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Abstract

The fruit fly Drosophila melanogaster exhibits two activity peaks, one in the morning and another in the evening. Because
the two peaks change phase depending on the photoperiod they are exposed to, they are convenient for studying responses of
the circadian clock to seasonal changes. To explain the phase determination of the two peaks, Drosophila researchers have
employed the two-oscillator model, in which two oscillators control the two peaks. The two oscillators reside in different
subsets of neurons in the brain, which express clock genes, the so-called clock neurons. However, the mechanism underly-
ing the activity of the two peaks is complex and requires a new model for mechanistic exploration. Here, we hypothesize a
four-oscillator model that controls the bimodal rhythms. The four oscillators that reside in different clock neurons regulate
activity in the morning and evening and sleep during the midday and at night. In this way, bimodal rhythms are formed by
interactions among the four oscillators (two activity and two sleep oscillators), which may judiciously explain the flexible
waveform of activity rhythms under different photoperiod conditions. Although still hypothetical, this model would provide

a new perspective on the seasonal adaptation of the two activity peaks.
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Introduction

Insects are small ectothermic animals that are vulnerable to
harsh environments, such as hot and cold temperatures and
desiccation, which change on a yearly cycle (Kostal 2011).
To cope with these changes, insects have evolved the ability
to adapt to seasonal changes in the environment, allowing
them to live in a wide range of habitats, from the Arctic to
the Antarctic. Therefore, understanding how insects adapt to
seasonal changes is essential for understanding ecosystems.

Most insects exhibit daily rhythms, such as sleep—wake
cycles and nocturnal/diurnal activity, in their behavior.
Appropriate behavior at the right time of the day increases
the efficiency of daily life and improves fitness (Vaze and
Sharma 2013; Abhilash and Sharma 2016; Horn et al. 2019).
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Circadian behavioral rhythms (circa=about and dies =day
from Latin terms) are controlled by a circadian clock that
generates approximately 24 h rhythms in a self-sustaining
manner. In addition, the clock uses environmental time cues,
such as light and temperature, to reset the clock. In particu-
lar, sunlight is a reliable time cue as sunrise and sunset are
indicative of the morning and evening, respectively.

The fruit fly, Drosophila melanogaster, is a small insect
of 2-3 mm in size and is often used as a model organism in
genetics (Hales et al. 2015). Drosophila is of the Afrotropi-
cal origin and has migrated to most continents along with
humans (David and Capy 1988). They exhibit two activity
peaks in the morning (M) and evening (E) under standard
light—dark cycles of 12 h/12 h (LD12:12) (Fig. 1a) in the
laboratory (Hamblen-Coyle et al. 1992; Helfrich-Forster
2000). The two peaks can persist and free-ran with a period
of approximately 24 h under constant dark conditions (DD)
(Fig. 1a) (Helfrich-Forster 2000), suggesting that the two
peaks are generated by the circadian clock. Studies in Dros-
ophila have significantly contributed to elucidate the molec-
ular mechanisms of the circadian clock (King and Sehgal
2020; Beer and Helfrich-Forster 2020). Mechanisms under-
lying the circadian clock involve transcriptional/translational
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Fig. 1 a Daily activity rhythms (mean =+ standard error) of commonly
used control (w8, n=30) and clock-less mutant (per‘” , n=30) flies
in LD12:12 and on the first day of DD after transfer from LD. Control
flies show two activity peaks in the morning and evening, and each
peak begins to increase before light transitions, known as anticipa-
tory activity (arrows) in LD. The two peaks persist even in DD. per”’
mutant flies also show two peaks; however, they are mere responses
to light changes, known as the masking effects of light. Therefore,
the two peaks in per”’ flies do not persist in DD. b Phase relationship
between the morning and evening peaks under long (left) and short
(right) photoperiod conditions. The two peaks change phase with the
given photoperiod. Under long photoperiod, the phase relationship
between the two peaks is extended, whereas it is shortened under
short photoperiod. In this way, flies change their active time depend-
ing on the season. The black and white boxes in the bars indicate dark
and light conditions, respectively

feedback loops composed of clock genes such as per, time-
less (tim), Clock, and cycle.

In Drosophila, the clock proteins PER and TIM are
expressed in approximately 150 neurons in the brain
(Fig. 2a) (Kaneko and Hall 2000). They are divided into the
following clusters: small lateral neurons (s-LNvs), large lat-
eral neurons (I-LNvs), 5™ lateral neuron (5™ LN, also known
as 5™ s-LNv), dorsal lateral neurons (LNds), lateral posterior
neurons (LPNs), anterior dorsal neurons 1 (DN1as), poste-
rior dorsal neurons 1 (DN1ps), dorsal neurons 2 (DN2s), and
dorsal neurons 3 (DN3s) (Ahmad et al. 2021; Crespo-Flores
and Barber 2022). The s-LNv and I-LNv groups express a
neuropeptide, Pigment-dispersing factor (PDF) (Helfrich-
Forster 1995). Mutant flies lacking PDF show a tiny M
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Fig.2 a Distribution of the clock neurons in the brain hemisphere of
Drosophila. The circadian neuropeptide PDF is expressed in s-LNv
and I-LNv groups. b Current model explaining how clock neurons
control the M and E peaks. s-LNv neurons send PDF signals to PDF
receptor (PDFR)* DN1p neurons to control the M peak. s-LNv neu-
rons send PDF signal to 5th LN and LNd neurons (PDFR™) also,
which controls the E peak. PDFR™ DN1p neurons independently con-
trol the E peak

activity peak, a phase-advanced E activity in LD, and fragile
free-running rhythms in DD (Renn et al. 1999). Studies on
the role of PDF in activity rthythms have shed light on how
the clock is integrated into the neural network of the brain.

Seasonal adaptation of M and E activity
peaks

Under LD12:12 at 25 °C, the standard experimental condi-
tion, the two activity peaks coincide when light is turned on
and off (Fig. 1a). Both activity peaks begin to form before
the light change, showing anticipatory activity to light. The
two peaks can flexibly change their phase under different
photoperiod conditions (Fig. 1b) (Rieger et al. 2003, 2012).
Under short photoperiod conditions, the M and E peaks track
light on and off, respectively. Therefore, the time interval
between the M and E peaks (the phase angle between M and
E peaks) becomes shorter than that under LD12:12 (Fig. 1b).
In contrast, under long photoperiod conditions, the phase
angle between M and E peaks becomes relatively long.
The photoperiodic change of bimodal rhythms can also be
observed in other animals and encodes seasonal information
(Aschoff 1966; Pittendrigh and Daan 1976; Inagaki et al.
2007). The reason for phase changes of the two peaks in flies
is explained as follows: By keeping the phase angle close
between the two activity peaks, flies increase their activity
during daytime in winter (short photoperiod conditions) to
be active during warm periods. In contrast, by increasing
the phase angle, flies reduce their activity during hot days
in summer (long photoperiod conditions) to escape from
heat and desiccation (Majercak et al. 1999), although this
may apply to flies living in warm areas because northern
flies respond differently to summer-like conditions (Kau-
ranen et al. 2012; Menegazzi et al. 2017). The phase angle
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between the M and E peaks is not completely free and limits
to expanding and contracting exist. These facts suggest that
two different oscillators control the M and E peaks in the
circadian clock as a single oscillator mechanism may not
simultaneously change the phases of two peaks in opposite
directions. The two oscillators track dawn and dusk inde-
pendently; however, they are interlocked at some point to
keep the phase angle. Given this two-oscillator model, one
can imagine that the two oscillators are located in different
groups of neurons that communicate with each other via
neurotransmitters such as PDF (Dubruille and Emery 2008;
Helfrich-Forster 2009; Yoshii et al. 2012).

Photoperiod gradually changes throughout the year and
is a reliable indicator of the coming season. Although less
reliable, ambient temperature is also a cue for the season
(Majercak et al. 1999; Bywalez et al. 2012). Under low-tem-
perature or short-day conditions with temperature cycles, the
M peak is phase-delayed, and the E peak is phase-advanced
to increase diurnal activity, which is similar to the M and E
peaks under short photoperiod conditions. Under high-tem-
perature or long-day conditions with temperature cycles, the
two peaks show opposite responses, similar to those under
long photoperiod conditions. Therefore, the two oscilla-
tors controlling the M and E peaks can respond similarly to
photoperiod and ambient temperature. Notably, the effects
of photoperiod and temperature on the two peaks are not
exactly the same. Activity of the M peak is increased and
decreased in short and long photoperiod conditions, respec-
tively (Rieger et al. 2003). Conversely, it is decreased and
increased in relatively cool and warm conditions, respec-
tively (Bywalez et al. 2012). Therefore, the M and E oscil-
lators can have different outputs to regulate the activity of
M in response to photoperiod and temperature.

Morning and evening oscillators based
on clock neurons

Different clusters of clock neurons differ in neurite morphol-
ogy and neurotransmitter content, suggesting that they have
distinct roles (Helfrich-Forster et al. 2007). The discovery
of PDF has facilitated functional analysis of PDF-positive
clock neurons, the s-LNv and I-LNv groups. The tiny M
peak of Pdf mutants in LD suggests that PDF-positive clock
neurons play a role in generating the M peak (Renn et al.
1999; Stoleru et al. 2004). per-rescue experiments in PDF
neurons only have showed the restoration of the anticipa-
tory M peak but not of the E peak (Grima et al. 2004). In
contrast, per-rescue and cell-ablation experiments in Sth LN
and LNd neurons have shown that these clock neurons are
essential for the E peak (Grima et al. 2004; Stoleru et al.
2004). The underlying reason for phase advancement of the
E peak in Pdf mutants compared to that in control flies can

be explained by the interaction of PDF neurons (M oscilla-
tors or M neurons) with 5th LN and LNd neurons (E oscil-
lators or E neurons) via PDF (Peng et al. 2003; Stoleru et al.
2005; Shafer et al. 2008; Yoshii et al. 2009). Intracellular
Ca** concentration in clock neurons oscillates in a circa-
dian manner (Liang et al. 2016). The Ca** levels of M and
E neurons peak in the morning and evening, respectively.
In Pdfm mutant flies, the Ca2* level in E neurons is phase-
advanced according to their activity rhythms, whereas that
in M neurons is not affected (Liang et al. 2017). Therefore,
M and E neurons inherently have two different phases, and
PDF signaling from M to E neurons modulates the phase of
E neurons.

The period of circadian molecular oscillation can be
genetically accelerated or decelerated by overexpressing
mutated Doubletime or Shaggy kinases (Stoleru et al. 2005).
Such genetic manipulations in M neurons have revealed
that the molecular clock in two LNd neurons [PDF receptor
(PDFR)-positive] is dictated by M neurons, and other PDFR-
positive LNd and 5th LN neurons are somewhat influenced
by M neurons, whereas PDFR-negative three LNd neurons
are completely insensitive to M neurons (Yao and Shafer
2014). Therefore, E neurons contain three populations with
different coupling strengths to M neurons. This heterogene-
ity of E neurons may simultaneously explain the flexibility
and rigidity of the phase angle between the M and E peaks.
The direction of coupling between M and E neurons changes
depending on the photoperiod (Stoleru et al. 2007). M neu-
rons dominate E neurons under short photoperiod condi-
tions, and the opposite phenomenon takes place under long
photoperiod conditions. The coupling pathway from M to E
neurons is mediated by PDF; however, the pathway in the
opposite direction remains unknown.

The M-E oscillator model mentioned above does not
exclude the involvement of other clock neurons in generating
the M and E peaks. Depending on temperature and illumi-
nation, DN1p neurons alone are sufficient for the M and E
peaks (Zhang et al. 2010). DN 1p neurons consist of approxi-
mately 15 neurons per hemisphere. Half of them express
PDFR, a glutamate transporter, diuretic hormone 31, and
cryptochrome (CRY), a protein involved in light entrainment
(Yoshii et al. 2008; Im and Taghert 2010; Kunst et al. 2014;
Guo et al. 2016; Goda et al. 2016; Chatterjee et al. 2018).
The two types of DN1p neurons have different projection
patterns (Chatterjee et al. 2018; Lamaze et al. 2018; Guo
et al. 2018; Reinhard et al. 2022b). Chatterjee et al. (2018)
has proposed that the PDFR-positive DN1p group is respon-
sible for the M peak, and the PDFR-negative DN 1p group
is responsible for the E peak. s-LNv neurons (M oscillators)
interact with the PDFR-positive DN1p group via PDF to
generate the M peak, whereas three different E oscillator
neurons, the 5 LN, LNd, and PDFR-negative DN 1p groups,
can control the E peak relatively independently (Fig. 2b).
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Menegazzi et al. (2020) have conducted per-rescue exper-
iments under long and short photoperiod conditions. The
original M and E oscillator model of seasonal adaptation is
based on the two oscillators flexibly tracking dawn and dusk
under different photoperiods (Pittendrigh and Daan 1976).
They found that flies with per-rescue in all clock neurons
showed phase adjustment of the M and E peaks similar to
that of the wild-type flies under different photoperiods.
However, flies with per-rescue only in M or E neurons did
not show this phenomenon. Therefore, although M and E
neurons are essential for generating the M and E peaks, some
unidentified key mechanism regulates normal phase adjust-
ment of the two peaks under long and short photoperiod con-
ditions. The possibilities include: 1. Other clock neurons that
are not classified as M or E neurons and play a role in the
two activity peaks and 2. The whole neural network between
M and E neurons, which is important for the phase adjust-
ment of the two peaks. For the first hypothesis, for example,
the roles of DN1a, DN3, and LPN groups in activity rhythms
and sleep have been demonstrated (Fujiwara et al. 2018;
Reinhard et al. 2022a; Sun et al. 2022). These groups of
clock neurons may cooperate with M and E neurons. For
the second hypothesis, disruption of the clock neuronal net-
work reduces the strength of free-running rhythms in DD
(Bulthuis et al. 2019; Jaumouillé et al. 2021). This suggests
that manipulating specific groups of clock neurons may dis-
rupt proper network interactions, causing the entire network
to collapse and produce aberrant M and E activity rhythms.
Of course, a third hypothesis that is a blend of these two
hypotheses must also be considered.

Molecular oscillations under different
photoperiods

The phases of molecular oscillations do not differ between M
and E neurons. For example, PER and TIM levels peak late
at night in all groups of clock neurons. Therefore, molecu-
lar oscillations generate circadian rhythms, and output path-
ways determine the phases of two activity peaks (Liang et al.
2016). However, molecular oscillations also play a role in
their phase determination. An exposure to dim light at night
causes a phase-advance of the M peak and phase-delay of
the E peak (Bachleitner et al. 2007; Kempinger et al. 2009).
In this situation, the phases of PER and TIM peaks are
phase-advanced in M neurons and phase-delayed in E neu-
rons, consistent with the phase changes of M and E peaks
(Bachleitner et al. 2007). Therefore, the phases of the two
peaks would be determined first in the molecular oscillations
and then in the downstream pathways.

The first attempt to monitor PER and TIM oscillations in
clock neurons under long and short photoperiods was made
by Shafer et al. (2004). They found that the phases of nuclear
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accumulation of PER and TIM coincided under a short pho-
toperiod, whereas, under a long photoperiod, nuclear accu-
mulation of PER peaked when the level of TIM was very
low after exposure to light. A similar decoupling of PER
and TIM cycling was observed in flies living under long
photoperiods in natural conditions (Menegazzi et al. 2013).
Kistenpfennig et al. (2018) immunostained PAR domain
protein 1 (PDP1) in LD12:12 and LD20:4 and noticed that
the phases of PDP1 cycling between M and E neurons were
almost the same in the two photoperiods, but the amplitude
of PDP1 cycling in all clock neurons was high in LD12:12
and low in LD20:4. Therefore, the phases of molecular oscil-
lations and their amplitude may encode phase determina-
tion of the M and E peaks. The amplitude of PDP1 cycling
may be the result of the coupling strength of PER and TIM
cycling. When PER and TIM rhythms are decoupled under
long photoperiod conditions, the entire circadian feedback
loops may be degraded owing to the prolonged but weak
activities of PER and TIM, resulting in the low amplitude
of PDP1 cycling.

The present model based on clock neurons is already
complicated, and molecular oscillations under different
photoperiods add further complexity. Applying the classi-
cal two-oscillator model to what is being observed in pre-
sent molecular, neural, and behavioral data is being increas-
ingly difficult. Therefore, new concepts to explain the phase
adjustment of M and E activities should be considered.

Should more oscillators be added?

We spontaneously think that the oscillators generate activity
peaks. This is true because per”’ mutants do not show the M
and E peaks with anticipation of dawn and dusk, except for
masking effects to light (Fig. 1a). In addition, per”’ mutants
do not show siesta and night sleep. Therefore, assuming a
negative oscillator to suppress activity (or to promote sleep)
may be appropriate.

For example, a sleep oscillator outputs two signals dur-
ing the day and night, resulting in two activity peaks in the
morning and evening (Fig. 3b). This is enough to produce
the two peaks. We then split the sleep oscillator into two
sleep oscillators for siesta and night sleep (Fig. 3c). If the
two sleep oscillators respond to photoperiods by changing
sleep duration, the M and E peaks can be phase-shifted as
if they are tracking dawn and dusk, respectively. Impor-
tantly, the siesta oscillator should work in conjunction with
the night sleep oscillator to provide a flexible phase angle
between the M and E peaks.

Sleep is regulated by some groups of clock neurons. The
1-LNv group has been first proposed as the clock neurons
responsible for sleep regulation (Shang et al. 2008, 2011;
Sheeba et al. 2008; Parisky et al. 2008; Chung et al. 2009;
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Fig.3 Oscillator models to explain the occurrence of M and E peaks.
a Daily activity without masking effects of light in a clockless condi-
tion. The two activity peaks are absent. b One sleep oscillator sup-
presses daytime and nighttime activities, resulting in two peaks in the
morning and evening. ¢ Two sleep oscillators (siesta and night sleep)
produce two peaks. d Additional M and E oscillators promote two
activities in the morning and evening, generating two distinct peaks.
e I-LNv, DN1a, DN1p, LPN, and DN3 clock neurons influence sleep.
In particular, Dopl-R positive DN1p and LPN neurons are respon-
sible for regulating siesta. f The active oscillator (M or E oscillator)
interacts with the sleep oscillators on both sides to determine the
phase of activity peak

Lebestky et al. 2009; Gmeiner et al. 2013). Later, sleep stud-
ies were expanded into other clock neuron groups such as
DN1a, DN1p, LPN, and DN3 (Kunst et al. 2014; Guo et al.
2016, 2018; Fujiwara et al. 2018; Lamaze et al. 2018; Ni
et al. 2019; Reinhard et al. 2022a; Sun et al. 2022; Schli-
chting et al. 2022). Schlichting et al. (2022) showed that a
subset of DN 1p neurons expressing two dopamine receptors,
Dopl1R1 and Dop1R2, is particularly important for regulat-
ing siesta (Fig. 3e). In addition, LPN neurons affect siesta
(Fig. 3e; Ni et al. 2019; Reinhard et al. 2022a). Therefore,
a specific group of clock neurons may be responsible for
night sleep. The peak phases of Ca** rhythms in s-LNv and
LNd neurons correspond to the M and E peaks, respectively,
while those in I-LNv and DN1p neurons correspond to mid-
day and midnight (Liang et al. 2016, 2017, 2019). If the
trough of Ca®* rhythms in DN1p neurons affects siesta, that
in I-LNv neurons may be responsible for night sleep. Since
activity and sleep patterns are closely related, the neurons

that control activity and sleep would interact with each
other. Some DN and LPN neurons play a role in tempera-
ture entrainment (Yoshii et al. 2005, 2010; Miyasako et al.
2007; Chen et al. 2015, 2018; Harper et al. 2016; Reinhard
et al. 2022a). Their temperature sensitivity may contribute to
integrating seasonal temperature inputs into sleep regulation.

After assuming the two sleep oscillators, the M and E
activity oscillators are added to the model (Fig. 3d). The
sleep oscillators suppress activity (or promote sleep), while
the M and E oscillators increase activity in the morning and
evening. As the inhibitory effect of the night sleep oscillator
diminishes, and the M oscillator becomes active at dawn,
M activity gradually increases before exposure to light in
the morning, creating anticipatory activity. Therefore, the
anticipatory M activity can be explained by the inferiority
and superiority of the night sleep oscillator relative to the
M oscillator. The same can be imagined for controlling the
phase of E activity by an interaction between the siesta and E
oscillators. Phase determination of the two peaks can also be
explained by a tug-of-war between the two sleep oscillators,
with the active oscillator in the middle as a rope (Fig. 3f).
The active oscillator has its own phase, but the two sleep
oscillators modulate it. The dominance of oscillators can
change with day length, and their tug-of-war determines the
seasonally adapted activity phases.

The model consisting of four oscillators, including the
M, siesta, E, and night sleep, would not be a perfect option
to explain all phenomena observed in the rhythms of Dros-
ophila activity. However, it has the advantage that sleep
regulation can be taken into account in phase determination
of the two activity peaks.

Concluding remarks

The reason for conceiving the sleep oscillators is that we
often face the difficulty of quantifying anticipatory activity
for the M and E peaks. In Drosophila, anticipatory activ-
ity is measured by the activity of flies prior to changes in
light at dawn and dusk (Harrisingh et al. 2007). However,
a large variation is noticed in anticipatory activity even in
the control strains. We noticed that activity before dawn and
dusk and night sleep and siesta contributed to the distinct
anticipatory activity. Liang et al. (Liang et al. 2016, 2017,
2019, 2023) proposed that different groups of clock neu-
rons generate intracellular Ca>* rhythms in different phases,
recalling the possibility of a multioscillator system (Yoshii
et al. 2004; Rieger et al. 2006; Miyasako et al. 2007). The
four-oscillator model proposed here is an idea only. Some-
times, however, assuming a simple model can lead to a better
understanding of complex phenomena, as was the case with
the two-oscillator model of Pittendrigh and Daan (1976).

@ Springer



Journal of Comparative Physiology A

Acknowledgements This study was supported by JSPS KAKENHI
(19H03265). We thank Misako Yoshii for her illustration of Figure 3.

Author contributions Conceptualization: TY, data analysis: AS, TY;
writing—original draft preparation: TY; writing—review and editing:
AS, TY; funding acquisition: TY.

Funding Open access funding provided by Okayama University.

Data availability This article has no additional data.

Declarations

Conflict of interest The authors have no conflict of interest to declare,
which are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abhilash L, Sharma VK (2016) On the relevance of using laboratory
selection to study the adaptive value of circadian clocks. Physiol
Entomol 41:293-306

Ahmad M, Li W, Top D (2021) Integration of circadian clock infor-
mation in the Drosophila circadian neuronal network. J Biol
Rhythms 36:203-220

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

Bachleitner W, Kempinger L, Wiilbeck C et al (2007) Moonlight
shifts the endogenous clock of Drosophila melanogaster. Proc
Natl Acad Sci USA 104:3538-3543

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

Bulthuis N, Spontak KR, Kleeman B, Cavanaugh DJ (2019) Neu-
ronal activity in non-LNv clock cells Is required to produce
free-running rest:activity rhythms in Drosophila. J Biol
Rhythms 34:249-271

Bywalez W, Menegazzi P, Rieger D et al (2012) The dual-oscillator
system of Drosophila melanogaster under natural-like tempera-
ture cycles. Chronobiol Int 29:395-407

Chatterjee A, Lamaze A, De J et al (2018) Reconfiguration of a
multi-oscillator network by light in the Drosophila circadian
clock. Curr Biol 28:2007-2017.e4

Chen C, Buhl E, Xu M et al (2015) Drosophila ionotropic receptor
25a mediates circadian clock resetting by temperature. Nature
527:516-520

Chen C, Xu M, Anantaprakorn Y et al (2018) nocte Is required for
integrating light and temperature inputs in circadian clock neu-
rons of Drosophila. Curr Biol 28:1595-1605.e3

@ Springer

Chung BY, Kilman VL, Keath JR et al (2009) The GABA(A) recep-
tor RDL acts in peptidergic PDF neurons to promote sleep in
Drosophila. Curr Biol 19:386-390

Crespo-Flores SL, Barber AF (2022) The Drosophila circadian clock
circuit is a nonhierarchical network of peptidergic oscillators.
Curr Opin Insect Sci 52:100944

David JR, Capy P (1988) Genetic variation of Drosophila mela-
nogaster natural populations. Trends Genet 4:106—111

Dubruille R, Emery P (2008) A plastic clock: how circadian rhythms
respond to environmental cues in Drosophila. Mol Neurobiol
38:129-145

Fujiwara Y, Hermann-Luibl C, Katsura M et al (2018) The CCHa-
midel neuropeptide expressed in the anterior dorsal neuron 1
conveys a circadian signal to the ventral lateral neurons in Dros-
ophila melanogaster. Front Physiol 9:1276

Gmeiner F, Kolodziejczyk A, Yoshii T et al (2013) GABAB recep-
tors play an essential role in maintaining sleep during the sec-
ond half of the night in Drosophila melanogaster. J Exp Biol
216:3837-3843

Goda T, Tang X, Umezaki Y et al (2016) Drosophila DH31 neuropep-
tide and PDF receptor regulate night-onset temperature prefer-
ence. J Neurosci 36:11739-11754

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

Guo F, YuJ, Jung HJ et al (2016) Circadian neuron feedback controls
the Drosophila sleep-activity profile. Nature 536:292-297

Guo F, Holla M, Diaz MM, Rosbash M (2018) A circadian output cir-
cuit controls sleep-wake arousal in Drosophila. Neuron 100:624-
635.e4

Hales KG, Korey CA, Larracuente AM, Roberts DM (2015)
Genetics on the fly: A primer on theDrosophila model system.
Genetics 201:815-842

Hamblen-Coyle MJ, Wheeler DA, Rutila JE et al (1992) Behavior of
period-altered circadian rhythm mutants of Drosophila in light:
dark cycles (Diptera: Drosophilidae). J Insect Behav 5:417-446

Harper REF, Dayan P, Albert JT, Stanewsky R (2016) Sensory conflict
disrupts activity of the Drosophila circadian network. Cell Rep
17:1711-1718

Harrisingh MC, Wu Y, Lnenicka GA, Nitabach MN (2007) Intracel-
lular Ca2+ regulates free-running circadian clock oscillation
in vivo. J Neurosci 27:12489-12499

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

Helfrich-Forster C (2000) Differential control of morning and evening
components in the activity thythm of Drosophila melanogaster—
sex-specific differences suggest a different quality of activity. J
Biol Rhythms 15:135-154

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

Helfrich-Forster C, Shafer OT, Wiilbeck C et al (2007) Development
and morphology of the clock-gene-expressing lateral neurons of
Drosophila melanogaster. J Comp Neurol 500:47-70

Horn M, Mitesser O, Hovestadt T et al (2019) The circadian clock
improves fitness in the fruit fly, Drosophila melanogaster. Front
Physiol 10:1374

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

Inagaki N, Honma S, Ono D et al (2007) Separate oscillating cell
groups in mouse suprachiasmatic nucleus couple photoperiodi-
cally to the onset and end of daily activity. Proc Natl Acad Sci
USA 104:7664-7669


http://creativecommons.org/licenses/by/4.0/

Journal of Comparative Physiology A

Jaumouillé E, Koch R, Nagoshi E (2021) Uncovering the roles of
clocks and neural transmission in the resilience of Drosophila
circadian network. Front Physiol 12:663339

Kaneko M, Hall JC (2000) Neuroanatomy of cells expressing clock
genes in Drosophila: transgenic manipulation of the period and
timeless genes to mark the perikarya of circadian pacemaker neu-
rons and their projections. J Comp Neurol 422:66-94

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

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

King AN, Sehgal A (2020) Molecular and circuit mechanisms mediat-
ing circadian clock output in the Drosophila brain. Eur J Neurosci
51:268-281

Kistenpfennig C, Nakayama M, Nihara R, et al (2018) A tug-
of-war between Cryptochrome and the visual system allows the
adaptation of evening activity to long photoperiods inDrosophila
melanogaster. J Biol Rhythms 33:24-34

Kostal V (2011) Insect photoperiodic calendar and circadian clock:
Independence, cooperation, or unity? J Insect Physiol 57:538-556

Kunst M, Hughes ME, Raccuglia D et al (2014) Calcitonin gene-related
peptide neurons mediate sleep-specific circadian output in Dros-
ophila. Curr Biol 24:2652-2664

Lamaze A, Kritschmer P, Chen KF et al (2018) A wake-promoting circa-
dian output circuit in Drosophila. Curr Biol 28:3098-3105.e3

Lebestky T, Chang J-SC, Dankert H et al (2009) Two different forms
of arousal in Drosophila are oppositely regulated by the dopamine
D1 receptor ortholog DopR via distinct neural circuits. Neuron
64:522-536

Liang X, Holy TE, Taghert PH (2016) Synchronous Drosophila circadian
pacemakers display nonsynchronous Ca>* rhythms in vivo. Science
351:976-981

Liang X, Holy TE, Taghert PH (2017) A series of suppressive signals
within the Drosophila circadian neural circuit generates sequential
daily outputs. Neuron 94:1173-1189.e4

Liang X, Ho MCW, Zhang Y et al (2019) Morning and evening circa-
dian pacemakers independently drive premotor centers via a specific
dopamine relay. Neuron 102:843-857.e4

Liang X, Holy TE, Taghert PH (2023) Polyphasic circadian neural cir-
cuits drive differential activities in multiple downstream rhythmic
centers. Curr Biol 33:351-363.e3

Majercak J, Sidote D, Hardin PE, Edery I (1999) How a circadian clock
adapts to seasonal decreases in temperature and day length. Neuron
24:219-230

Menegazzi P, Vanin S, Yoshii T et al (2013) Drosophila clock neurons
under natural conditions. J Biol Rhythms 28:3-14

Menegazzi P, Benetta ED, Beauchamp M et al (2017) Adaptation of cir-
cadian neuronal network to photoperiod in high-latitude European
drosophilids. Curr Biol 27:833-839

Menegazzi P, Beer K, Grebler V et al (2020) A functional clock within the
main morning and evening neurons of D. melanogaster is not suf-
ficient for wild-type locomotor activity under changing day length.
Front Physiol 11:229

Miyasako Y, Umezaki Y, Tomioka K (2007) Separate sets of cerebral
clock neurons are responsible for light and temperature entrain-
ment of Drosophila circadian locomotor rhythms. J Biol Rhythms
22:115-126

Ni JD, Gurav AS, Liu W et al (2019) Differential regulation of the
Drosophila sleep homeostat by circadian and arousal inputs. Elife
8:e40487

Parisky KM, Agosto J, Pulver SR et al (2008) PDF cells are a GABA-
responsive wake-promoting component of the Drosophila sleep
circuit. Neuron 60:672-682

Peng Y, Stoleru D, Levine JD et al (2003) Drosophila free-running
rhythms require intercellular communication. PLoS Biol 1:e13
Pittendrigh CS, Daan S (1976) A functional analysis of circadian pace-
makers in nocturnal rodents. V. Pacemaker structure: a clock for all
seasons. J Comp Physiol A 106:333-355

Reinhard N, Bertolini E, Saito A et al (2022a) The lateral posterior clock
neurons of Drosophila melanogaster express three neuropeptides
and have multiple connections within the circadian clock network
and beyond. J Comp Neurol 530:1507-1529

Reinhard N, Schubert FK, Bertolini E et al (2022b) The neuronal circuit
of the dorsal circadian clock neurons in Drosophila melanogaster.
Front Physiol 13:886432

Renn SCP, Park JH, Rosbash M et al (1999) A pdf neuropeptide gene
mutation and ablation of PDF neurons each cause severe abnormali-
ties of behavioral circadian rhythms in Drosophila. Cell 99:791-802

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

Rieger D, Shafer OT, Tomioka K, Helfrich-Forster C (2006) Functional
analysis of circadian pacemaker neurons in Drosophila mela-
nogaster. J Neurosci 26:2531-2543

Rieger D, Peschel N, Dusik V et al (2012) The ability to entrain to long
photoperiods differs between 3 Drosophila melanogaster wild-
type strains and is modified by twilight simulation. J Biol Rhythms
27:37-47

Schlichting M, Richhariya S, Herndon N et al (2022) Dopamine and
GPCR-mediated modulation of DN1 clock neurons gates the cir-
cadian timing of sleep. Proc Natl Acad Sci USA 119:¢2206066119

Shafer OT, Levine JD, Truman JW, Hall JC (2004) Flies by night: Effects
of changing day length on Drosophila’s circadian clock. Curr Biol
14:424-432

Shafer OT, Kim DJ, Dunbar-Yaffe R et al (2008) Widespread receptiv-
ity to neuropeptide PDF throughout the neuronal circadian clock
network of Drosophila revealed by real-time cyclic AMP imaging.
Neuron 58:223-237

Shang Y, Griffith LC, Rosbash M (2008) Light-arousal and circadian pho-
toreception circuits intersect at the large PDF cells of the Drosophila
brain. Proc Natl Acad Sci USA 105:19587-19594

Shang Y, Haynes P, Pirez N et al (2011) Imaging analysis of clock neu-
rons reveals light buffers the wake-promoting effect of dopamine.
Nat Neurosci 14:889-895

Sheeba V, Fogle KJ, Kaneko M et al (2008) Large ventral lateral neurons
modulate arousal and sleep in Drosophila. Curr Biol 18:1537-1545

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

Stoleru D, Peng Y, Nawathean P, Rosbash M (2005) A resetting signal
between Drosophila pacemakers synchronizes morning and evening
activity. Nature 438:238-242

Stoleru D, Nawathean P, de la Paz FM et al (2007) The Drosophila circa-
dian network is a seasonal timer. Cell 129:207-219

Sun L, Jiang RH, Ye WJ et al (2022) Recurrent circadian circuitry regu-
lates central brain activity to maintain sleep. Neuron 110:2139-2154.
e5

Vaze KM, Sharma VK (2013) On the adaptive significance of circadian
clocks for their owners. Chronobiol Int 30:413-433

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

Yoshii T, Funada Y, Ibuki-Ishibashi T et al (2004) Drosophila cry® muta-
tion reveals two circadian clocks that drive locomotor rhythm and
have different responsiveness to light. J Insect Physiol 50:479-488

Yoshii T, Heshiki Y, Ibuki-Ishibashi T et al (2005) Temperature
cycles drive Drosophila circadian oscillation in constant light

@ Springer



Journal of Comparative Physiology A

that otherwise induces behavioural arrhythmicity. Eur J Neurosci
22:1176-1184

Yoshii T, Todo T, Wiilbeck C et al (2008) Cryptochrome is present in the
compound eyes and a subset of Drosophila’s clock neurons. ] Comp
Neurol 508:952-966

Yoshii T, Wiilbeck C, Sehadova H et al (2009) The neuropeptide pigment-
dispersing factor adjusts period and phase of Drosophila’s clock. J
Neurosci 29:2597-2610

Yoshii T, Hermann C, Helfrich-Forster C (2010) Cryptochrome-positive
and -negative clock neurons in Drosophila entrain differentially to
light and temperature. J Biol Rhythms 25:387-398

Yoshii T, Rieger D, Helfrich-Forster C (2012) Two clocks in the brain: an
update of the morning and evening oscillator model in Drosophila.
Prog Brain Res 199:59-82

@ Springer

Zhang Y, Liu Y, Bilodeau-Wentworth D et al (2010) Light and tempera-
ture control the contribution of specific DN1 neurons to Drosophila
circadian behavior. Curr Biol 20:600-605

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	A four-oscillator model of seasonally adapted morning and evening activities in Drosophila melanogaster
	Abstract
	Introduction
	Seasonal adaptation of M and E activity peaks
	Morning and evening oscillators based on clock neurons
	Molecular oscillations under different photoperiods
	Should more oscillators be added?
	Concluding remarks
	Acknowledgements 
	References


