at five different times during the final night of LD and during 

the first subjective day of DD and continued to record locomotor activity DD condition for 

10 days at 20°C. 

Raw data were plotted as actograms using ActogramJ (Schmid et al., 2011). To 

analyze phase shifts we used the open access program ChronoShop (Dr. Kamil 

Spoelstra, Netherlands) to determine the center of gravity (COG) for each fly for each day 

of the experiment, as this is the most reliable means to determine the phase of flies 

lacking input from the compound eyes. To determine the COG under entrained conditions, 

we averaged the COG of the last 2 days in LD. To determine the phase shift induced by 

the heat pulse, we calculated the difference between the COG on day 1 (COG1) after the 

HP and the COG in entrained conditions. The same was done for day 2 after the HP 

(COG2). To compensate for differences in the free-running period of different genotypes, 

we subtracted the shift caused by the free-running period at COG1 and COG2 for each 

single fly. We calculated the shift caused by the HP as the mean of ΔCOG1 and ΔCOG2. 

The free-running period was analyzed using chi2 analysis. Only flies in which the free-

running period as well as both COGs could be determined were used for analysis, leading 

to a sample size of between 18 and 26 flies for each experiment. 

We statistically compared phase shifts using Systat11 and tested data for normal 

distributions using one-way Kolmogorov-Smirnoff tests. Normally distributed data were 

compared using one-way ANOVA, non-normally distributed data were compared using a 

Mann-Whitney-U-test. In both cases p-values were adjusted using a Bonferroni correction. 

 

  



Papers and manuscripts 

226 
 

Results 

 

The Rhodopsin-6 photoreceptor termini rest in close apposition to the LNvs in the 

accessory medulla but not in the distal medulla. 

In order to express transgenes in the HB-eyelet, we made use of the Rh6-GAL4 

driver, as the eyelet expresses Rhodopsin-6 strongly in the adult (Helfrich-Förster et al., 

2002). The R8 photoreceptors of the compound eye also express Rhodpsin-6 and Rh6-

GAL4 (Yasuyama and Meinertzhagen, 1999) and we are not aware of a driver that drives 

strong expression exclusively in the HB-eyelet in the adult fly. R8 photoreceptors 

terminate in the distal medulla of the optic lobes whereas the eyelet projects to the 

accessory medulla where it terminates near the LNvs (Helfrich-Förster et al., 2002;  Malpel 

et al., 2002) and Fig 1A-C). If synaptic connections exist between the Rh6-expressing 

photoreceptors and the LNvs, split GFP constructs driven independently in these cell types 

should result in the reconstitution of GFP and reveal fluorescence at synaptic sites 

(Feinberg et al., 2008). A lack of reconstitution would argue against the presence of direct 

connections between these photoreceptors and the LNvs. Expression of split GFP in these 

cell types resulted in the reconstitution of GFP specifically in the accessory medulla in 16 

of 16 brains imaged. In 13 of these brains we also observed GFP reconstitution along the 

previously described ventral elongation of the LNv projections (Fig. 1E and G-I). No GFP 

reconstitution was detected in other regions of the brain, not even in the distal medulla 

where R8 termini reside near projections of the large LNvs (l-LNvs) (Fig. 1G-I). We 

detected no GFP fluorescence in control genotypes containing either the genetic drivers 

alone or the split GFP elements without drivers (Fig. 1D and F). These results support the 

hypothesis that the eyelets form direct connections on the LNvs in the accessory medulla 

and suggest that the R8 photoreceptors do not form synapses on the l-LNvs within the 

distal medulla. 

 

Histamine has no measurable effects on Ca2+ or cAMP in the LNvs. 

In the adult fly, the HB-eyelet is immunoreactive to antisera raised against both 

choline acetyl transferase (ChAT) and histamine  (Pollack and Hofbauer, 1991;  

Yasuyama and Salvaterra, 1999) suggesting the presence of both acetylcholine and 

histamine in the eyelet nerve. It is not known if the eyelet employs both neurotransmitters 

in the adult or if anti-ChAT immunosignals simply represent a non-functional, waning pool 

of ChAT left over from the cholinergic Bolwig’s nerve, which is remodeled to become the 
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eyelet in adults. It is not known if either neurotransmitter is used to relay light information 

from the eyelet to the clock neurons in the aMe, though previous work established that the 

LNvs, both large and small, are receptive to acetylcholine (McCarthy et al., 2011;  Lelito 

and Shafer, 2012). Mapping of the inhibitory histamine receptor HisCl indicated that the 

large but not the small LNvs are receptive to histamine (Hong et al., 2006). We first asked 

if bath applied histamine had measurable effects on LNv Ca2+ levels. We found no 

evidence that bath applied histamine caused significant changes in Ca2+ (Fig. 2A and B) 

or cAMP (Figure 2C and D) levels compared to vehicle controls in either the large or small 

LNvs. Histamine acts through inhibitory receptors and inhibition is often difficult to detect 

with existing genetically encoded sensors. We previously established that GABA mediated 

inhibition could be detected in the LNvs by co-applying GABA with the cholinergic agonist 

nicotine, in which case GABA significantly reduced the excitatory Ca2+ and cAMP 

response to nicotine. For both large and small LNvs, the co-application of 10-2M histamine 

did not significantly reduce the excitatory effects of 10-4M nicotine (Fig. 2E-H), suggesting 

that the former neurotransmitter either does not inhibit either class of LNvs or that such 

inhibition is not detectable with our sensors.  

 

Excitation of Rhodopsin-six expressing photoreceptors causes Ca2+ and cAMP increases 

in the small but not the large LNvs. 

The lack of histamine effects on the adult LNvs, along with previous work 

establishing that these neurons are receptive to acetylcholine, suggested that the HB-

eyelet might act to excite the LNvs rather than inhibiting them, as suggested by the anti-

histamine immunosignals that appear eyelet nerve during metamorphosis. To determine if 

an excitatory connection exists between the HB-eyelet and the LNvs, we rendered the HB-

eyelet nerve excitable by ATP through the expression of the mammalian purinergic 

receptor P2X2 (Fig. 3A), via Rh6-GAL4 mediated expression of UAS-P2X2. When we 

excited P2X2 expressing HB-eyelets with ATP application, no Ca2+ responses were 

detected in the large LNvs (Fig. 3B). In contrast, the small LNvs displayed significant Ca2+ 

increases in response to eyelet excitation (Fig. 3C). This excitatory response was not due 

to non-specific effects of ATP or to leaky P2X2 expression in the small LNvs, as flies 

containing the UAS-P2X2 responder element without an Rh6-GAL4 driver did not display 

Ca2+ increases in response to ATP application (Fig. 3D).  

 These results suggest that the HB-eyelets provide excitatory drive to the small but 

not the large LNvs. The presence of anti-ChAT immunosignals in the eyelet nerve  

suggests that acetylcholine mediates this excitation. We previously showed that 



Papers and manuscripts 

228 
 

cholinergic agonists increase cAMP levels in both the large and small LNvs. Thus, if the 

eyelet specifically excites the small but not the large LNvs, P2X2 mediated excitation of 

the eyelet should cause cAMP increases in the former but not the latter neuron class. 

Indeed, excitation of the eyelet produced no significant cAMP changes in the large LNvs 

but caused clear increases in cAMP in the s-LNvs (Fig. 4). These results suggest that 

among the LNvs the HB-eyelet specifically excites the s-LNvs, important clock neurons for 

the maintenance of strong, normally phased activity rhythms. 

 

Thermogenetic excitation of Rhodopsin-six expressing photoreceptors causes phase 

dependent advances in free-running locomotor rhythms. 

An excitatory connection between the HB-eyelets and the small LNv clock neurons 

leads to the predication that HB-eyelet excitation would result in phase shifts in the fly’s 

free-running locomotor rhythm, as the acute excitation of LNvs results in phase dependent 

advances and delays in this behavioral rhythm. To determine if HB-eyelet activity is 

sufficient for phase shifting locomotor rhythms we expressed the heat gated cation 

channel TrpA1 by combining UAS-TrpA1 with Rh6-GAL4, thereby rendering Rh6-

expressing photoreceptors excitable by high temperature (30°C) pulses. In order remove 

the influence of histaminergic R8 photoreceptors, we conducted this experiment in a 

hdcJK910 mutant, which is unable to synthesize histamine. Thus, in hdcJK910;Rh6-

GAL4/UAS-TrpA1 flies, TrpA1 mediated excitation of Rh6 expressing photoreceptors 

should result in acetylcholine release from the HB-eyelet in the absence of 

neurotransmitter release from the R8 photoreceptors in the compound eye.   

At low temperature (20°C), the expression of TrpA1 in the Rh6 expressing 

photoreceptors of hdcJK910 mutants caused a significant decrease in the free-running 

period of locomotor rhythms relative to controls (Table 1). We excited the Rh6 expressing 

photoreceptors of experimental flies at different times within the circadian cycle with two-

hour pulses of high temperature, comparing the phase responses of experimental flies to 

heat pulses to those of genetic controls that lacked either Rh6-GAL4 or UAS-TrpA1 

elements. Heat pulses delivered between ZT14 and 16 and ZT21 and 23 on the last night 

of the LD cycle caused small (40-80min) but significant phase advances in the 

experimental flies, whereas a pulse delivered between these two time-points (ZT 18-20) 

caused no significant phase changes (Fig 5). During the subjective day the heat pulses 

caused advances in both experimental and control lines, with no obvious differences 

between experimental and control flies (Fig 5B). Thus, HB-eyelet output modestly but 



Papers and manuscripts 

229 
 

significantly shifted the phase of free running locomotor rhythms in time dependent 

manner. 
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Discussion 

 

The Nature of the eyelet to LNv connections 

The HB-eyelets have long been implicated as a circadian light input pathway, 

based on anatomical and genetic evidence (Helfrich-Förster et al., 2001;  Helfrich-Förster 

et al., 2002;  Malpel et al., 2002;  Veleri et al., 2007). However, the apparent presence of 

both excitatory (ACh) and inhibitory (histamine) neurotransmitters in the eyelet (Pollack 

and Hofbauer, 1991;  Yasuyama and Salvaterra, 1999) and the inability to observe the 

physiological responses of clock neurons during eyelet excitation, have precluded a 

determination of how the eyelet relays information about environmental light to the 

circadian clock neuron network (CCNN). Our observation of GRASP signals between the 

eyelet and the LNv clock neurons both within the heart of the accessory medulla (AMe) 

and along it’s ventral elongation are consistent with connections between the eyelet and 

both the large and small LNvs, as projections of both the large and small LNvs reside in the 

AMe while the large LNvs likely give rise to the ventral elongation (Helfrich-Förster et al., 

2007).   

The expression of histamine within the eyelet nerve (Pollack and Hofbauer, 1991) 

and the histamine receptor HisCl in the large LNvs but not the small LNvs (Hong et al., 

2006) suggests that the HB-eyelet likely inhibits the large LNvs. Unfortunately, we were 

unable to address this possibility physiologically because our genetically encoded sensors 

were unable to detect histamine responses in the large LNvs. This is consistent with our 

previous experience indicating that Ca2+ and cAMP sensors are often unable to detect 

inhibitory responses within the clock neuron network (Lelito and Shafer, 2012). It was 

clear, however, that the HB-eyelet does not reliably excite the large LNvs, despite the 

presence of anti-ChAT immunosignals in the eyelet (Yasuyama and Salvaterra, 1999) and 

nicotinic ACh receptors in the large LNvs (McCarthy et al., 2011;  Lelito and Shafer, 2012). 

Absent direct physiological evidence for the inhibition of the large LNvs, it is possible that 

there is no connection between the eyelet and the large LNvs and that the GRASP signal 

along the ventral elongation is an artifact. Nevertheless, we suggest that our GRASP 

results along with previous work establishing that the large LNvs express inhibitory 

histamine receptors (Hong et al., 2006) are most consistent with a model in which 

histaminergic subsets of the eyelet nerve inhibit the large LNvs through inhibitory 

synapses along the ventral elongation of the AMe. 
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The HB-eyelet develops from the simple larval eye, called Bolwig’s organ, during 

metamorphosis (Helfrich-Förster et al., 2002;  Malpel et al., 2002). The axons leading from 

larval eyes project into the larval brain where they form excitatory cholinergic synapses on 

the PDF expressing larval LNvs (Yuan et al., 2011;  Yao et al., 2012), cells that persist to 

become small LNvs in the adult (Helfrich-Förster, 1997). Thus, the precursor of the HB-

eyelet acts to excite the precursor of the small LNvs in the larval brain. The expression of 

histamine in the eyelet nerve (Pollack and Hofbauer, 1991) suggested that this 

photoreceptor to clock neuron connection might be transformed from an excitatory to an 

inhibitory connection during metamorphosis. If this were the case, given our inability to 

measure inhibitory histamine responses in the adult LNvs, we would expect that the 

excitation of the HB-eyelet would have no measurable effects on the small LNvs of the 

adult brain. In contrast, the excitation of the eyelet, along with the histaminergic R8 

photoreceptors of the compound eye, resulted in the reliable excitation of the small LNvs, 

suggesting that the anti-ChAT immunosignals detected in the eyelet (Yasuyama and 

Salvaterra, 1999) reflect the presence of functional cholinergic axons in the adult eyelet 

nerve. These results suggest that light falling on the HB-eyelet results in the excitation of 

the s-LNvs along with increases in cAMP.   

The small LNvs play a critical role in the maintenance of circadian rhythms in sleep 

and activity (Renn et al., 1999) and the exogenous excitation of these neurons is sufficient 

for phase resetting of these behavioral rhythms under free-running conditions (Guo et al., 

2014). Furthermore, light input from external photoreceptors in the absence of the deep 

brain photoreceptor cryptochrome is sufficient for the light induced phase resetting of such 

behavioral rhythms (Kistenpfennig et al., 2012). We therefore predicted that exogenous 

excitation of cholinergic output in the eyelet would induce phase shifts in the free-running 

rhythm of sleep and activity. Indeed, such excitation produced phase dependent advances 

in sleep activity rhythms. It is not clear why such excitation did not mimic the effects of 

light pulses or the excitation of PDF neurons under free-running conditions, both of which 

can produce both advances and delays when delivered at night. We note that unlike light 

pulses or exogenous LNv excitation, our eyelet excitation experiments were characterized 

by relatively low excitation that would have been specific only to the small-LNvs. This 

suggests that the activity of the large LNvs is likely important for the production of the 

phase delays.   

Our results indicate that the specific excitation of the small LNvs by the HB-eyelet 

is sufficient to advance free running behavioral rhythms. These advances are likely 

produced through both the resetting of the molecular clock within the small LNvs and 

through the modulation of subsets of the remaining clock neuron network through the 
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release of sLNv PDF (Renn et al., 1999;  Shafer et al., 2008), a peptide that serves to 

synchronize some but not all PDF-receptive clock neurons within the network (Peng et al., 

2003;  Lin et al., 2004;  Im and Taghert, 2010;  Yao and Shafer, 2014). Taken together, 

our results provide the first physiological evidence in support of the longstanding 

hypothesis that the HB-eyelet physiologically modulates the circadian clock neuron 

network. They also provide strong evidence that light input through the HB-eyelet 

specifically excites the critical small LNvs to produce small phase changes in the clock 

neuron network and the sleep activity rhythms they produce. These results represent an 

important first step in understanding the network properties and physiological basis of light 

entrainment of the fly’s circadian clock neuron network. 
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Figure Legends 

 

Figure 1 Rh6-GAL4 expression pattern (A-F) and GRASP experiments (G-L). Rh6-GAL4 

is expressed in 70% of R8 of the compound eyes and in the HB-eyelet. The axons of R8 

terminate in the distal part of the medulla and are in close vicinity to the dendritic 

arborizations of the lLNv (A+D). The axons of the HB-eyelets directly innervate the 

accessory medulla and form a bouton-like structure. At least one of the 4 axons per 

hemisphere also innervates the ventral elongation of the accessory medulla which is 

formed by the lLNv (A-C, E+F). G-L GRASP experiments revealed reconstituted GFP in 

the accessory medulla and its ventral elongation. Whereas we found a strong signal by 

expressing the split-GFP constructs using rh6-GAL4 and pdf-lexA (H) no reconstituted 

GFP was found in both of the controls (G+I). Reconstituted GFP was found within the 

accessory medulla and its ventral elongation allowing communication between the HB-

eyelet with both PDF-positive neuron clusters (sLNv and lLNv) (J-L). 

 

Figure 2 Application of histamine (Hist) did neither increase cAMP nor Ca2+ levels in the 

PDF-positive lateral neurons. Calcium imaging from small and large LNv did not show an 

increase of the signal after Hist application (A+B). The same was true for cAMP for both 

neuronal subgroups (C+D). Using the Ca2+ and cAMP sensors we were only able to 

determine excitatory responses, whereas histamine might have an inhibitory function. To 

test this possibility we co-applied nicotine (Nic) to excite the neurons and investigated, 

whether histamine would decrease the Nic mediated response (E-H). We found increases 

in cAMP in both neuron clusters (sLNv and lLNv) upon the application of nicotine (E+F). 

The co-application of histamine did not result in a reduction of the cAMP-response (for 

quantification see G+H) in both neuron clusters. 

 

Figure 3 Calcium responses after activating the HB-eyelet using the P2X2 system. The 

application of ATP leads to the opening of the P2X2-channel and hence to the 

depolarization of the HB-eyelet. To test, whether we are able to activate the HB-eyelet we 

expressed the P2X2 channel as well as the Ca2+-sensor in the eyelet and found a 

significant increase of Ca2+ upon ATP application in the eyelet (A+B). In a second set of 

experiments we again expressed the P2X2 channel in the HB-eyelet but imaged from the 

PDF-positive neurons. The application did have no effect on the Ca2+-level in the lLNv 
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(C+D) but significantly increased Ca2+-levels in the sLNv (E+F). In a control experiment 

lacking a driver line for the P2X2 no Ca2+-increase was observed (G+H). 

 

Figure 4 cAMP responses of the PDF-positive lateral neurons after activation of the HB-

eyelet using the P2X2 system. The lLNv did not show any response upon the application 

by ATP (A+B) whereas the sLNv reacted with a significant increase of cAMP (C-D). This 

increase appeared again to be mediated by the activation of the HB-eyelet as the control 

experiments (lacking the driver for P2X2) showed only slight changes in cAMP levels 

upon ATP application in both neuronal subgroups (E-H). 

 

Figure 5 Behavioral shifts after activating the HB-eyelet in the hdcJK910 mutant 

background. Flies were entrained in LD 12:12 at 20°C and in the first night after LD a heat 

pulse (2h 30°C) was applied during different time points of the day. A Single actograms of 

the experimental strain (w;hdcJK910;rh6-GAL4/UAS-TrpA1) and the UAS-control 

(w;hdcJK910;UAS-TrpA1/+). After entraining the flies in LD at 20°C a HP (red arrow) was 

applied from ZT 14-16 and flies were afterwards recorded for 10 days in constant 

darkness at 20°C. For each fly we determined the center of gravity (COG) for the 

entrained condition (green line) and the COGs following the HP (blue dots) as well as the 

free-running period (blue line). The experimental line significantly phase-advanced the 

COGs after the HP, whereas the control flies did not show any phase shift after applying 

the HP. B Quantification of the phase shift after activating the HB-eyelet. We applied a HP 

at 3 different time-points in the subjective night (upper panel) and 2 during the subjective 

day (lower panel). We observed a significant phase advance compared to both controls if 

a HP was applied between ZT14-16 and ZT 21-23, whereas we were not able to find 

differences if a HP was applied at the other time-points.  
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Figure 2 
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Figure 4 
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Figure 5 
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