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First, I would like to thank Orie Shafer for inviting 
me to give the Pittendrigh-Aschoff talk at the 2022 
SRBR meeting in Amelia Island. This was a great 
honor and I really wanted to talk about my scientific 
journey in chronobiology. But things turned out dif-
ferently, and I couldn’t travel because my partner had 
a serious accident 3 days before the conference 
started. Fortunately, now, 2 years later, he is well 
again, and I have decided to finally write down what 
I originally wanted to say. I also couldn’t resist add-
ing scientific work that took place after 2022.

My scientific career is in several aspects unusual. 
First, I worked throughout my career on the same 
self-selected subject. Second, I was for many years 

without payment (my doctoral work and large parts 
of my post-doctoral time were unpaid meaning that I 
was working half-a-day as a scientific drawer to earn 
my livings), and third, I paused to raise my 2 children 
and became a permanent professor only when I was 
already 52. I thought that these personal things might 
be interesting for the younger generation. Therefore, 
I decided to write not only about science but also 
about my scientific motivation and personal short-
cuts. Many thanks go to my scientific mentors, sup-
porters and collaborators: Wolfgang Engelmann, 
Erwin Bünning, Karl-Friedrich Fischbach, Bronislaw 
Cymborowksi, Jeffrey C. (Jeff) Hall, Martin 
Heisenberg, Hans Erkert, Uwe Homberg, Monika 
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Abstract  My journey into chronobiology began in 1977 with lectures and 
internships with Wolfgang Engelmann and Hans Erkert at the University of 
Tübingen in Germany. At that time, the only known animal clock gene was 
Period, and the location and organization of the master circadian clock in the 
brain was completely unknown for the model insect Drosophila melanogaster. I 
was thus privileged to witness and participate in the research that led us from 
discovering the first clock gene to identifying the clock network in the fly brain 
and the putative pathways linking it to behavior and physiology. This article 
highlights my role in these developments and also shows how the successful 
use of D. melanogaster for studies of circadian rhythms has contributed to the 
understanding of clock networks in other animals. I also report on my experi-
ences in the German scientific system and hope that my story will be of interest 
to some of you.
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Stengl, Ralf Stanewsky, Stephan Schneuwly, Alois 
Hofbauer, John Ewer, Rodolfo Costa, Paul Taghert, 
Orie Shafer, Guy Bloch, Fernanda Ceriani, David 
Martinez-Torres and many others. I am similar thank-
ful to all undergraduate and PhD students as well as 
postdoctoral students, who decided to work with me. 
Here, I will only name a few: Dirk Rieger, Taishi 
Yoshii, Pamela Menegazzi, Matthias Schlichting, 
Pingkalai Senthilan, Katharina Beer, Peter Deppisch, 
Giulia Manoli, and Nils Reinhard.

I am a chronobiologist with heart and soul. My 
love for chronobiology already began in the second 
semester of my biology studies, shortly after I moved 
from the University of Stuttgart to the University of 
Tübingen in 1977. At that time, I took a seminar with 
Hans Erkert on the suprachiasmatic nuclei (SCN) and 
their function in mammals and was fascinated by 
how these small nuclei can control the circadian 
behavior of the whole animal. I was about to delve 
deeply into SCN matters, when I discovered that 
there was a second person at the University of 
Tübingen who gave lectures about biological 
rhythms: Wolfgang Engelmann. In his lectures, 
Wolfgang covered the entire chronobiology from 
ultradian, tidal, circadian, semilunar, lunar and 
annual rhythms and he talked about such rhythms in 
unicellulars, fungi, plants, animals and humans. 
Every semester, he taught a different chronobiologi-
cal topic, and I started to listen to all his lectures. 
During several practical courses, I became interested 
in the circadian rhythmic leaf movements of Phaseolus 
coccinus and Oxalis regnellii, the ultradian leaflet 
movements of Desmodium gyrans, the petal move-
ments of the Flaming Katy, Kalanchoe blossfeldiana, the 
transpiration rhythms of oat (Avena sativa), and the 
rhythmic formation of conidia in the bread mold, 
Neurospora crassa. Furthermore, I learnt how to record 
the locomotor activity of golden hamsters, squirrel 
monkeys, cockroaches and flies, and I participated in 
excursions to the University of Cologne for monitor-
ing lunar rhythms in the marine midge Clunio mari-
nus with Dietrich Neumann and to Erling-Andechs to 
visit Jürgen Aschoff’s famous bunker and to talk 
about the there-ongoing human experiments.

I also participated in self-experiments on human 
rhythms. One of Wolfgang’s ideas at that time was 
that the maximal body temperature that could be 
reached after excessive physical exercise varies 
throughout the 24-h day and that caffeine could influ-
ence this rhythm. The only way to find out was to 
measure core body temperature while cycling on an 
ergometer at different times of the day, once without 
and once with caffeine. I forgot the outcome of this 
experiment, but I still remember that it took me at 
least 40 minutes of hard exercise until my body 

temperature was reaching the maximum, that this 
experiment was especially hard at 3am, and that caf-
feine did neither help nor effect the outcome. Other 
more relevant self-experiments looked at the effects 
of lithium chloride on the free period of humans. 
Lithium had been used to treat bipolar disorders and 
major depression in human patients for decades and 
it appeared to slow the circadian clocks of most plants 
and animals (Engelmann, 1972; Hofmann et al., 1978). 
Since certain rhythmic parameters in some human 
patients had short periods that became desynchro-
nized from the body temperature rhythm during 
depression (Pflug et  al., 1982), Wolfgang wanted to 
test the hypothesis that lithium has a beneficial effect 
on depression by lengthening the period of short-
period rhythms and normalizing the phase relation-
ship of all rhythms. Together with his long-time 
collaboration partner Anders Johnsson (biophysicist 
at the Norwegian University of Science and 
Technology, Trondheim) and Burkhard Pflug (1939-
2009; psychiatrist at Frankfurt University Hospital), 
he planned to test the effect of lithium on healthy 
human volunteers during the Arctic summer in 
Spitsbergen under free-running conditions. I wanted 
to take part in this study as a volunteer and only 
backed out because my partner at the time was not at 
all enthusiastic about the idea. The adventurous 
experiment took place in 1978 (see Engelmann, 2010, 
for a detailed report), and it turned out that lithium 
slows down the speed of the human body clock 
(Johnsson et al., 1983).

What I like most about chronobiology is its inter-
disciplinary nature: one needs some knowledge of 
physics and mathematics to understand oscillations, 
knowledge of biochemistry to know what is going on 
in cells, and knowledge of many biological disci-
plines to understand the clocks in different organ-
isms. In addition, chronobiology clearly has medical 
implications for humans and, as I now know, for eco-
systems as well. In addition, circadian clocks are 
important for measuring the length of the day and 
preparing organisms in advance for the coming sea-
sons—a theory first put forward by Erwin Bünning, 
who was still working at the Tübingen Botanical 
Institute at the time (see Helfrich-Förster, 2024a for 
Bünning’s and Engelmann’s contribution to 
photoperiodism).

In 1981, I decided to perform the practical work for 
my diploma thesis in chronobiology and asked 
Wolfgang for a thesis topic. He suggested several top-
ics on plants, but also one on flies: the use of different 
brain mutants in Drosophila melanogaster to find the 
location of the master clock in the brain. I opted for 
the latter, without realizing that this topic would keep 
me busy to this day.
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On the Search of the Master Clock in 
the Brain of Fruit Flies with the Help 

of Neural Mutants

At that time, the first clock mutants in the clock 
gene period (pers, perl, and per0) had been identified 
(Konopka and Benzer, 1971). Transplantation experi-
ments had indicated that the circadian clock is located 
in the brain and humoral factors are involved in trans-
ferring circadian signals to the locomotor centers in 
Drosophila (Handler and Konopka, 1979); however, 
the site of the clock in the brain of flies was completely 
unknown. Only in larger insects such as moths the 
clock had been successfully traced to the superior cen-
tral brain (Truman, 1972, 1974) and in cockroaches, 
beetles and crickets to the optic lobes (Koehler and 
Fleissner, 1978; Page, 1982; Wiedenmann, 1983). To 
test whether the optic lobes do also house the fly’s cir-
cadian clock, my task was to investigate the rhythmic 
behavior of neural mutants with small optic lobes. A 
previous PhD thesis suggested that some individuals 
of eyeless sine oculis (so1) mutants (Figure 1a) had lost 
their rhythmic activity pattern under constant dark-
ness (DD) (Mack and Engelmann, 1981). Since it was 
not clear whether these arrhythmic animals lacked a 
part of the optic lobe that the rhythmic ones still pos-
sessed, I first had to record the locomotor activity of 
the individual flies and then to analyze the structure 
of their brains by histological means. To my great dis-
appointment, I found that the optic lobes had the 
same small size in all eyeless mutants (Figure 1b) and 
that virtually all mutant flies showed rhythmic behav-
ior under DD (Helfrich and Engelmann, 1983), just 
their free-running period was longer than that of 
wild-type flies (Figure 1c). Wolfgang suggested that I 
change my PhD thesis research focus to Drosophila 
sleep in my PhD thesis and took me to my first scien-
tific meeting in Zürich, a meeting on sleep research, 
where I met Irene Tobler and Alexander Borbely. Irene 
impressed me by her sleep studies in cockroaches and 
scorpions (Tobler, 1983; Tobler and Stalder, 1988), but 
I remained reluctant to study sleep in Drosophila. First, 
I wanted to locate the circadian clock in the brain of 
the fly. Wolfgang took me also to the Gordon Research 
Conference in Colby-Sawyers College in 1983, where I 
could present the results of my diploma thesis and 
had the opportunity to meet many colleagues in the 
circadian field. Woody Hastings even invited me to 
give a seminar in his group at Harvard University 
after the GRC, and he taught me how to record lumi-
nescence rhythms (glowing and flashing) in Gonyaulax 
polyedra (now Lingulodinium polyedra). All this was 
very exciting for me.

Back in Germany, I continued the search for the 
master clock in flies in my doctoral studies. I cooper-
ated with Karl-Friedrich Fischbach (University of 

Freiburg) who had just generated double mutants of 
so1 and small optic lobes (sol1), which he gave me prior 
to publication (Fischbach and Technau, 1984). The 
sol1; so1 mutants lacked all optic lobe neurons except 
large medulla tangential neurons, and as a conse-
quence, they had extremely tiny optic lobes (∼5% of 
wildtype size) (Figure 1b). To my surprise, the sol1; so1 
mutants had a very different activity pattern than the 
previously investigated mutants (Figure 1c): As soon 
as they were transferred to DD, these showed 2 simul-
taneously free-running activity components, one 
with a long and the other with a short period. I con-
cluded that the optic lobes are important for main-
taining a coherent activity pattern and speculated 
that they might be involved in the coupling of inde-
pendent circadian oscillators (Helfrich, 1986). The 
large medulla tangential neurons were good candi-
dates for circadian pacemaker neurons and I assumed 
that their shape might be altered in sol1; so1 mutants; 
but at this time I had no tool to label them individu-
ally. Three years later, Dushay et al. (1989) found with 
disconnected (disco1) the first arrhythmic optic lobe 
mutant. In this mutant, virtually all optic lobe neu-
rons died during development, undermining the 
putative role of the medulla tangentials as circadian 
pacemaker neurons. Subsequently, I tried to identify 
these medulla tangential neurons that were still pres-
ent in sol1; so1 mutants, but obviously absent in disco1 
mutants. Since Handler and Konopka (1979) could 
reinstall short-period rhythms in arrhythmic per0 flies 
by transplanting pers brains into the abdomen of per0 
mutants, I was especially interested in identifying 
neurosecretory cells that may release their neuropep-
tides into the hemolymph of the flies. To do so, I went 
to the lab of Bronislaw Cymborowski (University of 
Warsaw) where neurosecretory cells in the brains of 
insects were routinely stained with paraldehyde 
fuchsin. Indeed, we found 4 to 5 large neurosecretory 
cells at the lateral border of the central brain and the 
optic lobes in wild-type flies and sol1; so1 mutants that 
were absent in disco1 mutants, which underlines the 
putative importance of neurosecretory medulla tan-
gentials for circadian rhythmicity. However, this 
work was never published. In addition, we surgically 
removed the optic lobes of Musca domestica to confirm 
their importance for rhythmic behavior in larger flies. 
We found that the activity rhythm disappeared only 
when the lateral brain was additionally lesioned 
(Helfrich et  al., 1985). Since the neurosecretory 
medulla tangentials have their cell bodies at the 
boundary between the lateral brain and the optic 
lobes (Figure 2), this finding supports the possibility 
that they are the circadian pacemaker neurons in 
question in larger flies as well.

I finished my thesis in 1985 with the best possible 
grade and was awarded the “Attempto-Prize” of the 
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University Tübingen, which came with money for 
scientific traveling. Immediately after the defense, 
my son Christian was born, which prevented me 
from doing a planned postdoctoral stay in the USA, 

as my husband could not simply move and accom-
pany me. Nevertheless, the money from the Attempto-
Prize enabled me to frequently attend scientific 
conferences where I presented my results.

Figure 1.  Deciphering the circadian clock of Drosophila melanogaster using eyeless neural mutants. (a) Drawings of a wild-type and 
sine oculis (so1) head. (b) Brain morphology of the wild-type and the eyeless mutants so1 and sol1; so1. Due to the missing input of the 
photoreceptor cells and the consequent death of optic lobe interneurons, the eyeless mutants lack the lamina and the rest of the optic 
lobe is considerable smaller than in wild-type flies. The optic lobe of so1 mutants has about 40% and that of sol1; so1 about 5% of the wild-
type size. (c) Double-plotted actograms revealing locomotor activity rhythms of individual flies under light-dark (LD) cycles and con-
stant darkness (DD). Despite the strongly affected brains, both mutants entrain to the LD cycles and show rhythmic, circadian activity 
patterns under DD, although with different appearance. The free-running period of the so1 mutant is significantly longer than that of the 
wild-type fly; the sol1; so1 mutant shows simultaneously 2 free-running components. The black-white bars on the top of each actogram 
represent the LD schedule. (d) Arborization pattern of neurons stained with an antibody against the crustacean pigment-dispersing hor-
mone (PDH), a homolog of the insect pigment-dispersing factor (PDF). There are 8 PDF neurons per brain hemisphere, the 4 with large 
somata are called “large ventrolateral neurons” (l-LNv) and the 4 with small somata “small ventrolateral neurons” (s-LNv). Both types of 
PDF neurons arborize in the accessory medulla (aMe). The s-LNv project into the superior lateral protocerebrum (SLP), terminating close 
to the calyces (Ca) of the mushroom bodies. The l-LNv project into the medulla and via the posterior optic commissure (POC) to the other 
hemisphere. In sol1; so1 mutants, the optic lobe fibers run to the SLP and superior medial protocerebrum (SMP) instead of projecting in 
the tiny medulla. Modified after Helfrich-Förster (2014).
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The first specific labeling of clock 
neurons with an antibody against 
the pigment-dispersing factor (pdf)

Since the paraldehyde fuchsin staining labeled 
only the cell bodies of the neurons, I was looking for 
an antibody that specifically labels the whole neurites 
of the putative tangential medulla cells that might be 
involved in the master circadian clock of flies. After 
the birth of my daughter Mareike in 1987 and a period 
of maternity leave, I was given the opportunity to 
carry out these studies in 1991 with the help of a 1-year 
scholarship from the University of Tübingen (a kind 
of “come-back” stipend; see Figure 3). At the Gordon 
Research Conference on Chronobiology in Irsee in 
1992, I met Monika Stengl who presented a poster 
showing the immunostaining of cockroach and cricket 
brains with an antibody against the crustacean 
Pigment-Dispersing Hormone (ß-PDH) which also 
stains Pigment-Dispersing Factor (PDF) positive neu-
rons of insects (Homberg et al., 1991). ß-PDH and PDF 
are neuropeptides that are used as neuromessengers 
in interneurons of panarthropoda (Mayer et al., 2015). 
In crustaceans, ß-PDH is responsible for the daily dis-
tal pigment dispersion in the compound eye, which 
protects the photoreceptor cells from too much light 
(Rao and Riehm, 1993). This rhythmic pigment migra-
tion continues even under constant darkness indicat-
ing that it is controlled by the circadian clock. As 
neuromessengers, ß-PDH and PDF are present in the 
neurites, and the antibodies labeled the arborizations 
of the entire neurons. It was immediately clear to me 
that these neurons are the ones I was looking for, and 
in cooperation with Uwe Homberg, we immunos-
tained wild-type and mutant Drosophila brains with 
anti-ß-PDH (Helfrich-Förster and Homberg, 1993). 
Drosophila anti-PDF gave a virtually identical staining 
pattern as revealed later by Jae Park in the group of 
Jeff Hall (Park et al., 2000), and I will therefore simply 
call the stained neurons “PDF neurons.” We found 8 
PDF neurons (4 with small and 4 with large somata) 
per brain hemisphere, which were located between 
the central brain and the optic lobes (Helfrich-Förster 
and Homberg, 1993; Figure 1d). The 4 large PDF 

neurons were indeed medulla tangential neurons, 
while the 4 small PDF neurons were not, but projected 
into the superior lateral protocerebrum and termi-
nated dorso-anteriorly of the calyces of the mushroom 
bodies, centers for learning and memory (Figure 1d, 
top). All 8 PDF neurons were absent in disco1 mutants 
(Helfrich-Förster and Homberg, 1993).

The next logical step was to test whether the PDF 
neurons belong indeed to Drosophila’s circadian clock 
neurons. Fortunately, in the meantime, Kathy Siwicki 
in Jeff Hall’s lab had generated an antibody against 
PER that revealed circadian clock neurons in the lat-
eral and dorsal brain of the fly that were accordingly 
called lateral and dorsal neurons (LN and DN) 
(Siwicki et al., 1988; Zerr et al., 1990; Ewer et al., 1992). 
A co-labeling of PER and PDF positive neurons 
showed that the PDF neurons were identical with 2 
subgroups of the LN—the large and small ventral lat-
eral neurons (l-LNv and s-LNv) (Helfrich-Förster, 
1995). Thus, the PDF neurons were a subgroup of the 
circadian clock neurons.

As typical for medulla tangential neurons, the 
large PDF neurons (l-LNv) of wild-type flies form a 
wide fiber network in the distal medulla (Figure 1d). 
In addition, they send collaterals via the posterior 
optic commissure into the contralateral medulla. In 
so1 mutants, the overall arborization pattern of the 
l-LNv appears largely normal; except for the fact that 
it is denser in the medulla and that sometimes few 
fibers of the l-LNv project into the superior lateral and 
medial protocerebrum. The latter seem to follow the 
projections of the small PDF cells (s-LNv). Such 
misrouted l-LNv fibers can occasionally be observed 
also in wild-type flies, but much more frequently in 
flies with small optic lobes (Helfrich-Förster and 
Homberg, 1993). In flies with miniature optic lobes 
such as sol1; so1 double mutants, all l-LNv seemed to 
run toward the superior protocerebrum instead of 
into the distal medulla (Figure 1d), most probably 
because their original targets in the distal medulla 
had disappeared. Although it is strongly suggestive 
that the altered morphology of the l-LNv is the cause 
for the appearance of the 2 free-running components 
in behavioral rhythmicity under DD, it took another 
decade to prove (see below).

I was quite satisfied with my results and wanted to 
continue the research on the PDF neurons and the ori-
gin of the 2 free-running activity rhythms in the 
mutants with tiny optic lobes, but my fellowship 
could not be prolonged, and my efforts to get a grant 
for my habilitation (the German requirement for 
working as a professor) were not successful. So, it 
was extremely doubtful whether I could continue at 
all. Therefore, in 1994, I took for some time a job as a 
research assistant at the Max-Planck Institute (MPI) 
of Biological Cybernetics and worked on the effects of 

Figure 2. N eurosecretory cells in the brain of wild-type D. 
melanogaster stained with paraldehyde fuchsin.
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anesthetics in the guinea pig brain (Antkowiak and 
Helfrich-Förster, 1998). The time at the MPI was quite 
interesting because I learnt many new things and 
because I met Steven de Belle who worked on the 
Drosophila mushroom bodies (MBs) and their role in 
learning and memory. I immediately had 2 ideas: (1) 
to test whether the MBs are on the output pathway to 
locomotor activity rhythms, (2) to test whether the 
PDF terminals of the s-LNv, which terminated close 
to the calyces of the MBs signal to them and affect 
learning in a circadian manner. We decided to ablate 
the MBs and first analyze the effects of this ablation 
on locomotor activity rhythms. We found that the 
MBs are not on the output pathway of the clock neu-
rons toward the control of locomotor activity. 
However, we detected that the flies without MBs 
were significantly more active than the wild-type 
controls meaning that that the MBs are important for 
resting behavior of the flies, a result that we pub-
lished 8 years later (Helfrich-Förster et al., 2002). We 
did not dare to call this resting behavior sleep, but in 
2006, Amita Sehgal and coworkers published a paper 
in Nature with the title “Sleep in Drosophila is regu-
lated by adult mushroom bodies” (Joiner et al., 2006). 

In the meantime, we know that that there are several 
sleep centers in the fly brain (including the MBs) and 
that these get circadian input from the circadian clock 
neurons (e.g., Helfrich-Förster, 2018; Bertolini and 
Helfrich-Förster, 2023). Thus, we have been on the 
right track already in 1994. Many years later, in col-
laboration with Martin Heisenberg, we found that 
the circadian clock and its signals to the MBs enable 
flies to memorize the time of day (Chouhan et  al., 
2015).

In 1994, before my PNAS paper was published 
(Helfrich-Förster, 1995), Jeff Hall learnt that I could 
successfully label some clock neurons with anti-PDH 
and invited me to Brandeis. From that time on, we 
started a fruitful collaboration. Together with Martin 
Heisenberg, Jeff also intervened with the German 
Research Foundation and informed them that the 
project I had applied for was rejected because of 
unfair reviewer statements. Indeed, I was allowed to 
apply for a smaller 2-year grant on the same topic, 
which I got and started in 1996. Afterwards, I success-
fully applied for a habilitation position funded by the 
Margarete-Wrangell Program of the country Baden-
Württemberg (Germany). This enabled me to gain 

Figure 3.  Timeline of my most important scientific discoveries, personal life events and number of publications. The lack of publica-
tions after the birth of my 2 children and the resulting delay in career development is clearly visible. It was only after I received a posi-
tion at the University of Regensburg and, in particular, after I was tenured that the number of publications rose steadily.
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my venia legendi (the confirmation of teaching qualifi-
cation for my habilitation) in zoology in December 
2000 at the Zoological Institute of the University of 
Tübingen. During my work for the habilitation, I was 
hosted by the laboratory of Hans Erkert. Again, this 
was an interesting time, because I was able to experi-
ence at firsthand how Hans Erkert carried out his 
experiments with nocturnal and diurnal monkeys 
and how he discovered that the activity of owl mon-
keys (Aotus azarai) in the wild was strongly influ-
enced by moonlight (Fernández-Duque et al., 2010). 
These studies sparked my interest in direct light 
effects on the circadian clock (also called masking), 
which later led me to investigate the effects of moon-
light on flies (Bachleitner et  al., 2007; Kempinger 
et  al., 2009; Schlichting et  al., 2014, 2015a). In addi-
tion, they founded my interest in lunar rhythms 
(Kronfeld-Schor et  al., 2013; Helfrich-Förster et  al., 
2021; Wehr and Helfrich-Förster, 2021).

In January 2001, I started a temporary professor-
ship for zoology at the University of Regensburg, and 
in October 2009, I moved to the University of 
Würzburg to succeed Martin Heisenberg on the chair 
of Neurobiology and Genetics, which I hold until 
today. From that time onward, I was established in the 
German scientific system and from now on I can focus 
my attention on science. A timeline of my scientific 
discoveries and key life events is shown in Figure 3.

The Larval Clock of Drosophila 
Melanogaster

The first collaborative paper of Jeff’s group and 
myself was about the fruit fly larval clock (Kaneko 
et  al., 1997). In this paper, we showed that, in 
Drosophila larvae, the clock genes timeless and period 
were cyclically expressed in a subset of the adult 
clock neurons, and we discovered a fifth lateral clock 
neuron that previously escaped my attention and that 
was already functional in the larval brain. We called it 
the 5th LN (Figure 4; Kaneko et al., 1997), but later it 
was renamed into the 5th s-LNv. In the meantime, we 
know that the latter name is misleading because the 
5th LN has a much larger soma than the 4 PDF-positive 
s-LNv and that its morphology resembles much more 
the dorsal lateral neurons (LNd) than the ventral lat-
eral neurons (LNv) (Schubert et al., 2018). Therefore, I 
will stick to its original name. Besides the 4 s-LNv and 
the 5th LN, 2 Dorsal Neurons 1 (DN1, later specified as 
anterior dorsal neurons 1, DN1a, Shafer et al., 2006), 
the 2 Dorsal Neurons 2 (DN2), and faintly very few 
DN3 were stainable in the larval brain (Figure 4a). All 
other clock neurons appeared to be undeveloped. In 
this study, we also discovered for the first time the 
close vicinity of the s-LNv and their putative 

dendrites to the terminals of the larval photoreceptor 
nerve, also called Bolwig’s nerve (Figure 4a). 
Furthermore, Maki Kaneko detected 3 new clock neu-
rons by anti-TIM staining in the posterior lateral 

Figure 4.  View of circadian clock cells in the larval and adult 
brain from the year 2000. (a) In the larval brain, the PDF-positive 
small ventrolateral neurons (s-LNv in red), the fifth lateral neu-
ron (5th LN in lilac), the dorsal neurons 1a (DN1a), the dorsal neu-
rons 2 (DN2) and few dorsal neurons 3 (DN3) were present. The 
s-LNv have putative dendritic fibers in the larval optic neuropil 
(LON), where the terminals of the larval photoreceptor nerve, 
Bolwig’s nerve (BO) ends, and they project to the DN2 in the 
superior protocerebrum. The DN2 run to the contralateral dor-
sal brain hemisphere, while the arborizations of the other clock 
neurons were still unknown. EyD eye disk from which the com-
pound develops during metamorphosis. (b) Clock neurons of the 
adult brain. The LON has developed into the accessory medulla 
(aMe) and the larval photoreceptors into the Hofbauer-Buchner 
eyelets (H-B). The s-LNv have now dendritic fibers in the aMe 
and otherwise maintain their projections to the dorsal (supe-
rior) protocerebrum. The 5th LN, the DN1a and DN2 appear also 
unchanged, while the l-LNv, LNd, DN1p and LPN have appeared 
during metamorphosis and the number of DN3 has greatly 
increased. The PDF positive l-LNv form wide networks in the 
distal medullae of the optic lobes and connect the aMe of both 
hemispheres. (c) Schematic representation of all period and time-
less positive cells in the brain and eyes. In addition to the already 
described clock neurons, the clock is ticking in numerous glia 
cells that are distributed throughout the surface of the brain and 
optic lobes (pink). Furthermore, the clock genes are expressed 
in the nuclei of the photoreceptor cells in the eyes (outer photo-
receptor cells R1-6 and inner photoreceptor cells R7/R8) and the 
ocelli (yellow). Modified after Helfrich-Förster (2003).
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brain of adult flies. She published this finding 
together with many more details in an elaborate 
paper with Jeff (Kaneko and Hall, 2000). These 3 neu-
rons were later called Lateral Posterior Neurons 
(LPN) and characterized in detail only in 2022 
(Reinhard et al., 2022a).

In parallel to the development of period and time-
less positive neurons in the larval brain, I studied the 
development of the PDF-positive clock neurons 
(which I then called PDF medulla neurons, PDFMe) 
more closely and found that, in contrast to the s-LNv, 
which are present from the first larval instar onward 
and remain unchanged throughout development, the 
l-LNv (medulla tangentials) are only detectable in the 
middle of pupal development and their neurites 
appear fully developed immediately before the adults 
hatch from the pupae (Helfrich-Förster, 1997). I also 
described for the first time few weakly stained PDF-
positive neurons in the superior brain, which I called 
PDFCa neurons, PDF-positive neurons around the 
esophageal foramen (PDFTri neurons), and PDF-
positive neurons in the abdominal ganglion (not 
shown). All these cells do not express the clock genes 
and are consequently no clock-neurons. The PDFCa 
neurons are most probably corazonin-containing 
neurosecretory cells of the pars lateralis, which are 
strongly stained by anti-PDF in flies with strong pho-
toperiodic responses and might be involved in sea-
sonal adaptation (Hamanaka et  al., 2007; Manoli 
et  al., 2023). The PDFTri neurons are only present 
around eclosion and might be involved in its regula-
tion (Selcho et al., 2018).

The Pdf-Positive Clock Neurons Appear 
Necessary and Sufficient for Adult 

Locomotor Activity Rhythms

To prove whether the PDF-positive s-LNv and 
l-LNv are indeed required for rhythmic behavior, I 
took advantage of the disco1 mutants mentioned 
above after finding that individual disco1 flies occa-
sionally possess few PDF neurons. I decided to test 
whether the presence of these neurons leads to rhyth-
mic behavior by recording the locomotor activity of 
357 mutant flies and then immunostaining their 
brains with anti-PDH. I found that 4 flies still pos-
sessed 1 to 2 PDF neurons that sent their projections 
to the superior lateral protocerebrum, and all 4 flies 
showed free-running circadian rhythms (Helfrich-
Förster, 1998; reviewed in Helfrich-Förster, 2014). 
This strongly suggests that PDF neurons are neces-
sary and sufficient for adult locomotor rhythms, and 
that the superior protocerebrum is an output area, in 
which circadian signals are transferred to down-
stream neurons. In fact, the superior protocerebrum 

contains the insect hormonal centers (the neurosecre-
tory cells of the pars intercerebralis and lateralis, Figure 
2), which are most likely homologous to the neurose-
cretory cells in the paraventricular hypothalamus 
that project to the pituitary.

In collaboration with Jeff Hall’s group, we also 
found that PDF levels in the s-LNv terminals in the 
superior protocerebrum oscillate in a circadian manner, 
emphasizing the importance of these terminals for cir-
cadian rhythmicity (Park et al., 2000). Furthermore, in 
collaboration with the group of Stephan Schneuwly, we 
have found that ectopic expression of the Pdf gene in 
non-clock neurons projecting to the superior protocer-
ebrum and apparently releasing PDF into this brain 
region in a non-circadian manner leads to strongly dis-
turbed circadian rhythms (Helfrich-Förster et al., 2000). 
The parallel findings of Paul Taghert’s group that a Pdf 
null mutant (Pdf0) shows severely disturbed activity 
rhythms (Renn et al., 1999) demonstrates the involve-
ment of the neuropeptide PDF and the clock neurons, 
in which it is expressed, in circadian behavior.

The Accessory Medulla

Both types of PDF neurons arborize in the acces-
sory medullae (aMe), small neuropils at the base of 
the medullae (Figures 1d and 4b), which are in the 
meantime regarded as the circadian pacemaker cen-
ter of probably all insects, a fact that was nicely 
demonstrated in cockroaches by transplantation 
experiments, electrophysiological recordings and 
Ca2 +-imaging (Reischig and Stengl, 2003; Wei et al., 
2014, and other work of the Stengl group). The aMe 
of cockroaches are rich of neuropeptides as are the 
SCN of mammals, and both, the aMe and the SCN 
are innervated by photoreceptor cells (Helfrich-
Förster, 2004; Mieda, 2020; see Figure 4b for D. mela-
nogaster). This strongly suggests that the aMe of 
insects and the SCN of mammals are analogous 
structures that house the master clocks of the brain. 
In D. melanogaster, PDF was the first neuropeptide 
found in clock neurons and the aMe (Figure 4b). 
However, in the meantime, we and others identified 
many more neuropeptides that are used as neu-
romessengers by the clock neurons, and we know 
that many clock neurons arborize in the aMe (see 
below). Like cockroaches and mammals, some fruit 
fly clock neurons (e.g., the LPN) possess up to 4 dif-
ferent neuropeptides with putative different func-
tions (Reinhard et al., 2024). For non-neurobiologists, 
it should be noted that neuropeptides are ideal clock 
messengers because they modulate the activity of 
other neurons in a slow and long-lasting manner 
instead of triggering fast and short-lasting action 
potentials.
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The aMe gets indirect light input from the com-
pound eyes in perhaps all insects (el Jundi et  al., 
2011; Li et al., 2018; Arnold et al., 2020; reviewed in 
Helfrich-Förster, 2019). In addition, it seems to be 
directly innervated by extraretinal photoreceptors. 
In holometabolic insects such as flies, the aMe stem 
from the larval optic neuropils that are innervated by 
larval photoreceptors or stemmata (Figure 4a; 
Hagberg, 1986). In D. melanogaster, 8 of 12 larval pho-
toreceptors per hemisphere degrade during meta-
morphosis but 4 survive and are transformed into 
the Hofbauer-Buchner eyelets that move from the 
anterior part of the larvae to the posterior margin of 
the adult compound eye, change their photopigment 
and develop light-shielding pigment granula 
(Hofbauer and Buchner, 1989; Malpel et  al., 2002; 
Yasuyama and Meinertzhagen, 1999; Helfrich-
Förster et al., 2002, 2007). This transformation alone 
indicates an important role in the adult insect. 
Nevertheless, it took us more than 20 years to find 
out that the Hofbauer-Buchner eyelets mediate high-
intensity light adaptation of D. melanogaster’s clock 
(Schlichting et al., 2019b).

Drosophila’s clock is entrained by 
retinal and extraretinal  

photoreceptors

As explained above, extraretinal photoreceptors 
play a prominent role in the entrainment of circadian 
clocks to environmental light-dark cycles (reviewed 
in Helfrich-Förster, 2019). In the case of D. melanogas-
ter, this became already clear during my diploma 
work, because complete eye- and ocelli-less so1 and 
sol1; so1 mutants could nicely entrain to light-dark 
cycles (Figure 1c). From that point on, I was curious to 
identify these extraretinal photoreceptors. The 
Hofbauer-Buchner eyelets were my first guess, 
because they were still present in eyeless so1 (Hofbauer 
and Buchner, 1989) and their terminals nicely overlap 
with putative dendrites from the PDF-positive s-LNv 
and l-LNv (Figure 3b) (Schlichting et al., 2014, 2016); 
However, the Hofbauer-Buchner eyelets could not be 
the sole extraretinal photoreceptors because also flies 
without them and without functional compound eyes 
and ocelli were able to entrain (Helfrich-Förster et al., 
2001).

Cryptochrome

Again, Jeff Hall was very helpful in solving the 
photoreceptor problem, since he introduced me to 
Ralf Stanewsky, who was postdoc in his lab in the 
90ties. Ralf was interested in identifying new clock 

components and had developed a screen, in which he 
chemically mutagenized transgenic flies expressing a 
Period (PER)-luciferase fusion protein as an in vivo 
reporter for PER. This enabled him to identify mutants 
with disturbed PER oscillations in peripheral tissues 
in living flies. Among the first mutants he found was 
the cryptochromebaby (cryb) mutant, that carried a point 
mutation in the flavin-binding domain of the blue-
light photopigment Cryptochrome (CRY) (Stanewsky 
et  al., 1998). cryb mutants lacked phase-shifting 
responses to brief light pulses, and cryb mutants with 
additionally impaired photosensitivity in the com-
pound eyes showed only weak entrainment to light-
dark cycles. Since I was able to record fly locomotor 
activity for up to 1 month, we started to collaborate 
and tested the cryb mutants in different genetic back-
grounds and light programs as well as the effects of 
cry overexpression in the circadian clock neurons. In 
collaboration with Ralf, Patrick Emery and Michael 
Rosbash, we found that CRY is a deep brain photore-
ceptor that mediates entrainment and is most likely 
working in the clock neurons themselves (Emery 
et al., 2000b). Later, we found in parallel to the group 
of Paul Hardin that CRY is indeed expressed in about 
half of the clock neurons, in the compound eyes and 
in few other brain cells (Yoshii et al., 2008; Benito et al., 
2008). Most interestingly, in the compound eyes and 
other peripheral oscillators, CRY seems to be in 
involved in the core molecular clock, meaning that its 
absence provokes arrhythmicity and that is how it 
was detected (Stanewsky et al., 1998). Most other ani-
mals have a different form of CRY, also called mam-
malian CRY (see Deppisch et  al., 2022, 2023 for an 
overview). Mammalian CRY is light-insensitive and 
part of the core molecular clock even in the circadian 
pacemaker centers of the brain. Thus, CRYs are versa-
tile molecules that may fulfill different roles. In D. 
melanogaster (and birds), CRY appears to work addi-
tionally as magnetoreceptor, although there is some 
debate (Gegear et al., 2008; Yoshii et al., 2009a; Fedele 
et  al., 2014; see also Bassetto et  al., 2023; Kyriacou, 
2024; Reppert, 2024 for a debate), and there is some 
evidence that it influences photoreception in the eyes 
by interacting with the phototransduction cascade 
(Mazotta et al., 2013; Schlichting et al., 2018). Probably 
not all CRY functions have been clarified yet.

Rhodopsin 7

CRY was immediately propagated as the circadian 
photoreceptor of fruit flies, but to me it was always 
clear that CRY is just one of the many fly photopig-
ments that entrain the circadian clock to light-dark 
cycles. Together with Ralf, Jeff and Alois Hofbauer, 
we showed that one must eliminate all fly photore-
ceptors (CRY, the compound eyes, the ocelli and the 
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Hofbauer-Buchner eyelets) to lose entrainment to 
light-dark cycles (Helfrich-Förster et al., 2001). glass60j 
cryb double mutants are flies that lack all known pho-
toreceptors and, indeed, they cannot anymore entrain 
to light-dark cycles. Nevertheless, these mutants 
respond with an increase in activity to lights-off 
(Helfrich-Förster et al., 2001) meaning that they pos-
sess at least one additional photopigment that medi-
ates this response. A putative candidate for this 
photopigment is the enigmatic Rhodopsin 7 (Rh7) 
which I started working on in 2000 after it was 
detected in the genome (Adams et  al., 2000). Rh7 
turned out to be highly conserved among the 
Drosophila genus and present in most arthropods 
(Senthilan and Helfrich-Förster, 2016). Nevertheless, 
our and the work of others on Rh7 was of limited suc-
cess so far, meaning that we still don’t know exactly 
how Rh7 works (Grebler et  al., 2017; Kistenpfennig 
et al., 2017; Ni et al., 2017; reviewed in Senthilan et al., 
2019). Most likely, Rh7 has a critical role in the adap-
tation of behavior to light, most likely in avoiding 
harmful light as was shown for Rh7 in multidendritic 
neurons of D. melanogaster (Lazopulo et  al., 2019). 
Consistent with this view, the groups of Denise and 
Craig Montell showed most recently that Rh7 outside 
the eyes drives an aversion to blue light (Meyerhof 
et  al., 2024). Future studies must reveal the precise 
function and location of Rh7. Rh7 appears to be 
expressed in some clock neurons, but this seems not 
to be its main expression site (Senthilan et al., 2019).

The Interplay Between CRY and Rhodopsins

But now back to the “conventional” 6 Rhodopsins 
and CRY. There is plenty of evidence that they fulfill 
non-redundant roles in circadian photoreception 
(Rieger et al., 2003; Yoshii et al., 2015), which is under-
standable because they work via different mecha-
nisms. Light-activated CRY causes the degradation of 
the clock protein timeless (TIM) in the clock neurons, 
which leads to an immediate phase shift of the molec-
ular clock and, under constant light, to the permanent 
degradation of TIM, thereby stopping the clock and 
making the flies arrhythmic (Ceriani et  al., 1999; 
Busza et al., 2004; Rosato et al., 2001). Therefore, cryb 
and cry0 mutants show only small phase shifts to light 
pulses (Kistenpfennig et al., 2012), need several days 
to re-entrain their activity rhythms to a phase-shifted 
light regime (Emery et al., 2000b) and remain rhyth-
mic under constant light, even at high intensities 
(Emery et  al., 2000a; Helfrich-Förster et  al., 2001; 
Yoshii et al., 2004; Rieger et al., 2006). In contrast, the 
photoreceptors of the H-B eyelets and compound 
eyes signal via neurotransmitters (mainly acetylcho-
line and histamine) to the clock neurons (Schlichting 
et  al., 2016, 2019c; Alejevski et  al., 2019; Xiao et  al., 

2023). They seem to have different roles in entrain-
ment (Schlichting et al., 2014, 2015a, 2016) and most 
of these photoreceptor inputs are indirect, meaning 
that they work via various interneurons (Reinhard 
et al., 2024). The molecular mechanisms of how these 
light signals are transferred to the molecular clock 
machinery are still largely unknown. For sure this 
transfer is indirect and slower than the action of CRY, 
and constant light via the eyes does not provoke 
arrhythmic behavior by stopping the clock. 
Nevertheless, constant light via the eyes leads to 
prominent changes in period length (the so-called 
parametric effects of light) (Yoshii et al., 2004; Rieger 
et al., 2006). Most interestingly, constant light sensed 
via the eyes changes the clock speed differently in dif-
ferent clock neurons, meaning that the molecular 
clock of some neurons is accelerated and in other 
neurons it is slowed down (Rieger et  al., 2006; see 
below).

In several aspects, the effects of CRY, the HB eyelets 
and the eyes on entrainment are antagonistic to each 
other (Schlichting et al., 2016). Clear examples of this 
antagonism are the entrainment to long summer pho-
toperiods and the entrainment to light-moonlight 
cycles. Under long photoperiods, wild-type flies try to 
track dawn and dusk with their morning and evening 
activities, respectively (Rieger et al., 2003). Eyeless so1 
or clieya mutants are unable to do so, meaning that 
under long photoperiods their morning activity, if 
present at all, occurs after dawn and their well pro-
nounced evening activity occurs clearly before dusk. 
In other words, the morning and evening activity 
peaks of eyeless flies come close together, because the 
phase-advancing effects of the eyes on morning activ-
ity and the phase-delaying effects on evening activity 
are lacking. Consequently, eyeless flies cannot track 
dawn and dusk with their activity, while flies without 
CRY can still do so perfectly. cry0 and cryb mutants can 
even “better” track dawn and dusk than wild-type 
flies, meaning that they can track dawn and dusk 
even under very long days, under which wild-type 
flies cannot anymore follow (Rieger et  al., 2003; 
Kistenpfennig et al., 2018). This indicates CRY has an 
opposite effect on the phases of morning and evening 
activities than the eyes: it delays morning activity and 
advances evening activity (Kistenpfennig et al., 2018). 
At the molecular level, CRY signaling dampens the 
amplitude of PAR-domain protein 1 (PDP1) oscilla-
tions in most clock neurons during long days, whereas 
signaling from the visual system increases these 
amplitudes (Kistenpfennig et  al., 2018). Thus, light 
inputs from the 2 major circadian photoreceptors, 
CRY and the visual system, have opposite effects on 
day length adaptation. Their tug-of-war appears to 
determine the precise phase adjustment of evening 
activity (Kistenpfennig et  al., 2018). A similar effect 
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was observed under moonlit nights. When wild-type 
flies are exposed to artificial moonlight, they shift 
large parts of their evening activity into the early 
night, while eyeless flies do not show any shift 
(Bachleitner et  al., 2007) and cry0 mutants shift eve-
ning activity to a much greater extent into the night 
than wild-type flies (Zurl et al., 2022). Again, the com-
pound eyes are responsible for delaying evening 
activity into the night, while CRY keeps it in the day. 
The balance of the 2 effects appears essential for a 
wild-type phase of activity.

The Role of the Compound Eyes for Direct Light 
Effects (Masking)

The compound eyes have another important role 
in the control of activity. Light perceived via the eyes, 
allows the flies to follow gradual changes in light 
intensity precisely with their activity (Rieger et  al., 
2007; Schlichting et al., 2015a) and this works even in 
the absence of a functional clock (Schlichting et  al., 
2015b). In other words, under simulated natural 
dawn and dusk, the activity of arhythmic per0 mutants 
is barely distinguishable from that of wild-type flies; 
however, this is not the case if per0 mutants possess 
CRY but lack the eyes (Schlichting et al., 2015b). This 
indicates that the eyes allow clock mutants to exhibit 
almost normal activity patterns under natural condi-
tions and can explain results gained with different 
clock mutants in nature (Daan et al., 2011; Vanin et al., 
2012). In nature, the cyclic changes in temperature 
contribute to synchronization (Yoshii et  al., 2009b), 
and natural-like temperature cycles can provoke 
almost normal activity rhythms even in clock-less 
flies (Bywalez et al., 2012).

Nevertheless, this does not mean that the circadian 
clock has no selective advantage. In D. melanogaster, a 
functional clock appears to suppress futile activity in 
the heat of the midday and during the darkness of the 
night (Menegazzi et al., 2012; Schlichting et al., 2015b). 
Furthermore, a functional clock is important for a nor-
mal lipid metabolism and resistance to starvation 
(Schäbler et al., 2020; Amatobi et al., 2023) and for sur-
vival in competition with wild-type flies (Horn et al., 
2019). The role of the eyes in accurately tracking envi-
ronmental light changes can be seen as a direct effect of 
light on activity, also known as masking, as it is inde-
pendent of the circadian clock and masks its output.

The Dual Oscillator System: Morning 
And Evening Clocks

With their bimodal activity pattern, composed of 
morning and evening activity that are separated by a 
siesta (Figure 1c), fruit flies are not alone. Bimodal 

activity is present in many animals, including birds 
and mammals (Aschoff, 1966). In 1976, Pittendrigh 
and Daan observed in nocturnal rodents that morn-
ing and evening activity respond differently to light. 
The period length of morning activity is shortened by 
light, while the one of evening activity is lengthened. 
These different responses to light provoke the above-
mentioned coupling of morning activity to dawn and 
of evening activity to dusk under increasing photope-
riods that is evident in different species, including 
fruit flies. Pittendrigh and Daan (1976) assumed that 
2 separate circadian oscillators with different sensi-
tivity to light drive morning and evening activity. 
This model accounts for many observed circadian 
activity patterns including internal desynchroniza-
tion into 2 free-running rhythmic activity compo-
nents that I have observed in the eyeless Drosophila 
mutants with tiny optic lobes (Figure 1c) and rarely in 
wild-type flies (Figure 5b; Helfrich-Förster, 2000). 
Usually, the morning activity diminishes when flies 
are transferred to constant darkness (DD), but some-
times it remains clearly visible and free-runs in paral-
lel to the evening activity (Figure 5a). The interesting 
cases are the ones in which morning and evening 
activity do not run in parallel (Fig. 5b). Although 
these cases are rare, they clearly indicate that inde-
pendent morning and evening oscillators exist in the 
fly brain that are usually coupled with each other but 
can desynchronize under certain circumstances 
(Helfrich-Förster, 2000, 2001).

In the eyeless Drosophila mutants with tiny optic 
lobes morning and evening activity bouts are far 
apart under light-dark cycles since morning activity 
starts already before lights-on and evening activity 
after lights-off resulting in a long siesta and shorter 
night sleep in comparison to wild-type flies (compare 
Figure 5c with Figure 5a). At the first glance, this 
appears illogical because the eyes advance morning 
and delay evening activity, and these mutants have 
no eyes; but there are other reasons, as will be 
explained below. An early onset of activity indicates a 
short-period clock, while late activity is usually 
caused by long-period clocks. Indeed, the late eve-
ning activity of the mutants free-runs with a long 
period after transfer into DD (Figure 5c). The morn-
ing activity initially disappears after the transition to 
DD, but a short-period component splits from the 
evening activity bout, possibly originating from the 
morning oscillator, which runs invisibly with a short 
period during the first days of DD (Figure 5c). Most 
interestingly, we found an almost identical activity 
pattern in cryb (and cry0) mutants after these were 
transferred to constant light (LL) (Figure 5d). In cry 
mutants solely the compound eyes are responsible 
for the parametric light effects on morning and eve-
ning oscillators (period shortening of the morning 
oscillator and period lengthening of the evening 
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oscillator) without the disruptive effect of CRY that 
would make the flies arrhythmic in LL (Rieger et al., 
2006). Consequently, we could see the differential 
effects of light on the free-run of morning and eve-
ning oscillators that were predicted by Pittendrigh 
and Daan (1976) (Figure 5d).

The anatomical basis of these morning and eve-
ning oscillators remained elusive until Grima et  al. 
(2004) and Stoleru et  al. (2004) genetically manipu-
lated the clock neurons. Grima et al. (2004) expressed 
the period gene in different subgroups of clock neu-
rons in a per0 mutant background, whereas Stoleru 
et al. (2004) ablated subgroups of the clock neurons 
by expressing a cell death gene selectively in them. 
Both laboratories found that— dependent on the 
manipulation—either the morning or the evening 
activity bout disappeared. Consequently, they con-
cluded that the PDF-positive s-LNv must control the 
morning activity bout and the LNd control the eve-
ning activity bout. Certainly, this initial morning and 
evening oscillator model was much too simple, but it 
set the stage for further investigations. The reader is 
referred to Helfrich-Förster (2009), Yoshii et al. (2012) 
and Helfrich-Förster (2014) for a more detailed view 
on the dual oscillator model.

For me it was important to know, which clock neu-
rons drive the free-running short and long period 
rhythms in eyeless mutants with tiny optic lobes 
under DD and of cryb mutants under LL conditions. 
To find this out, we immunostained fly brains with 
anti-PER and anti-TIM on that day in DD or LL, 
respectively, at which the 2 free-running components 
were completely out of phase (Rieger et  al., 2006; 
Yoshii et al., 2009c). As presumed, we found that the 
s-LNv control the component free-running with short 

period (corresponding to the morning oscillators) 
(red in Figure 5e), while the 5th LN and about half of 
the LNd control the component free-running with 
long period (corresponding to the evening oscilla-
tors) (blue in Figure 5e) (Rieger et  al., 2006; Yoshii 
et al., 2009c). Furthermore, we found that about half 
of the dorsal neurons (DN1p) are morning and the 
other evening oscillators (red and blue in Figure 5e). 
Thus, the LNd and DN seemed to consist of morning 
and evening oscillators and to be heterogenous 
groups of clock neurons. At that time, we did not 
have the tool to classify these groups in more detail. 
Furthermore, we completely disregarded the DN3 in 
our analysis since these are difficult to quantify due 
to their small cell body size.

The next open question to be addressed was how 
tiny optic lobes associated with altered morphology 
of the PDF-positive l-LNv could cause the same dis-
sociation of morning and evening activities under 
DD as the absence of functional CRY in LL. The 
answer lies in the function of the l-LNv and the neu-
ropeptide PDF released from them. The l-LNv respond 
to light with a depolarization, an increase in Ca2+ lev-
els, and putatively with a release of PDF during the 
day (Shang et al., 2008; Sheeba et al., 2008; Fogle et al., 
2011; Liang et al., 2016). PDF released from the l-LNv 
into the aMe acts on all the PDF receptor-expressing 
clock neurons that have neurites there, and these 
include the morning and evening neurons (Im and 
Taghert, 2010). In the evening neurons, PDF leads to a 
clear phase delay (Yao and Shafer, 2014; Liang et al., 
2016, 2017; Menegazzi et al., 2017; Schlichting et al., 
2019c; Vaze and Helfrich-Förster, 2021), which would 
result in a period lengthening under LL. Whether 
PDF leads to the expected phase advances (period 

Figure 5.  (a, b) Double-plotted actograms of wild-type flies in which the morning activity (red line) persists in constant darkness (DD). 
In a, it free-runs in parallel to the evening activity (blue line), while it runs with a shorter period than the evening activity in b. (c) Typical 
activity pattern of a sol1; so1 mutant that reveals 2 free-running activity components under DD. Both appear to start from evening activity, 
but it is well possible that the morning component (red line) is the expression of the morning oscillator that free-runs invisibly during 
the first 2 days in DD. (d) Typical activity pattern of a cryb mutant in LD and constant light (LL) that largely resembles the activity pattern 
of the sol1; so1 mutant. (e) Scheme showing morning (red) and evening (blue) clock neurons in the Drosophila brain. The yellow arrows 
indicate the light-input to the l-LNv. Labeling of clock neurons as in Figure 4. Modified from Helfrich-Förster (2014).
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shortening) in the morning neurons is less clear, but 
what is known is that a depolarization of the morning 
neurons only causes advances and no delays (Eck 
et al., 2016). This indicates that excited M neurons are 
potent accelerators of the clock. In summary, increased 
PDF release from the l-LNv under LL may speed up 
and slow down the clock in the morning and evening 
neurons of cry mutants, respectively. In the mutants 
with tiny optic lobes, the l-LNv form a dense PDF 
fiber network in the dorsal protocerebrum instead of 
the medulla (Figure 1d), and PDF signaling to morn-
ing and evening neurons, both of which branch in the 
dorsal brain, may already be increased in DD, leading 
to internal desynchronization of morning and eve-
ning activity. Indeed, we could demonstrate a posi-
tive correlation between the number of PDF fibers in 
the dorsal brain and the degree of internal desynchro-
nization between morning and evening activity 
(Wülbeck et al., 2008). Furthermore, internal desyn-
chronization disappeared in the absence of PDF 
showing that PDF and not the altered brain morphol-
ogy of the mutants is the cause of the accelerated 
morning and decelerated evening oscillators 
(Wülbeck et al., 2008). A more detailed description of 
the role of PDF in the dual-oscillator model of rhythm 
control can be found in Helfrich-Förster (2014).

The power of the dual oscillator model is that it 
explains observed adaptations to seasonal changes in 
day length. That PDF is crucial for these adaptations 
was shown by my group in several studies. Most 
importantly, the density of PDF fibers in the dorsal 
protocerebrum was significantly higher in Drosophila 
species of the virilis group, which stemmed from high 
latitudes and were exposed to extremely long photo-
periods in the summer as compared to species stem-
ming from lower latitudes (Hermann et  al., 2013; 
Menegazzi et  al., 2017; Beauchamp et  al., 2018; 
Helfrich-Förster et al., 2020; Manoli et al., 2023). This 
is associated with an improved ability to delay eve-
ning activity until dusk during long photoperiods and 
could be of adaptive significance in these species.

The Clock Network of  
D. Melanogaster—Refined Versions

Over the years, the circadian clock network of D. 
melanogaster has been further refined. Immuno
cytochemical studies revealed that besides PDF 
many additional neuropeptides are expressed in the 
different subsets of clock neurons. Among these are 
Ion Transport Peptide (ITP), Allatostatin A and C, 
short Neuropeptide F, Diuretic Hormone 31 and 44, 
Trissin, CCH amide1, CNM amide and Proctolin 
(Johard et al., 2009; Hermann et al., 2012; Hermann-
Luibl et  al., 2014; Chen et  al., 2016; Fujiwara et  al., 

2018; Diaz et al., 2019; Ni et al., 2019; Reinhard et al., 
2022a, 2024). Antibodies against these neuropeptides 
together with reporter gene driven clock neuron 
labeling revealed the neurites of almost all clock neu-
rons (Figure 6). In comparison to Figure 4b, Figure 6 
shows dense fiber networks in the superior lateral 
and medial protocerebrum, close to the neurosecre-
tory centers of the pars intercerebralis (PI) and pars 
lateralis (PL), and in the posterior lateral protocere-
brum (Reinhard et  al., 2022b). This indicates that, 
besides the aMe, there are additional fiber hubs serv-
ing communication between the clock neurons, com-
munication from other neurons to the clock network, 
and from circadian clock neurons to downstream 
neurons. An increasing number of available gal4 or 
split-gal4 lines allowed the selective labeling and 
manipulation of individual clock neurons unravel-
ing their function in increasing detail (Sekiguchi 
et  al., 2020). Furthermore, new techniques such as 
transTango (Talay et al., 2017) allowed the identifica-
tion of postsynaptic partners of individual clock 
neurons.

Another era began with the electron microscopic 
data sets of 2 female Drosophila brains, the hemibrain 
and the Flywire connectome (Scheffer et  al., 2020; 
Dorkenwald et al., 2023), which allowed the annota-
tion of all clock neurons, including their connections 
to each other and their synaptic inputs and outputs 
(Shafer et  al., 2022; Reinhard et  al., 2022b, 2024). 
Especially the Flywire connectome, which includes 
the connections between the 2 brain hemispheres and 
the light input pathways from the compound eyes, 
allowed the detailed characterization of contralater-
ally projecting clock neurons and their mostly indi-
rect connections to photoreceptor cells (Reinhard 
et al., 2024).

It turned out that the heterogenous group of DN1p 
consists of at least 5 subgroups and that the DN3 con-
tain ~86 clock neurons per brain hemisphere instead 
of ~40. Thus, the entire clock network consists of ~240 
instead of the so far assumed ~150 clock neurons and 
the network in the superior protocerebrum is even 
denser as assumed in 2022 (compare Figure 6 with 
Figure 7).

It is impossible to mention all the new details 
about the clock neurons and their putative function 
in the whole circadian system in this review. Here, 
the reader is referred to the original publications. Let 
me just summarize the most important finding that 
emerged from recent anatomical and functional stud-
ies. As already indicated by previous results (e. g. Yao 
and Shafer, 2014), the original hierarchical view of the 
clock network with the lateral neurons and in partic-
ular the PDF neurons as the main circadian pacemak-
ers proved to be too simplistic. Other neurons, in 
particular the many dorsal clock neurons appear as 
important as the PDF neurons or can at least 
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compensate for their loss (Delventhal et  al., 2019; 
Schlichting et al., 2019a; Sekiguchi et al., 2024). This 
suggests that the control of circadian behavior is dis-
tributed among several subgroups of clock neurons 
that interact in a complex network as illustrated in 
Figure 7. It will be most exciting to reveal the role of 
the newly classified dorsal clock neurons (DN1p and 
DN3) in the circadian system of the fly. Most impor-
tantly, there are multiple connections between the 
clock neurons and the hormonal centers in the supe-
rior protocerebrum that control physiology, metabo-
lism and sleep (e.g., Barber et al., 2021).

The Clock Network In Other 
Arthropods

If you look at my scientific background, it becomes 
clear that I am not only interested in the clock network 
of D. melanogaster but wanted to know how circadian 
clocks work in the brain in general. Collaborative 
research grants from the European Union (EUCLOCK 
with Till Roenneberg as speaker, Marie-Curie Training 
Networks Insect Time and CINCHRON with 
Charalambos Kyriacou as speaker), the German Israeli 
Foundation (collaborative grant between Guy Bloch 
and myself), and the German Research Foundation 
DFG (Collaborative Research Center Insect Timing 
with myself as speaker) gave me the opportunity to 
cooperate with other scientists on this endeavor. 
Together, we were able to partly characterize the circa-
dian clock network in the brain of the honeybee Apis 
mellifera (Fuchikawa et al., 2017; Beer et al., 2018), the 
ant Camponotus floridanus (Kay et al., 2018), the aphid 
Acyrthosiphon pisum (Colizzi et  al., 2021, 2023, 2024), 
the olive fly Bactrocera oleae (Bertolini et al., 2018) and 

several fruit fly species stemming from different lati-
tudes (Kauranen et  al., 2012; Bertolini et  al., 2019; 
Hermann et  al., 2013; Menegazzi et  al., 2017; 
Beauchamp et al., 2018; Manoli et al., 2023). Most inter-
estingly, all these species possess clock neurons in the 
lateral and superior protocerebrum, and the neuro-
peptide PDF was expressed in subgroups of the clock 
neurons (see also Beer and Helfrich-Förster, 2020).

Currently, the DFG funded priority program 
“Antarctic Research with comparative investigations 
in Arctic ice areas” gives Bettina Meyer (AWI, 
Bremerhaven) and me the opportunity to extend our 
studies on Antarctic Krill Euphausia superba (see Hüppe 
et  al., 2024 for a first paper). Personally, I am very 
excited about this project because Antarctic krill takes 
a key position in the Southern Ocean ecosystem, link-
ing energy from the base of the food web into the high-
est trophic levels. It is therefore important to know 
how its daily vertical migration comes about. It is most 
likely the circadian clock of the krill that controls this, 
and fortunately, this clock is already partly character-
ized on the molecular level (Biscontin et al., 2017).

Comparative Aspects Of Insect And 
Mammalian Circadian Clock 

Networks

As mentioned above, the insect accessory medulla 
can be considered an analog of the mammalian SCN, 
and several interesting parallels can be drawn between 
the 2 master circadian clocks. Not only are both rich in 
neuropeptides, but some neuropeptides even appear 
to fulfill similar functions. For example, the insect 
PDF has its counterpart in the mammalian vasoactive 
intestinal neuropeptide (VIP). Both neuropeptides act 
on homologous G-protein-coupled receptors, whose 

Figure 6.  View of circadian clock cells and their branches in the 
adult brain from the year 2022. This reconstruction comes from 
antibody staining and driver lines. New fiber hubs became vis-
ible in the clock network, one in the superior median protocer-
ebrum (SMP-hub), another in the superior lateral protocerebrum 
(SLP-hub) and the third one in the posterior lateral protocere-
brum (PLP-hub). Otherwise, labeling as in Figure 3. Modified 
from Reinhard et al. (2022b).

Figure 7.  View of circadian clock cells and their branches in the 
adult brain from 2024. This clock neuron reconstruction comes 
from electron microscopy (connectomics) backed-up with anti-
body staining, driver lines and multicolor flip out experiments 
(Reinhard et al., 2024). The clock cells and brain regions are not 
highlighted and the colors from Figures 4 and 6 have not been 
adopted. Note that the number of fibers in the superior median 
and lateral protocerebrum has increased significantly compared 
to Figure 6. From Reinhard et al. (2024).
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activation increases cAMP levels (Harmar et al., 2002; 
Aton et al., 2005; Helfrich-Förster, 2005; Mertens et al., 
2005; Lear et  al., 2005; Hyun et  al., 2005; Maywood 
et  al., 2006). These receptors are expressed in many 
clock neurons, and PDF and VIP serve to communi-
cate between the different clock neurons, synchroniz-
ing their oscillations. Without PDF and VIP (or their 
receptors), the clock neurons become asynchronous, 
resulting in weak and eventually arrhythmic activity 
rhythms. In both cases, the weak activity rhythms 
have a short period, suggesting that PDF and VIP 
mainly have period-lengthening effects. In contrast, 
knock-out of the neuropeptide Ion Transport Peptide 
(ITP) in Drosophila and knock-out of the clock in argi-
nine-vasopressin (AVP)-expressing clock neurons in 
mice result in a period lengthening of the activity 
rhythms, suggesting that these 2 neuropeptides pre-
dominantly have period-shortening effects (Hermann-
Luibl et  al., 2014; Mieda et  al., 2015). All this is 
reminiscent of the dual oscillator model proposed by 
Pittendrigh and Daan (1976), which predicts morning 
and evening oscillators with different properties. The 
fruit fly was the first animal in which morning and 
evening neurons were described at the anatomical 
level: the small PDF neurons (s-LNv) are morning 
oscillators, while the ITP neurons (fifth LN and 1 LNd) 
are among the evening oscillators. In mammals, morn-
ing and evening oscillators have been found in the 
rostral (anterior) part of the SCN (Jagota et al., 2000; 
Hazlerigg et al., 2005; Inagaki et al., 2007). Strikingly, 
the putative morning neurons (VIP neurons in mice 
and small PDF neurons in Drosophila) are in the ven-
tral parts of the master clocks, whereas the evening 
neurons (AVP or ITP neurons, respectively) are in the 
more dorsal part of the master clocks. Furthermore, 
mammalian and Drosophila VIP and PDF neurons 
appear to receive strong light input from the eyes and 
make connections with ITP and AVP neurons, respec-
tively. More recently, other putative evening neurons 
have been discovered in the rostral part of the mouse 
SCN. These are neurons containing the neuropeptide 
cholecystokinin (CKK) (Xie et al., 2023), some of which 
also appear to express AVP and prokineticin, as 
revealed by RNA sequencing analyses (Wen et  al., 
2020; Xu et  al., 2021; summarized in Mieda, 2023). 
Nevertheless, and in apparent contrast to flies, there 
appear to be no defined areas of the SCN that only 
contain morning or only evening oscillators (Mieda 
et al., 2015). Rather, morning and evening oscillators 
form distributed networks in the SCN. On closer 
inspection, this difference between mice and flies is 
reduced. In Drosophila, too, PDF and ITP neurons are 
not the only morning and evening oscillators (Rieger 
et al., 2006; Yoshii et al., 2009c; Yoshii et al., 2012). The 
numerous dorsal clock neurons also appear to consist 
of morning and evening oscillators. They are much 

more heterogenous than originally thought, and the 
role of many of them in the Drosophila circadian sys-
tem is not yet understood (Reinhard et al., 2024). It is 
highly likely that flies also have distributed networks 
of morning and evening oscillators, as is the case in 
mice.

The organization of the circadian master clock is 
not the only parallel between flies and mice (or, 
more generally, between insects and mammals). 
Both master clocks send signals to the neurohor-
monal systems, which are in the pituitary and pineal 
gland of the hypothalamus in mice and in the pars 
intercerebralis and lateralis in flies, which are con-
nected to the corpora cardiaca and allata (see Reinhard 
et al., 2024 for a comparison). The link between the 
circadian clock and the neurohormonal system 
ensures not only the circadian release of hormones, 
but also the seasonal adaptation of physiology and 
behavior (see below).

Another interesting parallel between insects and 
mammals (perhaps more generally between inverte-
brates and vertebrates) is the location of the master 
clock near the optical system and the use of several reti-
nal and extraretinal photoreceptors to entrain it to the 
light-dark cycles of the environment (reviewed by 
Helfrich-Förster, 2019). In this regard, fruit flies appear 
to be more complicated than mammals because they 
have light-sensitive CRY in addition to retinal and 
extraretinal photoreceptor organs (Deppisch et  al., 
2022). A phylogenetic analysis revealed that the non-
light-sensitive mammalian CRY is most likely the origi-
nal CRY form, and in particular, those insects that are 
exposed to high levels of light, additionally (or exclu-
sively) possess the light-sensitive form of CRY (Deppisch 
et al., 2023). Photoprotection or rapid adaptation to light 
could be one of the possible reasons for the evolution of 
light-sensitive CRY. Nevertheless, flies without CRY 
still have multiple photoreceptors for their circadian 
clock and can perfectly adapt to the light-dark cycles in 
their environment (Rieger et al., 2003; Schlichting et al., 
2015b). In many ways, their entrainment behavior is 
more similar to that of mammals than to that of wild-
type flies (Kistenpfennig et al., 2012).

While there are differences between the circadian 
systems of mammals and insects, the similarities 
undoubtedly outweigh the differences, and research 
on the clocks of insects and mammals has enriched 
each other.

Role Of The Circadian Clock In 
Photoperiodic Responses

Let me come back to one important role of the cir-
cadian clock mentioned in the beginning, the mea-
surement of day length that is essential for seasonal 
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adaptation. As Bünning stated already in 1936, pre-
paring in time for the winter is essential for survival. 
Organisms that fail to do so will ultimately die, 
while organisms that fail to reproduce at the right 
time in spring/summer will have no offspring. 
Bünning therefore concluded that the possession of 
a circadian clock that provides a reference time nec-
essary for measuring day length represents a con-
siderable selection advantage. I am delighted that 
Dirk Rieger and I had the opportunity to guest-edit 
an issue of the Journal of Comparative Physiology A 
entitled “A clock for all seasons” (Helfrich-Förster 
and Rieger, 2024). It is now almost 50 years since 
Colin S. Pittendrigh and Serge Daan published their 
influential article “A functional analysis of circadian 
pacemakers in rodents.” V. Pacemaker structure: a 
clock for all seasons” in the same journal (Pittendrigh 
and Daan, 1976). Our special issue comprises ten 
review articles, 5 original research papers and 3 per-
spective pieces, which collectively address a diverse 
set of questions pertaining to daily and seasonal 
timing in invertebrates (primarily insects), birds, 
and mammals. As true for behavioral rhythms, the 
overwintering responses of insects are regulated by 
neuropeptides, and again the neuropeptide PDF, 
among others, appears to be critically involved in 
this regulation (Shiga and Numata, 2009; Nagy 
et  al., 2019; Kotwica-Rolinska et al., 2022; Hasebe 
et al., 2022; Colizzi et al., 2023; Hidalgo et al., 2023; 
Helfrich-Förster, 2024b).

Concluding Remarks

During my scientific career, I have been fortunate 
to work in a very interesting field and on exciting top-
ics. I also came across highly interesting and versatile 
molecules, the neuropeptide PDF, CRY and the 
Rhodopsins, of which Rh7 is the most mysterious. 
Together with other researchers, I have unraveled the 
circadian clock network in the brain of D. melanogaster 
and other insects. The principal features of this clock 
network appear largely conserved in all insects and 
have great similarities to that of mammals and prob-
ably other invertebrates and vertebrates. In particular, 
there are multiple inputs from the photoreceptors to 
the neuronal clock network, which is highly peptider-
gic and sends signals to the endocrine system via mul-
tiple output pathways. Thus, the work on the fruit fly 
has advanced our general knowledge about the orga-
nization of circadian clocks in the brain. I am honored 
having laid groundwork for further generations of 
scientists to discover more about circadian clock net-
works and their role in seasonal adaptation and sur-
vival of not only insects, but also other animals and 
humans. I wish for these younger ones to find 

guidance and support as well as motivation and ideas 
as much as I ever had the privilege to have.

Acknowledgments

I would like to thank Irina Wenzel and 2 unknown review-
ers for their comments on the manuscript and the German 
Research Foundation (DFG) and the European Union (EU) 
for funding my work over many years. As this article 
describes my scientific journey in chronobiology from a 
subjective perspective, I apologize to any colleagues whose 
work has not been adequately acknowledged.

Conflict of interest statement

The author declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of 
this article.

ORCID iD

Charlotte Helfrich-Förster  https://orcid.org/0000-0002- 
0859-9092

References

Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, 
Amanatides PG, Scherer SE, Li PW, Hoskins RA, Galle 
RF, et  al. (2000) The genome sequence of Drosophila 
melanogaster. Science 287:2185-2195.

Alejevski F, Saint-Charles A, Michard-Vanhée C, Martin 
B, Galant S, Vasiliauskas D, and Rouyer F (2019) The 
HisCl1 histamine receptor acts in photoreceptors to 
synchronize Drosophila behavioral rhythms with light-
dark cycles. Nat Commun 10:252.

Amatobi KM, Ozbek-Unal AG, Schäbler S, Deppisch P, 
Helfrich-Förster C, Müller MJ, Wegener C, and Fekete 
A (2023) The circadian clock is required for rhythmic 
lipid transport in Drosophila in interaction with diet 
and photic condition. J Lipid Research 64:100417.

Antkowiak B and Helfrich-Förster C (1998) Effects of small 
concentrations of volatile anesthetics on action potential 
firing of neocortical neurons in vitro. Anesthesiology 
88:1592-1605.

Arnold T, Korek S, Massah A, Eschstruth D, and Stengl M 
(2020) Candidates for photic entrainment pathways 
to the circadian clock via optic lobe neuropils in the 
Madeira cockroach. J Comp Neurol 528:1754-1774.

Aschoff J (1966) Circadian activity pattern with two peaks. 
Ecology 47:657-662.

https://orcid.org/0000-0002-0859-9092
https://orcid.org/0000-0002-0859-9092


136  JOURNAL OF BIOLOGICAL RHYTHMS / April 2025

Aton SJ, Colwell CS, Harmar AJ, Waschek J, and Herzog 
ED (2005) Vasoactive intestinal polypeptide mediates 
circadian rhythmicity and synchrony in mammalian 
clock neurons. Nat Neurosci 8:476-483.

Bachleitner W, Kempinger L, Wülbeck C, Rieger D, and 
Helfrich-Förster C (2007) Moonlight shifts the endoge-
nous clock of Drosophila melanogaster. Proc Natl Acad 
Sci USA 104:3538-3543.

Barber AF, Fong SY, Kolesnik A, Fetchko M, and Sehgal A 
(2021) Drosophila clock cells use multiple mechanisms 
to transmit time-of-day signals in the brain. Proc Natl 
Acad Sci U S A 118:e2019826118.

Bassetto M, Reichl T, Kobylkov D, Kattnig DR, Winklhofer 
M, Hore PJ, and Mouritsen H (2023) No evidence for 
magnetic field effects on the behaviour of Drosophila. 
Nature 620:595-599.

Beauchamp M, Bertolini E, Deppisch P, Steubing J, 
Menegazzi P, and Helfrich-Förster C (2018) Closely 
related fruit fly species living at different latitudes 
diverge in their circadian clock anatomy and rhythmic 
behavior. J Biol Rhythms 33:602-613.

Beer K and Helfrich-Förster C (2020) Model and non-
model insects in chronobiology. Front Behav Neurosci 
14:601676.

Beer K, Kolbe E, Kahana N, Yayon N, Weiss R, Menegazzi 
P, Bloch G, and Helfrich-Förster C (2018) Pigment-
Dispersing Factor expressing neurons provide an infra-
structure for conveying circadian information in the 
honey bee brain. Open Biology 8:170224.

Benito J, Houl JH, Roman GW, and Hardin PE (2008) 
The blue-light photoreceptor CRYPTOCHROME is 
expressed in a subset of circadian oscillator neurons in 
the Drosophila CNS. J Biol Rhythms 23:296-307.

Bertolini E and Helfrich-Förster C (2023) Sleep and the 
circadian clock in insects. In: Kushida CA, editor. 
Encyclopedia of Sleep and Circadian Rhythms, second 
edition (SLS2), vol 1, Amsterdam: Elsevier, Academic 
Press. p 56-67.

Bertolini E, Kistenpfennig C, Menegazzi P, Keller A, 
Koukidou M, and Helfrich-Förster C (2018) The olive 
fly, Bactrocera oleae, has a Drosophila-like clock. Sci 
Reports 8:816.

Bertolini E, Schubert FK, Sehadova H, Zanini D, Helfrich-
Förster C, and Menegazzi P (2019) Life at high latitudes 
does not require circadian behavioral rhythmicity 
under constant darkness. Curr Biol 29:3928-3936.e3.

Biscontin A, Wallach T, Sales G, Grudziecki A, Janke L, 
Sartori E, Bertolucci C, Mazzotta G, De Pittà C, Meyer 
B, et al. (2017) Functional characterization of the circa-
dian clock in the Antarctic krill, Euphausia superba. Sci 
Rep 7:17742.

Bünning E (1936) Die endonome Tagesrhythmik als 
Grundlage der photoperiodischen Reaktion. Ber D 
Deutsch Bot Ges 54:590-607.

Busza A, Emery-Le M, Rosbash M, and Emery P (2004) Roles of 
the two Drosophila CRYPTOCHROME structural domains 
in circadian photoreception. Science 304:1503-1506.

Bywalez W, Menegazzi P, Rieger D, Schmid B, Helfrich-
Förster C, and Yoshii T (2012) The dual oscillator sys-
tem of Drosophila melanogaster under natural-like 
temperature cycles. Chronobiol Int 29:395-407.

Ceriani MF, Darlington TK, Staknis D, Mas P, Petti AA, Weitz 
CJ, and Kay SA (1999) Light-dependent sequestration of 
TIMELESS by CRYPTOCHROME. Science 285:553-556.

Chen J, Reiher W, Hermann-Luibl C, Sellami A, Cognigni P, 
Kondo S, Helfrich-Förster C, Veenstra JA, and Wegener 
C (2016) Allatostatin A signalling in Drosophila regu-
lates feeding and sleep and is modulated by PDF. PLoS 
Genetics 12:e1006346.

Chouhan NS, Wolf R, Helfrich-Förster C, and Heisenberg 
M (2015) Flies remember the time of day. Curr Biol 
25:1619-1624.

Colizzi FS, Beer K, Cuti P, Deppisch P, Martínez Torres 
D, Yoshii T, and Helfrich-Förster C (2021) Antibodies 
against the clock proteins Period and Cryptochrome 
reveal the neuronal organization of the circadian clock 
in the pea aphid. Front Physiol 12:705048.

Colizzi S, Martinez-Torres D, and Helfrich-Förster C (2024) 
The circadian and photoperiodic clock of the pea aphid. 
J Comp Physiol A 210:627-639.

Colizzi S, Veenstra J, Helfrich-Förster C, and Torres-Martinez 
D (2023) Pigment dispersing factor (PDF) is present in 
four circadian clock neurons and may mediate photope-
riodic signals to insulin-like peptide-expressing neuro-
secretory cells in pea aphids. Open Biol 13:230090.

Daan S, Spoelstra K, Albrecht U, Schmutz I, Daan M, Daan 
B, Rienks F, Poletaeva I, Dell’Omo G, Vyssotski A, et al. 
(2011) Lab mice in the field: unorthodox daily activity 
and effects of a dysfunctional circadian clock allele. J 
Biol Rhythms 26:118-129.

Delventhal R, O’Connor RM, Pantalia MM, Ulgherait M, 
Kim HX, Basturk MK, Canman JC, and Shirasu-Hiza M 
(2019) Dissection of central clock function in Drosophila 
through cell-specific CRISPR-mediated clock gene dis-
ruption. eLife 8:e48308.

Deppisch P, Helfrich-Förster C, and Senthilan PR (2022) 
The gain and loss of Cryptochrome/Photolyase Family 
members during evolution. Genes 13:1613.

Deppisch P, Kirsch V, Helfrich-Förster C, and Senthilan 
PR (2023) Contribution of cryptochromes and photoly-
ases for insect life under sunlight. J Comp Physiol A 
Neuroethol Sens Neural Behav Physiol 209:373-389.

Diaz MM, Schlichting M, Abruzzi KC, and Rosbash M 
(2019) Allatostatin C/AstC-R2 is a novel pathway to 
modulate circadian activity pattern in Drosophila. Curr 
Biol 29:13-22e3.

Dorkenwald S, Matsliah A, Sterling AR, Schlegel P, Yu 
SC, McKellar CE, Lin A, Costa M, Eichler K, Yin Y, 
Silversmith W, et al. (2023) Neuronal wiring diagram 
of an adult brain. bioRxiv:2023.2006.2027.546656.

Dushay MS, Rosbash M, and Hall JC (1989) The discon-
nected visual system mutations in Drosophila mela-
nogaster drastically disrupt circadian rhythms. J Biol 
Rhythms 4:1-27.



Helfrich-Förster / Pittendrigh/Aschoff Lecture 2022  137

Eck S, Helfrich-Förster C, and Rieger D (2016) The timed 
depolarization of morning and evening oscillators 
phase shifts the circadian clock of Drosophila. J Biol 
Rhythms 31:428-442.

el Jundi B, Pfeiffer K, and Homberg U (2011) A distinct 
layer of the medulla integrates sky compass signals in 
the brain of an insect. PLoS ONE 6:e27855.

Emery P, Stanewsky R, Hall JC, and Rosbash M (2000a) A 
unique circadian-rhythm photoreceptor. Nature 404: 
456-457.

Emery P, Stanewsky R, Helfrich-Förster C, Emery-Le M, 
Hall JC, and Rosbash M (2000b) Drosophila CRY is 
a deep brain circadian photoreceptor. Neuron 26: 
493-504.

Engelmann W (1972) Lithium slows down the Kalanchoe 
clock. Z Naturforsch B Anorg Chem Org Chem 
Biochem Biophys Biol 27:477.

Engelmann W (2010) Lithium ions against depression: is 
the internal clock involved in endogenous depression? 
Experiments in Spitsbergen. http://nbn-resolving.de/
urn:nbn:de:bsz:21-opus-53405.

Ewer J, Frisch B, Hamblen-Coyle MJ, Rosbash M, and Hall 
JC (1992) Expression of the period clock gene within 
different cell types in the brain of Drosophila adults 
and mosaic analysis of these cells’ influence on circa-
dian behavioral rhythms. J Neurosci 12:3321-3349.

Fedele G, Edwards MD, Bhutani S, Hares JM, Murbach 
M, Green EW, Dissel S, Hastings MH, Rosato E, and 
Kyriacou CP (2014) Genetic analysis of circadian 
responses to low frequency electromagnetic fields in 
Drosophila melanogaster. PLoS Genet 10:e1004804.

Fernández-Duque E, de la Iglesia H, and Erkert HG (2010) 
Moonstruck primates: owl monkeys (Aotus) need 
moonlight for nocturnal activity in their natural envi-
ronment. PLoS ONE 5:e12572.

Fischbach KF and Technau G (1984) Cell degeneration in 
the developing optic lobes of the sine oculis and small-
opticlobes mutants of Drosophila melanogaster. Dev 
Biol 104:219-239.

Fogle KJ, Parson KG, Dahm NA, and Holmes TC (2011) 
CRYPTOCHROME is a blue-light sensor that regulates 
neuronal firing rate. Science 331:1409-1413.

Fuchikawa T, Beer K, Linke-Winnebeck C, Ben-David R, 
Kotowoy A, Tsang VWK, Warman GR, Winnebeck EC, 
Helfrich-Förster C, and Bloch G (2017) Neuronal cir-
cadian clock protein oscillations are similar in behav-
iourally rhythmic forager honey bees and in arrhythmic 
nurses. Open Biol 7:170047.

Fujiwara Y, Hermann-Luibl C, Ida T, Helfrich-Förster C, 
and Yoshii T (2018) The CCHamide1 neuropeptide as 
a circadian intercellular communicator in Drosophila 
melanogaster. Front Physiol 9:1276.

Gegear RJ, Casselman A, Waddell S, and Reppert SM (2008) 
Cryptochrome mediates light-dependent magnetosen-
sitivity in Drosophila. Nature 454:1014-1018.

Grebler R, Kistenpfennig C, Rieger D, Bentrop J, Schneuwly 
S, Senthilan PR, and Helfrich-Förster C (2017) 

Rhodopsin 7 can partly replace the structural role of 
Rhodopsin 1, but not its physiological function. J Comp 
Physiol A 203:649-659.

Grima B, Chelot E, Xia R, and Rouyer F (2004) Morning and 
evening peaks of activity rely on different clock neu-
rons of the. Drosophila Brain. Nature 431:869-873.

Hagberg M (1986) Ultrastructure and central projections 
of extraocular photoreceptors in caddiesflies (Insecta: 
Trichoptera). Cell Tissue Res 245:643-648.

Hamanaka Y, Tanaka S, Numata H, and Shiga S (2007) 
Peptide immunocytochemistry of neurons projecting to 
the retrocerebral complex in the blow fly, Protophormia 
terraenovae. Cell Tissue Res 329:581-593.

Harmar AJ, Marston HM, Shen S, Spratt C, West KM, 
Sheward WJ, Morrison CF, Dorin JR, Piggins HD, 
Reubi JC, et al. (2002) The VPAC(2) receptor is essential 
for circadian function in the mouse suprachiasmatic 
nuclei. Cell 109:497-508.

Handler AM and Konopka RJ (1979) Transplantation of a 
circadian pacemaker in Drosophila. Nature 279:236-
238.

Hasebe M, Kotaki T, and Shiga S (2022) Pigment-dispersing 
factor is involved in photoperiodic control of reproduc-
tion in the brown- winged green bug, Plautia stali. J 
Insect Physiol 137:104359.

Hazlerigg DG, Ebling FJ, and Johnston JD (2005) 
Photoperiod regulates multiple gene expression in 
the suprachiasmatic nuclei and pars tuberalis of the 
Siberian hamster (Phodopus sungorus). Eur J Neurosci 
21:2967-2974.

Helfrich C (1986) Role of the optic lobes in the regulation 
of the locomotor activity of Drosophila melanogaster: 
behavioral analysis of neural mutants. J Neurogenetics 
3:321-343.

Helfrich C, Cymborowski B, and Engelmann W (1985) 
Circadian activity rhythm of the house fly continues 
after optic tract severance and lobectomy. Chronobiol 
Int 2:19-32.

Helfrich C and Engelmann W (1983) Circadian rhythm 
of the locomotor activity in Drosophila melanogaster 
and its mutants “sine oculis” and “small optic lobes.” 
Physiol Entomol 8:257-272.

Helfrich-Förster C (1995) The period clock gene is expressed 
in central nervous system neurons which also produce 
a neuropeptide that reveals the projections of circadian 
pacemaker cells within the brain of Drosophila mela-
nogaster. Proc Natl Acad Sci USA 92:612-616.

Helfrich-Förster C (1997) Development of Pigment-
Dispersing Hormone-immunoreactive neurons in the 
nervous system of Drosophila melanogaster. J Comp 
Neurol 380:335-354.

Helfrich-Förster C (1998) Robust circadian rhythmicity 
of Drosophila melanogaster requires the presence of 
Lateral Neurons: a brain-behavioral study of discon-
nected mutants. J Comp Physiol A 182:435-453.

Helfrich-Förster C (2000) Differential control of morn-
ing and evening components in the activity rhythm 

http://nbn-resolving.de/urn:nbn:de:bsz:21-opus-53405
http://nbn-resolving.de/urn:nbn:de:bsz:21-opus-53405


138  JOURNAL OF BIOLOGICAL RHYTHMS / April 2025

of Drosophila melanogaster—sex specific differences 
suggest a different quality of activity. J Biol Rhythms 
15:135-154.

Helfrich-Förster C (2001) The locomotor activity rhythm of 
Drosophila melanogaster is controlled by a dual oscil-
lator system. J Insect Physiol 47:877-887.

Helfrich-Förster C (2003) The neuroarchitecture of the cir-
cadian clock in the Drosophila brain. Microscop Res 
Techn 62:94-102.

Helfrich-Förster C (2004) The circadian clock in the brain: 
a structural and functional comparison between mam-
mals and insects. J Comp Physiol A Neuroethol Sens 
Neural Behav Physiol 190:601-613.

Helfrich-Förster C (2005) PDF has found its receptor. 
Neuron 48:161-163.

Helfrich-Förster C (2009) Does the morning and eve-
ning oscillator model fit better for flies or mice? J Biol 
Rhythms 24:259-270.

Helfrich-Förster C (2014) From neurogenetic studies 
in the fly brain to a concept in circadian biology. J 
Neurogenetics 28:329-347.

Helfrich-Förster C (2018) Sleep in insects. Annu Rev 
Entomol 63:69-86.

Helfrich-Förster C (2019) Light input pathways to the circa-
dian clock of insects with an emphasis on the fruit fly 
Drosophila melanogaster. J Comp Physiol A 206:259-
272.

Helfrich-Förster C (2024a) Erwin Bünning and Wolfgang 
Engelmann: establishing the involvement of the cir-
cadian clock in photoperiodism. J Comp Physiol A 
210:481-493.

Helfrich-Förster C (2024b) Neuropeptidergic regulation of 
insect diapause by the circadian clock. Curr Opin Insect 
Sci 63:101198.

Helfrich-Förster C, Bertolini E, and Menegazzi P (2020) 
Flies as models for circadian clock adaptation to envi-
ronmental challenges. Eur J Neurosci 51:166-181.

Helfrich-Förster C, Edwards T, Yasuyama K, Schneuwly 
S, Stanewsky R, Meinertzhagen I, and Hofbauer A 
(2002) The extraretinal eyelet of Drosophila: develop-
ment, ultrastructure and putative circadian function. J 
Neurosci 22:9255-9266.

Helfrich-Förster C and Homberg U (1993) Pigment-
dispersing hormone-immunoreactive neurons in the 
nervous system of wild-type Drosophila melanogaster 
and of several mutants with altered circadian rhyth-
micity. J Comp Neurol 337:177-190.

Helfrich-Förster C, Monecke S, Spiousas I, Hovestadt T, 
Mitesser O, and Wehr TA (2021) Women temporarily 
synchronize their menstrual cycles with the luminance 
and gravimetric cycles of the moon. Sci Adv 7:eabe1358.

Helfrich-Förster C and Rieger D (2024) Editorial: a clock for 
all seasons. J Comp Physiol A 210:473-480.

Helfrich-Förster C, Shafer OT, Wülbeck C, Grieshaber E, 
Rieger D, and Taghert P (2007) Development and mor-
phology of the clock-gene-expressing Lateral Neurons 
of Drosophila melanogaster. J Comp Neurol 500:47-70.

Helfrich-Förster C, Täuber M, Park J, Mühlig-Versen M, 
Schneuwly S, and Hofbauer A (2000) Ectopic expres-
sion of the neuropeptide pigment-dispersing factor 
alters the rhythm of locomotor activity in Drosophila 
melanogaster. J Neurosci 20:3339-3353.

Helfrich-Förster C, Winter C, Hofbauer A, Hall JC, and 
Stanewsky R (2001) The circadian clock of fruit flies is 
blind after elimination of all known photoreceptors. 
Neuron 30:249-261.

Helfrich-Förster C, Wulf J, and de Belle JS (2002) Mushroom 
body influence on locomotor activity and circadian 
rhythms in Drosophila melanogaster. J Neurogenet 
16:73-109.

Hermann C, Saccon R, Senthilan P, Domnik L, Dircksen H, 
Yoshii T, and Helfrich-Förster C (2013) The circadian 
clock network in the brain of different Drosophila spe-
cies. J Comp Neurol 521:367-388.

Hermann C, Yoshii T, Dusik V, and Helfrich-Förster C 
(2012) The neuropeptide F immunoreactive clock 
neurons modify evening locomotor activity and free-
running period in Drosophila melanogaster. J Comp 
Neurol 520:970-987.

Hermann-Luibl C, Yoshii T, Senthilan PR, Dircksen H, and 
Helfrich-Förster C (2014) The Ion Transport Peptide 
is a new functional clock neuropeptide in the fruit fly 
Drosophila melanogaster. J Neurosci 34:9522-9536.

Hidalgo S, Anguiano M, Tabuloc CA, and Chiu JC (2023) 
Seasonal cues act through the circadian clock and PDF 
to control EYA and downstream physiological changes. 
Curr Biol 34:1-13.

Hofbauer A and Buchner E (1989) Does Drosophila have 
seven eyes? Naturwiss 76:335-336.

Hofmann K, Günderoth-Palmowski M, Wiedenmann G, 
and Engelmann W (1978) Further evidence for period 
lengthening effect of Li+ on circadian rhythms. Z 
Naturforsch C 33:231-234.

Homberg U, Würden S, Dircksen H, and Rao KR (1991) 
Comparative anatomy of pigment-dispersing hormone 
immunoreactive neurons in the brain of orthopteriod 
insects. Cell Tissue Res 266:342-357.

Horn M, Yoshii T, Mitesser O, Hovestadt T, Rieger D, 
and Helfrich-Förster C (2019) The circadian clock sig-
nificantly improves fitness in the fruit fly, Drosophila 
melanogaster. Front Physiol 10:1374.

Hüppe L, Bahlburg D, Busack M, Driscoll R, Payton L, 
Reinhard N, Rieger D, Helfrich-Förster C, and Meyer B 
(2024) A new activity monitor for aquatic zooplankter 
(AMAZE) allows the recording of swimming activity 
in wild-caught Antarctic krill (Euphausia superba). Sci 
Reports 14:16963.

Hyun S, Lee Y, Hong ST, Bang S, Paik D, Kang J, Shin J, Lee 
J, Jeon K, Hwang S, et al. (2005) Drosophila GPCR Han 
is a receptor for the circadian clock neuropeptide PDF. 
Neuron 48:267-278.

Im SH and Taghert PH (2010) PDF receptor expression 
reveals direct interactions between circadian oscillators 
in Drosophila. J Comp Neurol 518:1925-1945.



Helfrich-Förster / Pittendrigh/Aschoff Lecture 2022  139

Inagaki N, Honma S, Ono D, Tanahashi Y, and Honma K 
(2007) Separate oscillating cell groups in mouse supra-
chiasmatic nucleus couple photoperiodically to the 
onset and end of daily activity. Proc Natl Acad Sci U S 
A 104:7664-7669.

Jagota A, de la Iglesia HO, and Schwartz WJ (2000) Morning 
and evening circadian oscillations in the suprachias-
matic nucleus in vitro. Nat Neurosci 3:372–376.

Johard H, Yoshii T, Dircksen H, Cusumano P, Rouyer F, 
Helfrich-Förster C, and Nässel D (2009) Peptidergic 
clock neurons in Drosophila: ion transport peptide and 
short neuropeptide F in subsets of dorsal and ventral 
lateral neurons. J Comp Neurol 516:59-73.

Johnsson A, Engelmann W, Pflug B, and Klemke W (1983) 
Period lengthening of human circadian rhythms by 
lithium carbonate, a prophylactic for depressive disor-
ders. Int J Chronobiol 8:129-147.

Joiner WJ, Crocker A, White BH, and Sehgal A (2006) Sleep 
in Drosophila is regulated by adult mushroom bodies. 
Nature 441:757-760.

Kaneko M and Hall JC (2000) Neuroanatomy of cells express-
ing clock genes in Drosophila: transgenic manipulation 
of the period and timeless genes to mark the perikarya 
of circadian pacemaker neurons. J Comp Neurol 422: 
66-94.

Kaneko M, Helfrich-Förster C, and Hall JC (1997) Spatial and 
temporal expression of the period and the timeless genes 
in the developing nervous system of Drosophila: newly 
identified pacemaker candidates and novel features of 
clock-gene product cyclings. J Neurosci 17:6745-6760.

Kauranen H, Menegazzi P, Costa R, Helfrich-Förster C, 
Kankainen A, and Hoikkala A (2012) Flies in the north: 
locomotor behavior and clock neuron organization of 
Drosophila montana. J Biol Rhythms 27:377-387.

Kay J, Menegazzi P, Mildner S, Roces F, and Helfrich-Förster 
C (2018) The circadian clock of the ant Camponotos 
floridanus is localized in dorsal and lateral neurons of 
the brain. J Biol Rhythms 33:255-271.

Kempinger L, Dittmann R, Rieger D, and Helfrich-Förster 
C (2009) The nocturnal activity of fruit flies exposed 
to moonlight is partly caused by direct light-effects on 
the activity level that bypass the endogenous clock. 
Chronobiol Internat 26:151-166.

Kistenpfennig C, Grebler R, Ogueta M, Hermann-Luibl 
C, Schlichting M, Stanewsky R, Senthilan PR, and 
Helfrich-Förster C (2017) A new Rhodopsin influences 
light-dependent daily activity patterns of fruit flies. J 
Biol Rhythms 32:406-422.

Kistenpfennig C, Hirsh J, Yoshii T, and Helfrich-Förster 
C (2012) Phase-shifting the fruit fly clock without 
Cryptochrome. J Biol Rhythms 27:117-125.

Kistenpfennig C, Nakayama M, Nihara R, Tomioka K, 
Helfrich-Förster C, and Yoshii T (2018) A tug-of-war 
between Cryptochrome and the visual system allows 
the adaptation of evening activity in long summer days 
in Drosophila melanogaster. J Biol Rhythms 33:24-34.

Koehler WK and Fleissner G (1978) Internal desynchronisa-
tion of bilaterally organised circadian oscillators in the 
visual system of insects. Nature 274:708-710.

Konopka RJ and Benzer S (1971) Clock mutants of 
Drosophila melanogaster. Proc Natl Acad Sci U S A 
68:2112-2116.

Kotwica-Rolinska J, Damulewicz M, Chodakova L, 
Kristofova L, and Dolezel D (2022) Pigment dispers-
ing factor is a circadian clock output and regulates 
photoperiodic response in the linden bug, Pyrrhocoris 
apterus. Front Physiol 13:884909.

Kronfeld-Schor N, Dominoni D, de la Iglesia H, Herzog ED, 
Dayan T, and Helfrich-Förster C (2013) Chronobiology 
by moonlight. Proc Roy Acad Sci B 280:20123088.

Kyriacou CP (2024) Magnetic field responses in Drosophila. 
Nature 629:E3-E5.

Lazopulo S, Lazopulo A, Baker JD, and Syed S (2019) 
Daytime colour preference in. Nature 574:108-111.

Lear BC, Merrill CE, Lin JM, Schroeder A, Zhang L, and 
Allada R (2005) A G protein-coupled receptor, groom-
of-PDF, is required for PDF neuron action in circadian 
behavior. Neuron 48:221-227.

Li M-T, Cao L-H, Xiao N, Tang M, Deng B, Yang T, Yoshii 
T, and Luo DG (2018) Hub-organized parallel circuits 
of central circadian pacemaker neurons for visual pho-
toentrainment in Drosophila. Nat Commun 9:4247.

Liang X, Holy TE, and Taghert PH (2016) Synchronous 
Drosophila circadian pacemakers display nonsynchro-
nous Ca2+ rhythms in vivo. Science 351:976-981.

Liang X, Holy TE, and Taghert PH (2017) A series of sup-
pressive signals within the Drosophila circadian neu-
ral circuit generates sequential daily outputs. Neuron 
94:1173-1189.

Mack J and Engelmann W (1981) Circadian control of the 
locomotor activity in eye mutants of Drosophila mela-
nogaster. J Interdiscipl Cycle Res 12:313-323.

Malpel S, Klarsfeld A, and Rouyer F (2002) Larval optic 
nerve and adult extra-retinal photoreceptors sequen-
tially associate with clock neurons during Drosophila 
brain development. Development 129:1443-1453.

Manoli G, Zandawala M, Yoshii T, and Helfrich-Förster C 
(2023) Characterization of clock-related proteins and 
neuropeptides in Drosophila littoralis and their puta-
tive role in diapause. J Comp Neurol 531:1525-1549.

Mayer G, Hering L, Stosch JM, Stevenson PA, and Dircksen 
H (2015) Evolution of pigment-dispersing factor neuro-
peptides in panarthropoda: insights form onychophora 
(velvet worms) and tardigrada (water bears). J Comp 
Neurol 523:1865-1885.

Maywood ES, Reddy AB, Wong GK, O’Neill JS, O’Brien JA, 
McMahon DG, Harmar AJ, Okamura H, and Hastings 
MH (2006) Synchronization and maintenance of time-
keeping in suprachiasmatic circadian clock cells by 
neuropeptidergic signaling. Curr Biol 16:599-605.

Mazotta G, Rossi A, Leonardi E, Mason M, Bertolucci C, 
Caccin L, Spolaore B, Martin AJM, Schlichting M, 



140  JOURNAL OF BIOLOGICAL RHYTHMS / April 2025

Grebler R, et al. (2013) Fly cryptochrome and the visual 
system. Proc Natl Acad Sci USA 110:6163-6168.

Menegazzi P, Dalla Benetta E, Beauchamp M, Schlichting 
M, Steffan-Dewenter I, and Helfrich-Förster C (2017) 
Adaptation of circadian neuronal network to photope-
riod in high-latitude European Drosophilids. Curr Biol 
27:833-839.

Menegazzi P, Yoshii T, and Helfrich-Förster C (2012) 
Laboratory versus Nature: the two sides of the 
Drosophila circadian clock. J Biol Rhythms 27:433-442.

Mertens I, Vandingenen A, Johnson EC, Shafer OT, Li W, 
Trigg JS, De Loof A, Schoofs L, and Taghert PH (2005) 
PDF receptor signaling in Drosophila contributes to both 
circadian and geotactic behaviors. Neuron 48:213-219.

Meyerhof GT, Easwaran S, Bontempo AE, Montell C, and 
Montell DJ (2024) Altered circadian rhythms, sleep, 
and rhodopsin 7-dependent shade preference during 
diapause in Drosophila melanogaster. Proc Natl Acad 
Scie U S A 121:e2400964121.

Mieda M (2020) The central circadian clock of the suprachi-
asmatic nucleus as an ensemble of multiple oscillatory 
neurons. Neurosci Res 156:24-31.

Mieda M (2023) Clock cells ticking in the summer. Neuron 
111:2119-2120.

Mieda M, Ono D, Hasegawa E, Okamoto H, Honma K, 
Honma S, and Sakurai T (2015) Cellular clocks in AVP 
neurons of the SCN are critical for interneuronal cou-
pling regulating circadian behavior rhythm. Neuron 
85:1103-1106.

Nagy D, Cusumano P, Andreatta G, Anduaga AM, 
Hermann-Luibl C, Reinhard N, Gesto J, Wegener C, 
Mazzotta G, Rosato E, et al. (2019) Peptidergic signal-
ing from clock neurons regulates reproductive dor-
mancy in Drosophila melanogaster. PLoS Genetics 
15:e1008158.

Ni JD, Baik LS, Holmes TC, and Montell C (2017) A rho-
dopsin in the brain functions in circadian photoentrain-
ment in Drosophila. Nature 545:340-344.

Ni JD, Gurav AS, Liu W, Ogunmowo TH, Hackbart 
H, Elsheikh A, Verdegaal A, and Montell C (2019) 
Differential regulation of the Drosophila sleep homeo-
stat by circadian and arousal inputs. eLife 8:e40487.

Page TL (1982) Transplantation of the cockroach circadian 
pacemaker. Science 216:73-75.

Park JH, Helfrich-Förster C, Lee G-H, Liu L, Rosbash M, and 
Hall JC (2000) Differential regulation of circadian pace-
maker output by separate clock genes in Drosophila. 
Proc Natl Acad Sci USA 97:3608-3613.

Pflug B, Engelmann W, and Gaertner HJ (1982) Circadian 
course of body temperature and the excretion of MHPG 
and VMA in a patient with bipolar depression. J Neural 
Transm 53:213-215.

Pittendrigh CS and Daan S (1976) A functional analy-
sis of circadian pacemakers in nocturnal rodents.V. 
Pacemaker structure: a clock for all seasons. J Comp 
Physiol A 106:333-355.

Rao KR and Riehm JP (1993) Pigment-dispersing hormones. 
Ann N Y Acad Sci 638:78-88.

Reinhard N, Bertolini E, Saito A, Sekiguchi M, Yoshii T, 
Rieger D, and Helfrich-Förster C (2022a) The lateral 
posterior clock neurons (LPN) of Drosophila melano-
gaster express three neuropeptides and have multiple 
connections within the circadian clock network and 
beyond. J Comp Neurol 530:1507-1529.

Reinhard N, Fukuda A, Manoli G, Dercksen E, Saito A, 
Möller G, Sekiguchi M, Rieger D, Helfrich-Förster 
C, Yoshii T, et  al. (2024) Synaptic connectome of 
the Drosophila circadian clock. bioRxiv preprint. 
doi:10.1101/2023.09.11.557222.

Reinhard N, Schubert FK, Bertolini E, Hagedorn N, Manoli 
G, Sekiguchi M, Yoshii T, Rieger D, and Helfrich-
Förster C (2022b) The neuronal circuit of the dorsal 
circadian clock neurons in Drosophila melanogaster. 
Front Physiol 13:886432.

Reischig T and Stengl M (2003) Ectopic transplantation of 
the accessory medulla restores circadian locomotor 
rhythms in arrhythmic cockroaches (Leucophaea mad-
erae). J Exp Biol 206:1877-1886.

Reppert SM (2024) Magnetic field effects on behaviour in. 
Drosophila. Nature 629:E1-E2.

Renn SC, Park JH, Rosbash M, Hall JC, and Taghert PH (1999) 
A pdf neuropeptide gene mutation and ablation of PDF 
neurons each cause severe abnormalities of behavioral 
circadian rhythms in Drosophila. Cell 99:791-802.

Rieger D, Fraunholz C, Popp J, Bichler D, Dittmann R, and 
Helfrich-Förster C (2007) The fruit fly Drosophila mela-
nogaster favours dim light and times its activity peaks 
to early dawn and late dusk. J Biol Rhythms 22:387-399.

Rieger D, Shafer OT, Tomioka K, and Helfrich-Förster C 
(2006) Functional analysis of circadian pacemaker neu-
rons in Drosophila melanogaster. J Neurosci 26:2531-
2543.

Rieger D, Stanewsky R, and Helfrich-Förster C (2003) 
Cryptochrome, compound eyes, Hofbauer-Buchner 
eyelets, and ocelli play different roles in the entrain-
ment and masking pathway of the locomotor activity 
rhythm in the fruit fly Drosophila melanogaster. J Biol 
Rhythms 18:377-391.

Rosato E, Codd V, Mazzotta G, Piccin A, Zordan M, Costa 
R, and Kyriacou CP (2001) Light-dependent interaction 
between Drosophila CRY and the clock protein PER 
mediated by the carboxy terminus of CRY. Curr Biol 
11:909-917.

Schäbler S, Amatobi KM, Horn M, Rieger D, Helfrich-
Förster C, Mueller MJ, Wegener C, and Fekete A (2020) 
Loss-of-function in the Drosophila clock gene period 
results in altered intermediary lipid metabolism and 
increased susceptibility to starvation. Cell Mol Life Sci 
77:4939-4956.

Scheffer LK, Xu CS, Januszewski M, Lu Z, Takemura SY, 
Hayworth KJ, Huang GB, Shinomiya K, Maitlin-
Shepard J, Berg S, Clements J, et al. (2020) A connectome 



Helfrich-Förster / Pittendrigh/Aschoff Lecture 2022  141

and analysis of the adult Drosophila central brain. eLife 
9:e57443.

Schlichting M, Díaz MM, Xin J, and Rosbash M (2019a) 
Neuron-specific knockouts indicate the importance of 
network communication to Drosophila rhythmicity. 
eLife 8:e48301.

Schlichting M, Grebler R, Menegazzi P, and Helfrich-
Förster C (2015b) Twilight dominates over moonlight  
in adjusting Drosophila’s activity pattern. J Biol 
Rhythms 30:117-128.

Schlichting M, Grebler R, Peschel N, Yoshii T, and Helfrich-
Förster C (2014) Moonlight detection by Drosophila’s 
endogenous clock depends on multiple photopigments 
in the compound eyes. J Biol Rhythms 29:75-86.

Schlichting M, Menegazzi P, and Helfrich-Förster C (2015a) 
Normal vision can compensate for the loss of the circa-
dian clock. Proc Roy Acad Sci B 282:20151846.

Schlichting M, Menegazzi P, Lelito K, Yao Z, Buhl E, Dalla 
Benetta E, Bahle A, Denike J, Hodge JJL, Helfrich-
Förster C, et al. (2016) A neuronal network underlying 
circadian entrainment and photoperiodic adjustment 
of sleep and activity. J Neurosci 36:9084-9096.

Schlichting M, Menegazzi P, Rosbash M, and Helfrich-
Förster C (2019b) A distinct visual pathway mediates 
high-intensity light adaptation of the circadian clock in 
Drosophila. J Neurosci 39:1621-1630.

Schlichting M, Rieger D, Cusumano P, Grebler R, Costa 
R, Mazotta GM, and Helfrich-Förster C (2018) 
Cryptochrome interacts with actin and enhances eye-
mediated light sensitivity of the circadian clock in 
Drosophila melanogaster. Front Mol Neurosci 11:238.

Schlichting M, Weidner P, Diaz M, Menegazzi P, Dalla-
Benetta E, Helfrich-Förster C, and Rosbash M (2019c) 
Light-mediated circuit switching in the Drosophila 
neuronal clock network. Curr Biol 29:3266-3276.e3.

Schubert FK, Hagedorn N, Yoshii T, Helfrich-Förster C, and 
Rieger D (2018) Neuroanatomical details of Drosophila 
lateral neurons support their functional role in the cir-
cadian system. J Comp Neurol 526:1209-1231.

Sekiguchi M, Inoue K, Yang T, Luo DG, and Yoshii T (2020) 
A catalog of GAL4 drivers for labeling and manipulat-
ing circadian clock neurons in Drosophila melanogas-
ter. J Biol Rhythms 35:207-213.

Sekiguchi M, Reinhard N, Fukuda A, Katoh S, Rieger D, 
Helfrich-Förster C, and Yoshii T (2024) A detailed re-
examination of the period gene rescue experiments 
shows that four to six Cryptochrome-positive posterior 
dorsal clock neurons (DN1p) of Drosophila melano-
gaster can control morning and evening activity. J Biol 
Rhythms 39:463-483.

Selcho M, Mühlbauer B, Hesgen R, Shiga S, Wegener C, 
and Yasuyama K (2018) Anatomical characterization 
of PDF-tri neurons and peptidergic neurons associated 
with eclosion behavior in Drosophila. J Comp Neurol 
526:1307-1328.

Senthilan PR, Grebler R, Reinhard N, Rieger D, and Helfrich-
Förster C (2019) Role of Rhodopsins as circadian  

photoreceptors in Drosophila melanogaster. Biology 
(Basel) 8:E6.

Senthilan PR and Helfrich-Förster C (2016) Rhodopsin 7: 
the unusual Rhodopsin in Drosophila. PeerJ 4:e2427.

Shafer OT, Gutierrez GJ, Li K, Mildenhall A, Spira D, Marty 
J, Lazar AA, and Fernandez MP (2022) Connectomic 
analysis of the Drosophila lateral neuron clock cells 
reveals the synaptic basis of functional pacemaker 
classes. eLife 11:e79139.

Shafer OT, Helfrich-Förster C, Renn SCP, and Taghert 
P (2006) Reevaluation of Drosophila melanogaster’s 
neuronal circadian pacemakers reveals new neuronal 
classes. J Comp Neurol 498:180-193.

Shang Y, Griffith LC, and Rosbash M (2008) Light-arousal 
and circadian photoreception circuits intersect at the 
large PDF cells of the Drosophila brain. Proc Natl Acad 
Sci U S A 105:19587-11994.

Sheeba V, Gu H, Sharma VK, O’Dowd DK, and Holmes 
TC (2008) Circadian and light-dependent regulation 
of resting membrane potential and spontaneous action 
potential firing of Drosophila circadian pacemaker 
neurons. J Neurophysiol 99:976-988.

Shiga S and Numata H (2009) Roles of PER immunoreac-
tive neurons in circadian rhythms and photoperiodism 
in the blow fly, Protophormia terraenovae. J Exp Biol 
212:867-877.

Siwicki KK, Eastman C, Petersen G, Rosbash M, and Hall 
JC (1988) Antibodies to the period gene product of 
Drosophila reveal diverse tissue distribution and 
rhythmic changes in the visual system. Neuron 1:141-
150.

Stanewsky R, Kaneko M, Emery P, Beretta B, Wager-Smith 
K, Kay SA, Rosbash M, and Hall JC (1998) The cryb 
mutation identifies cryptochrome as a circadian photo-
receptor in Drosophila. Cell 95:681-692.

Stoleru D, Peng Y, Agosto J, and Rosbash M (2004) Coupled 
oscillators control morning and evening locomotor 
behaviour of Drosophila. Nature 431:862-868.

Talay M, Richman EB, Snell NJ, Hartmann GG, Fisher JD, 
Sorkaç A, Santoyo JF, Chou-Freed C, Nair N, Johnson 
M, Szymanski JR, et al. (2017) Transsynaptic mapping 
of second-order taste neurons in flies by Trans-tango. 
Neuron 96:783-795.

Tobler I (1983) Effect of forced locomotion on the rest-
activity cycle of the cockroach. Behav Brain Res 8:351-
360.

Tobler I and Stalder J (1988) Rest in the scorpion d a sleep-
like state? J Comp Physiol 163:227-235.

Truman JW (1972) Physiology of insect rhythms. II. The 
silkmoth brain as the location of the biological clock 
controlling eclosion. J Comp Physiol A 81:99-114.

Truman JW (1974) Physiology of insect rhythms. IV. Role 
of the brain in the regulation of the flight rhythm of the 
giant silkmoths. J Comp Physiol A 95:281-296.

Vanin S, Bhutani S, Montelli S, Menegazzi P, Green EW, 
Pegoraro M, Sandrelli F, Costa R, and Kyriacou CP 
(2012) Unexpected features of Drosophila circadian 



142  JOURNAL OF BIOLOGICAL RHYTHMS / April 2025

behavioural rhythms under natural conditions. Nature 
484:371-375.

Vaze KM and Helfrich-Förster C (2021) The neuropeptide 
PDF is crucial for delaying the phase of Drosophila’s 
evening neurons under long zeitgeber periods. J Biol 
Rhythms 36:442-460.

Wehr T and Helfrich-Förster C (2021) Longitudinal obser-
vations call into question the scientific consensus that 
humans are unaffected by lunar cycles. Bioessays 
43:e2100054.

Wei H, Yasar H, Funk NW, Giese M, Baz E-S, and Stengl 
M (2014) Signaling of Pigment-Dispersing Factor (PDF) 
in the Madeira cockroach Rhyparobia maderae. PLoS 
ONE 9:e108757.

Wen S, Ma D, Zhao M, Xie L, Wu Q, Gou L, Zhu C, Fan Y, 
Wang H, and Yan J (2020) Spatiotemporal single-cell 
analysis of gene expression in the mouse suprachias-
matic nucleus. Nat Neurosci 23:456-467.

Wiedenmann G (1983) Splitting in a circadian activity 
rhythm: the expression of bilaterally paired oscillators. 
J Comp Physiol A 150:51-60.

Wülbeck C, Grieshaber E, and Helfrich-Förster C (2008) 
Pigment-Dispersing Factor (PDF) has differential 
effects on Drosophila’s circadian clock in the accessory 
medulla and in the dorsal brain. J Biol Rhythms 23:409-
424.

Xiao N, Xu S, Li ZK, Tang M, Mao R, Yang T, Ma SX, Wang 
PH, Li MT, Sunilkumar A, et al. (2023) A single photo-
receptor splits perception and entrainment by cotrans-
mission. Nature 623:562-570.

Xie L, Xiong Y, Ma D, Shi K, Chen J, Yang Q, and Yan J 
(2023) Cholecystokinin neurons in mouse suprachi-
asmatic nucleus regulate the robustness of circadian 
clock. Neuron 111:2201-2217.e4.

Xu P, Berto S, Kulkarni A, Jeong B, Joseph C, Cox KH, 
Greenberg ME, Kim TK, Konopka G, and Takahashi 
JS (2021) NPAS4 regulates the transcriptional response 
of the suprachiasmatic nucleus to light and circadian 
behavior. Neuron 109:3268-3282.e6.

Yao Z and Shafer OT (2014) The Drosophila circadian clock 
is a variably coupled network of multiple peptidergic 
units. Science 343:1516-1520.

Yasuyama K and Meinertzhagen IA (1999) Extraretinal pho-
toreceptors at the compound eye’s posterior margin in 
Drosophila melanogaster. J Comp Neurol 412:193-202.

Yoshii T, Ahmad M, and Helfrich-Förster C (2009a) 
Cryptochrome mediates light-dependent magneto-
sensitivity of Drosophila’s circadian clock. PLoS Biol 
7:e1000086.

Yoshii T, Funada Y, Ibuki-Ishibashi T, Matsumoto A, 
Tanimura T, and Tomioka K (2004) Drosophila cryb 
mutation reveals two circadian clocks that drive loco-
motor rhythm and have different responsiveness to 
light. J Insect Physiol 50:479-488.

Yoshii T, Hermann-Luibl C, Kistenpfennig C, Tomioka K, 
and Helfrich-Förster C (2015) Cryptochrome depen-
dent and independent circadian entrainment circuits in 
Drosophila. J Neurosci 35:6131-6141.

Yoshii T, Rieger D, and Helfrich-Förster C (2012) Two 
clocks in the brain—an update of the Morning and 
Evening oscillator model in Drosophila. In: Kalsbeek 
A, Merrow M, Roenneberg T, and Foster RG, editors. 
Progress in Brain Research, Vol.199, Neurobiology of 
Circadian Timing, Amsterdam: Elsevier, p 59-82.

Yoshii T, Todo T, Wülbeck C, Stanewsky R, and Helfrich-
Förster C (2008) Cryptochrome is present in the com-
pound eyes and a subset of Drosophila’s clock neurons. 
J Comp Neurol 508:952-966.

Yoshii T, Vanin S, Costa R, and Helfrich-Förster C (2009b) 
Synergic entrainment of Drosophila’s circadian clock 
by light and temperature. J Biol Rhythms 24:452-464.

Yoshii T, Wülbeck C, Sehadova H, Veleri S, Bichler D, 
Stanewsky R, and Helfrich-Förster C (2009c) The neuro-
peptide Pigment-Dispersing Factor adjusts period and 
phase of Drosophila’s clock. J Neurosci 29:2597-2610.

Zerr DM, Hall JC, Rosbash M, and Siwicki KK (1990) 
Circadian fluctuations of period protein immunoreac-
tivity in the CNS and the visual system of Drosophila. J 
Neurosci 10:2749-2762.

Zurl M, Pöhn B, Rieger D, Krishnan S, Rokvic D, Veedin 
Rajan VB, Gerrard E, Schlichting M, Orel L, Lucas RJ, 
et al. (2022) Two light sensors decode moonlight ver-
sus sunlight to adjust a plastic circadian/circalunidian 
clock to moonphase. PNAS 119: e2115725119.


