
npj | biological timing and sleep Article

https://doi.org/10.1038/s44323-024-00015-z

Reassessing the involvement of the CREB
pathway in the circadian clock of
Drosophila melanogaster
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Circadian clocks are ubiquitous in almost all organisms on Earth and many key genes are highly
conserved among species. In the mammalian suprachiasmatic nucleus, the cAMP response element
binding protein (CREB) pathway is known to play a crucial role in conveying light-input to the
transcription of clock genes. The fruit fly Drosophila melanogaster also expresses two Creb proteins,
CrebAandCrebB,which havebeenassociatedwith the circadian clock. For example,DrosophilaCreb
has been suggested to constitute a molecular link between neuronal excitability and clock gene
transcription. In this study we subjected flies with clock cell specific CrebA or CrebB mutations to
circadian behavioral and bioluminescence assays. Surprisingly, we found that neither loss of CrebA or
CrebB did affect free-running locomotor behavior, rhythmic period oscillations in clock neurons, or
light-dependent synchronization. In conclusion our findings question the conserved circadian role of
theCreb pathway inDrosophila and encourage further studies to elucidate its potential functionwithin
insect circadian clocks.

Circadian clocks emerged as a biological time keepingmechanism allowing
organisms to orchestrate their physiology and behavior with the rhythmic
occurrence of beneficial environmental conditions. The core molecular
clock is comprised of transcriptional and translational feedback loops that
allow self-sustainedmolecular oscillations with a period of about 24 h. One
key feature of this system is to ensure alignment of internal time with the
outer world by daily resetting of the clockwork for a continuous phase
adjustment. Therefore, it is of great interest to understand how the system is
able to integrate information about environmental cues with the endo-
genously generated oscillations. Environmental stimuli are perceived
through different sensory organs, which convert this information into
electrical signaling. But how are differences in membrane polarization
transmitted through the cell to reach the nucleus and affect the core
molecular clock? In the mammalian suprachiasmatic nucleus (SCN), the
cAMP response element binding protein (CREB) pathway is known to play
a crucial role in conveying light-input to the transcription of clock genes.
The clock receives light-input through intrinsically photosensitive retinal
ganglion cells that project onto the SCN1 and release glutamate andpituitary
adenylate cyclase-activating polypeptide (PACAP)2. This leads to an
increase in calcium and cAMP3,4, activating calcium/calmodulin-dependent
protein kinase (CaMK) and protein kinase A (PKA), which then phos-
phorylate CREB5,6. Phosphorylated CREB then drives expression of light-
induced genes like mPer1 through binding to cAMP response element

(CRE) sequences in the promotor region7,8, which is a key driver for SCN
entrainment9–12.

InDrosophila, there is also evidence for calcium and cAMP signaling
being involved in the circadian system to modulate clock speed and
synchronization to light:dark (LD) cycles. For example, on the one hand it
was shown that dunce mutants (encoding a cAMP specific phospho-
diesterase) exhibit short free-running periods and altered light-induced
phase delays13. On the other hand, artificial modification of intracellular
calcium signals in clock neurons resulted in dose-dependent lengthening
of locomotor rhythms14. In addition, it was shown that alterations of
calcium and cAMP levels in the central clock or the peripheral clock of the
prothoracic gland affect the pattern of rhythmic eclosion15. A key trigger
for cAMP signaling is the release of the neuropeptide Pigment Dispersing
Factor (PDF), which plays an important role in synchronization of the
neuronal network and acts through theG-protein coupled PDFR receptor
to increase cAMP levels16–18. As known from mammals, the effects of
calcium or cAMP signaling might be mediated by calmodulin dependent
kinase II (CaMKII)14 or PKA, respectively13,17,18. An identified target of
PKA activity is the stability of the core clock proteins TIMELESS17 and
PERIOD18 but it is not clear if this is mediated via Creb. Based on parallels
to the mammalian system and the fact that putative CRE sequences are
present in the promoter regions of both timeless19 and period20, this
hypothesis seems reasonable.
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The Drosophila genome encodes two Creb proteins, namely CrebB
(homolog of the mammalian CREB) and CrebA (homolog of the mam-
malian CREB3L/OASIS), which both belong to a family of 27 identified
basic leucine zipper proteins21. CrebB has a well-established role in long-
term memory (e.g. reviewed in22) and CrebA was found to function in
embryonic development23 and regulation of the secretory pathway24. CrebB
is expressedwithin the clock neurons, including the adult s-LNv pacemaker
neurons (Fig. S1) andCrebBprotein levelswere found to cycle in larval LNvs
and adult l-LNv25,26. Similarly, CrebA protein cycles in larval s-LNvs, and is
rhythmically transcribed in adult s-LNv27,28. Moreover, CRE-luciferase
reporter activity was also shown to oscillate in a circadian fashion, and to be
modulated by permutations20,29. Regarding their potential role in providing
input to the circadian system, knockdown of CrebA was reported to cause
arrhythmicity or period lengthening15, whereas theCrebBS162mutation leads
to arrhythmicity or period shortening of locomotor behavior20. Addition-
ally,CrebBS162was found to severely interfere with rhythmic oscillations of a
period-luciferase reporter20. However, these results were obtained with
physically small, hemizygous escaper males harboring the otherwise lethal
CrebBS162 mutation, pointing to potential pleiotropic effects of this allele20.
Two other studies highlight the possibility that Creb might link neuronal
activity and clockgene transcription: Firstly, Eck et al.25 showed that artificial
depolarization of clock neurons during the delay and advance zone, where
the circadian clock is sensitive to phase shifts, caused a parallel increase of
PER and Creb levels in l-LNvs. Secondly, Mizrak et al.26 found that hyper-
exciting or hyperpolarizing LNvs leads to a morning or evening-like tran-
scription profile, respectively. They revealed that many genes, including
CrebA and CrebB, are sensitive both to circadian regulation and neuronal
activity, and frequently show an enrichment of CRE sequences in their
promoter regions. Moreover, overexpressing CrebA and CrebB caused
period lengthening26 andCrebBwas also identified as rate-limiting substrate
of the nonsense-mediated mRNA decay pathway that sustains circadian
behaviors30. Furthermore, the CREB binding protein (CBP) has also been
shown to affect behavioral rhythmicity and clock gene expression by reg-
ulating CLOCK/CYCLE-dependent transcription, though not yet con-
clusive if as a positive or negative regulator31,32.

Considering these findings, it appears likely that Creb indeed plays a
conserved role in the circadian clock, although definite evidence is still
lacking. Here, we aimed to further elucidate the involvement of Creb in the
circadian clock of Drosophila by using a combination of advanced genetic
tools, behavioral assays and bioluminescence recordings. To our surprise,
our findings yielded no evidence supporting a role for the Creb pathway in
the Drosophila circadian clock.

Material and methods
Flies
Flies were housed in plastic vials on standard fly food (0.7% agar, 1.0% soy
flour, 8.0% polenta/maize, 1.8% yeast, 8.0% malt extract, 4.0% molasses,
0.8% propionic acid, 2.3% nipagin) under a 12 h:12 h LD cycle at 60%
relative humidity. Fly stocks were kept at 18 °C and crosses were reared at
25 °C. All flies used in this study are listed in Tab 1.

Generation of CrebA-KO
For cell type specific CRISPR knockout of CrebA, a fly line expressing Cas9
and multiple gRNAs from a single tRNA::gRNA transcript under UAS
control was generated, as described in ref. 33. CRISPR Optimal Target
Finder34 was used to select three target gRNA sites within exon three and
four, upstream of the predicted basic-leucine zipper domain. Overlapping
PCR primers encoding the gRNA sequences (bold and underlined) were
obtained from Sigma-Aldrich. Cloning of the construct was carried out
based on the pCFD6 cloning protocol on http://crisprflydesign.org. Primer
pairs CrebA_PCR1_F / CrebA_PCR1_R and CrebA_PCR2_F / Cre-
bA_PCR2_R were used on the pCFD6 template (Addgene #73915) using
high-fidelity Phusion polymerase (NEB). The two resulting PCR products
were gel purified using Roti-PrepGel Extraction (Carl Roth) and assembled
withBbsI-linearizedpCFD6backboneusing In-FusionHDEnzymePremix

(TakaraBio). The assemblymixturewas transformed into competent Stellar
cells (Takara Bio) and transformants were screened in a colony PCR for
inserts of the correct size using OneTaq Master Mix (NEB) with primers
pCFD6_F and pCFD6_R. Plasmidswere extracted using Roti-Prep Plasmid
Mini (Carl Roth) and sent for sequencing with the pCFD6_F primer to
GATC Eurofins Genomics. For transgenesis, plasmids were purified using
Plasmid PlusMidi (QIAGEN) and injected intow, vasaɸC31; attp40; attP2
embryos. G0 offspring was batch crossed to w; Sco/CyO; MKRS/TM6B and
F1offspringwas screened for red eyes and individually crossed to the double
balancer line again. Flies carrying the construct on the third chromosome
were combined with UAS Cas9.P2 on the second chromosome.

CrebA_PCR1_F
5’TTCGATTCCCGGCCGATGCATCGTGTTAGATCCGCGACGG

GTTTCAGAGCTATGCTGGAAAC
CrebA_PCR1_R
5’ ACTTCTCAAGCGAGCAGCTCTGCACCAGCCGGGAATCGA

ACC
CrebA_PCR2_F
5’ GAGCTGCTCGCTTGAGAAGTGTTTCAGAGCTATGCTGGA

AAC
CrebA_PCR2_R
5’GCTATTTCTAGCTCTAAAACTACGGGTCAGCCGCACCGCT

TGCACCAGCCGGGAATCGAACC

Locomotor activity
Behavior experiments measuring locomotor activity were carried out using
the Drosophila Activity Monitoring (DAM) system (TriKinetics). One to
three days old male flies were loaded into small glass tubes, supplied with
food (4%sucrose and2%agar) andpluggedwith cotton.Monitorswere kept
in environmentally-controlled incubators (Percival Scientific) with white
light bulbs. All behavior experiments were performed at 25 °C. For beha-
vioral controls Gal4 drivers and UAS lines were crossed to y w; ls-tim.

For rhythmicity and period analysis, flies were entrained to 12 h: 12 h
LD for three days and then released into DD for seven days. Data analysis
was performed using the Fly-Toolbox in MATLAB35. For behavior quan-
tification flies were manually scored as rhythmic or arrhythmic based on
single actograms and rhythmicity analysis. Average period length and
rhythmic strength (RS)were calculated fromvalues givenbyautocorrelation
analysis. Differences in period and RS value of experimental flies were
calculated for both parental controls and tested for statistical significance
using a two-sided permutation t-test.

For phase shift analysis, flieswere entrained to a reversed 12 h: 12 h LD
forfive to sevendays and then subjected to a light pulse before being released
into DD for five to seven days. The light pulse was carried out by shifting
monitors to another incubator with lights on for 15minutes. One group of
flies received the light pulse at ZT15 and one group at ZT21, while the
control group was not exposed to light. Data analysis was performed using
the Fly-Toolbox in MATLAB to determine the phase of rhythmic flies on
the first day of DD and on the second to fifth day of DD. Average phase
differences were plotted using estimation statistics36.

For re-entrainment analysis, flies were kept under an initial 12 h: 12 h
LD for three days, which was then phase shifted by 5 h. Flies were kept six
more days under the second LD before being released into DD for six days.
Data analysiswasperformedusing theFly-Toolbox inMATLABtogenerate
population actograms and histograms.

Bioluminescence assays
Bioluminescence Luciferase expression in individual flies expressing the plo
or BG-luc period reporter gene was measured as described in ref. 37. For
parental controlsGal4 drivers andUAS lines were crossed to Canton S. One
to three days oldmaleflies were individually placed into every otherwell of a
96-well plate filled with 100 µl of luciferin-containing food (5% sucrose, 1%
agar and 15mM luciferin) and covered with a clear plastic dome. Biolu-
minescence was measured every 30min using a Packard TopCount Mul-
tiplate ScintillationCounter (PerkinElmer) for three days in LD, followed by
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three days inDDat 25 °C.Datawereplottedusing theBrassMacro (Version
2.1.3) in Excel38. Bioluminescence rhythms in groups of flies in DD were
measured using LABL (Locally Activatable BioLuminescence). For a
detailed description of thismethod see ref. 39. In brief, expression of Flipase
using the indicated Gal4 drivers allows anatomical restriction of the firefly
luciferase reporter (Luc2, Promega). D-luciferin potassium salt (Biosynth)
was mixed with standard fly food, or 5% sucrose, 1% agar to a final con-
centration of 15mM in Drosophila culture plates (Actimetrics). Lumines-
cence of 15 flies per plate was measured every 4min for 7–8 days in DD at
25 °C with a LumiCycle 32 Color (Actimetrics). Analysis software was used
to normalize the exponential decay, data were exported into .csv files
(Actimetrics) and locally written python code was used to organize lumi-
nescence data into 30min bins (LABLv9.py; www.top-lab.org/downloads),
and to quantify periods of oscillations using a Morlet wavelet fit (wave-
letsv4.py; www.top-lab.org/downloads). Data were plotted using Graphpad
Prism 10.

Immunostaining
First, the tim27-Gal4 bearing chromosome 2 was recombined with tub-
Gal80ts using standard genetic crosses. Recombinant tim27-Gal4, tub-
Gal80ts flies were then crossed to the CrebB-KO [FRT-eGFP-CrebB-FRT];
UAS Flp flies at 18 °C (Gal80ts is active). F1 flies were either maintained at
18 °C, or shifted to 29 °C (to deactivateGal80ts) forfive days. Flieswere fixed
in 4% PFA for 2.5 h at room temperature (RT). After fixation, the samples
were washed 6 times for at least 1 hr with 0.1M phosphate buffer (pH 7.4)
with 0.1% Triton X-100 (PBST) at RT. The brains were dissected in PBS,
then blocked with 5% goat serum in 0.1% PBS-T for 2 h at RT and stained
with pre-absorbed rabbit anti-PER (1:10000)40 andmouse anti-GFP (Sigma

G6519, 1:200) in 5% goat serum in 0.1% PBST for at least 48 h at 4 °C. After
washing 3 times byPBST, the sampleswere incubatedat 4 °Covernightwith
goat anti-mouse AlexaFluor 488 nm (1:500) and anti-rabbit AlexaFluor
647 nm (Molecular Probes) in PBST. Brains were washed 3 times in 0.1%
PBST before being mounted in Vectashield. The images were taken using a
Leica SP8 confocal microscope, and processed using GIMP41.

Results
Loss of CREB does not affect rhythmicity or period length of
locomotor activity
In order to investigate the effects ofCrebB andCrebA on the circadian clock
while circumventing issues with lethality of mutant flies, we opted for cell
type specific gene knockout. For CrebB we used flies with a conditional flip
out allele, which allows excision of the whole gene locus42, while for CrebA
we generated flies carrying a conditional CRISPR construct, that enables
gene disruption by frameshift mutations33, all under the control of theGal4
UAS system (Table 1). We knocked out CrebB or CrebA either in all clock
cells using tim27-Gal4, in all clock neurons using Clk856-Gal4, or specifi-
cally in LNvs usingPdf-Gal4, and recorded locomotor behavior of theseflies
in standard light dark cycles (LD) and constant conditions (DD) at 25 °C.

Representative examples of actograms and histograms are shown in
Fig. 1,while thequantificationofDDbehavior is provided inSupplementary
Table 1. Despite the lack of CrebB or CrebA, most flies showed rhythmic
locomotor activity, only tim-Gal4>CrebB-KO and Pdf-Gal4>CrebB-KO
knockout led to very mildly reduced rhythmicity of 86 and 79%, respec-
tively. Rhythmic flies also exhibited a normal period length that did not
differ significantly from parental controls, for example 24.5 h for CrebB
knockout and 24.4 h for CrebA knockout using tim-Gal4. To evaluate if
displayed rhythms of knockout flies differed in their robustness to that of
control flies, the rhythmic strength (RS) was taken into account. However,
the RS value of knockout flies was not significantly reduced, and in some
cases (tim-Gal4>CrebA-KO) even exceeded control values (Supplementary
Table 1). Since CrebB and CrebA both belong to the same gene family and
have both been attributed a role in the circadian clock, we aimed to rule out
redundant or compensatory effects. As both conditional knockout con-
structs utilize theGal4UAS system, itwas feasible to generate aCrebBCrebA
double knockout line. Still, removing both proteins from all clock cells did
not cause significant alterations in rhythmicity, period length or RS value
(Fig. 1, Supplementary Table 1).

To further validate our results with a different genetic approach, we
investigated the effects ofCrebB andCrebAknockdown,using twoand three
independent RNAi lines, respectively. Here we also included the double
knockdownofCrebB andCrebA, using threedifferent combinationsof these
RNAi lines. As seen before, rhythmicity in free running conditions was not
reduced and the RS value was never significantly decreased compared to
controls (Supplementary Table 1). Average period length was significantly
shortened in three cases, with 23.3 h forClk856-Gal4>CrebA-RNAi1, 23.1 h
forClk856-Gal4>CrebB-RNAi2 and 23.7 h for Pdf-Gal4>CrebB-RNAi2 flies
(Supplementary Table 1). However, all these changes were of a mild nature
of less than one hour and we could not make out any consistency between
driver lines and knockouts/-downs.

Furthermore, inspection of the histograms revealed that loss of CrebB
or CrebA generally did not affect synchronized behavior under standard
12 h : 12 h light dark cycles. Flies lacking CrebB or CrebA in all clock cells
exhibited the typical bimodal pattern with a clear morning and evening
anticipation.Wenoted that knockout ofCrebB led to amild activity increase
during the night, and that the morning peak of both CrebB and CrebA
knockout flies seemed more pronounced and slightly phase advanced
compared to controls (Fig. 1).

Loss of CREB does not affect oscillation of core clock gene
period
Next,we aimed to complement our behavioralfindings, reflecting an output
of the circadian clock, with an approach to assess oscillations of the core
molecular clock itself. In the mammalian SCN, CREB directly mediates

Table 1 | Fly stocks used in this study and their source

fly line source/reference

y w; ls-tim (Chen et al.65)

Canton S BDSC 64349

tim-Gal4:27 (Kaneko and Hall66)

Clk856-Gal4 (Gummadova et al.67)

Pdf-Gal4 (Park et al.68)

tub-Gal80ts BDSC 7801

CrebB-KO:
[FRT-eGFP-CrebB-FRT];; UAS Flp

(Widmer et al.42)

w vasa ɸC31; attp40; attp2 Luschnig lab, University of Münster

w; Sco/CyO; MKRS/TM6B Klämbt lab, University of Münster

UAS Cas9.P2 (Port and Bullock33)

CrebA-KO:
UASCas9.P2;UAS t::gRNA-CrebA3x

this study

CrebB-CrebA-KO:
[FRT-eGFP-CrebB-FRT];
UASCas9.P2;UAS t::gRNA-CrebA3x

Widmer et al.42, this study

UAS CrebA RNAi 1 BDSC 27648

UAS CrebA RNAi 2 BDSC 31900

UAS CrebA RNAi 3 BDSC 42562

UAS CrebB RNAi 1 BDSC 29332

UAS CrebB RNAi 2 BDSC 63681

plo:86-6 (Brandes et al.69)

BG-luc (Stanewsky et al.37)

LABL 3.1 (Johnstone et al.39)

UAS Flp (Johnstone et al.39)

cry01 (Dolezelova et al.70)

Genotype, source and references for the fly lines used in the current study. All BDSC lines were
purchased from the Bloomington Stock Center (https://bdsc.indiana.edu/).
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transcription ofmPer1 in response to light7 and inDrosophila the promoter
region of period also harbors three putative CRE sites20. Concordantly, the
CrebBS162 mutation strongly diminished rhythmic expression of the plo
period-luciferase reporter (reflecting period transcription) in constant
darkness, while cycling of the BG-luc reporter (reflecting PERIOD protein)
was intact but reduced in amplitude and phase advanced compared to wild
type20.Wemadeuse of the same reporter genes and tested the effects of clock
cell restricted knockout of CrebB and CrebA on period cycling. Average
bioluminescence measurements recorded from individual whole flies dur-
ing three days of LDand three days ofDDare shown inFig. 2. In accordance
with behavioral results, expression of plo was not altered in cycling pattern
or amplitude upon knockout of CrebB or CrebA. Likewise, there was no
effect on the BG-luc expression pattern. Expression levels of the reporter
dropped slightly in CrebB knockout flies on the third day of LD, however
this did not affect the amplitude of cycling.

Since these measurements mostly report signals from peripheral
clocks, we then made use of a recently developed tool termed Locally

Activatable BioLuminescence (LABL) that allows cell type specific expres-
sion of a period-luciferase (per-luc) reporter39. We used Clk856-Gal4 to
specifically restrict reporter expression and Creb manipulations to clock
neurons only. CrebA or CrebB expression was downregulated by the
respectiveUAS-RNAi constructs present in the same flies (Fig. 3). 15 flies of
eachgenotype kept together in a dish containing luciferin fortified foodwere
measured for 7–8 days in DD at 25 °C and each genotype was tested at least
in three independent experiments (Fig. 3). Similar to the results obtained
with the pan clock cell drivers described above, no effects ofCrebA orCrebB
knockdown on clock neuronal per-luc expression were observed. Control,
CrebA-RNAi, andCrebB-RNAiflies showed robustLABLoscillations for the
first three days, and lower amplitude rhythms until the end of the experi-
ment (Fig. 3a). Average period length was close to 24 h for all three geno-
types, although some of the control and CrebA-RNAi flies showed long
period rhythms (Fig. 3b).When looking at period changes during the course
of the experiment, we noted that both control and CrebA-RNAi flies had
stable 24 h periods for the first 2–3 days of the experiment but showed a
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Fig. 1 | CrebB and CrebA knockout flies show normal behavior in LD and DD.
Representative double-plotted actograms and histograms showing average loco-
motor behavior of indicated genotypes. Behavior was recorded for three days in
12 h : 12 h light dark cycles (LD) and seven days in constant darkness (DD) at 25 °C.

White area in actograms / white bars in histograms = lights on, gray area in acto-
grams / gray bars in histograms = lights off. For behavior quantification refer to
Supplementary Table 1.
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tendency to increase their period length afterwards, at least in some of the
experiments (Fig. 3c).While we have no explanation for this drift in period-
length, it explains the observed longer average periods observed in the same
genotypes (Fig. 3b). In contrast,CrebB-RNAiflies consistently showedstable
~ 24 h periods during the entire length of the experiments (Fig. 3c). We
therefore conclude that both Creb genes do not influence rhythmic per-luc
expression in the clock neurons.

Loss of CREB does not affect synchronization to light
In the mammalian systemCREB relays photic information to the circadian
clock and is therefore also directly involved in phase shifting the clock in
response to a light pulse43. In accordance with this, inDrosophila a temporal
overlap in the increase of Creb and PER levels after depolarization of l-LNvs
was found, both in the delay and advance zonewherephase adjustments can
occur25. In addition, it was shown that both CrebB and CrebA expression is
sensitive to LNv membrane excitability and that there is an enrichment of
differentially regulated genes harboring CRE sequences26. Thus, it is hypo-
thesized that Creb might link neuronal activation and the molecular clock
and function as molecular gate to regulate LNv responsiveness to entrain-
ment cues.

To test if CrebB or CrebA do indeed play a role in the phase
adjustment in response to a light pulse in Drosophila, we subjected the
single and double knockout flies to an anchored phase response
experiment. For this, flies were entrained to a LD cycle and then either
received a light pulse at ZT15, at ZT21, or no light pulse (NP) during the
last dark phase of LD, before being released into DD. Phase measure-
ments were performed on the second to fifth day of DD, where phase
resettingwould be completed, as well as on the first day of DD, to identify
potentially more subtle effects. Figure 4 shows individual phases on the
first day of DD of knockout flies and pooled parental controls for the

three different treatment groups as well as the average phase shifts and
the difference between them (delta-delta). All genotypes were able to
significantly delay and advance their phase in response to the light pulse
compared to their non-pulsed controls. On averageCrebB knockout flies
delayed their phase by 2.8 h and advanced by 1.6 h, while their parental
controls exhibited a slightly stronger but not significantly different phase
delay of 2.9 h and phase advance of 1.6 h. In turn, CrebA knockout flies
delayed their phase by 2.6 h and advanced by 1.4 h, while their parental
controls exhibited a slightly weaker but not significantly different phase
delay of 2.1 h and phase advance of 1.1 h. The same applied for CrebB
CrebA double knockout flies, which demonstrated a slightly stronger but
not significantly different phase shift compared to their controls. There
was also no significant difference in the magnitude of phase delays or
advances between knockout flies and controls when the phase was
measured on the second to fifth day of DD (Supplementary Fig. 1).

As a second approach to determine the role of Creb in light-dependent
synchronization, we examined the kinetics of re-entrainment to a phase-
shifted LD. For this, behavior of CrebB and CrebA knockdown flies was
recorded during an initial LD cycle for three days and for six days during a
second LD, which was phase-delayed by five hours by extension of the last
dark phase. Actograms and histograms showing the average locomotor
activity both during the first LD and during the last three days of the second
LD are shown in Fig. 5. There was no difference in the ability to re-entrain
between tim-Gal4>CrebB and tim-Gal4>CrebA knockdown flies and their
corresponding controls. The histograms show that control as well as
knockdownflieswere readily entrained to thenewLDschedule by the endof
the experiment with a narrow evening peak. The actograms reveal that this
behavior was already established on the second day of the new LD regime.
Interestingly, the early morning peak phenotype described earlier also
persisted through this phase shift.
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Fig. 2 | Oscillation of peripheral clock period-luciferase reporters are not affected
in CrebB and CrebA knockout flies. Bioluminescence measurements of indi-
cated genotypes expressing either plo (reflecting period expression) or BG-luc
(reflecting PERIOD protein) luciferase reporter genes. Plots show average
counts per second (CPS) of flies individually sampled every 30 min using a

Packard TopCount Multiplate Scintillation Counter. Flies were recorded for
three days in 12 h : 12 h LD and three days in DD at 25 °C. White and black bars
= lights on and lights off, gray and black bars = subjective day and
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Whereas inmammals the SCN receives light input exclusively through
the retina44 theDrosophila central clock is in addition to light input through
the visual system also intrinsically photosensitive by expression of the blue
light photoreceptor cryptochrome (cry)45,46. Thus, in order to investigate if
Drosophila Creb might also relay light information from external photo-
receptors to the central clock, we tested the re-entrainment ability of CrebB
and CrebA knockdown flies in the same LD shift assay but in a cry01mutant
background. While in the absence of functional CRY adaption to the new
light schedule was slightly slowed47, additional loss of CrebB or CrebA did
not impair synchronization to the shifted LD (Fig. 5).

Discussion
We report here the unexpected finding that Creb activity seems generally
suspensible for normal clock function in Drosophila. Our main results are
that (1) loss ofCrebB and/orCrebA specifically in all clock cells didnot affect
rhythmicity and period length in DD, (2) did not alter rhythmic period
expression, and (3) did not impair synchronization to light, i.e., phase shifts
in response to a light pulse and re-entrainment in a LD shift assay. The only
mild, but consistent Creb-dependent phenotype we observed was a slightly
advanced morning peak.

The outcome of our DD experiments contradicts earlier reports of
increased arrhythmicity and either period shortening or lengthening in
CrebBS162mutants orCrebAknockdownflies, respectively15,20. ForCrebB, the

discrepancies could be related to the different genetic manipulations
applied.Whilewemadeuse of a clock cell specific geneknockout42, amutant
allele like CrebBS162 affects the whole organism and is more likely to cause
developmental and pleiotropic defects. CrebBS162 introduces a stop codon
into the CrebB coding sequence just upstream of the C-terminal basic
region-leucine zipper (bZip) motif 48. CrebBS162 is formally not a null
mutation, because it encodes at least two truncated CrebB fragments that
can be detected on Western blots, and which most likely are subject to
normalphosphorylation20,49. It is therefore possible that the truncatedCrebB
forms lacking the bZip domain fulfill dominant negative or even anti-
morphic functions so thatCrebBS162mutant effects may differ from those of
a gene knockout.

For CrebA it is less intuitive why results differ between our study and
Palacios-Muñoz and Ewer15. In addition to our newly generated CrebA
CRISPRknockout construct, andapplicationof twoadditionalCrebA-RNAi
lines, the same CrebA RNAi line (BL31900) was used in both studies.
Moreover, our results are consistent with a previous study, in which CrebA
was identified as a target ofAtx2 inmediating the toxicity ofHuntingtin50. In
this study, CrebA knockdown using line BL31900 in PDF neurons by itself
did not affect rhythmicity or period length, and the samewas true forCrebA
overexpression50. Thus, reasons why we could not replicate the results are
more likely to be attributed to slight differences in experimental procedures.
For instance, unlike Palacios-Muñoz and Ewer15 we did not include aUAS-

Fig. 3 | CrebA and CrebB knock downs do not
affect period-luciferaseoscillations in central clock
neurons. LABL analysis of flies expressing RNAi
constructs forCrebA andCrebB in all clock neurons.
Male flies with the genotypesw; Clk856-Gal4/LABL;
UAS-CrebA-RNAi3/UAS-FLP, w; Clk856-Gal4/
LABL; UAS-CrebB-RNAi2/UAS-FLP, and w;
Clk856-Gal4/LABL; UAS-FLP/+ as control, were
measured in a LumiCycle luminometer (Acti-
metrics) for 7-8 consecutive days in DD at 25 °C.
a Bioluminescence oscillations of LABL flies
expressing per-luc in all clock neurons plotted over
time. Oscillations of CrebA-RNAi (top, blue) and
CrebB-RNAi (bottom, red) flies from one repre-
sentative experiment are plotted over time in com-
parison to the same control (black). Light grey
shading indicates subjective day, dark grey sub-
jective night, respectively.b Average period of per-
luc oscillations in clock neurons Colored dots indi-
cate period values of significant curve fits between 16
and 36 h incorporating data from all experimental
repeats (n = 3 for CrebA-RNAi and CrebB-RNAi,
n = 4 for control). c period changes of per-luc
oscillations calculated by Morlet-wavelet-fitting
over time (Material and methods39). Genotypes
same as in A and B. Colored dots indicate significant
periods as in B, with different colors representing
independent experimental repeats. Periods with
confidence intervals of 25% or less were omitted.
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Fig. 4 | CrebB and CrebA knockout flies show normal response to brief light-
pulses. Phase delays and phase advances of indicated genotypes after a brief light
pulse either at ZT15 or at ZT21, compared to non-pulsed (NP) controls, visualized
using estimation statistics. Top: swarmplots of all individual phasesmeasured on the
first day of DD; bottom: distribution of bootstrapped-resampled mean phase dif-
ferences between non-pulsed and light-pulsed control (left) and experimental
(middle) flies (primary deltas); right: distribution of themean difference between the
primary deltas (delta-delta), revealing no phase shift differences between control and
experimental flies after light pulses at ZT15 and ZT21. In the effect size half-violin
plot, black dot indicates mean of the distribution, and black vertical bars indicate
95% confidence intervals. 5000 bootstrap samples were taken; confidence intervals
are bias-corrected and accelerated. p values report results of two-sided permutation
t-test. CrebB: For ZT15, the unpaired mean differences are −2.92 h between ZT15
control and NP control (p = 0.0) and −2.82 h between ZT15 knockout and NP
knockout (p = 0.0). The delta-delta between control and knockout is 0.10 h
(p = 0.909). For ZT21, the unpaired mean differences are 1.64 h between ZT21

control and NP control (p = 0.0) and 1.61 h between ZT21 knockout and NP
knockout (p = 0.0002). The delta-delta between control and knockout is −0.03 h
(p = 0.966). CrebA: For ZT15, the unpaired mean differences are −2.08 h between
ZT15 control andNP control (p = 0.0) and−2.58 h between ZT15 knockout andNP
knockout (p = 0.0). The delta-delta between control and knockout is −0.50 h
(p = 0.489). For ZT21, the unpaired mean differences are 1.10 h between ZT21
control and NP control (p = 0.0002) and 1.44 h between ZT21 knockout and NP
knockout (p = 0.0). The delta-delta between control and knockout is 0.34 h
(p = 0.439). CrebB-CrebA: For ZT15, the unpaired mean differences are −2.50 h
between ZT15 control and NP control (p = 0.0) and −2.89 h between ZT15
knockout andNP knockout (p = 0.0). The delta-delta between control and knockout
is−0.39 h (p = 0.598). For ZT21, the unpaired mean differences are 1.29 h between
ZT21 control and NP control (p = 0.0) and 1.50 h between ZT21 knockout and NP
knockout (p = 0.0002). The delta-delta between control and knockout is
0.21 h (p = 0.696).
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dicer construct, which can increase RNAi efficiency, at least in some cases51.
Moreover, flies subjected to locomotor activity measurements were a little
older in the study of Palacios-Muñoz and Ewer15 (aged up to six days,
monitored for up to 10 days in LD and up to 10 days in DD) than in our
study. It is known that although cycling of clock proteins within the central
clock is sustained, behavioral rhythms lengthen and weaken in aged flies52.

Finally, while we (and presumably also Xu et al.50) performed locomotor
activity assays at 25 °C, Palacios-Muñoz and Ewer15 conducted their
experiments at 20 °C, raising the possibility that CrebA influences tem-
perature compensation. To address these issues, we did perform one
experiment at 20 °C,with andwithout additionofUAS-dicer.WithoutUAS-
dicer, there was no significant effect on period length or rhythmicity when

Fig. 5 | CrebB and CrebA do not mediate resyn-
chronization to shifted LD cycles. Double-plotted
actograms and histograms showing average loco-
motor activity of indicated genotypes. Behavior was
recorded for three days in an initial 12 h: 12 h LD
cycle, six days in a second 12 h: 12 h LD cycle, phase
shifted by five hours, and six days in DD at 25 °C.
Left histograms show activity during the three days
of the first LD phase and right histograms show
activity during the last three days of the second LD
phase. White area in actograms / white bars in his-
tograms = lights on, gray area in actograms / gray
bars in histograms = lights off.
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drivingCrebA-RNAiwithPdf-or tim-Gal4 (TabS1).However, addingUAS-
dicer resulted in a mild, non-significant period-lengthening with Pdf-Gal4,
and a substantial (2.6 h) lengthening with tim-Gal4, but no reduction in
overall rhythmicity as reported by Palacios-Muñoz and Ewer15 with tim-
Gal4 (Tab S1). While these results may indicate a role for CrebA in reg-
ulating period length, the lack of a clear effect after knockdown in PDF
neuronsmakes this rather unlikely, because a subset of these neurons, the s-
LNvs, determines the period length in DD53. Also, no other CrebA-RNAi or
knockout line resulted in a significant period-lengthening, except forCrebA-
RNAi line 1, which resulted inmild period-shortening,when expressedwith
theClk856-Gal4driver (TabS1).Ultimately, independentCrebA-RNAi lines
need to be tested in the presence of UAS-dicer to see if the period-
lengthening obtained with tim-Gal4 is indeed due to knockdown of CrebA
in clock cells. While we could only partially replicate locomotor defects of
CrebA knockdown flies, we did not investigate its role in regulating eclosion
rhythms15. Moreover, expression data presented by Mizrak et al.26 was
collected in larval brains. Thus, it seems possible that Creb function varies
among different developmental stages.

We tested the effect of CrebB and CrebA knockout on the oscillation of
two period-luciferase reporters in vivo, as theCrebBS162mutationwas reported
to severely affect their expression20. Moreover, it is known that mammalian
CREB regulates mPer1 expression. Although surprisingly we could not
confirm altered period expression in the CrebB knockout flies, we find that
this result is in accordance with the free-running locomotor behavior we
observed. Together our experiments clearly suggest that Creb function is not
needed for the core molecular feedback loop. This finding is supported by a
study of Hendricks et al.48, in which they analyzed changes in rest of flies
expressing a blocking or an activating CrebB transgene and verified that
observed changes were not caused by altered clock function. In fact, they
showed that induction of the transgene did not cause phase shifts in loco-
motor activity nor affected expression of the clock genes per and tim. So, it
appears that contrary towhat is known frommammals,Drosophila per is not
a direct target of the Creb pathway. In accordance with that, the effects of
altered neuronal excitability in the study of Mizrak et al.26 had only weak
effects on permRNA levels. Their results rather suggest that gene regulation
sensitive to neuronal activity is mediated through the transcriptional acti-
vators of the molecular feedback loop, as differences in transcription were
maintained in per0 but not cyc0mutants. Likewise, the CREB binding protein
(CBP) also interactswith theCLOCK/CYCLEheterodimer31,32. The relevance
of theCREsequenceswithin thepromotor regionofperiod couldbe restricted
to its role in long term memory, which is distinct from its function in the
circadian clock andwhere per is indeed downstreamofCrebB andCrebA54–56.

In theDN1p clockneurons timwas identified as a specific target of PKA
in response to PDF signaling17. In addition, CREB-regulated transcription
coactivator 1 (CRTC1) interacts with CREB to regulate transcription of
mPer157 and salt inducible kinase 1, which provides negative feedback and
limits phase shifting58. However, inDrosophilaCRTCwas shown to regulate
light-independent tim transcription59. We did not test if loss of CrebB or
CrebA affects tim expression, because we assumed this is unlikely the case in
the face of normal per oscillations and locomotor behavior.

A crucial difference between the circadian system of mammals and
Drosophila lies in the fact that subsets of clock neurons in Drosophila are
intrinsically photosensitive by expression of CRY, creating a redundancy
between light-input pathways. For this reason, we included CrebB and
CrebA knockdown in a cry01 mutant background to study re-entrainment
capacity (Fig. 5). However, in both cry+ and cry01 background loss of CrebB
or CrebA did not impair re-entrainment. Likewise, phase shifting in
response to a light pulse was found not to depend on Creb function within
clock cells. This speaks against the suggestion that Creb could constitute a
molecular gate for conveying entrainment stimuli to the circadian clock as
previously hypothesized25,26. Nevertheless, we find that our results do not
contradict these earlier studies, as they showa correlation between effects on
Creb and clock gene expression levels, which does not necessarily indicate a
causal relationship. Also, the question remains, how Creb levels are upre-
gulated in response to neuronal activity. Together our results hint to the idea

that Creb might mainly be an output of the circadian clock. Interestingly,
both PKA and CBP also have been reported to affect circadian output, as
they were shown to affect free-running locomotor behavior without dis-
turbing clock gene oscillations60,61.

Mizrak et al.26 proposed that Creb does not completely turn on and
off clock genes in response to neuronal activity but helps tofine-tune clock
gene transcription. This idea is consistent with our findings showing that
CrebA and CrebB mutants show only very mild behavioral phenotypes
(advanced morning peak in LD, Figs. 1, 5). Moreover, electrical silencing
of pacemaker neurons for only a short period does not stop PER
oscillations62. The limited effects could also indicate that taking out one
component of the pathway is not sufficient to severely disrupt the
machinery. For example, while loss of CaMKII alone did not alter free-
running behavior13, it did when combined with altered calcium
concentrations14. We aimed to rule out possible redundancy or com-
pensatory effects between the two Creb proteins by double knockout/-
down but did not observe any strengthening of the existing or emergence
of newphenotypes. CrebB andCrebAbelong to the protein family of basic
leucine zipper proteinswhich are known to dimerizewith each other. Two
othermembers of this protein family, Vri and Pdp1, are important for the
circadian clock by forming a second feedback loop to sustain rhythmicClk
expression63. Therefore, it also seems possible that Creb could interact
with one of these transcription factors, but further investigation into this
direction would be needed. In our experiments we interfered with CrebA
and CrebB expression from the moment the respective Gal4 drivers
become active during development, which at least for tim expressing cells
happens already during early larval stages64. It is therefore possible that
compensatory mechanisms take over the regulation of Vri and Pdp1 and
thereby resulting in almost normal clock function. We did perform one
experiment restricting CrebB knock down to the adult stage only, but this
did also not alter circadian behavior in these flies (tim-Gal4; tub-
Gal80ts>CrebB-KO (29 °C):n = 11, 100% rhythmic, 24.3 ± 0.5 h), speaking
against such compensatory mechanisms.

To conclude, despite all the existing evidence in the field that made
Creb a promising candidate to be an integral component of the circadian
clockby regulating expressionof clock genes in response toneuronal activity
changes, we could not confirm this hypothesis.We hope that our surprising
resultsmayopenupnewperspectives and encourage further studies both on
the role of the Creb pathway and on identifying a link between neuronal
activity and transcriptional regulation within the circadian system of
Drosophila.

Data availability
Source data used to generate all plots and graphs are provided with this
paper. The raw datasets generated consist of raw behavioural and luciferase
activity files and confocal microscope images. Due to the large size of these
files, they were not deposited in a public repository, but are available from
the corresponding authors on reasonable request. The data are saved on an
SSD disk, on a computer, and on the laboratory network.

Received: 27 June 2024; Accepted: 2 October 2024;

References
1. Berson, D. M., Dunn, F. A. & Takao, M. Phototransduction by retinal

ganglion cells that set the circadian clock. Science 295,
1070–1073 (2002).

2. Lindberg, P. T. et al. Pituitary Adenylate Cyclase-Activating Peptide
(PACAP)-Glutamate Co-transmission Drives Circadian Phase-
AdvancingResponses to Intrinsically PhotosensitiveRetinalGanglion
Cell Projections by Suprachiasmatic Nucleus. Front. Neurosci. 13,
1281 (2019).

3. Irwin, R. P. & Allen, C. N. Calcium response to retinohypothalamic
tract synaptic transmission in suprachiasmatic nucleus neurons. J.
Neurosci. 27, 11748–11757 (2007).

https://doi.org/10.1038/s44323-024-00015-z Article

npj Biological Timing and Sleep |            (2024) 1:15 9

www.nature.com/npjbioltimingsleep


4. Hannibal, J. et al. Pituitary adenylate cyclase-activating peptide
(PACAP) in the retinohypothalamic tract: a potential daytime regulator
of the biological clock. J. Neurosci.: Off. J. Soc. Neurosci. 17,
2637–2644 (1997).

5. Sheng, M., Thompson, M. A. & Greenberg, M. E. CREB: a Ca(2+)-
regulated transcription factor phosphorylated by calmodulin-
dependent kinases. Science 252, 1427–1430 (1991).

6. Gonzalez, G. A. & Montminy, M. R. Cyclic AMP stimulates
somatostatin gene transcriptionbyphosphorylationofCREBat serine
133. Cell 59, 675–680 (1989).

7. Tischkau, S. A.,Mitchell, J.W., Tyan, S.-H., Buchanan, G. F. &Gillette,
M. U. Ca2+/cAMP response element-binding protein (CREB)-
dependent activation of Per1 is required for light-induced signaling in
the suprachiasmatic nucleus circadian clock. J. Biol. Chem. 278,
718–723 (2003).

8. Obrietan, K., Impey, S., Smith, D., Athos, J. & Storm, D. R. Circadian
regulation of cAMP response element-mediated gene expression in
the suprachiasmatic nuclei. J. Biol. Chem. 274, 17748–17756 (1999).

9. Ginty, D. D. et al. Regulation of CREB phosphorylation in the
suprachiasmatic nucleus by light and a circadian clock.Science. 260,
238–241 (1993).

10. Lee, B. et al. CREB influences timing and entrainment of the SCN
circadian clock. J. Biol. Rhythms 25, 410–420 (2010).

11. Wheaton, K. L. et al. The Phosphorylation of CREB at Serine 133 Is a
Key Event for Circadian Clock Timing and Entrainment in the
Suprachiasmatic Nucleus. J. Biol. Rhythms 33, 497–514 (2018).

12. Ding, J. M., Faiman, L. E., Hurst,W. J., Kuriashkina, L. R. & Gillette, M.
U. Resetting the biological clock: mediation of nocturnal CREB
phosphorylation via light, glutamate, andnitric oxide.J.Neurosci.: Off.
J. Soc. Neurosci. 17, 667–675 (1997).

13. Levine, J. D., Casey, C. I., Kalderon, D. D. & Jackson, F. R. Altered
circadian pacemaker functions and cyclic AMP rhythms in the
Drosophila learning mutant dunce. Neuron 13, 967–974 (1994).

14. Harrisingh, M. C., Wu, Y., Lnenicka, G. A. & Nitabach, M. N.
Intracellular Ca2+ regulates free-running circadian clock oscillation
in vivo. J. Neurosci. 27, 12489–12499 (2007).

15. Palacios-Muñoz, A. & Ewer, J. Calcium and cAMP directly modulate
the speed of the Drosophila circadian clock. PLoS Genet. 14,
e1007433 (2018).

16. Shafer, O. T. et al. Widespread receptivity to neuropeptide PDF
throughout the neuronal circadian clock network of Drosophila
revealed by real-time cyclic AMP imaging. Neuron 58,
223–237 (2008).

17. Seluzicki, A. et al. Dual PDF signaling pathways reset clocks via
TIMELESS and acutely excite target neurons to control circadian
behavior. PLOS Biol. 12, e1001810 (2014).

18. Li, Y., Guo, F., Shen, J. & Rosbash, M. PDF and cAMP enhance PER
stability in Drosophila clock neurons. Proc. Natl. Acad. Sci. USA 111,
E1284–E1290 (2014).

19. Okada, T. et al. Promoter analysis for daily expression of Drosophila
timeless gene. Biochemical Biophysical Res. Commun. 283,
577–582 (2001).

20. Belvin, M. P., Zhou, H. & Yin, J. C. The Drosophila dCREB2 gene
affects the circadian clock. Neuron 22, 777–787 (1999).

21. Fassler, J. et al. B-ZIP proteins encoded by the Drosophila genome:
evaluation of potential dimerization partners. Genome Res 12,
1190–1200 (2002).

22. Davis, R. L. Learning and memory using Drosophila melanogaster: a
focusonadvancesmade in the fifth decadeof research.Genetics224;
https://doi.org/10.1093/genetics/iyad085 (2023).

23. Rose, R. E., Gallaher, N. M., Andrew, D. J., Goodman, R. H. & Smolik,
S. M. The CRE-binding protein dCREB-A is required for Drosophila
embryonic development. Genetics 146, 595–606 (1997).

24. Fox, R. M., Hanlon, C. D. & Andrew, D. J. The CrebA/Creb3-like
transcription factors are major and direct regulators of secretory
capacity. J. Cell Biol. 191, 479–492 (2010).

25. Eck, S., Helfrich-Förster, C. & Rieger, D. The Timed Depolarization of
Morning and Evening Oscillators Phase Shifts the Circadian Clock of
Drosophila. J. Biol. Rhythms 31, 428–442 (2016).

26. Mizrak, D. et al. Electrical activity can impose time of day on the
circadian transcriptome of pacemaker neurons. Curr. Biol.: CB 22,
1871–1880 (2012).

27. Ma, D. et al. A transcriptomic taxonomy of Drosophila circadian
neurons around the clock. eLife 10; https://doi.org/10.7554/eLife.
63056 (2021).

28. Kula-Eversole, E. et al. Surprisinggeneexpressionpatternswithin and
between PDF-containing circadian neurons in Drosophila. Proc. Natl.
Acad. Sci. USA 107, 13497–13502 (2010).

29. Tanenhaus, A. K., Zhang, J. & Yin, J. C. P. In vivo circadian oscillation
of dCREB2andNF-κBactivity in theDrosophila nervous system.PloS
one 7, e45130 (2012).

30. Ri, H. et al. Drosophila CrebB is a Substrate of the Nonsense-
Mediated mRNA Decay Pathway that Sustains Circadian Behaviors.
Molecules Cells 42, 301–312 (2019).

31. Hung,H.-C.,Maurer,C., Kay, S. A. &Weber, F. Circadian transcription
depends on limiting amounts of the transcription co-activator nejire/
CBP. J. Biol. Chem. 282, 31349–31357 (2007).

32. Lim, C. et al. Functional role of CREB-binding protein in the circadian
clock system of Drosophila melanogaster. Mol. Cell. Biol. 27,
4876–4890 (2007).

33. Port, F. & Bullock, S. L. Augmenting CRISPR applications in
Drosophila with tRNA-flanked sgRNAs. Nat. Methods 13,
852–854 (2016).

34. Gratz, S. J. et al. Highly specific and efficient CRISPR/Cas9-catalyzed
homology-directed repair in Drosophila.Genetics 196, 961–971 (2014).

35. Levine, J. D., Funes, P., Dowse, H. B. & Hall, J. C. Signal analysis of
behavioral and molecular cycles. BMC Neurosci. 3, 1 (2002).

36. Ho, J., Tumkaya, T., Aryal, S., Choi, H. & Claridge-Chang, A. Moving
beyond P values: data analysis with estimation graphics. Nat.
Methods 16, 565–566 (2019).

37. Stanewsky, R., Jamison, C. F., Plautz, J. D., Kay, S. A. & Hall, J. C.
Multiple circadian-regulated elements contribute to cycling period
gene expression in Drosophila. EMBO J. 16, 5006–5018 (1997).

38. Locke, J. C.W. et al. Extension of a genetic networkmodel by iterative
experimentation and mathematical analysis.Mol. Syst. Biol. 1,
2005.0013 (2005).

39. Johnstone, P. S. et al. Real time, in vivomeasurement of neuronal and
peripheral clocks in Drosophila melanogaster. eLife 11; https://doi.
org/10.7554/eLife.77029 (2022).

40. Stanewsky, R. et al. Temporal and spatial expression patterns
of transgenes containing increasing amounts of the Drosophila
clock gene period and a lacZ reporter: mapping elements of the
PER protein involved in circadian cycling. J Neurosci 17, 676–96
(1997).

41. Eick, A. K., Ogueta, M., Buhl, E., Hodge, J. J. L. & Stanewsky, R. The
opposing chloride cotransporters KCC and NKCC control locomotor
activity in constant light and during long days. Curr. Biol.: CB 32,
1420–1428.e4 (2022).

42. Widmer, Y. F. et al. Multiple neurons encode CrebB dependent
appetitive long-term memory in the mushroom body circuit. eLife 7;
https://doi.org/10.7554/eLife.39196 (2018).

43. Gau, D. et al. Phosphorylation of CREB Ser142 regulates light-induced
phase shifts of the circadian clock. Neuron 34, 245–253 (2002).

44. Nelson, R. J. & Zucker, I. Absence of extraocular photoreception in
diurnal and nocturnal rodents exposed to direct sunlight. Comp.
Biochem. Physiol. Part A Physiol. 69, 145–148 (1981).

https://doi.org/10.1038/s44323-024-00015-z Article

npj Biological Timing and Sleep |            (2024) 1:15 10

https://doi.org/10.1093/genetics/iyad085
https://doi.org/10.1093/genetics/iyad085
https://doi.org/10.7554/eLife.63056
https://doi.org/10.7554/eLife.63056
https://doi.org/10.7554/eLife.63056
https://doi.org/10.7554/eLife.77029
https://doi.org/10.7554/eLife.77029
https://doi.org/10.7554/eLife.77029
https://doi.org/10.7554/eLife.39196
https://doi.org/10.7554/eLife.39196
www.nature.com/npjbioltimingsleep


45. Stanewsky, R. et al. The cryb mutation identifies cryptochrome as a
circadian photoreceptor in Drosophila. Cell 95, 681–692 (1998).

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

47. Emery, P. et al. Drosophila CRY is a deep brain circadian
photoreceptor. Neuron 26, 493–504 (2000).

48. Hendricks, J. C. et al. A non-circadian role for cAMP signaling and
CREB activity in Drosophila rest homeostasis. Nat. Neurosci. 4,
1108–1115 (2001).

49. Fropf, R., Tubon, T. C. & Yin, J. C. P. Nuclear gating of a Drosophila
dCREB2 activator is involved in memory formation. Neurobiol. Learn.
Mem. 106, 258–267 (2013).

50. Xu, F., Kula-Eversole, E., Iwanaszko, M., Lim, C. & Allada, R. Ataxin2
functions via CrebA to mediate Huntingtin toxicity in circadian clock
neurons. PLoS Genet. 15, e1008356 (2019).

51. Dietzl, G. et al. A genome-wide transgenic RNAi library for conditional
gene inactivation in Drosophila. Nature 448, 151–156 (2007).

52. Luo, W. et al. Old flies have a robust central oscillator but weaker
behavioral rhythms that can be improved by genetic and
environmental manipulations. Aging Cell 11, 428–438 (2012).

53. Renn, S. C., Park, J. H., Rosbash, M., Hall, J. C. & Taghert, P. H. A pdf
neuropeptide genemutation and ablation of PDF neurons each cause
severe abnormalities of behavioral circadian rhythms in Drosophila.
Cell 99, 791–802 (1999).

54. Sakai, T., Tamura, T., Kitamoto, T. &Kidokoro,Y.A clockgene, period,
plays a key role in long-term memory formation in Drosophila. Proc.
Natl. Acad. Sci. USA 101, 16058–16063 (2004).

55. Chen, C.-C. et al. Visualizing long-term memory formation in two
neurons of the Drosophila brain. Science 335, 678–685 (2012).

56. LinH.W.,ChenC.C., deBelle J. S., Tully T. &ChiangA. S.CREBAand
CREBB in two identified neurons gate long-termmemory formation in
Drosophila. Proc. Natl Acad. Sci. USA 118; https://doi.org/10.1073/
pnas.2100624118 (2021).

57. Sakamoto, K. et al. Clock and light regulation of the CREBcoactivator
CRTC1 in the suprachiasmatic circadian clock. J. Neurosci. 33,
9021–9027 (2013).

58. Jagannath, A. et al. The CRTC1-SIK1 pathway regulates entrainment
of the circadian clock. Cell 154, 1100–1111 (2013).

59. Kim, M., Lee, H., Hur, J.-H., Choe, J. & Lim, C. CRTC Potentiates
Light-independent timeless Transcription to Sustain Circadian
Rhythms in Drosophila. Sci. Rep. 6, 32113 (2016).

60. Majercak, J., Kalderon, D. & Edery, I. Drosophila melanogaster
deficient in protein kinase A manifests behavior-specific arrhythmia
but normal clock function.Mol. Cell. Biol. 17, 5915–5922 (1997).

61. Maurer, C., Winter, T., Chen, S., Hung, H.-C. & Weber, F. The CREB-
binding protein affects the circadian regulation of behaviour. FEBS
Lett. 590, 3213–3220 (2016).

62. Depetris-Chauvin, A. et al. Adult-specific electrical silencing of
pacemaker neurons uncouples molecular clock from circadian
outputs. Curr. Biol.: CB 21, 1783–1793 (2011).

63. Cyran, S. A. et al. vrille, Pdp1, and dClock form a second feedback
loop in the Drosophila circadian clock. Cell 112, 329–341 (2003).

64. Kaneko, M., Helfrich-Förster, C. & Hall, J. C. Spatial and Temporal
Expression of the period and timeless Genes in the Developing
Nervous System ofDrosophila: Newly Identified Pacemaker
Candidates and Novel Features of Clock Gene Product Cycling. J.
Neurosci. 17, 6745–6760 (1997).

65. Chen, K. F., Peschel, N., Zavodska, R., Sehadova, H. & Stanewsky, R.
QUASIMODO, a Novel GPI-anchored zona pellucida protein involved
in light input to the Drosophila circadian clock. Curr Biol. 21,
719–729 (2011).

66. Kaneko, M. & Hall, J. C. Neuroanatomy of cells expressing clock
genes in Drosophila: transgenic manipulation of the period and
timeless genes tomark the perikarya of circadian pacemaker neurons
and their projections. J Comp Neurol. 422, 66–94 (2000).

67. Gummadova, J. O., Coutts, G. A. & Glossop, N. R. Analysis of the
Drosophila Clock promoter reveals heterogeneity in expression
between subgroups of central oscillator cells and identifies a novel
enhancer region. J Biol Rhythms 24, 353–367 (2009).

68. Park, J. H. et al. Differential regulation of circadian pacemaker output
by separate clock genes in Drosophila. Proc Natl Acad Sci USA 97,
3608–3613 (2000).

69. Brandes, C. et al. Novel features of drosophila period Transcription
revealedby real-time luciferase reporting.Neuron16, 687–692 (1996).

70. Dolezelova, E., Dolezel, D. & Hall, J. C. Rhythm defects caused by
newly engineered null mutations in Drosophila’s cryptochrome gene.
Genetics 177, 329–345 (2007).

Acknowledgements
We thank SimonSprecher for CrebBko flies and Jerry Yin and JohnEwer for
discussions. This work was supported by a grant from the Deutsche
Forschungsgemeinschaft given to R.S. (STA421/8-1).

Author contributions
Anna Katharina Eick and Ralf Stanewsky conceptualized the study,
performed experiments and analyzed data. Maite Ogueta performed
experiments for Figure S1and analyzeddata. AnnaKatharina Eickwrote the
manuscript with help from Ralf Stanewsky

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s44323-024-00015-z.

Correspondence and requests for materials should be addressed to
Ralf Stanewsky.

Reprints and permissions information is available at
http://www.nature.com/reprints

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

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, 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 you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. 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 thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour 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-
nc-nd/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s44323-024-00015-z Article

npj Biological Timing and Sleep |            (2024) 1:15 11

https://doi.org/10.1073/pnas.2100624118
https://doi.org/10.1073/pnas.2100624118
https://doi.org/10.1073/pnas.2100624118
https://doi.org/10.1038/s44323-024-00015-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjbioltimingsleep

	Reassessing the involvement of the CREB pathway in the circadian clock of Drosophila melanogaster
	Material and methods
	Flies
	Generation of CrebA-KO
	Locomotor activity
	Bioluminescence assays
	Immunostaining

	Results
	Loss of CREB does not affect rhythmicity or period length of locomotor activity
	Loss of CREB does not affect oscillation of core clock gene period
	Loss of CREB does not affect synchronization to light

	Discussion
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




