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Decapentaplegic Acutely Defines the Connectivity of Central
Pacemaker Neurons in Drosophila
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Rhythmic rest-activity cycles are controlled by an endogenous clock. In Drosophila, this clock resides in ~150 neurons organized
in clusters whose hierarchy changes in response to environmental conditions. The concerted activity of the circadian network is
necessary for the adaptive responses to synchronizing environmental stimuli. Thus far, work was devoted to unravel the logic of
the coordination of different clusters focusing on neurotransmitters and neuropeptides. We further explored communication in the
adult male brain through ligands belonging to the bone morphogenetic protein (BMP) pathway. Herein we show that the lateral
ventral neurons (LNvs) express the small morphogen decapentaplegic (DPP). DPP expression in the large LNvs triggered a period
lengthening phenotype, the downregulation of which caused reduced rhythmicity and affected anticipation at dawn and dusk,
underscoring DPP per se conveys time-of-day relevant information. Surprisingly, DPP expression in the large LNvs impaired circa-
dian remodeling of the small LNv axonal terminals, likely through local modulation of the guanine nucleotide exchange factor
Trio. These findings open the provocative possibility that the BMP pathway is recruited to strengthen/reduce the connectivity
among specific clusters along the day and thus modulate the contribution of the clusters to the circadian network.
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The circadian clock relies on the communication between groups of so-called clock neurons to coordinate physiology and
behavior to the optimal times across the day, predicting and adapting to a changing environment. The circadian network
relies on neurotransmitters and neuropeptides to fine-tune connectivity among clock neurons and thus give rise to a coherent
output. Herein we show that decapentaplegic, a ligand belonging to the BMP retrograde signaling pathway required for coor-
dinated growth during development, is recruited by a group of circadian neurons in the adult brain to trigger structural
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remodeling of terminals on a daily basis.

J

Introduction

A balanced communication between relevant neuronal clusters
is essential to achieve a correct modulation of physiology and
behavior. In the adult brain, groups of neurons containing a mo-
lecular clock coordinate different behaviors (e.g., locomotor
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activity, sleep, feeding) and physiology with time of day and are
collectively known as circadian neurons (Welsh et al., 2010).
Although in mammals this function is fulfilled by ~10,000 neu-
rons located in the suprachiasmatic nucleus (Evans and Gorman,
2016), ~150 clock neurons support the circadian pacemaker in
the adult fly brain (Shafer et al., 2006); other clocks can be found
scattered throughout the body and are termed peripheral clocks
(Dibner et al., 2010). The molecular clock is conserved across
animals; in Drosophila this clock relies on the activity of tran-
scription factors CLOCK (CLK) and CYCLE (CYC), which drive
circadian oscillations by promoting rhythmic transcription of
hundreds of genes, including period (per), timeless (tim), and
clockwork orange (cwo), which in turn repress CLK/CYC-medi-
ated transcription (Abruzzi et al, 2011; Ozkaya and Rosato,
2012; Abruzzi et al.,, 2017). Clock neurons are anatomically clus-
tered in distinct groups: small and large ventrolateral (s-LNvs, 1-
LNvs, and the fifth s-LNv), the dorsolateral (LNds), the lateral
posterior (LPNs) and three subgroups of dorsal neurons (DNs1-
3) (Shafer et al., 2006). The LNvs are the only ones that express a
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neuropeptide called pigment dispersing factor (PDF), which
plays a major role in the synchronization of the circadian net-
work. PDF is essential for normal circadian activity patterns in
light/dark (LD) cycles and for persistent circadian rhythms
under free running conditions in constant darkness (DD; Renn
et al., 1999; Peng et al., 2003; Yoshii et al., 2009).

The coordinated operation of the circadian network is neces-
sary for the adaptive responses to synchronizing environmental
stimuli; despite the key role of PDF within the circadian ensemble
(Liang et al., 2017), clock neurons use a heterogeneous set of neu-
ropeptides, that is, short neuropeptide F, ion transport peptide,
and CCHamidel (Hermann et al, 2012; He et al, 2013;
Hermann-Luibl et al,, 2014; Yao and Shafer, 2014; Fujiwara et al,,
2018), and neurotransmitters (Guo et al.,, 2016; Frenkel et al.,
2017; Dubhart et al., 2020) for communication, contributing to the
rhythmic profile of locomotor activity. Behavioral missexpression
screens also retrieved unexpected candidates mediating communi-
cation between circadian clusters in the adult brain; one such
example are ligands belonging to the bone morphogenetic protein
(BMP) pathway (Beckwith et al., 2013). Through genetic manipu-
lation of the intracellular components of BMP it was shown that
sustained activation of this pathway within the LNvs generates a
long period phenotype because of the decrease in CLK levels, pro-
viding a venue to integrate signals from different circadian clusters
(Beckwith et al., 2013). The BMP pathway is a highly conserved
retrograde signaling pathway that influences synaptic connectivity,
ultimately controlling gene transcription (McCabe et al., 2003; Ball
et al,, 2010); it plays fundamental roles in tissue patterning and ho-
meostasis (Hamaratoglu et al., 2014). Several ligands belonging to
the BMP pathway are expressed during development in the
Drosophila embryo and larvae: Maverick (MAV), Myoglianin
(MYO), Glassbottom boat (GBB), Activin 8 (ACT ), Dawless
(DAW), Screw (SCW) and decapentaplegic (DPP), and were
found to be relevant for rhythmic activity patterns in the adult fly
(Beckwith et al., 2013). BMP ligands transmit biological informa-
tion by binding to type I and type II receptors, which form hetero-
tetrametric complexes in the presence of dimerized ligands; these
complexes transduce the information to the nucleus through
phosphorylation and hence, activation, of a group of proteins
called SMADs; in Drosophila there is only one orthologue,
Mothers against DPP (MAD). In the nucleus, phosphorylated
MAD (p-MAD) regulates gene expression alone or by association
with different coregulators (Raftery and Sutherland, 1999;
Moustakas and Heldin, 2009). The most compelling evidence that
this pathway could be recruited in the adult brain, and in particular
by the circadian network, is the effect of the activation of this path-
way over CLK abundance (Beckwith et al., 2013); additional evi-
dence points to miR-124, which targets, among other genes, several
BMP components (Garaulet et al., 2016; Zhang et al., 2016).

Herein we show that DPP mediates rapid changes in connec-
tivity among circadian clusters in the adult brain promoting the
remodeling of the sLNv terminals at the dorsal protocerebrum.
Interestingly, the arousal promoting large LNvs contribute to
this process; within the sLNvs, activation of the BMP pathway
could result in the expression of the Rho-type guanine exchange
factor TRIO and thus promote the activation of small GTPases
such as Racl to modulate actin cytoskeletal dynamics and hence
the complexity of the terminals (Ball et al., 2010). Moreover,
acute DPP released from the large LNvs reduces the complexity
of the sSLNv dorsal terminals and affects circadian behavior, con-
firming a link between these two processes (Petsakou et al,
2015). These findings suggest that cluster-specific ligand release
contributes to the refinement of the communication strength
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between pairs of circadian clusters to adjust the hierarchy of the
clusters and support an adaptive behavioral response.

Materials and Methods

Fly rearing and strains

Flies were grown and maintained at 25°C in vials containing standard
cornmeal medium under 12:12 h LD cycles. Adult-specific induction
was achieved through the TARGET system (McGuire et al, 2004).
Adult-specific thermosensitive Gal4 expression was induced transferring
flies, 4-5 d, raised at 18-20°C during development to 30°C for the num-
ber of days indicated in the corresponding figure legend. The reporter
lines dpp:GFP and mad::GFP were obtained from the Vienna Stock
Center (stock #318414 and #318395, respectively). The sLNvs-Gal4
(Herrero et al., 2020) and R10H10-Gal4 (Sekiguchi et al., 2020) driver
lines were provided by Taishi Yoshii. Stocks C929-Gal4 (Taghert et al.,
2001), pdf-Gald (stock #6900), tulb-Gal80" (stock #7017), UAS-dpp
(stock #1486), UAS-dpp™™*i (stock #33618), UAS-GEP (stock #4776),
UAS-trio (stock #9513) were obtained from the Bloomington Stock
Center. The dClk856-Gal4 line was shared by Nicholas Glossop
(Gummadova et al., 2009), and pdf-RFP and UAS-dppGFP (Dahal et al,
2017) were provided by Justin Blau and Emily Bates, respectively.

Adult locomotor activity

For locomotor activity experiments male flies 45 days old and raised at
22°C were entrained for 4d in 12:12 LD cycles at 30°C and then trans-
ferred to DD at 30°C. Males were placed in glass tubes containing stand-
ard food and monitored for activity with infrared detectors and an
automated data collection system (TriKinetics). Activity was monitored
for 17d (4 d in LD and 10-13 d in DD). Period and rhythmicity (power
significance) in DD were estimated using ClockLab software (Actimetrics)
as previously described (Depetris-Chauvin et al., 2011).

Average activity. Average activity plots were made using the plug-in
Actogram] (Schmid et al., 2011). Individual actograms were normalized
by a reference actogram, and all of them were scaled so that overall activity
matched that of the reference one. Next, actograms were transformed into
average activity plots, summarizing the activity during LD and dividing
for the number of days. A Gaussian normalization was applied, and all ac-
tivity plots for individuals were average per genotype.

Anticipation indexes. The anticipation indexes were calculated as
reported (Delventhal et al., 2019). For each fly an index for the anticipa-
tion of the morning peak [morning anticipation index (MAI)] and for the
evening peak [evening anticipation index (EAI)] was calculated. Indexes
per fly were calculated as the ratio between the mean activity exhibited
during the last 1.5 h and the last 3 h before lights on and off for the MAI
and EAI respectively. We purposely excluded from the analysis the
30 min bin including the startle effect. In the graph each dot represents the
index for the morning (or evening) anticipation of a single fly.

Immunohistochemistry and image acquisition

For consistency between behavioral and immunohistochemistry experi-
ments only male flies were used in these experiments. Adult flies and fly
heads were fixed with 4% p-formaldehyde, pH 7.5, for 40-60 min at
room temperature. Brains were dissected and rinsed five times in PBS
with 0.1% Triton X-100 (PT) for 30 min. Samples were blocked in 7%
normal goat serum (in PT) for 1 h and incubated with primary antibod-
ies at 4°C for 2d. The primary antibodies used were chicken anti-GFP
(1:250; Aves Labs), chicken anti-RFP (1:250; Clontech Laboratories),
homemade rat anti-PDF (1:250; Depetris-Chauvin et al., 2011), and rab-
bit anti-pMAD (1:100; Epitomics). Samples were washed 4x 15 min in
PT and incubated with secondary antibodies at 1:250 for 2 h at room
temperature. Secondary antibodies were washed 4x 15min in PT
and mounted in Vectashield antifade mounting medium (Vector
Laboratories). The secondary antibodies used were Cy2-conjugated
donkey anti-chicken, Alexa Fluor 647-conjugated AffiniPure don-
key anti-rat and Cy3-conjugated AffiniPure donkey anti-rabbit and
anti-chicken (Jackson ImmunoResearch). Images were taken on a
Zeiss LSM 710 confocal microscope.
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Figure 1. The BMP pathway is active in the LNvs. Representative confocal images of different regions of the adult brain. 4, Left hemibrain displaying the dorsal ventral part of the brain and
LNvs (a). Dorsal protocerebrum, showing the DN1 cluster (b) and the PI (c). Detail of the ILNvs (d) and sLNvs (e). Nuclear GFPn staining (green) was used to identify the different circadian clus-
ters driven by d(/k856-G4, and PDF (blue) labels the LNvs; p-MAD (red) was used as a reporter of the activity of the BMP pathway. Asterisks denote colocalization of GFP and PDF (only in the
LNvs) with p-MAD. B, Representative confocal images from ventral areas of the brain in wild-type (CS) flies. BUP pathway activation is reported by the detection of p-MAD (red) colocalized
with the pan-neuronal marker ELAV (gray) at ZT02. (, Detection of nuclear p-MAD in the sLNvs at ZT1.5. LNvs were identified by PDF staining (gray). Asterisks highlight nuclear p-MAD signal.

Structural plasticity analysis and PDF immunoreactivity selection was then applied to the PDF channel, and mean intensity
Images were taken with a 63X objective and an optical zoom of = was measured. For the analysis of PDF immunoreactivity, all pic-
1.4x. The RFP signal was adjusted to threshold levels generating a  tures were taken using the same confocal settings, and quantification was
selection that delimits the area of sLNv axonal terminals. This  performed using the Image] package (https://rsbweb.nih.gov/ij/). Structural
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Figure 2.  DPP is expressed in the LNv cluster. A, B, Representative confocal images of two hemibrains showing the detec-
tion of DPP with the reporter line dppLacZ. The sLNvs and ILNvs were identified by PER immunoreactivity (in gray) and DPP
through 3 -Galactosidase staining (3-Gal, in red). Black arrowheads indicate localization of the two signals in the same
groups of cells. C, D, Representative confocal images of a different reporter line, dpp::GFPn; the PDF signal (left, gray) and GFP
signal (right, green) are shown. D, Higher magnification of the sLNv and ILNv cluster from a different brain. Arrows highlight
DPP reporter accumulation in the LNvs.

plasticity was analyzed by Scholl analysis using the Image] plug-in already
described (Stanko et al., 2015).
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test, respectively; in case data did not
adjust to these parameters nonparametric
analysis was used, that is, a Mann-
Whitney test for comparing between
groups and a Kruskal-Wallis test instead
of a two-way ANOVA. In the graphs
describing the analysis of structural plas-
ticity and PDF levels, only experimental
groups that share no letter indicate statis-
tically significant differences, with p <
0.05. Effects on structural plasticity and
PDF levels were analyzed by a Kruskal-
Wallis test, followed by Dunn’s post hoc
test. The number of flies or brains in each
experiment is indicated as n.

Results

The BMP pathway is active in the
adult brain

To examine the possibility that the
BMP pathway is active under physio-
logical conditions (i.e., in the absence
of a genetic manipulation that upre-
gulates or downregulates the activity
of this signaling pathway intracellu-
larly) we took advantage of the GAL4/
upstream  activating sequence (GAL4/
UAS) system to drive expression of nu-
clear GFP (GFPn) in all circadian clusters;
the p-MAD antibody was used to recog-
nize those where the pathway is active.
Previous work in zebrafish revealed that
the transcription factor MAD is regulated
by the circadian clock with a peak in
mRNA levels at the beginning of the light
phase (Sloin et al., 2018), thus we won-
dered whether the pathway could be active
at that time in the fruit fly.

As shown in Figure 1A, we analyzed
p-MAD immunoreactivity at Zeitgeber
time (ZT)02 (2 h after lights on), which
is also the peak of the circadian-relevant
clock protein PERIOD (PER; Shafer et
al., 2002). At the beginning of the day,
the pathway is active (indicated by the
nuclear localization of p-MAD immu-
noreactivity) in several brain areas
including the pars intercerebralis (PI),
subesophageal ganglion, the antenna-
mechanosensory and motor center, and
also the antennal lobes; but, to our sur-
prise, among clock neurons only the
LNvs showed this proxy of pathway acti-
vation during the early day. Nuclear p-
MAD immunoreactivity was also
detected in ventral areas of the brain,
and the signal colocalized with the neu-
ronal marker ELAV, suggesting the

pathway is mostly active in neurons at ZT02 (Fig. 1B).

Data analysis and statistics

Interestingly, in the LNvs, p-MAD immunoreactivity localizes to

Statistical analyses were performed and graphs created with RStudio ( ver- the cytoplasm rather than the nucleus as it has been described in
sion 0.98.501) and GraphPath (Prism 5). Normality and homogeneity ~ most biological settings (Ramel and Hill, 2012), and it is
of variances were examined using Shapiro-Wilk’s test and Bartlett's ~ observed in noncircadian adult neurons (Fig. 1A4). A cytoplasmic
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Figure 3.

DPP knock-down in the ILNvs affects anticipations in LD and rhythmicity in DD. A, Expression pattern of the R10H10G4 driver line. Confocal images of an adult brain; R10H10G4+

neurons are labeled with GFP (middle, green); the circadian clusters immunostained against PER are shown in red, neuropils are labeled with nc82 (blue). Dashed circles highlight the ILNvs,
and the white arowhead shows the colocalization of GFP and PER signals in the cluster. B, Schematic diagram of a hemibrain with the affected clusters, the sLNvs (top) or the ILNvs (bottom),
highlighted in black. Average activity plots of normalized activity for control flies sSLNvsG4;tubG80ts>+ or tubG80ts;R10H10G4>+ and UASdppi (gray and black), and flies with DPP knock-
down in the sLNvs (sLNvsG4;tubG80ts>dppi) or in the ILNvs (tubG80ts;R10H10G4>>dppi, in pink). Plots represent the normalized average activity during 2 consecutive days in LD (LD2 and
LD3) at 30°C. Bars represent the mean of at least 15 flies, and error bars indicate SEM. Red arrowheads mark the moming and evening peaks (MP and EP, respectively). Right, The schematic
diagram (bottom) shows how anticipation indexes (included in €) were calculated. €, Anticipation indexes for controls (gray and black) and dpp downregulation (pink) in either cluster. Each
dot corresponds to the index calculated for a single fly. Statistical analysis: Kruskal-Wallis test; for the MAI, x* = 45.56, p << 0.001, df = 4; for the EAI, x’= 55.99, p < 0.0001, df = 4. D,
Adult-specific DPP downregulation in the LNvs reduces the consolidation of circadian locomotor activity. Average (population) actograms (left) of control flies sINvsG4;tubG80ts>>+ or
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p-MAD signal could be a result of a recent pathway activation
where the p-MAD and MEDEA complex had not yet entered the
nucleus, or alternatively, is actively retained in the cytoplasm
through phosphorylation on regulatory sites (Aleman et al.,
2014) or shuttled from the nucleus to modulate activity (Hill,
2009), potentially in a time-dependent fashion. To shed light on
either possibility, we analyzed an earlier time point (ZT1.5).
Interestingly, p-MAD was detected in the nucleus of the LNvs at
that time confirming that the pathway is active in the early
morning (Fig. 1C). Surprisingly, we were not able to detect p-
MAD at other times throughout the day (data not shown), likely
a reflection of the transient intrinsic nature of p-MAD (Berke et
al., 2013) and the tight post-translational regulation it is sub-
jected to (Urrutia et al., 2016).

Previous work from our laboratory showed that some BMP
ligands are relevant for the control of circadian locomotor activ-
ity (Beckwith et al, 2013); to identify the source of specific
ligands in the adult brain, we analyzed the expression pattern of
each morphogen belonging to this pathway (DPP, GBB, Actf,
MYO, MAV, DAW and SCW; data not shown). DPP was the
only one with restricted expression to the LNvs, making it the
focus of our attention; in fact, chronic downregulation leads to a
significant deconsolidation of the locomotor activity patterns
(Beckwith et al., 2013).

Taking advantage of the reporter line dppLacz, we analyzed
the expression pattern of DPP in the adult brain. Both ILNvs and
sLNvs express DPP (Fig. 2A,B), which acts via type I serine thre-
onine receptors TKV (Thickveins) and SAX (Saxophone), the
same receptors that when overexpressed activate the pathway in
the sLNvs (Beckwith et al., 2013). To confirm this localization we
analyzed the expression of DPP through the reporter line DPP::
GFP. We detected DPP in all four PDF+ small and large LNvs
(Fig. 2C,D); both reporter lines also showed DPP expression in
noncircadian clusters, which was taken into account in later
experiments. Given the restricted expression within the circadian
network, we chose to explore DPP as the putative signal used by
the LNvs to communicate circadian-relevant information.

Reduced DPP levels in the ILNvs affect anticipation to dawn
and dusk as well as rhythmicity under free-running
conditions

To unveil the relevance of the communication between the
sLNvs and ILNvs through the BMP pathway, particularly
through DPP, we took advantage of the Target System, a version
of the GAL4/UAS enabling temporal control of expression only
in adult stages; thus, we downregulated DPP either in the small
or large LNvs postdevelopmentally. To drive expression in the
sLNvs we took advantage of a recently described sLNv-specific
driver (Herrero et al., 2020). In the case of the ILNvs, we resorted
to the R10H10G4 Gal4 line, whose circadian expression is re-
stricted to the 4 ILNvs (Sekiguchi et al., 2020). The latter is also
expressed in a few somas at the dorsal protocerebrum as well as
in a few PI neurons (Fig. 3A). The dpp knock-down was achieved

«—

tubG80ts;RT0H10G4>+ and UAS dppi/+ (gray outline), flies with downregulated DPP
sLNvsG4;tubG80ts>>dppi and tubG80ts;R10H10G4>dppi (pink outline) kept at 30°C. E,
Rhythmicity (defined as power significance) and period quantitation (tau) in control (gray
and black) and dpp downregulated flies (pink). Statistical analysis: power significance (an in-
dication of the degree of rhythmicity), Kruskal-Wallis test, x* = 35.73, p << 0.0001, df =
4: Period, ,\/2 =28.99, p < 0.0001, df = 4. Dots represent independent flies, the mean and
SEM are shown. In Dunn’s multiple comparisons test, statistically significant differences *p
<< 0.05, ***p < 0.0001. ns, not significant.
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through RNAI expression separately in the sLNvs and in the
ILNvs (Fig. 3B-D).

Adult-specific dpp downregulation in the LNvs affected loco-
motor activity patterns under LD conditions, particularly the
steady increase in activity that precedes dawn and dusk, so-called
morning and evening anticipation, respectively. Normalized av-
erage activity profiles during two consecutive days in LD at 30°C
were compared between controls and dpp knock-down flies (Fig.
3B,C). In the case of the sLNvs, we did not observe significant
differences in the anticipatory activity at dawn or dusk, and the
increase of the activity in the middle of the day appears to be
characteristic of the parental line UASdppi. On the other hand,
lack of DPP in the ILNvs drastically impaired morning and eve-
ning anticipation without significantly affecting overall activity
(Fig. 3B,C). These observations confirm that the BMP pathway is
recruited for the temporal organization of daily activity; more-
over, these results lend support to the notion that the ILNvs are
also relevant in the control of rhythmic behavior.

To further explore the impact of DPP signaling in the syn-
chronization of the circadian network, we analyzed the activity
patterns under free running conditions. Adult-specific DPP
downregulation in the ILNvs, but not in the sLNvs, correlated
with deconsolidation of locomotor rhythmicity with no effect on
the circadian period (Fig. 3D). Interestingly, DPP knock-down
in the ILNv cluster reinforces the possibility that the large LNvs
contribute either directly or indirectly to the synchronization of
the circadian network.

Increased DPP release from the ILNvs impairs evening
anticipation

We previously showed that activation of BMP signaling through
chronic expression of intracellular components (i.e., constitu-
tively active receptors or the nuclear factor schnurri) reduces
CLK levels and as a result lengthens the period of the activity pat-
terns (Beckwith et al., 2013). We reasoned that expression of an
extracellular component would lead to a more physiological acti-
vation, particularly if combined with the target system to drive
adult-specific (and short term) expression. Given that DPP
expression in the ILNvs is necessary for the temporal organiza-
tion of locomotor behavior, we examined the consequences of
DPP release from this cluster.

Adult-specific DPP expression in the ILNvs triggers a clear
reduction in the anticipatory activity at dusk (Fig. 4A,B), particu-
larly evident right before lights off (i.e., in the last hour). We did
not observe any effect in the anticipation of dawn (Fig. 4A,B),
suggesting that the anticipatory behavior to lights on and lights
off is sensitive to different levels of this ligand.

We next explored the effect of DPP expression under con-
stant conditions. Surprisingly, DPP overexpression in the ILNvs
subtly lengthens the free running period. No effects on the con-
solidation of the activity patterns were observed under either
condition (Fig. 4D).

DPP release from the ILNvs impairs the circadian
remodeling of the sSLNvV projections

The sLNv projections undergo structural remodeling across the
day; these terminals exhibit more elaborated processes at dawn,
which undergo changes in the degree of fasciculation and even
retraction and pruning as the night proceeds; structural changes
are coupled with oscillations in PDF immunoreactivity at these
terminals, with higher levels during the day and lower levels at
nighttime (Gorostiza et al., 2014; Herrero et al., 2020). In fact, it
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has been reported that changes in the
structure of the sSLNvs projections affect
locomotor activity patterns (Petsakou et
al,, 2015).

During larval development and
growth, BMP activation at the neuromus-
cular junctions (NM]Js) involves the trans-
location of p-MAD to the nucleus of the
motoneuron, which switches on tran-
scription of different target genes to
coordinate actin cytoskeleton remod-
eling and hence the increase in synap-
tic contacts (McCabe et al, 2003;
Rawson et al., 2003; Berke et al., 2013).
To explore the possibility that path-
way activation in the sLNvs is related
to changes in structural remodeling,
that is, in the communication within
clock neurons, we examined whether
DPP released from the ILNvs could affect,
as it happens in the NMJ, the morphology
of the sSLNvs projections.

Short-term (24 h) DPP expression in
the ILNvs correlates with p-MAD accu-
mulation in the LNv somas (Fig. 5A).
Next, we tested the effect of such acute
DPP release from the ILNvs on the
sLNv structural plasticity. Strikingly,
short-term DPP expression affected the
morphology of the sLNv projections,
which display little complexity across
the day (Fig. 5B). PDF immunoreactiv-
ity at these terminals still changes
between day and night, albeit daytime
levels are higher than those of the corre-
sponding controls (Fig. 5B). Similar
results were obtained through a widely
used 1LNv-restricted driver (C929G4;
Taghert et al, 2001)) to control the
specificity of the effect (Fig. 5D). As this
Gal4 line drives expression in a domain
that extends beyond the ILNvs, we
tested whether DPP released from the
remaining (noncircadian) clusters could
trigger any circadian phenotype; how-
ever, no effect was observed on DPP
expression in the C929G4; pdfG80 back-
ground, confirming the relevance of the
ILNvs in the modulation of specific
sLNv outputs (Fig. 5F).

The ILNv communicate to the sSLNv
through DPP signaling

The effects observed on DPP release
from the ILNv cluster could be
accounted for the accumulation of the
ligand in the accessory medulla (AME)
where the sLNv somas are located. To
test this hypothesis we took advantage
of the UASGFP:dpp line to express
DPPS*,  enabling ligand detection
through the fluorescent reporter (Roy et
al., 2014; George and Bates, 2019). As
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expected, DPP“'* was detected in the AME, within the ILNvs
somas and in close proximity to the sLNvs (Fig. 6A), sug-
gesting that DPP released from the ILNvs could bind to
receptors in the sSLNv somas and result in the activation of
the BMP intracellular signaling cascade in this cluster.
DPPSF? expression triggers similar phenotypes than DPP
alone, with low complexity projections during the day
when DPP is released from the ILNvs (Fig. 6B,C), confirm-
ing it is biologically functional. No significant changes to
PDF levels were observed (Fig. 5).

Conserved BMP effectors mediate structural remodeling

The BMP signaling pathway is recruited for the regulation of syn-
apse assembly, maintenance, and function (Aberle et al., 2002;
Marqués et al., 2002; Berke et al., 2013). At the NMJ, the BMP
pathway modulates the strength of connectivity between synaptic
partners and synapse growth through transcriptional regulation of
the Rho guanine nucleotide exchange factor (GEF) Trio (Ball et

al., 2010). Trio was shown to mediate Rac and/or Rho activation
depending on the biological context, in turn modulating actin
cytoskeletal dynamics and hence synaptic remodeling. Addi-
tionally, single-cell RNAseq analysis indicated trio cycles in the
sLNvs, at least under LD conditions (Ma et al., 2021). To explore
the possibility that Trio could mediate the cell-autonomous struc-
tural changes triggered by DPP, adult-specific Trio expression was
assayed in the sLNvs. Interestingly, acute Trio expression gave rise
to poorly elaborated terminals throughout the day, with a com-
plexity reminiscent of the one observed at the beginning of the
night in control lines, thus impairing circadian remodeling (Fig.
7A,B). These results parallel those observed on DPP released from
the 1ILNvs, namely reduced complexity projections across the day
(Figs. 5, 6), although a causal connection between the two phe-
nomena awaits confirmation.

In sum, our results support the hypothesis that the availability
of BMP ligands could fine-tune the connectivity within circadian
clusters as it would be anticipated in response to a fluctuating
environment (Petsakou et al., 2015).
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Figure 7.

Trio expression in the sLNvs prevents structural remodeling without affecting PDF levels or cycling. A, Representative confocal images of sLNv projections of a control

(pdfRFP;+, gray box) and Trio overexpression (pdfRFP;UAStrio, green box) brain. B, Quantitation of the number of intersections (top) and PDF levels (bottom) at ZT02 and ZT14
in control (gray) and DPP OE (green). Statistical analysis: #intersections, Kruskal-Wallis test, x> = 15.22, p = 0.016, df = 3; PDF levels, Kruskal-Wallis test, x* = 37.89, p <
0.0001, df = 3. Dunn'’s post hoc multiple comparisons test. Different letters indicate statistically significant differences. C, Working model illustrating the recruitment of the BMP
pathway by the circadian network. DPP released by the ILNvs in the accessory medulla activates the BMP pathway in the sLNvs and triggers the pruning of the projections at

night through the activation of the RhoGEF Trio.

Discussion

The homeostatic regulation of physiology and behavior is a com-
plex process that requires precise communication and coordina-
tion among different neuronal clusters. Circadian locomotor
activity, as one of these behaviors, requires coordination of the
different neuronal clocks that shape the circadian network to
provide coherence and at the same time flexibility to the circuit.
A lot of work has been devoted to studying the mechanisms
underlying the communication among circadian clusters
(Beckwith et al., 2013; Dissel et al., 2014; Gorostiza et al., 2014;
Yao and Shafer, 2014; Mezan et al., 2016; Yao et al., 2016;
Frenkel et al., 2017; Liang et al., 2017) and the role of the differ-
ent clusters in the control of specific properties of the activity

profile; among others, morning anticipation, evening anticipa-
tion, period, and daytime, nighttime sleep (Hamasaka et al.,
2010; Zhang et al., 2010a,b; Guo et al, 2014; Beckwith and
Ceriani, 2015; Guo et al.,, 2016, 2018; Fernandez-Chiappe et al.,
2020). A few years ago we demonstrated that chronic downregu-
lation of BMP ligands in the LNvs generate decreased rhythmic-
ity, while overexpression of a transcription factor belonging
to this pathway affects circadian period (Beckwith et al,
2013). Those initial results revealed this pathway could be
recruited for communication among circadian clusters.
Herein we show that in addition to the transcriptional effects
on dClk levels, short-term pathway activation leads to the
remodeling of the LNv synaptic connectivity. Additionally,
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our work uncovered a yet unexplored communication
between the large and small LNvs, and implicates the former
in the control of sSLNv physiology.

A canonical BMP pathway operates in the LNvs to modulate
circadian outputs

BMP ligands are expressed in different tissues throughout devel-
opment, usually not in concert; we reliably detected at least one
ligand expressed in the adult brain, particularly in the circadian
LNv neurons. Although most reports focus on the NMJ (Arora
et al,, 1996), little work has been devoted to characterizing the
expression pattern of these small peptides in the adult fly brain.
We have shown that communication through these ligands
contributes to the synchronization of the circadian network
(Beckwith et al., 2013; this article).

BMP pathway activity is tightly regulated; as an example,
DAUGHTERS AGAINST DPP (DAD) [an I-SMAD Inhibitory
SMADs (I-SMADs)] inhibits the phosphorylation of the tran-
scription factor MAD mediated by type I receptors on ligand
binding. An additional MAD phosphorylation site promotes
cytoplasmic retention and thus prevents the nuclear function. At
the NMJ, SHAGGY (SGGQG), the Drosophila orthologue of GSK-3,
is responsible for this type of regulation (Aleman et al., 2014).
Preliminary results suggest that MAD is also phosphorylated by
SGG in the LNvs (data not shown) suggesting a potential regula-
tory step linking the BMP signaling pathway and the clock; in
fact, other kinases could also contribute to time-of-day regula-
tion of MAD activity. One interesting candidate is NEMO/NML,
which has been shown to modulate normal distribution and
accumulation of p-MAD in larval motor neurons (Merino et al.,
2009), and it is present in these relevant neurons and directly
modulates the speed of the circadian clock (Chiu et al., 2011; Yu
etal, 2011).

Strikingly, ILNv-specific DPP knock-down affects the tempo-
ral organization of locomotor activity both under light-dark and
free-running conditions. The contribution of the ILNvs to the
circadian network has been questioned since the report that their
molecular clock stops when flies are transferred to constant con-
ditions (Shafer et al., 2002), although they were assigned a key
role in sleep control (Shang et al., 2008; Sheeba et al., 2008).
However, our current work highlights the relevance of the large
to small LNv communication through this pathway and posi-
tions the ILNvs as a relevant cluster for circadian locomotor
behavior probably through the modulation of sSLNv physiology.
Whether DPP is expressed or released from the ILNvs in a circa-
dian fashion awaits experimental confirmation. Thus far, high
throughput analysis of specific groups of clock neurons have not
identified this ligand among the cycling transcripts in the LNvs
(Abruzzi et al., 2017; Ma et al., 2021).

BMP activation in the sSLNvs modulates structural plasticity

The sLNvs show striking changes in the morphology/connectiv-
ity of terminals along the day and recruit different mechanisms
likely engaged by the clock at different times to precisely accom-
plish such structural remodeling. Among the cellular mecha-
nisms underlying this phenomenon, it was shown to depend on
a functional clock (Herrero et al., 2017) to respond to changes in
membrane excitability (Depetris-Chauvin et al.,, 2011) through
the activity of MEF2, a transcription factor whose expression
depends on the circadian clock and neuronal activity; MEF2 also
regulates the expression of effector genes responsible for struc-
tural changes, that is, Fasciclin II (Sivachenko et al, 2013).
Remodeling also depends on MMPI, an extracellular matrix
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metalloprotease that modulates PDF levels/activity (Depetris-
Chauvin et al, 2014). Naturally, circadian structural plasticity
ensures actin cytoskeleton remodeling (Petsakou et al., 2015),
which depends on the BMP signaling pathway in different cellu-
lar contexts. At the NMJ, the BMP pathway modulates the
strength of connectivity and synaptic growth through the
RhoGEF TRIO that mediates changes in the actin cytoskeleton
(Ball et al., 20105 Piccioli and Littleton, 2014). In the sLNvs, acti-
vation of the BMP pathway impairs remodeling of the dorsal
projections with no significant effect on PDF levels and PDF cy-
cling. Strikingly, short-term DPP release from the ILNvs
increased the nuclear p-MAD signal to an extent that is sufficient
to generate more fasciculated (hence, less arborized) sSLNv pro-
jections; this, in turn, correlates with a defective E anticipation at
dusk, supporting a link between structural plasticity and the con-
trol of locomotor behavior (Petsakou et al., 2015).

AS DPP released from the ILNvs triggers a night-like state in
the sLNv projections and this parallels TRIO overexpression in
this cluster (of note, a direct link between these two phenomena
has yet to be established), we propose that the pathway could be
co-opted by the sLNvs at the end of the day to increase trio
expression and trigger Rho activation, ultimately affecting actin
cytoskeleton (Fig. 7C). This could be a venue through which the
ILNvs, also implicated in arousal and sleep, could modulate the
network response to different photoperiods; in long days, for
example, the activation of the pathway could generate a delay in
the evening anticipation.

Given that lack of DPP in the ILNvs affects both morning and
evening anticipations, but DPP overexpression mainly affects the
evening peak, we propose that communication through this
ligand is needed to correctly time anticipations, but there is a sig-
nal threshold, and once it is surpassed, additional mechanisms
kick in to limit pathway activation, which might be more sensi-
tive at dawn rather than dusk.

Because loss of circadian remodeling was not accompanied
by changes in PDF levels or oscillation, we propose that the circa-
dian phenotypes associated with acute and spatially restricted
forced DPP signaling are supported by the altered communica-
tion between this specific subset of circadian clusters. In sum,
our results have shown that short-term activation of the BMP
pathway leads to strengthening or decreasing the structural con-
nectivity between key circadian neurons, which, in turn, affects
behavioral responses, underscoring a rather direct link between
structural plasticity and other circadian outputs.
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