Received: 25 August 2021

Revised: 22 December 2021

Accepted: 23 December 2021

DOI: 10.1002/cne.25294

RESEARCH ARTICLE

RESEARCH IN
SYSTEMS NEUROSCIENCE

THE JOURNAL OF COMPARATIVE NEUROLOGY W I l l .

The lateral posterior clock neurons of Drosophila melanogaster
express three neuropeptides and have multiple connections
within the circadian clock network and beyond

Nils Reinhard®® | EnricoBertolini® | AikaSaito? | Manabu Sekiguchi® |
Taishi Yoshii’® | Dirk Rieger? | Charlotte Helfrich-Férster?

1 Neurobiology and Genetics, Biocenter,
University of Wiirzburg, Wirzburg, Germany

2 Graduate School of Natural Science and
Technology, Okayama University, Okayama,
Japan

Correspondence

Charlotte Helfrich-Férster, Neurobiology and
Genetics, Biocenter, University of Wiirzburg,
Wirzburg, Germany.

Email: charlotte.foerster@
biozentrum.uni-wuerzburg.de

Present address

Enrico Bertolini, Center for Integrative
Genomics, Faculty of Biology and Medicine,
University of Lausanne, Lausanne, Switzerland

Funding information

JSPS KAKENHI, Grant/Award Number:
19H03265; Japan Society for the Promo-
tion of Science, Grant/Award Number:
19H03265; Deutsche Forschungsgemein-
schaft, Grant/Award Numbers: FO 207/16-1,
RI2411/1-1

Abstract

Drosophila’s lateral posterior neurons (LPNs) belong to a small group of circadian clock
neurons that is so far not characterized in detail. Thanks to a new highly specific split-
Gal4 line, here we describe LPNs’ morphology in fine detail, their synaptic connections,
daily bimodal expression of neuropeptides, and propose a putative role of this clus-
ter in controlling daily activity and sleep patterns. We found that the three LPNs are
heterogeneous. Two of the neurons with similar morphology arborize in the superior
medial and lateral protocerebrum and most likely promote sleep. One unique, possi-
bly wakefulness-promoting, neuron with wider arborizations extends from the supe-
rior lateral protocerebrum toward the anterior optic tubercle. Both LPN types exhibit
manifold connections with the other circadian clock neurons, especially with those that
control the flies’ morning and evening activity (M- and E-neurons, respectively). In addi-
tion, they form synaptic connections with neurons of the mushroom bodies, the fan-
shaped body, and with many additional still unidentified neurons. We found that both
LPN types rhythmically express three neuropeptides, Allostatin A, Allostatin C, and
Diuretic Hormone 31 with maxima in the morning and the evening. The three LPN neu-
ropeptides may, furthermore, signal to the insect hormonal center in the pars intercere-
bralis and contribute to rhythmic modulation of metabolism, feeding, and reproduction.
We discuss our findings in the light of anatomical details gained by the recently pub-
lished hemibrain of a single female fly on the electron microscopic level and of previous

functional studies concerning the LPN.

Abbreviations: 5th LN, 5th lateral neuron (formerly called 5th s-LN, ); AME, accessory medulla; AstA, Allatostatin A; AstASPL AstA positive cells in the SLP (also SLPAStA); AstC, Allatostain C; CA,
mushroom body calyx; CRY, Cryptochrome; DD, constant darkness; DenMark, dendritic marker; dFB, dorsal fan-shaped body; DH31, Diuretic hormone 31; DN1,, anterior dorsal neurons 1; DN1p,
posterior dorsal neurons 1; DN», dorsal neurons 2; DN3, dorsal neurons 3; E-cells (neurons, peak, activity), evening cells (neurons, peak, activity); EGFP, enhanced green fluorescent protein;
E-oscillator, evening oscillator; FB, fan-shaped body of the central complex; Gal4, transcriptional activator from yeast; GFP, green fluorescent protein; Glut, glutamate; HA, hemagglutinin; hid, Hid,
head involution defective; ITP, lon transport peptide; LD, light-dark; LH, lateral horn; I-LN,, large ventrolateral neurons; LNy, dorsolateral neurons; LO, lobula; LOP, lobula plate; LPN, lateral
posterior neurons; MB, mushroom body; M-cells (neurons, peak, activity), morning cells (neurons, peak, activity); MDC, middle dorsal commissure; ME, medulla; nSyb, neuronal Synaptobrevin;
PDF, pigment-dispersing factor; PED, mushroom body peduncle; PER, Period; Pl, pars intercerebralis; PL, pars lateralis; PLP, posterior lateral protocerebrum; POC, posterior optic commissure; SCL,
superior clamp; s-LNv, small ventrolateral neurons; SLP, superior lateral protocerebrum; SLPAStA AstA positive cells in the SLP (also AstASP1): SMP, superior medial protocerebrum; sPLPC,
superior PLP commissure; tobi, a-Glucosidase target of brain insulin; UAS, upstream activating sequence
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1 | INTRODUCTION

Endogenous circadian clocks help organisms anticipate the daily 24-h
rhythms on earth and timing physiology, metabolism, and behavior to
the adequate time of the day. They allow estimating and remember-
ing the time of day and measuring day length in order to predict sea-
sonal changes in the environment. Animals possess a circadian mas-
ter clock in the brain that modulates their daily behavior and coordi-
nates the clocks in the body. This master clock consists of a network
of interacting neurons that are characterized by different morphol-
ogy, neurochemistry, and physiology and may fulfill different roles in
the clock (Herzog et al., 2017; Michel & Meijer, 2020; Mieda, 2020;
Rojas et al., 2019; Stengl & Arendt, 2016). The fruit fly, Drosophila
melanogaster, is an attractive model for studying this clock network in
detail because it is composed of only 150 neurons many of which are
already largely characterized (reviewed by Beckwith & Ceriani, 2015;
Helfrich-Forster, 2017; King & Sehgal, 2020; Top & Young, 2018). These
clock neurons are named after their location in the brain and are clas-
sically divided into several clusters of lateral and dorsal neurons (Fig-
ure 1). As true for other animals, the clock neuron clusters differ in
neurochemistry, neurophysiology, and neuroanatomy and play differ-
ent roles in the circadian system of the flies (Chatterjee et al., 2018;
Diaz et al.,, 2019; Fujiwara et al., 2018; Goda et al., 2018; Guo et al,,
2016, 2018; Helfrich-Forster, 2017). The lateral neurons play a domi-

nant role in the clock network and they are the so far best character-

oclelli

ized clock neurons, at least those that have their somata in the anterior
brain: the small and the large ventrolateral neurons (s-LN, s and I-LNs,
respectively), the 5th LN, and the dorsolateral neurons (LNy; Schubert
etal, 2018).

Nevertheless, a further group of lateral neurons with their cell
bodies located in the posterior brain is less well known. These cells
are called lateral posterior neurons (LPN) and consist of three cells.
They have been discovered several years after the other clock neu-
rons because of their weak and temperature-dependent expression of
the clock protein Period (Kaneko & Hall, 2000; Kaneko et al., 1997;
Miyasako et al., 2007; Shafer et al., 2006; Yoshii et al., 2005). Only
recently, their neuronal projections and their putative function in the
circadian clock system have been described (Chen et al., 2016; Diaz
et al, 2019; Ni et al,, 2019). The LPNs express the neuropeptides
Allatostatin A (AstA) and Allatostatin C (AstC) and the neurotransmit-
ter glutamate, and they appear to be involved in the control of sleep
and feeding (Chen et al., 2016; Ni et al.,, 2019), in the synchronization
of activity to temperature cycles (Miyasako et al., 2007; Yoshii et al.,
2005) and in the timing of evening activity under changing environ-
mental conditions (Diaz et al., 2019). The proposed multiple roles of
the LPNs require a sophisticated connection to the other clock neu-
rons as well as to neurons downstream of the clock that control these
different behaviors. However, the overlap of the LPNs with other neu-
rons that also contain AstA or AstC and the limited availability of Gal4
lines that drive expression specifically in the LPNs has so far prevented

DNy, compound eyes

FIGURE 1 The ~150 circadian clock neurons in the brain of Drosophila melanogaster. The clock network consists of lateral neurons (s-LN,,, 5th
LN, I-LNy, LNy and LPN) and dorsal neurons (DNy,, DN, DNy, and DNj3). Although the somata of the clock neurons are spread in the lateral and
dorsal protocerebrum, their neurites are highly connected with each other. Many of them send fibers into the dorsal protocerebrum (including the
neurosecretory centers in the pars intercerebralis (P1) and pars lateralis (PL)) as well as into the accessory medulla (AME), small neuropils at the base
of the medulla. The AME can be regarded as a communication center of the clock neurons. Modified, after Helfrich-Férster et al. (2007) and
Schubert et al. (2018). The projections of the lateral posterior neurons (LPNs) are not yet included in this scheme
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TABLE 1 Description of the used fly lines
Fly line Description
R11B03-p65.AD; Split-Gal4 line driving in the 3 LPN
R65D05-DBD
wl118: R11B03-p65.AD; Split-Gal4 line driving in the 3 LPN outcrossed to w
R65D05-DBD

w118 UAS-hid;+
outcrossed to w18

w; UAS-dTrpAl;+

Expressing the apoptosis pathway component Hid under UAS control;

Expressing the Drosophila transient receptor channel dTrpA1 under UAS

THE JOURNAL OF COMPARATIVE NEUROLOGY

Reference

(Sekiguchi et al., 2020)

1118

(Zhou et al., 1997)

(Chenetal., 2016)

control for temperature-dependent activation of neurons

W1118;+,’+

w; +; 10xUAS-myr:GFP

Used for control crossings

myristoylated GFP

y,.w; PBac{20xUAS-
6xGFP}VK00018/Cy0O,
P{Wee-P.phO}BaccWee-
P20

UAS-nSyb::EGFP

w; UAS-DenMark:mCherry
UAS-trans-Tango
UAS-myrGFP, QUAS-

mtdTomato(3xHA);
trans-Tango; +

a detailed analysis of their fine anatomy and connection with other
neurons.

Here, we used a newly generated split-Gal4 transgenic line
(Sekiguchi et al., 2020), combined with peptide immunohistochemistry,
trans-Tango (Talay et al., 2017), and electron microscopic data from
the hemibrain (Scheffer et al., 2020) to characterize the anatomy,
neurochemistry, and synaptic connections of the LPNs in detail in
order to get further insights about their function. We found that the
LPNs express a third neuropeptide, the Diuretic hormone 31 (DH31).
All three neuropeptides oscillate in a bimodal manner showing peak
concentrations around the time of the flies’ morning and evening
activity. In addition, we reveal so far unknown synaptic connections of
the LPNs to other clock neurons that control evening activity, as well
as to neuropils that are involved in the control of sleep and arousal.
The specific ablation of the LPNs with a cell-death gene significantly
reduced morning and evening activity of the flies, which is in consent
with the bimodal oscillations of the LPNs’ neuropeptide levels. Fur-
thermore, their activation increased sleep during the day and activity
during the night indicating that the LPNs play a complex role in the

control of the daily sleep-wake cycle.

2 | MATERIALS AND METHODS

2.1 | Fly strains, husbandry, and crossings

Unless stated otherwise, fly strains used in this study were reared on
standard cornmeal/agar medium with yeast at 25 + 0.2°C and 60 +
5% relative humidity under light-dark cycle (LD) of 12:12 h. All fly lines
used are described in Table 1 (including references).

Marking the addressed cells by expression of a membrane-bound

Marking the addressed cells by expression of a cytosolic myc-tagged GFP

Marking presynaptic sites (axonal terminals)
Marking postsynaptic sites (dendrites)

GFP expression in the Gal4-driver cells and expression of a second
reporter (HA or mtdTomato) in possible postsynaptic neurons

Bloomington Cat# 5905
(Pfeiffer et al., 2010)

Bloomington Cat# 52261

(Y. Q. Zhang et al., 2002)
(Nicolai et al., 2010)
(Talay et al., 2017)

To reveal the anatomy of the LPNs, the Split-Gal4 line R11B03-
p65.AD; R65D05-DBD was crossed to a membrane-bound green fluo-
rescent protein (GFP) reporter (10xUAS-myr::GFP) or to a cytoplasmic
myc-tagged GFP reporter (20UAS-6xGFP, Table 1). In addition, they
were costained with antibodies against the clock protein Period (PER)
and different antibodies against neuropeptides to verify their neu-
rochemistry (see immunohistochemical procedure below). To reveal
the post- and presynaptic sites of the LPNs, we crossed the Split-
Gal4 line to UAS-DenMark::mCherry and UAS-nSyb::EGFP, respec-
tively (Table 1).

2.2 | Immunocytochemistry

We applied fluorescent immunocytochemistry after the protocol
described in Schubert et al. (2018). In brief, flies were fixed as whole
animals for 2-3 h in 4% paraformaldehyde after they have been
entrained to an LD12:12 cycle for 4-5 days after eclosion. Fixation for
anti-PER stainings was performed 1 h before lights-on (ZT23) because
PER expression is maximal at this time (Zerr et al., 1990). For neu-
ropeptide immunocytochemistry without PER labeling, fixation was
performed around ZT3. Cryptochrome (CRY) immunostaining was per-
formed after exposing flies to three days of constant darkness (DD).
After dissecting the brains in phosphate-buffered saline (pH 7.4), they
were incubated in blocking solution (5% normal goat serum) overnight
and then incubated in the primary antibody solution for ~2 days. Fluo-
rescent labeled secondary antibodies were applied for at least 3 h. All
used antibodies are listed in Table 2. The immunostained brains were
aligned on a specimen slide with spacers, embedded in Vectashield
1000 mounting medium (Vector Laboratories, Burlingame, CA, USA)
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R11B03-p65.AD; R65D05-GAL4.DBD>myrGFP
Pl
SMP MDC

s-LN, terminals

membrane bound GFP
' SLP

FIGURE 2 The morphology and histochemistry of the lateral posterior neurons (LPNSs). (a) Frontal view of the posterior protocerebrum
depicting the three LPNs of both brain hemispheres (LPN, white arrowheads) marked with membrane-bound green fluorescent protein (myr-GFP)
and anti-Allatostatin A (AstA). AstA is additionally present in the fan-shaped body (FB) of the central complex, in a weakly stained cell body close to
the LPNs (*), in a strongly labeled neuron in the superior lateral protocerebrum (SLP), and few weakly stained cell bodies in the same brain region
(magenta arrowhead, AstASP1). The LPNs arborize in the superior protocerebrum where they intermingle with the terminals from the small
ventrolateral neurons (s-LN, terminals). They cross the midline of the superior protocerebrum in the middle dorsal commissure (MDC, arrow). The
cell bodies of the large ventrolateral neurons (I-LN,s) are visible at the left and right lower corners of the image. They give rise to fibers in the
posterior optic commissure (POC). (b and c) The three LPNs of the left brain hemisphere are marked by membrane-bound (b) and cytosolic (c) GFP,
respectively. The arrowheads point to the LPN fibers that overlap with the s-LN,, terminals and the double arrowhead in (c) points to LPN fibers
running to the lateral horn (LH). The arrows mark the fibers crossing in the MDC. (d-g) The LPNs are Period (PER)-, Allatostatin A (AstA)-,
Allatostatin C (AstC)- and Diuretic hormone 31 (DH31)-positive. The anti-AstC staining shows like the AstA staining an additional weakly stained
cell body close to the LPNs (*) as well as the strongly marked PMP2 neurosecretory cell. (h and i) Double-labeling with anti-lon transport peptide
(ITP) shows that the LPN projections to the other brain hemisphere are in close vicinity to the crossing ITP-projections from the 5th LN and the
one ITP- and CRY-positive LNy in the MDC (green and magenta arrow in (h)), but not in the superior posterior lateral protocerebrum commissure
(sPLPC) in which only the LPN fibers cross (green arrow in (i))
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Antibody Directed against Source Concentration Host species Reference
C7 anti-PDF NSELINSLLSLPKNMNDA-NH, DSHB 1:2000 Mouse (Cyranetal., 2005)
monoclonal RRID: AB_760350
Anti-ITP GGGDEEEKFNQ Dircksen 1:4000 Rabbit (Dircksen et al., 2008)
RRID: AB_2315311
Anti-AstA APSGAQRLYGFGLamide coupled to Jena Bioscience GmbH 1:2000 Rabbit (Vitzthum et al.,
thyroglobulin 1996)
RRID: AB_2313972
Anti-AstA APSGAQRLYGFGL, N-terminal Developmental Studies ~ 1:50 Mouse (Yoon & Stay, 1995)
coupled to BSA Hybridoma Bank RRID: AB_528076
Anti-AstC pEVRFRQCYFNPISCF-OH Veenstra 1:250 Rabbit (Veenstra et al., 2008)
RRID: AB_2753141
Anti-DH31 Full-length peptide Veenstra 1:500 Rabbit (D. Park et al., 2008)
RRID: AB_2569126
Anti-PER Full-length protein Stanewsky 1:2000 Rabbit (Stanewsky et al.,
1997)
RRID: AB_2315105
Anti-CRY His-tagged form of full-length dCRY Todo 1:2000, preabsorbed on Rabbit (Yoshii et al., 2008)
cry®! embryos RRID: AB_2314242
Anti-GFP Recombinant full length protein Abcam 1:2000 Chicken RRID: AB_300798
corresponding to GFP
Anti-mCherry  Full-length protein mCherry Thermo Scientific 1:2000 Rat RRID: AB_2536611
Anti-HA YPYDVPDYA Roche Diagnostics GmbH 1:100 Rat (Talay et al., 2017)
RRID: AB_2687407
Anti-nc82 Bruchpilot C-terminal aa Hofbauer 1:50 Mouse (Wagh et al., 2006)
1227-1740 RRID: AB_2314866
AlexaFluor 488 IgY (H+L) chicken Thermo Scientific 1:200 Goat RRID: AB_2534096
(anti-chicken)
AlexaFluor 555 1gG (H+L) mouse Thermo Scientific 1:200 Goat RRID: AB_141780
(anti-mouse)
AlexaFluor 635 1gG (H+L) rabbit Thermo Scientific 1:200 Goat RRID: AB_2536186
(anti-rabbit)
AlexaFluor 647 1gG (H+L) mouse Thermo Scientific 1:200 Goat RRID: AB_2535804
(anti-mouse)
and stored at 4°C in darkness until scanning. If not otherwise stated, 2.4 | Confocal microscopy and image processing

at least 10 different brains were stained for each antibody or antibody
combination.

For the time-course experiment, the flies were entrained to LD
12:12 at 20 + 0.2°C and collected from ZTO to ZT21 every 3 h. The
entire staining process was done in parallel with the same incubation
times for all time points.

2.3 | trans-Tango

To reveal putative postsynaptic partners of selected clock neurons, we
used trans-Tango (Talay et al., 2017). The crosses were reared at 25 +
0.2°C and the progeny transferred to 18 + 0.2°C after eclosion for sev-
eral days, to obtain the accumulation of the postsynaptic signal. In gen-
eral, we sampled flies after 17, 28, 30, 34, and 53 days at 18°C and
found that the postsynaptic signal strength increases significantly with
time. Presynaptic neurons were revealed by anti-GFP and postsynaptic

neurons by anti-Hemagglutinin (HA) antibody staining (Table 2).

Fluorescence protein expression and antibody staining were
visualized and scanned with a Leica SPE confocal microscope
(Leica Microsystems, Wetzlar, Germany) equipped with a photo-
multiplier tube and 488, 532, and 635 nm solid-state lasers for
excitation.

We used a 20-fold glycerol immersion objective (HC PL APO; Leica
Microsystems) for whole-mount scans and obtained confocal stacks
with 2 um z-step size and 1024 x 1024 pixels with a pixel size of
269 x 269 nm. For a more detailed view, we scanned the brains with
a resolution of 1024 x 2048 pixels and a z resolution of 1 um. For
the photomultiplier tube, all focal planes were scanned three to four
times, and the frames were averaged to reduce background noise.
The obtained confocal stacks were maximum projected and analyzed
with Fiji (Schindelin et al., 2012). Besides contrast, brightness, and
color scheme adjustments, no further manipulations were done to

the confocal images, if not stated otherwise. Whenever possible, we
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480029788

dorsal

ventral

posterior

anterior

450034902

356818551

FIGURE 3 The morphology of the lateral posterior neuron (LPN)
in the hemibrain. (a) Reconstruction of the as LPN annotated neuron
480029788 with its cell body in the posterior lateral protocerebrum
(PLP) and the arborizations in the superior medial protocerebrum
(SMP) and superior lateral protocerebrum (SLP). It is missing the fibers
in the middle dorsal commissure and the superior posterior lateral
protocerebrum commissure. (b) Reconstructions of neuron
450034902 which appears like the neuron from (a). (c) Reconstruction
of neuron 356818551 which is similar to the neurons from (a) and (b)
besides its broader arborizations in the SMP and SLP which reach
further in the anterior superior protocerebrum. Its extended fibers in
the SLP follow the fiber tract to the anterior optical tubercle but do
not reach it. The frontal view is shown in (x1) and the top view of the
reconstructed neurons is shown in (x2). The fan-shaped body (FB) and
the brain surface of the standard brain JRC2018F serve as a reference

compared our anatomical results with the results gained from the
connectome of a single female fly (hemibrain, Scheffer et al., 2020).

2.5 | Quantification of anti-DH31, anti-AstA, and
anti-AstC staining intensity

For the quantification of the neuropeptide staining intensities, the
freely available software ImageJ (v 1.51r) was used. The confocal
images were acquired for all eight time points (ZTO-ZT21) with the
same settings as described above (Section 2.4). The anti-GFP signal of
the LPNs was used to determine the borders of the cell bodies. For
tracing the borders with an octagonal shape, the focal plane with the
biggest nucleus diameter was used. In this defined area, the mean pixel
intensity of the neuropeptide staining was measured. The mean back-
ground intensity was measured three times per hemisphere. For this
purpose, squares with an edge length of 15 pixels were used to deter-
mine an area near the LPNs. This procedure was done for 20 (DH31)
to 22 (AstA/ AstC) hemispheres per time point. Afterward, the back-
ground intensity per hemisphere was calculated as an average out of
the three background regions. The mean staining intensity of the LPNs
was corrected by this value. For better comparison, the staining inten-
sity of the neuropeptides was afterward normalized to the mean stain-
ing intensity of each neuropeptide. The time points were tested for sig-
nificant differences with the Kruskal-Wallis test (p < .05% p < .01**,
p <.001***).

2.6 | Comparison with electron microscopic
reconstruction data from the hemibrain

For a comparison of our findings with the reconstructed neurons of
the electron microscopic data set from the hemibrain, we used the
natverse libraries (v 0.2.4, Bates et al., 2020) for R (v 4.0.5) via RStu-
dio (v 1.3.1093). The neuron-specific information was obtained from
the hemibrain data set (Scheffer et al., 2020, v 1.2.1) of the neuprint
server (neuprint.janelia.org). The annotation of the neurons was used
as a reference, and the identity of the neurons was verified by their
morphology and the orientation in the brain. For morphological com-
parisons, the neurons and brain regions of the hemibrain were trans-
formed into the JRC2018F template space (Bogovic et al., 2020) using
xform_brain (nat.templatebrains v 1.0). For the comparison of synaptic
sites with the nsyb- and DenMark-stainings, the automatically anno-
tated synapses of the hemibrain and their confidential level were used
(Buhmann et al., 2021).

2.7 | Ablation and activation of the LPNs and
recording and analysis of rhythms in locomotor
activity

Locomotor activity of 3-7 days old male flies was recorded within

1 min bins as described previously (Hermann-Luibl et al., 2014) using
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Drosophila Activity Monitors by TriKinetics. The fly tubes positions
were fixed by a Plexiglas plate that the infrared beam crossed each fly
tube at a distance of ~3 mm from the food. The food consisted of 4%
sugar in an aqueous 2% agar gel. Flies were monitored for 10 days in
12 h:12 h light-dark cycles (LD 12:12) with a light intensity of 100 lux
at 20 £ 0.2°C and 60% RH + 0.2% and afterward released in constant
darkness (DD). From the recorded days in LD, the days 3-10 were used
for activity analysis to make sure the flies were properly entrained.
Daily average activity profiles, as well as the standard error, were cal-
culated for each genotype as described in Schlichting and Helfrich-
Forster (2015). In short, an average day was calculated for at least 29
flies per genotype and the average day was smoothened with a moving
average of 11. For the conditional activation of the LPNs via the TrpA1
channel, the flies were first recorded for 6 days at 20°C + 0.2°C and 60
RH +0.2% (LD 12:12) and afterward recorded for 8 days at 29 + 0.2°C
and 60 RH + 0.2% (LD 12:12). Recording days 2-6 and 8-14 were used
for the analysis to ensure the flies’ entrainment. For the days in con-
stant darkness, we performed x2 periodogram analyses to determine
rhythmicity, free-running period, and rhythm power of the flies using
ActogramJ (Schmid et al., 2011).

For temperature entrainment experiments, the flies were first
recorded for 3 days under LD 12:12 cycles (100 lux) combined with
natural-like temperature cycles (Yoshii et al., 2009). The lowest tem-
perature of 20°C occurred in the morning at ZTO and then continuously
increased until it reached its maximum of 30°C in the early afternoon
at ZT8. After 3 days of entrainment, the flies were recorded for 7 days
under temperature cycles alone (in DD). Then, the temperature cycle
was delayed by 6 h, and the flies’ activity was recorded for further 7
consecutive days to test how fast their activity follows the temperature
shift.

The number of days, needed for re-entrainment, were determined
visually on the actogram for every single fly in a blind test (the
actograms were coded and analyzed by one researcher). Flies were
judged to be re-entrained when they had reached the same phase rela-
tionship of evening activity to the temperature cycle prior to the phase
shift. In addition, an entrainment index was calculated for every day
based on the method used by Gentile et al. (2013). In brief, the ratio of
the flies’ activity was calculated between the flies’ main evening activ-
ity (occurring from ZT9 to ZT12) and the whole activity during day-
time (ZTO- ZT12). When the temperature cycle was delayed for 6 h,
the time window for the entrainment index calculation was also shifted
by 6 h. The entrainment index was normalized to its mean of the first 7
days in DD. Entrainment indices of “1” or higher mean that the flies are
entrained to the temperature cycle, while entrainment indices lower
than “1” indicate that the flies are not yet re-entrained

Data were analyzed with R (v 4.0.5) using RStudio (v 1.3.1093) with
the Rethomics framework (Geissmann et al., 2019) and visualized using
the ggplot2 package (v 3.3.3, Wickham, 2016). For the visualization of
the actograms, ActogramJ (v 1.0, Schmid et al., 2011) was used and a
gaussian kernel with a standard deviation of eight was applied. Activ-
ity and sleep data were tested for normal distribution with a Shapiro-
Wilk normality test (p > .05). If any data set of the comparison was not

normally distributed, all data sets of the comparison were handled as

THE JOURNAL OF COMPARATIVE NEUROLOGY

not normally distributed. As a nonparametric test, the Mann-Whitney
U test was used. A t-test was used as a parametric test in case of vari-
ance homogeneity (Levene’s test, p > .05); otherwise, a Welch t-test
was performed. For correction of multiple comparisons, a Bonferroni

correction was used.

3 | RESULTS

3.1 | Detailed reconstruction of the LPN
arborization patterns

The Split-Gal4 line R11B03-p65.AD; R65D05-DBD (Sekiguchi et al.,
2020) was very specific for the three LPNs. We did not see any other
labeled cells in the central brain, even not when using very strong GFP
reporters such as the enhanced membrane-bound and cytosolic GFP
we used here (Table 1; Figure 2a-c). Dependent on the strength of
the reporter, we observed GFP signal in cells of the optic lobes, which
did not project to the central brain. Nevertheless, these cells seemed
to be unaffected by other UAS-reporters like UAS-hid. The cytosolic
GFP gave stronger staining, while the membrane-bound GFP revealed
the fine arborizations of the neurons in greater detail. We confirmed
that all three GFP-positive neurons express PER (Figure 2d), AstA (Fig-
ure 2e), and AstC (Figure 2f). In addition, we found DH31 as a third neu-
ropeptide (Figure 2g).

The cell bodies of the LPNs were located in the cell body rind of
the posterior lateral protocerebrum (PLP). In most cases, we counted
exactly three GFP-positive cells. The neurites of the three GFP-positive
LPNs fasciculated and ran dorsomedial toward the projections of the
LN, s and DNs in the posterior part of the dorsal brain. In the superior
Clamp (SCL), the fiber bundle disentangled into two arms of fibers, one
running to the superior lateral protocerebrum (SLP) and the other to
the superior medial protocerebrum (SMP). The arm running to the SLP
further disentangled and gave rise to multiple fibers. Some overlapped
with the pigment-dispersing factor (PDF)-positive terminals from the
s-LNys (cyan in Figure 2a), others crossed the PDF-positive fibers and
extended dorsolaterally to the SLP (double arrowhead in Figure 2c).
The fiber arm running to the SMP of the dorsal brain remained fasci-
culated until it reached the most dorsal part of the SMP laterally of
the pars intercerebralis (Pl, Figure 2a). Here, it split into a fiber net-
work containing pronounced varicosities. The latter overlapped with
the fibers from the lon transport peptide (ITP)-positive LNy and 5th LN
(Figure 2h,i). Two faint connections ran to the contralateral brain hemi-
sphere. The first one consisted of exactly two fibers (e.g., Figure 2b) and
crossed in the anterior Pl where they run parallel to the ITP-positive
fibers in the middle dorsal commissure (MDC, Figure 2h). The sec-
ond one was fainter and crossed slightly more posterior and ventral
through the superior PLP commissure (sPLPC, Figure 2i). We detected
the MDC fibers in 82% and the sPLPC fibers in 64% of our specimens
(50 stained brains). Due to the fasciculation of all three LPNs, we could
not trace the single LPNs, but one of them appeared different from
the two others. Its soma was often located apart from the other two

cells (see Figure 2c-g), and it appeared to possess a wider arborization
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pattern than the others. The reconstructions of the hemibrain sup-
port this observation since two of the LPNs showed nearly the same
arborization pattern (cyan in Figure 3a,b), while the third LPN showed
broader arborizations which extended more anterior in the SMP and
SLP (yellow in Figure 3c). In contrast to our observations, no con-
tralateral projection of the LPNs was observed in the hemibrain (Fig-
ure 3). Besides the missing commissures, the neurons of the hemibrain,
annotated as LPNs (IDs: 356818551, 450034902, 480029788) had
the same characteristic arborization pattern in the SLP and SMP as
described above and their cell bodies were located in the PLP as typ-
ically for the LPNs (Figure 3). With these morphological similarities, we

confirm the identity of the three neurons.

3.2 | Evaluation of peptide staining intensity
throughout the day

The staining intensity of anti-DH31, anti-AstA, and anti-AstC oscil-
lated in a diurnal manner with one peak around lights-on (ZT 0-3, Fig-
ure 4b-e) and a second peak around lights-off (ZT12-15, Figure 4a).
Nevertheless, there are distinct staining differences between the three
peptides (Figure 4). AstA appeared to cycle with the highest amplitude
and had a very high peak in the morning (ZT 0-3, Figure 4b), while the
other two peptides showed considerably lower peaks in the morning.
For DH31, the staining intensity in the morning and evening was almost
of equal height and only a moderate trough was visible in the afternoon
(at ZT6-ZT9), while staining was the lowest during the night (at ZT 18,
Figure 4e). AstC, on the other hand, showed the lowest expression in
the afternoon (at ZT 9, Figure 4c) and a less pronounced trough in the
night (at ZT18, Figure 4a).

3.3 | Synaptic partners of the LPNs

The LPNs could principally signal to other neurons including the clock
neurons in a paracrine fashion via their three neuropeptides (AstA,
AstC, and DH31). Indeed, AstC receptors have been found for some
LNys (Diaz et al., 2019), and DH31 can signal via the PDF receptor
on the DN,s (Goda et al., 2016). In addition, DH31 signals via DH31
receptors on the corazonin-positive neurons in the dorsal brain (John-
son et al., 2005) and AstA and AstC on the corresponding receptors in
the insulin-producing cells in the Pl (Hentze et al., 2015; C. Zhang et al.,
2021).

Since the LPNs express additionally the neurotransmitter gluta-
mate, fast signaling via regular synapses to downstream neurons is also
likely (Ni et al., 2019). To reveal the latter, we used the trans-Tango sys-
tem (Talay et al., 2017) and visualized the downstream neurons with
anti-HA in flies of different ages (17, 28, 30, 34, and 53 days). The stain-
ing differed only in intensity but in all different ages, the same cells
could be found.

We found that at least one or both of the two LPNs with their
somata located closely together were HA positive (white double arrow-

heads in Figure 5a,h,i), indicating that these two are interconnected

via synapses or that the third LPN signals to them. In addition, in each
hemisphere, one to two of the LN4 clock neurons (Figure 5a, e-f) were
HA positive. The fibers originating from the HA-positive LNg4s showed
the characteristic loop on the surface of the LH on its dorsal way to
the posterior side of the brain (horizontal magenta arrowhead in Fig-
ure 5a,e,g). Several brains with two labeled LNgs allowed us to follow
the projections of these neurons further. They bifurcated at the dor-
sal boundary between the LH and the SLP with one branch descending
toward the accessory medulla (AME, but not reaching it) and the other
main one running to the dorsal part of the brain. From the dorsal part of
the brain, the latter branch ran toward the midline of the brain, where
it sent varicose terminals to the ipsilateral medial border of the SMP,
crossed contralaterally, and did the same on the contralateral border
of the SMP (magenta arrowheads in Figure 5a). The arborization pat-
tern of these two LN4s and counterstaining against CRY (Figure 5f) and
ITP (Figure 5g) revealed the HA-positive LNg4s as the CRY-positive but
ITP-negative LNgs (Schubert et al., 2018).

Furthermore, we found HA in several non-clock neurons: one to
five conspicuous neurons with a characteristic U-shaped neurite in the
posterior protocerebrum (thick magenta arrows in Figure 5a; enlarged
pictures in Figure 5b,c) and several neurons with small somata (thin
magenta arrows in Figure 5a,b) in the most dorsal superior protocere-
brum. All these neurons arborized in the SMP where they formed a
dense fiber network that largely overlapped with the fibers coming
from the LPNs (magenta arrowheads in Figure 5a) and crossed the mid-
line of the brainin the MDC parallel to the fibers coming from the LPNs
(white arrow in Figure 5a). Due to the density of the HA-positive fiber
network, we could not separate the projections of single postsynaptic
neurons. Nevertheless, we could see that the “U-shaped neurons” pro-
jected dorsally and gave birth to two main branches that arborized in
the SMP, but did not extend laterally to the LH (Figure 5¢,d). The fibers
from the small neurons located in the most dorsal SMP projected ven-
trally but were too faint to be further traced.

We could additionally see HA-labeling in the mushroom bodies
(MBs, Figure 5h, j-n) and in one layer of the dorsal fan-shaped body
(dFB) of the central complex (Figure 5k). The intensity of the HA signals
in the MBs and dFB increased strongly with the age of the flies, while
the neurons mentioned above were already strongly stained in the
youngest flies. We could trace the neurons that invaded the MBs to
several Kenyon cells located in the cell body rind of the calyx (CA,
Figure 5h). These cells invaded the CA, the peduncle, and 3 and B’ lobes
as well as a and &’ lobes of the MB (Figure 5h, j-n). In contrast, we were
not able to trace the neurons that invaded the fan-shaped body, but
according to their arborization pattern in the dFB, they must belong
to tangential neurons that have cell bodies in the SLP, axonal arboriza-
tions in the 6th layer of the fan-shaped body, and dendrites in the SMP
(Donlea et al., 2018; Xie et al., 2019). These dFB neurons have been
described by several previous studies due to their prominent role in
sleep; they are revealed by the R23E10-Gal4 driver (Donlea et al.,
2014, 2018; Ni et al., 2019) and are also called ExFI2 neurons (Xie
etal., 2019).

The trans-Tango staining was consistent with the presynaptic

(output) sites of the LPNs revealed on the ultrastructural level in the
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FIGURE 4 Stainingintensity of Diuretic hormone 31 (DH31), Allatostatin A (AstA), and Allatostatin C (AstC) (AstC) in the lateral posterior
neuron (LPN) throughout the day. (a) Normalized mean staining intensity (+SEM) of 20-22 hemispheres of male D. melanogaster brains over time
(every 3 h) for the neuropeptides Alatostatin A, C (AstA (b2 and c2), AstC (b3 and c3)) and the DH31 (d2 and d3). The staining intensity of the
neuropeptides was significantly the highest at ZT3 (Kruskal-Wallis test: p < .05% p <.01*% p < .001***) and reached the lowest values at ZT9 (for
AstA and AstC) or at ZT 18 (for DH31). All three neuropeptides showed a bimodal expression pattern. To better reveal the latter, the curves are
double-plotted (dashed curves to the right repeat the same data). (b-d) Maximal projections of the z-planes containing the cell bodies (white
arrowheads) of the LPNs marked by anti-green fluorescent protein (GFP) and antibodies against AstA (b2 and c2), AstC (b3 and c3), and DH31 (d2
and e2) at the highest (ZT3) and the lowest (ZT9/ZT18) staining intensity. Note that close to the LPNs the neurosecretory PMP2 neuron was
labeled by anti-AstC. The scale bar represents 10 um and the staining intensity of the neurons was color-coded according to their gray values (f)

hemibrain (Figure 6a) and by the fluorescent marking of the presynap-
tic sites via nsyb::GFP (Figure 6b). Most output synapses were found
in the SMP and fewer in the SLP, while input synapses (dendrites) were
distributed all over the neurites (Figure 6). Again, a similar distribution
of input synapses was found on the ultrastructural level (Figure 6a)
and with the dendritic marker DenMark (Figure 6c).

Our search for synaptic partners of the LPNs in the hemibrain
revealed many postsynaptic and presynaptic neurons with high num-
bers of synaptic sites (Figure 7a1, b1). While two of the neurons (LPN
480029788 and LPN 450034902) appeared to have a similar number
of synapses with the same neurons, the third LPN (LPN 356818551,

green) differed in the number of synapses and partners from the other

two (Figure 7). The two neurons that were similar in their connections,
furthermore, showed strong synaptic contact between each other,
while fewer synapses were found between these two and the third
LPNs (Figure 7a2, b2). These results nicely supplement our trans-Tango
stainings.

The LPNs show the highest number of output synapses to neurons
of the SMP (up to ~90%), while they get their main input from neurons
of the SMP (~60-70%) and SLP (~20-30%, Figure 7c) as well as from
the female-specific oviposition inhibitory neurons (ovilN) and a ther-
mosensory neuron of the antennal glomeruli (VP2 + adPN, Figure 7b1).
Among the neurons postsynaptic to the LPNs, we found several cells in

the hemibrain that had high similarity to the neurons we identified with
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R11B03-p65.AD; R65D05-GAL4.DBD>trans-Tango

FIGURE 5 Neurons postsynaptic of the lateral posterior neurons (LPNs) revealed by the trans-Tango technique. (a) Frontal view of the dorsal
protocerebrum with the presynaptic LPNs marked in green (green fluorescent protein, GFP), their postsynaptic partners in magenta
(hemagglutinin, HA), and other clock neurons (LN4s and DN1,,s) marked in cyan (labeled with anti-PER). The horizontal magenta arrowhead points
to the characteristic loop of the LNys, of which two cells were HA positive. The magenta arrows point to the cell body of a small neuronin the
superior protocerebrum that projects ventrally (for details see text) and the magenta arrowheads point to the main arborizations stemming from
the two LNgs and the U-shaped neurons, that are postsynaptic of the LPNs. Both the LPNs and the postsynaptic LNgs cross the midline of the brain
via the middle dorsal commissure (MDC, white arrow). The magenta double arrowheads point to the loops of the conspicuous postsynaptic
U-shaped neurons that are depicted at higher magnification in (b-d). (b-d) Main arborizations of the U-shaped neurons. They show two main
branches, one projecting medially and the other laterally. Both overlap with the posterior arborizations of the LPNs (green, b, c2, and d2), but less
so in the anterior superior medial protocerebrum (SMP) parts of the brain to which the LPNs contribute. The magenta arrows in (b) mark two
smaller postsynaptic neurons that run ventrally. (e-g) Double labeling of the two postsynaptic LN4s (magenta, marked by white arrowheads) with
anti-PER (e), anti-CRY (f), and anti-ITP (g). (h, j, n) Three consecutive series of 10 confocal stacks from posterior (h) to anterior (n), which depict the
postsynaptic mushroom bodies (MB) with calyx (CA). Magenta arrows point to the Kenyon cells that are located dorsally and posteriorly of the
calyces (CA). PED, pedunculus; a = alpha lobe; «’, alpha prime lobe; 3, beta lobe; 5’,beta prime lobe of the mushroom body. (i) LPNs, of which only
one cell is marked by HA (double arrowhead). (k and I) Two consecutive series of five confocal stacks in the middle of the brain, in which the MB and
the fan-shaped body (FB) of the central complex are marked by HA. (m) Anterior part of the brain showing labeling of the alpha () and beta (B)
lobes of the MB by HA
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FIGURE 6

Input and output sites of the lateral posterior neuron (LPN). (a) Automatically annotated postsynapses from the hemibrain data set

(magenta) as input sites and the presynapses (green) as output sites of the single LPNs. While the input sites are distributed along the whole
arborizations of the LPNs the output sites concentrate mainly in the superior medial protocerebrum (SMP). (b) Green fluorescent protein (GFP)
tagged nSyb (green) expressed in the axonal endings of the LPNs. Most of the signal was located in the SMP, while only some signal was located in
the superior lateral protocerebrum (SLP) which matched with the presynaptic sites from the hemibrain. Maximal projections of the mCherry
tagged dendritic marker DenMark (magenta) driven in the LPN are shown in (c). The stainings show the same distribution pattern of the input and
output sites as the electron microscopic data of the hemibrain. The scale bars represent 50 um and the cell bodies of the LPNs are marked by white

arrowheads

the trans-Tango staining. Among these are the conspicuous “U-shaped
neurons” (Figure 7al, neurons of the groups SMP082-085 marked in
orange) and neurons of the dFB that arborize in the 6th layer of the dFB
and are called FB6F neurons in the hemibrain (Figure 7a2). While the
“U-shaped neurons” possessed numerous synaptic sites with the LPNs
(especially with the third LPN that differed from the other two), the
FB6F neurons showed fewer synaptic sites with them (but again more
frequently with the unique LPN than with the other two).

In contrast to the trans-Tango staining, the hemibrain data revealed
no trustworthy contacts between the LPNs and other clock neurons
as well as no contact to neurons of the mushroom bodies neither as
presynaptic nor as postsynaptic partners (Figure 7a2, b2). However, it
revealed weak contacts with the DN4ys (eight input synapses from a
DN, type B neuron and a few input/output synapses from/to other
DNy,s of the types A and B; Figure 7a2, b2).

3.4 | Effects of LPN manipulation on locomotor
activity rhythms and sleep

To test whether the absence of the LPNs affects the locomotor activ-
ity pattern of the flies under LD 12:12 conditions, we firstly ablated
these neurons by the expression of the apoptotic gene hid and secondly
activated them by ectopic expression of TrpA1. TrpA1lis a temperature

sensor widely used to conditionally activate neurons by increasing the

environmental temperature above 24°C (Chen et al., 2016; Hamada
et al.,, 2008; Pulver et al., 2009; Viswanath et al., 2003). By crossing an
additional GFP reporter in, we proved with stainings against GFP that
the LPNs were indeed ablated by the expression of Hid as an apoptosis
pathway component (Figure 8e, arrowheads).

The ablation of the LPNs affected activity levels in the morning and
evening of the flies but the overall bimodal activity pattern was unaf-
fected (Figure 8). The LPN-ablated flies still showed anticipatory morn-
ing and evening activity and distinct startle responses after lights-on
and lights-off, but in comparison to the controls, the anticipatory activ-
ity was significantly reduced (Figure 8a, white arrows). The activity lev-
els during the siesta and the night were unaffected. The ablation of the
LPNs affected also sleep in a mild but significant manner. The overall
sleep amount increased slightly during day and night (Figure 8b, d1).
During the day, the increased sleep amount was due to an increase in
sleep bout duration (Figure 8d3), while the number of sleep bouts was
unchanged (Figure 8d2). During the night, the number of sleep bouts
was reduced (Figure 8d2), but sleep bout duration became much longer
(Figure 8d3). During the day, the ablation affected mainly the siesta,
which became not only deeper but also broader. During the night, the
ablation affected sleep predominantly during the second half of the
night (Figure 8b).

The activation of the LPNs with TrpA1 yielded complex effects on
activity and sleep (Figure 9). As expected after LPN ablationhad led to a

decrease in morning and evening activity, morning and evening activity
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FIGURE 7 Synaptic connections of the lateral posterior neurons (LPNs). (a) Output connectivity of the LPNs to other neurons. (a1) Main
output neurons with which the LPNs formed at least 50 synapses. Orange marked neurons depict candidates for the conspicuous “U-shaped”
neuron from the trans-Tango stainings. (a2) Connectivity to downstream neurons which are members of the clock neurons and the synaptic
connections to a neuron of the dorsal fan-shaped body (FB6F) which correlates with our trans-Tango findings. CRY-positive neurons are depicted in
blue. (b) Input connectivity of the LPNs from other neurons. (b1) Main input neurons of the LPNs which contain temperature sensing neurons from
the antennal glomeruli (VP2 + adPN) and an oviposition inhibitory neuron (ovilN 423101189). (b2) Connectivity to upstream neurons which are
members of the clock neurons and in addition the FB4F neuron of the dorsal fan-shaped body. While the two morphological similar LPNs
(450034902 and480029788) show similar synaptic connections, the unique LPN (green) shows a different connection pattern. CRY-positive
neurons are depicted in blue. The color of the tiles represents the mean confidential level of the automatically traced synapses for the
corresponding connections. The distribution of the synapses among the brain regions divided into input and output sites is shown in (c).
Abbreviations: SCP, superior clamp; SLP, superior lateral protocerebrum; SMP, superior medial protocerebrum. *Correction of the synapsis
number after proofreading (only for the LNgs, automatic annotated synapsis number in brackets)
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FIGURE 8 Ablation of the lateral posterior neurons (LPNs) reduces morning and evening activity of the flies. (a) Average activity profile + SE
of the experimental line with ablated LPNs (red) and the average day of the pooled controls (gray). While the controls show a strong anticipatory
morning and evening activity, the experimental flies show a strongly reduced morning activity as well as a reduced evening activity (arrows). (b)
Sleep profile + SE of the experimental line with ablated LPNs (red) and the pooled controls (gray). The LPN-ablated flies show an increase in sleep
over the day and during the night. (c) Mean activity during the morning (ZT18-ZTO0) and the evening (ZT6-ZT12) for the experimental line, the UAS
(black) and Gal4 controls (white) as well as for the pooled controls (gray). The flies missing the LPNs show significantly lower activity in the
morning as well as in the evening compared to the controls. While the activity of the controls in the morning is also different, it is still significantly
higher than in the experimental flies; the activity in the evening does not differ between the controls. (d1) Total sleep amount over the day and in
the night for the experimental line, the UAS (black) and Gal4 controls (white) as well as for the pooled controls (gray). The experimental flies show a
significant increase in sleep compared to the controls independent of the time of the day. (d2) Total number of sleep bouts for the experimental
flies and the controls (colors see below). While the number of sleep bouts did not differ during the day, the experimental flies showed a significantly
reduced number of sleep bouts in the night. (d3) Mean sleep bout duration during the day and in the night for the experimental flies and the
controls (colors see above). After ablation of the LPNs, sleep bout duration increased slightly during the day and strongly during the night (p <.05%,
p <.01* p <.001***). (e1) Immunostaining of the superior protocerebrum with the LPNs marked by green fluorescent protein (GFP) (white
arrowheads). (e2) Immunostaining of the superior protocerebrum after ablation of the LPNs via Hid. The scale bar represents 50 um

significantly increased after TrpA1 channels were activated in the LPNs
(Figure 9a,b). In the experimental flies, evening activity was already
higher at 20°C as compared to the controls, but at 29°C, it increased
strongly in the morning and evening, especially before lights-on and

after lights-off (Figure 9a white arrows). In contrast, sleep was slightly

lower during the day in the experimental flies than in the controls at
20°C and increased mildly but significantly at 29°C (Figure 9c,d). Dur-
ing the night, sleep was similar in experimental and control flies at
20°C and decreased significantly though again mildly in the experimen-

tal flies at 29°C (Figure 9c,d). While the observed increase of sleep
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FIGURE 9 Conditional activation of the lateral posterior neurons
(LPNs) has complex effects on activity and sleep. (a) Average activity
profile + SE of the experimental line with dTrpA1 expressing LPNs
(red) and of the pooled controls (gray) at 20°C. At 20°C both control
flies and experimental flies show a normal bimodal activity pattern
with morning and evening activity with a slightly higher activity level
of the experimental flies in the second half of the day. After conditional
activation of the LPNs, the experimental flies show a strong increase in
morning activity before lights-on as well as a deeper and broader
siesta and an increased evening activity after lights-off (arrows). (b)
Mean activity of the flies during the morning (ZT18-ZT0) and the
evening (ZT12-ZT18). The experimental flies showed a slightly higher
evening activity than the controls at 20°C, while morning activity was
similar. After conditional activation of the LPNs at 29°C, the
experimental flies reduced evening activity before lights-off and
significantly increased evening activity after lights-off as well as
morning activity before lights-on. (c) Sleep profile + SE of the
experimental line with dTrpA1 expressing LPNs (red) and the pooled
controls (gray) at 20 and 29°C. At 20°C, no significant difference
toward both controls could be found, while after conditional
activation of the LPNs (29°C), the experimental flies showed an
increase in sleep over the day and a reduced sleep in the night. (d) Total
sleep amount of the flies at 20 and 29°C divided by day and night time.
While the flies’ sleep significantly increased during the day after
activating the LPNs, the flies slept significantly less during the night

during the day after LPN activation is principally in line with previ-
ous results obtained by Chen et al. (2016) after TrpA1 activation in
the LPNs, the observed decrease in the night does not fit at all. Fur-
thermore, the effects on sleep, we report here, are generally much
milder than those found by Chen et al. (2016). Chen et al. (2016) used
two different AstA-Gal4 lines to activate the LPNs (the LPNs were
called PLP neurons in this study). Importantly, we could reproduce the
results of Chen et al. (2016), using these AstA-Gal4 lines (Reinhard,
unpublished).

To test the importance of the LPNs for maintaining free-running
rhythms under constant conditions, we monitored flies with ablated
LPNs (see above) plus the relevant controls under DD conditions.
All flies maintained robust rhythmicity with similar periods, indi-
cating that the LPNs are not necessary for controlling circadian
rhythmicity (Table 3). Nevertheless, the rhythm power of the LPN
ablated flies was significantly lower than in the control strains, sug-
gesting that the LPNs contribute to the robustness of circadian
rhythmicity.

To test the importance of the LPNs for temperature entrainment,
we monitored the activity of flies with ablated LPNs under phase-
shifted natural-like temperature cycles in DD (Figure 10). We found
that the flies lacking the LPNs were still capable of entraining to tem-
perature cycles, but their activity appeared less consolidated than
that of the controls. For example, during entrainment to temper-
ature cycles alone, their activity was significantly reduced during
the evening bout (Figure 10b) and appeared more distributed over
the entire day (Figure 10a). In addition, the flies with ablated LPNs
took significantly longer to re-entrain to the phase-shifted temper-
ature cycles as judged from visual inspection of the actograms (Fig-
ure 10c) and their entrainment indices (Figure 10d). Together, these
results indicate that the LPNs contribute to the flies’ temperature
entrainment.

4 | DISCUSSION

Here, we characterize the morphology and neuropeptide expression
of Drosophila’s LPN in more detail than done before. Overall, we con-
firm previous descriptions and add important details that reveal a so
far unknown degree of heterogeneity within this small population of
clock cells. Additionally, we describe synaptic connections of the LPNs
with many areas and neurons in the brain, including connections with
other neurons of the clock network. In the following, we will discuss
our findings in the light of previous results, especially with the anatom-
ical details gained by the recently published hemibrain connectome
of a single female fly on the electron microscopic level and of numer-
ous functional studies that attributed specific roles to the clock neu-
ron groups. Eventually, we provide evidence that the LPNs have a cru-
cial role in modulating the morning and evening activity of fruit flies
and propose a network model (Figure 11). In addition, the LPNs con-
tribute to temperature entrainment but are not important for control-

ling rhythmicity under DD conditions.
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TABLE 3 Period length and power of the lateral posterior neuron (LPN)-ablated flies and the controls under constant darkness (DD) conditions

w!118;:R11B03-AD/UAS- w!118:R11B03-AD/+;

hid;R65D05-DBD/+ R65D05-DBD/+ wll18,UAS-hid/+;+

(n=23) (n=30) (n=32)
Period length (h) 23.65 +0.07 (n.s/n.s) 23.67 +0.05 23.60+0.05
Power 117.26 + 7.33 (***/***) 230.21+ 14.15 178.88 + 10.09
Rhythmicity (%) 90.63 100 95.65

Abbreviation: n.s, not significant. P < 0.001 *** significant levels compared to the Gal4- and UAS-control.

@ w1118;R11B03-p65.AD/UAS-hid;R65D05-DBD/+ (n=22) LD+TC DD+TC X**
O w1118;R11B03-p65.AD/+;R65D05-DBD/+ (n=32)
B w1118;UAS-hid/+;+ (n=31)
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FIGURE 10 Ablation of the lateral posterior neurons (LPNs) slightly impairs temperature entrainment under constant dark conditions (DD).
(a) Average actogram showing the activity of control flies (in light and dark gray) and flies with ablated LPNs (in red) during an experiment with a
phase-shifted temperature cycle. During the first 3 days, the flies were recorded at a combination of light-dark (LD) and natural-like temperature
(TC) cycles. As indicated in the bars on top of the actogram, the temperature was minimal at lights-on (ZTO) and then steadily increased until it
reached its maximum in the early afternoon (ZT8) and then decreased again. On day 4, the lights remained switched off, and the flies were recorded
under the temperature cycle in constant darkness (DD + TC). On day 11, the temperature cycle was delayed by 6 h (horizontal arrowhead). The
number of recorded flies per genotype is indicated on top. (b) Mean activity of the three genotypes during the evening bout of activity (ZT9-ZT12)
under the combination of light-dark and temperature cycles (LD + TC) and during temperature cycles alone (DD + TC). For the calculation of the
mean activity, the last 3 days of LD + TC and DD + TC (before the shift) were used. (c) Mean number of days (+SEM) that the three genotypes
needed to re-entrain to temperature cycles after the 6 h delay. (d) Entrainment indices calculated before and several days after the 6 h delay of the
temperature cycle. The time of the shift is indicated by a horizontal arrowhead. The blue boxes in the average actogram mark the evening activity
of the flies during the temperature cycles before and after the shift. The indicated intervals were used to calculate the shown entrainment indices.
Significant differences between controls and flies with ablated LPNs are marked by asterisks (p <.05% p <.01**% p <.001***; n.s., not significant)

41 | The LPNs’ arborization pattern and the three LPNs from the hemibrain (Scheffer et al., 2020) with one
connections with other neurons exception. We found projections of at least one LPN to the other

brain hemisphere (in the MDC and sPLPC) that were overlooked in
Our results gained by analyzing the expression of a novel Split-Gal4 the hemibrain, most probably because it lacks some morphological

line (Sekiguchi et al., 2020) largely match the projection pattern of details related to commissures. Nevertheless, the hemibrain is superb
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FIGURE 11 Schematic model of the lateral posterior neurons’ (LPNs) role in the clock network of D. melanogaster. (a) Schematic overview of
the two LPN types with their arborizations in the superior medial protocerebrum (SMP) and superior lateral protocerebrum (SLP) and their main
input (magenta) and output (green) regions. While the main output region is restricted to the SMP, the input sites are distributed over the whole
arborizations in the SMP and SLP. (a1) Frontal view and (a2) Top view. (b) Hypothetical role of the LPNs in the clock network dependent on the
different neuropeptides and neurotransmitters. The LPNs get input from the s-LN, s via pigment-dispersing factor (PDF) (iii, Chen et al., 2016)
which most likely controls the cycling of the neuropeptides in the LPNs. The three neurons form synaptic contact with two CRY-positive but
ITP-negative LNgs. In addition, they most likely signal via Allatostatin C (AstC) to at least one LNy (i, Diaz et al., 2019). Via this pathway, they might
modulate the evening activity and might mediate temperature entrainment of the flies together with AstC signaling from the DNy,s and DN3s (i,
Diaz et al., 2019). The LPNs have also synaptic contact to the dorsal fan-shaped body (dFB), which supports the results from Ni et al. (2019) and
Chen et al. (2016) who showed the involvement of the LPNs in sleep regulation (ii). In addition, the LPN could regulate sleep via glutamate signaling
to the mushroom bodies (MB). Via Allatostatin A (AstA), the LPNs could furthermore signal to the pars intercerebralis (Pl) leading to a rhythmic
modulation of feeding and metabolism (Chen et al., 2016). The LPN could also affect temperature preference directly by signaling via DH31 to the
DNjys or indirectly by signaling to the DN;,s that then signal via DH31 to the DNjs (iv, Goda et al., 2016). Furthermore, DH31 signaling to the
DN1,s and the Pl might cause a wake-promoting function of the LPNs. Next to DH31, the LPNs might also signal via AstC to the Pl and influence
via this pathway rhythmic oviposition like it was already shown for the DN1,s (v, C. Zhanget al., 2021). Abbreviations: LO, lobula; LOP, lobula plate;

ME, medulla, CA, calyx

in characterizing single neurons of a cluster. Our confocal-microscopic
studies could not unequivocally distinguish individual neurons of the
LPNs because their neurites largely fasciculated with each other, but
we observed that one LPN differed in the position of the cell body
and had most likely a different morphology than the other two. The
three-dimensional reconstructions of the hemibrain confirmed our
hypothesis in this regard. One LPN showed a much broader arboriza-
tion pattern in the SMP and SLP than the other two, which looked
very similar. The difference between the LPNs is also supported by
the analysis of their synaptic connections to other neurons or with
themselves (judged from the automatically annotated synapses in the
hemibrain; Scheffer et al., 2020). While the two similar LPNs seem
to be in strong synaptic contact with each other, as also shown in
our trans-Tango data, the third LPN has only a few contacts with the
other two LPNs. The unique LPN instead showed much more output
synapses to the “U-shaped” SMP neurons than the other two LPNs that
appeared to signal to many other still uncharacterized neurons in the
SMP. In addition, the unique LPN received more input from neurons in
the SLP and especially the superior clamp than the other two LPNs. The

superior clamp is connected with the SLP and the anterior optic tuber-

cles (Yu et al., 2013), which fits the anterior projections of the unique
LPN.

41.1 | Connections between the LPNs and other
clock neurons

Our trans-Tango staining revealed the two CRY-positive but ITP-
negative LNgs as postsynaptic partners of the LPNs. The HA signal in
these two LNys was already visible in 17 days young flies, meaning that
it accumulated faster than in most of the other postsynaptic cells (Talay
et al., 2017), which were all nonclock neurons. This speaks for strong
synaptic contacts between the LPNs and LNgs that should be visible on
the electron microscopical level. However, the hemibrain revealed only
a few synapses between the LPNs and the LNgs (Scheffer et al., 2020).
Since the CRY-positive LNys project contralaterally (Schubert et al.,
2018), it is possible that the LPNs signal to them from the contralateral
brain hemispheres, which is absent in the hemibrain. At present, it is
not clear which LPN has the strongest connections to the CRY-positive

LNgs, but when taking the confidential level of the automatic traced
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single synapses into account (Buhmann et al., 2021), we can say that
all three LPNs signal to at least one CRY-positive LNy which is also
covered by our trans-Tango experiments. The hemibrain revealed also
synapses between the LPNs and other clock neurons that we missed in
our trans-Tango experiments. For example, it suggests input and output
synapses between the LPNs and certain DNs as well as between
the LPNs and the 5th LN. These results indicate that the synaptic
connections of the LPNs within the clock network are numerous. In
addition, they appear highly complex because there seem to exist
differences between the unique LPN and the other two LPNs as well
as between the two similar LPNs. Future investigations are necessary

to confirm all these putative connections.

4.1.2 | Synaptic connections between the LPNs and
neurons that are putatively downstream of the
circadian clock

QOur trans-Tango stainings revealed strong HA signals in unknown con-
spicuous neurons, which we called “U-shaped” neurons as well as
weaker signals that accumulated with the age of the flies in the dFB
and MBs. In the hemibrain, we could identify similar “U-shaped” neu-
rons (from the neuron groups SMP084-085) and dFB neurons (called
FB6F neurons) that were postsynaptic to the LPNs, while the MBs
were not among the postsynaptic partners of the LPNs in the hemi-
brain. The hemibrain revealed many synapses between the LPNs and
the “U-shaped” neurons, which fits the strong HA staining already in
young flies in our trans-Tango experiments. In contrast, the synaptic
connections between the LPNs and the FB6F neurons were sparse in
the hemibrain, which fits again to our trans-Tango staining: HA accumu-
lated slowly in the FB6F neurons and was strongly visible in old flies.
The FB6F neurons are most likely identical with the ExFI2 neurons (Xie
et al., 2019) that are also revealed by R23E10-Gal4, which includes an
enhancer from the AstA receptor (Donlea et al., 2014, 2018; Ni et al.,
2019; Pimentel et al., 2016). These neurons are tangential FB neurons
arborizingin the 6th layer of the dFB and strongly sleep-promoting (see
below).

We could not explain for sure, why no synapses between the LPNs
and MBs have been detected in the hemibrain, but obviously, the
number of such synapses is very low since trans-Tango revealed these
only after HA accumulated for many days. These synapses may have
simply not been detected in the one female fly used for the hemi-
brain. It is also possible that the LPNs change their synaptic connec-
tivity over the time of day as do other clock neurons (Duhart et al.,
2020). By chance, the single fly may have been fixed at a time at
which no synapses between the LPNs and the MBs were formed.
More EM samples at different times of the day may be necessary to
solve this issue. In the present study, we stained >10 brains of male
flies, additionally, trans-Tango has the advantage of being indepen-
dent of daily variations and can detect even weaker synaptic connec-
tions if HA could accumulate for several days. Therefore, we assume
that the connections we found between the LPNs and the MBs are

real.
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4.2 | Putative functional relevance of the LPN
synaptic connections

While we have no information about the function of the “U-shaped”
neurons, the synaptic connections between the LPNs and the clock
neurons as well as between the LPNs and dFB and MB neurons sup-
port LPN functions that were assessed in former studies and that will
be discussed in the following.

The first LPN studies have implicated them in the synchronization
of activity to temperature cycles (Miyasako et al., 2007; Yoshii et al.,
2005), while later studies showed that they are dispensable for nor-
mal temperature entrainment under constant light conditions (Gentile
et al., 2013) and do not change their neuronal activity after tempera-
ture changes (Yadlapalli et al., 2018). Here, we show that LPN-ablated
flies take longer to re-entrain to a delay of the temperature cycle under
DD conditions than control flies, indicating that the LPNs contribute
temperature entrainment, even though temperature entrainment does
not depend on them.

Furthermore, recent studies have suggested a role of the LPNs in
the timing of evening activity under changing environmental condi-
tions (Diaz et al., 2019). Both roles can be explained by synaptic LPN-
signaling to the LNys in addition to their already shown neuropeptider-
gic signaling (Diaz et al., 2019). The CRY-positive LN4s belong to the
Evening (E) neurons that control the flies’ evening activity (reviewed
by Yoshii et al., 2012). Timing of evening activity is highly flexible
and quickly adapts to environmental fluctuations such as changes in
temperature and illumination (Diaz et al., 2019; Dubruille & Emery,
2008; Majercak et al., 1999; Rieger et al., 2003, 2007; Schlichting
et al,, 2019). According to the hemibrain (Scheffer et al., 2020), the
LPNs receive input from a thermosensory neuron of the antennal
glomeruli (VP2 + adPN; Figure 7b1). Together with our behavioral
results, this makes it very likely that they are involved in tempera-
ture sensing, in addition to the probably more important DNygs that
even respond with neuronal activity to temperature changes (Yadla-
palli et al., 2018). So far, no synaptic connections from the tempera-
ture sensing DN1,s neurons to the evening activity controlling LNgys
have been shown. Here, we demonstrate for the first time synaptic
connections between the LPNs and at least one of the CRY-positive
but ITP-negative LNgs. In addition, the hemibrain revealed that sev-
eral DN1,s might signal to at least one of the LPNs. Thus, the tim-
ing of E activity may be modulated in a temperature-dependent man-
ner via glutamate either directly from the LPNs or indirectly from
the DNy,s via the LPNs. Most interestingly, the synaptic connections
between the LPNs and the E neurons appear bilateral and even the
5th LN, which also belongs to the E neurons (Rieger et al., 2006) might
synapse on the LPNs. In summary, the LPNs appear tightly interlinked
with the E neurons and as we will see below (Section 4.3) that this
is not only true regarding synapses but also concerning modulatory
neuropeptides.

Our trans-Tango data also provide the anatomical basis for another
suggested LPN role—their sleep-promoting effects (Chen et al.,, 2016;
Guo et al.,, 2018; Ni et al., 2019). The MBs and the central complex

have been shown to be involved in sleep (Donlea et al., 2014, 2018;
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Joiner et al., 2006; Liu et al., 2016; Pitman et al., 2006; reviewed by
Helfrich-Forster, 2018). Especially layer 6 of the dFB, which shows
prominent trans-Tango staining in our study, is well known for getting
signals from sleep-promoting neurons (Donlea et al., 2014, 2018). The
LPNs are such neurons. Ni et al. (2019) showed that the LPNs together
with an additional AstASP! neuron (named “SLPAS*A” neuron by Don-
lea et al., 2018) signal via glutaminergic excitatory synaptic connec-
tions to the dFB and increase sleep bout length in the night. Our trans-
Tango stainings confirm the proposed synaptic signaling of the LPNs to
neurons in the dFB. In addition, we found synaptic signaling between
the LPNs and a-/B- plus o’-/f’-Kenyon cells, which invade regions of
the MB that are well known to be involved in the sleep network
(Joiner et al., 2006; Pitman et al., 2006). Altogether, our results sup-
port the suggested role of the LPNs in the regulation of sleep (see also
Section 4.3).

43 |
LPNs

Cyclic expression of neuropeptides in the

Already early studies have shown that animal clock neurons are rich
in neuropeptides that often colocalize in the same neurons and ful-
fill multiple modulatory functions in the circadian system (reviewed
in Helfrich-Forster, 2014). The LPNs express three neuropeptides at
once: AstA (Chen et al., 2016), AstC (Diaz et al., 2019), and as found
here also DH31. All three peptides are expressed rhythmically and can
therefore modulate all those neurons in a paracrine rhythmic fashion,
which are in the vicinity of the LPNs and possess the relevant neu-
ropeptide receptors,

In Drosophila, the PDF is the so far best-characterized neuropep-
tide in the circadian clock. PDF is expressed rhythmically with a pro-
nounced peak in the morning (J. H. Park et al., 2000). The perhaps most
important role of PDF lies in the communication between different
clock neurons (Helfrich-Forster, 2014; Klose et al., 2016; Liang et al.,
2016). Although PDF is only present in eight of the ~75 clock neu-
rons per hemisphere (in the s-LNs and the I-LN,;s, Helfrich-Forster,
1995), about half of the clock neurons express the PDF receptor (Im
& Taghert, 2010). The LPNs are among the PDF-receptor expressing
neurons and are activated by PDF signaling from the s-LN,s (Chen
et al., 2016). This activation happens most likely in the morning when
PDF is released from the s-LN,;s terminals that largely overlap with the
arborizations of the LPNs in the SLP (Figure 2a). Thus, the LPNs are
not only synaptically connected with the E neurons but via neuropep-
tide signaling also with the M neurons as shown by Chen et al. (2016).
The PDF peak in the s-LN,s nicely coincides with the M peak of the
bimodal expressed neuropeptides AstA, AstC, and DH31 of the LPNs,
suggesting that this M peak depends on PDF signaling, while their E
peak may depend on signaling from the E cells (LN4s and 5th LN; see
Section 4.2).

Especially AstA shows a prominent peak in the morning and a
second less pronounced one in the evening. AstA is strongly sleep-
promoting (Chen et al., 2016; Donlea et al., 2018; Ni et al., 2019) and

acts together with glutamate on the dFB (Donlea et al., 2018; Ni et al.,
2019). While glutamate is needed for consolidated sleep in the night
(Ni et al., 2019), AstA signaling to the dFB appeared especially sleep-
promoting during the day and to a lesser degree in the night (Donlea
et al,, 2018; Ni et al., 2019). This fits perfectly with the AstA expres-
sion profileinthe LPNs. Nevertheless, AstA is not only sleep-promoting
but is additionally also involved in metabolism and feeding (Chen et al.,
2016; Hentze et al., 2015; Hergarden et al., 2012). Part of these effects
are mediated by insulin-like peptide expressing neurosecretory cells
in the PI, which are activated by AstA via the AstA receptor Dar-2
(Hentze et al., 2015). The LPNs project to the Pl and may release AstA
in the morning to induce expression of insulin-like peptide 3 and of the
a-glucosidase target of brain insulin (tobi) as was shown by Hentze et al.
(2015). Both are needed to metabolize food the flies have consumed
during their feeding activity in the morning (Schabler et al., 2020).
Thus, the AstA release in the morning may regulate the flies’ metabolic
demands adapting them to a digestive energy-saving state during the
siesta (Chen et al., 2016).

AstC shows a similar bimodal pattern in the LPNs as AstA, just
with a lower peak in the morning. The E peak of AstC expression fits
the crucial role of AstC in the timing of evening activity detected by
Diaz et al. (2019)—under long or short photoperiods: a knock-down
of AstC in all clock neurons led to a delay in the evening activity.
Since AstC is not only expressed in the LPNs but additionally in sev-
eral DNq,s and DN3s, it is not clear which of these clock neurons sig-
nal to the single LN that expresses the AstC receptor, but preliminary
results show that all three types of neurons do so (Diaz et al., 2019).
In addition, the LPNs could signal via AstC to the insulin-like peptide
2 expressing neurons in the Pl that express the AstC receptors Starl
and AICR2 and rhythmically inhibit reproduction (summarized in C.
Zhang et al., 2021). C. Zhang et al. (2021) demonstrated a role of AstC
signaling in female oogenesis rhythms via the AstC expressing DNys.
Rhythmic AstC release from the LPNs to the Pl may contribute to this
rhythm since the trough in LPN AstC coincides with the maximum
of egg-laying in females that occurs in the late afternoon (Howlader
& Sharma, 2006; Menon et al., 2014). The projection of an oviposi-
tion inhibitory neuron further supports the role of the LPNs in female
reproduction.

DH31 in the LPNs is high throughout the day (showing only a
weakly pronounced dip during the siesta) and rather low during the
night, suggesting that it may be more important during the day than
during the night. Indeed, DH31, which is a homolog of the vertebrate
wake-promoting neuropeptide calcitonin, was shown to wake up the
flies in the morning (Kunst et al., 2014). In addition, it is involved in the
temperature preference of the flies, which is generally higher during
the day than during the night (Goda et al., 2016). Both roles are thought
to be mediated by certain DN4,s, which express DH31 and the PDF
receptor. PDF from the s-LNs activates these DNy,s in the morning
promoting DH31 secretion. Since DH31 can also activate the PDF
receptor (Mertens et al., 2005), DH31 from the LPNs could additionally
activate the DNy,s and lead to DH31-mediated wakefulness not only

in the morning but also in the evening. Similarly, DH31 in the evening
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determines the temperature preference at night onset (Goda et al,,
2016), and this may be supported by DH31 secretion from the LPNs.

4.4 | Ablation of the LPNs reveals their role in
promoting morning and evening activity

As discussed above, the LPNs have multiple connections within the cir-
cadian clock network and beyond. Additionally, they express three neu-
ropeptides with quite different and partially opposite functions. While
AstA is sleep-promoting and controls feeding and metabolism, DH31
promotes wakefulness and AstC seems to modulate activity and per-
haps egg-laying in the afternoon/evening. To test the prevailing func-
tion of the LPNs, we ablated them specifically with a cell-death gene
and monitored activity and sleep in the LPN-less flies. This ablation
did not affect the general rhythmicity of the flies but led to a lower
power of the free-running rhythm, reduced activity in the morning
and evening, and mildly increased sleep during the siesta and the sec-
ond half of the night. The reduced morning and evening activity is in
line with the wake-promoting role of DH31 during the day and coin-
cides with the timing of the activity-promoting role of M and E neurons
that are intimately connected with the LPNs. On the other hand, the
slightly increased sleep during the siesta and the night appears to con-
tradict the previously reported sleep-promoting role of LPN-derived
AstA (Donlea et al., 2018; Ni et al., 2019) and the general strongly
sleep-promoting role of the LPNs (Chen et al., 2016; Guo et al., 2018).
There are several possible explanations for these discrepancies that we
will discuss in the following.

Ni et al. (2019) used a newly generated AstA-lexA line to activate
and silence the LPNs. This line drives expression in the LPNs and one
prominent AstASP1 (SLPAStA) neuron that projects into the dFB and
appears to be predetermined for affecting sleep (see Donlea et al.,
2018). Although the authors performed several additional manipula-
tions indicating that the LPNs alone are sleep-promoting, it cannot
be excluded that the AstASP1 neuron strongly contributes and com-
pletely overtakes the sleep-promotion after ablating the LPNs. Thus,
the activity-promoting role of the LPNs may be the one that lacks after
their ablation and consequently, the flies are less active and sleep more.

In the AstAl- and AstA34-Gal4 driver lines used by Chen et al.
(2016), the AstASP1 neuron was not targeted. Instead, about four non-
AstA positive neurons in the lateral cell body rind (LCBR cells) with
unknown function were among the manipulated LPNs. These authors
activated the LPNs and the unknown neurons with TrpA1 at 29°C and
observed a highly increased sleep amount during the siesta and the
night. The evening activity was almost completely suppressed, while
morning activity was considerably reduced. Again, we cannot exclude
that the unknown neurons are responsible for the observed increase
in sleep, even though they do not project to any neuropils involved in
sleep control (Chen et al., 2016). Nevertheless, when comparing the
expression pattern and strength of AstAl-/ AstA34-Gal4 lines used
by Chen et al. (2016) with those of our LPN-specific split-Gal4 line,
another explanation appears more likely. While AstAl-/AstA34-Gal4

driven GFP was reliably and strongly present in two LPNs and only
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occasionally in all three LPNs, the GFP expression under the control
of the LPN-specific split-Gal4 line was considerably weaker but usu-
ally present in all three LPNs. In this respect, it is interesting that the
two LPNs targeted by Chen et al. (2016) lack the fibers running toward
the anterior optic tubercle and look like the two similar LPNs that we
describe in the present study (compare S1 movie in Chen et al., 2016
with Figure 6a). It is tempting to speculate that the two similar LPNs are
the ones that promote sleep, while the third LPN with wider arboriza-
tion patterns and different synaptic connections is activity-promoting.

If true, sleep should significantly increase when predominantly the
two sleep-promoting LPNs are activated, while the moderate activa-
tion of all three LPNs should lead to complex changes, exactly as we
have observed (moderate sleep increase during the day but not during
the night and activity increase in the morning and evening). However,
the ablation of all three LPNs should mainly reduce wakefulness dur-
ing the morning and evening, because the wake-promoting LPN is now
absent (and can perhaps be not replaced by other wake-promoting neu-
rons), while other strongly sleep-promoting neurons are still present
(e.g., the AstASPL neuron) that can easily overtake the sleep function.
All this fits our observations.

Such heterogeneity within groups of clock neurons is not unusual
and was, for example, described for the DN4ps (Chatterjee et al., 2018;
Guo et al., 2018; Lamaze et al., 2018). The study of Lamaze et al. (2018)
is especially interesting in this respect because the authors found that
the DN4ps consist of sleep- and wakefulness-promoting neurons that
can be distinguished by their morphology. The 6-9 sleep-promoting
DNjps arborize in the Pl and the posterior SMP and SLP (DN, neu-
rons of type A), while the 5-6 wake-promoting DN4,s form additionally
a loop around the LH and project anteriorly toward the anterior optic
tubercle (DN1, neurons of type B). There, they inhibit sleep-promoting
ring neurons of the ellipsoid body and thereby promote activity. Most
interestingly, the unique putatively wake-promoting LPN forms a sim-
ilar anteriorly projecting loop around the lateral horn (Figure 3c2) and
might even be synaptically connected with the wake-promoting type
B DNjps as suggested by one high confidence output synapse (Fig-
ure 7a2) and eight input synapses of middle to high confidence (Fig-
ure 7b2).

4,5 | Putative roles of the LPNs in the clock
network and beyond

We summarize the putative connections and functions of the LPNs in
a scheme (Figure 11). The LPNs get clock input from the M neurons
(s-LN,s) via PDF and possibly via regular synapses from the E neurons
(LNgs and 5th LN). They get input from a thermosensory neuron in
the antennal glomeruli as well as from a female-specific oviposition
inhibitory neuron. The LPNs signal via glutamate to two known central
sleep centers, the dFB and the MBs, and additionally via AstA to the
dFB. This results in a sleep-promoting function (Chen et al., 2016;
Donlea et al., 2018; Ni et al., 2019; Figure 11b (ii)). Furthermore, the
LPNs may signal via AstA to the PI, where they may contribute to the

rhythmic control of metabolism and feeding (Chen et al., 2016; Hentze
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et al., 2015). Via AstC and glutamate, the LPNs signal to the LN4s and
might impact evening activity (Diaz et al., 2019; Figure 11b (i)) and
perhaps temperature entrainment, while their proposed AstC signaling
to the Pl may regulate rhythmic oviposition (C. Zhang et al., 2021).
Via their third neuropeptide DH31, they might increase wakefulness
by signaling to the PI (Kunst et al., 2014) and by interacting with the
wake-promoting DN1,s of type B (Lamaze et al., 2018) and additionally
modulate temperature preference via the DN, (Goda et al., 2016;
Figure 11b (iv)).

Regarding the broad arborization pattern of the LPNs in the SMP
and SLP (Figure 11a), their heterogeneity, and their signaling to so far
unknown neurons (e.g., the “U-shaped neurons”), we suppose further
complex and modulatory roles of the LPNs, which have to be investi-

gated in the future.
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