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A sensitivity of the circadian clock to light/dark cycles ensures that biological rhythms maintain optimal phase relationships with the
external day. In animals, the circadian clock neuron network (CCNN) driving sleep/activity rhythms receives light input from multiple
photoreceptors, but how these photoreceptors modulate CCNN components is not well understood. Here we show that the Hofbauer-
Buchner eyelets differentially modulate two classes of ventral lateral neurons (LNvs) within the Drosophila CCNN. The eyelets antagonize
Cryptochrome (CRY)- and compound-eye-based photoreception in the large LNvs while synergizing CRY-mediated photoreception in
the small LNvs. Furthermore, we show that the large LNvs interact with subsets of “evening cells” to adjust the timing of the evening peak
of activity in a day length-dependent manner. Our work identifies a peptidergic connection between the large LNvs and a group of evening
cells that is critical for the seasonal adjustment of circadian rhythms.
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Introduction
Circadian clocks create an endogenous sense of time that is used
to produce daily rhythms in physiology and behavior (Aschoff,

1981a). A defining characteristic of a circadian clock is a modest
deviation of its endogenous period from the 24.0 h period of daily
environmental change (Aschoff, 1981b). For example, the aver-

Received March 25, 2016; revised July 4, 2016; accepted July 9, 2016.
Author contributions: J.J.H., C.H.-F., and O.T.S. designed research; M.S., P.M., K.R.L., Z.Y., E.D.B., A.B., and J.D.

performed research; M.S., P.M., K.R.L., Z.Y., E.D.B., A.B., J.D., J.J.H., C.H.-F., and O.T.S. analyzed data; M.S., P.M.,
K.R.L., Z.Y., E.B., J.J.H., C.H.-F., and O.T.S. wrote the paper.

This work was supported by National Institutes of Health (National Institute of Neurological Disorders and Stroke)
Grants R00NS062953 and R01NS077933 to O.T.S.; German Research Foundation Grants DFG Fo207/10-3, SFB1047,
and INST 93/784-1 and the European Community Sixth Framework Project EUCLOCK 018741 to C.H.-F.; Biotechnol-
ogy and Biological Sciences Research Council Grant BB/J0127221/1 to J.J.H.; and BMBF (German Ministry for Edu-
cation and Research) Hanns-Seidel-Foundation Excellence Grant to M.S. We thank Jae Park, Patrick Emery, Paul
Hardin, Francois Rouyer, Paul Taghert, and Nick Glossop for sharing fly strains; Paul Hardin, Dick Nässel, Heinrich
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Significance Statement

In animals, circadian clocks have evolved to orchestrate the timing of behavior and metabolism. Consistent timing requires the
entrainment these clocks to the solar day, a process that is critical for an organism’s health. Light cycles are the most important
external cue for the entrainment of circadian clocks, and the circadian system uses multiple photoreceptors to link timekeeping to
the light/dark cycle. How light information from these photorecptors is integrated into the circadian clock neuron network to
support entrainment is not understood. Our results establish that input from the HB eyelets differentially impacts the physiology
of neuronal subgroups. This input pathway, together with input from the compound eyes, precisely times the activity of flies under
long summer days. Our results provide a mechanistic model of light transduction and integration into the circadian system,
identifying new and unexpected network motifs within the circadian clock neuron network.
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age human clock has an endogenous period of 24 h and 11 min
(Czeisler et al., 1999). Thus, to maintain a consistent phase rela-
tionship with the environment, the human clock must be sped up
by 11 min every day. A sensitivity of the circadian clock to envi-
ronmental time cues (zeitgebers) ensures that circadian clocks
are adjusted daily to match the period of environmental change
(Pittendrigh, 1981). This process, called entrainment, is funda-
mental to the proper daily timing of behavior and physiology
(Roenneberg and Merrow, 2003). For most organisms, daily
light/dark (LD) cycles are the most salient zeitgeber (Aschoff,
1981b).

Although most tissues express molecular circadian clocks in
animals, the clock is required in small islands of neural tissue for
the presence of sleep/activity rhythms and many other daily
rhythms in physiology (Herzog, 2007). Within these islands, a
circadian clock neuron network (CCNN) functions as the master
circadian clock (Nitabach and Taghert, 2008; Welsh et al., 2010).
Subsets of neurons within the CCNN receive resetting signals
from photoreceptors, and physiological connections between
these neurons and their clock neuron targets ensure light entrain-
ment of the CCNN as a whole (Golombek and Rosenstein, 2010).

In both mammals and insects, the CCNN receives light input
from multiple photoreceptor types. In Drosophila, the CCNN is
entrained by photoreceptors in the compound eye, the ocelli, the
Hofbauer-Buchner (HB) eyelets, and by subsets of clock neurons
that express the blue light photoreceptor Cryptochrome (CRY)
(Helfrich-Förster, 2002). Understanding how multiple light in-
put pathways modulate the CCNN to ensure entrainment to the
environmental LD cycle is critical for our understanding of the
circadian system and its dysfunction when exposed to the unnat-
ural light regimens accompanying much of modern life (Münch
and Bromundt, 2012).

Here we investigate the physiological basis and circadian role of a
long-suspected circadian light input pathway in Drosophila: the HB
eyelets. These simple accessory eyes contain four photoreceptors lo-
cated at the posterior edges of the compound eyes and project di-
rectly to the accessory medullae (AMe) (Hofbauer and Buchner,
1989; Helfrich-Förster et al., 2002; Malpel et al., 2002), neuropils that
support circadian timekeeping in insects (Helfrich-Förster, 1998). In
Drosophila, the AMe contain projections from ventral lateral neu-
rons (LNvs), important components of the CCNN that express the
neuropeptide pigment dispersing factor (PDF) (Helfrich-Förster,
1997, 1998), an output required for robust circadian rhythms in
locomotor activity (Renn et al., 1999). The axon terminals of the HB
eyelets terminate near PDF-positive LNv projections (Helfrich-
Förster et al., 2002; Malpel et al., 2002) and analysis of visual system
and cry mutants reveals a role for the HB eyelet in the entrainment of
locomotor rhythms to LD cycles (Helfrich-Förster et al., 2001, 2002;
Veleri et al., 2007), but how the eyelets influence the CCNN to sup-
port light entrainment is not well understood.

Here we present evidence that this circadian light input pathway
excites the small LNvs (s-LNvs) and acts to phase-dependently ad-
vance free-running rhythms in sleep/activity while inhibiting the
large LNvs (l-LNvs). This work reveals that input from external pho-
toreceptors differentially affects specific centers within the fly
CCNN. Furthermore, we show that, under long summer-like days,
the l-LNvs act to modulate subsets of so-called evening cells to delay
the onset of evening activity. These results reveal a neural network
underlying the photoperiodic adjustment of sleep and activity.

Materials and Methods
Transgenic strains. The following fly strains were used: For GFP Recon-
stitution Across Synaptic Partners (GRASP): LexAop-GFP-11; UAS-

GFP1-10 (Gordon and Scott, 2009); Pdf-LexA (Shang et al., 2008);
Rh6-GAL4 (Sprecher and Desplan, 2008); R78G02-GAL4 (Bloomington
Line BL40010). For expression analysis: UAS-cd8GFP (Siegmund and
Korge, 2001); UAS-StingerGFP (Barolo et al., 2000); R78G02-GAL4
(BL40010). For live imaging experiments: Pdf(M)-Gal4 (Renn et al.,
1999); UAS-GCaMP3.0 (Tian et al., 2009); UAS-P2X2 (Lima and
Miesenböck, 2005); UAS-Epac1-camps(50A) (Shafer et al., 2008); Lex-
Aop-GCaMP3.0; LexAop-Epac1-camps (Yao et al., 2012); Rh6-GAL4. For
locomotor activity experiments: UAS-TrpA1 (Hamada et al., 2008);
hdcJK910 (Burg et al., 1993); Rh6-GAL4; UAS-Kir2.1 (Baines et al., 2001);
UAS-pdfRNAi (BL25802); han5304;UAS-PdfR (Hyun et al., 2005; Mertens
et al., 2005); Pdf(M)-GAL4; R78G02-GAL4; R6-GAL4 (Helfrich-Förster
et al., 2007); c929-GAL4 (Hewes et al., 2003); cry39-GAL4 (Picot et al.,
2007); Clk856-GAL4 (Gummadova et al., 2009); Mai179-GAL4 (Grima
et al., 2004); npf-GAL4 (Lee et al., 2006); clk4.1M-GAL4 (Zhang et al.,
2010); wild-type CantonS. For electrophysiology, we used a Pdf-RFP
(Ruben et al., 2012) construct. Male flies were used for all experiments.

GRASP and microscopy. To determine possible synapses between Rh6
cells and PDF neurons, we performed GRASP experiments and pro-
cessed the brains with anti-PDF. A similar approach was used to visualize
putative synaptic contacts between the PDF neurons and R78G02-GAL4-
expressing neurons.

Immunocytochemistry was performed as described by Menegazzi et
al. (2013). We used the following primary antibodies: mouse anti-PDF
(1:1000; Developmental Studies Hybridoma Bank, University of Iowa);
chicken anti-GFP (1:2000; Abcam); rabbit anti-CRY (1:1000) (Yoshii et
al., 2008); guinea pig anti-VRI (1:3000) (Glossop et al., 2003); rabbit
anti-ion transport peptide (ITP; 1:1000) (Hermann-Luibl et al., 2014);
mouse anti-GFP (1:1000; Sigma). Secondary antibodies were purchased
from Invitrogen and used in a dilution of 1:200. Brains were mounted on
glass slides using Vectashield mounting medium (Vector Laboratories).

We imaged brains using a Leica TCS SPE scanning confocal micro-
scope (Leica Microsystems). We used 488, 555, and 635 nm laser diodes
to excite GFP and the fluorophores of the secondary antibodies using
confocal steps of 2 �m. The laser settings were kept constant within each
experiment. All images were analyzed using the Fiji plug-in in ImageJ.

Live imaging. We performed live imaging experiments using an FV
1000 laser-scanning microscope (Olympus) and a 60� 1.1 N/A W,
FUMFL N objective (Olympus). We anesthetized flies over CO2 and
dissected brains under HL3 saline (Stewart et al., 1994). We mounted
brains on the bottom of 35 mm FALCON culture dishes (BD Biosci-
ences) under a drop of HL3 saline within a Petri Dish Insert (BD Biosci-
ences). We allowed brains to settle for 5–10 min before imaging. We
maintained continuous HL3 perfusion while the regions of interest con-
taining LNv somata or the HB eyelet nerve were selected using Olympus
Fluoview software (Olympus). We performed Ca2� imaging using the
sensor GCaMP3.0, scanning brains with a 488 nm laser at 1 Hz, and
collecting GFP emission. We performed cAMP imaging using the FRET
sensor Epac1-camps, scanning brains with a 440 nm laser at 1 Hz, and
collecting CFP and YFP emission. We processed GCaMP3.0 fluorescence
and Epac1-camps inverse FRET (CFP/YFP) as previously described
(Lelito and Shafer, 2012; Yao et al., 2012). GCaMP3.0 intensity values
were filtered with a 10 point moving average. Intensity traces were then
transformed to a percentage fluorescence change (�F/F0) trace using the
following equation: ((Fn � F0)/F0) � 100, where Fn is the intensity value
at each point in time and F0 is the baseline fluorescence calculated as the
average fluorescence intensity recorded during the first 10 s of imaging.
Mean � SEM traces were created based on all GCaMP3.0 fluorescence
traces for each neuronal class and treatment. The maximum increase in
GCaMP3.0 fluorescence was determined for each filtered and normal-
ized trace based on the entire duration of the recording. These values
were then used to determine the mean maximum GCaMP3.0 fluores-
cence change for each treatment and neuron type. Epac1-camps record-
ings consisted of raw CFP and YFP values for each time-point. Spillover
was corrected using the following equation: YFPsoc � YFP � (CFP � 0.444),
where YFPsoc is the spillover-corrected YFP intensity, YFP and CFP are the
raw intensity values, and 0.444 is the proportion of CFP spillover into the
YFP channel. FRET time courses were plotted as CFP/YFPsoc, the so-called
inverse FRET ratio, which was proportional to cAMP levels. Inverse FRET
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traces were filtered with a 10 point moving average, and the initial time-point
for each trace was normalized to 1.0. These filtered and normalized inverse
FRET ratio traces were averaged to create average traces for each treatment
and neuron type and were expressed as percentage changes. The maximum
change in inverse Epac1-camps FRET was determined for each individual
trace from the duration of the recording and used to generate the mean
maximum changes in inverse Epac1-camps FRET for each treatment and
neuron type.

Each imaging experiment began with the acquisition of 30 s of baseline
fluorescence. At 30 s, we switched perfusion channel to a second channel,
which contained either test compounds dissolved in HL3 or HL3 alone as
a vehicle control, for 30 s, after which we switched back to the first HL3
channel for the remainder of the 5 min time course. We purchased all
chemicals from Sigma-Aldrich and Fisher Scientific. We performed sta-
tistical tests on all live imaging data using Prism 5 (GraphPad) and com-
pared maximum changes in GCaMP3.0 fluorescence or the Epac1-camps
inverse FRET ratio between vehicle and test compounds. We used the
Mann–Whitney U test for pairwise comparisons of maximum changes,
and the Kruskal–Wallis one-way ANOVA with Dunn’s post test for mul-
tiple comparisons. All plots were generated in Prism 5.

Analysis of locomotor rhythms. We used the Drosophila Activity Moni-
toring system (Trikinetics) to record the number of beam crosses caused
by the fly in 1 min intervals. Flies were individually placed in glass tubes
containing agar-sucrose media. To address the effects of HB eyelet exci-
tation on free-running locomotor rhythms, we entrained flies expressing
the excitatory heat activated cation channel TrpA1 in Rh6-expressing
photoreceptors to a 12:12 LD cycle for 7 d at 20°C followed by constant
darkness (DD). We delivered a 2 h heat pulse of 30°C at ZT14 during the
final night of LD and continued to record locomotor activity under DD
conditions for 10 d at 20°C. To prevent signaling from Rh6-expressing
photoreceptors of the compound eyes, our experimental flies (w;
hdcJK910;Rh6-GAL4/UAS-TrpA1) also harbored a null mutation in histi-
dine decarboxylase, which is required for histamine synthesis. The behav-
ior of experimental flies was compared with the behavior of hdcJK910;
Rh6-GAL4/� and hdcJK910; UAS-TrpA1/� controls.

Raw data were plotted as actograms using ActogramJ (Schmid et al.,
2011). To analyze phase shifts, we used the open access program Chro-
noShop (Dr. Kamil Spoelstra, Netherlands Institute of Ecology, Wage-
ningen, The Netherlands) to determine the center of gravity (COG)
(Díez-Noguera, 2013) for each fly for each day of the experiment, as this
is the most reliable means to determine the phase of flies lacking input
from the compound eyes (Rieger et al., 2003). To determine the COG
under entrained conditions, we averaged the COG of the last 2 d in LD.
To determine the phase shift induced by the heat pulse, we calculated the
difference between COG on day 1 (COG1) after the heat pulse and COG
in entrained conditions. The same was done for day 2 after the heat pulse
(COG2). To compensate for differences in the free-running period, we
subtracted the shift caused by the free-running period at COG1 and
COG2 for each single fly. We calculated the shift caused by the heat pulse
as the mean of �COG1 and �COG2. The free-running period was ana-
lyzed using � 2 analysis.

For the determination of the evening peak timing under long days, we
entrained flies for 8 d under LDR 16:8 (a light/dark cycle with 1.5 h
gradual increase or decrease in light intensity after lights-on or before
lights-off, respectively). Only the final 5 d of locomotor activity were used
in our analysis. Average activity recorded from day 3– 8 was plotted for
each fly and the average evening peak time scored as described previously
(Schlichting and Helfrich-Förster, 2015). Statistical analysis was per-
formed using ANOVA with a Tukey’s multiple-comparisons test for nor-
mally distributed data and the Kruskal–Wallis test with a Dunn’s
multiple-comparisons test for non-normally distributed data. In both
cases, p values were adjusted using a Bonferroni correction.

Electrophysiology. We visualized the l-LNvs flies containing the RFP-
tagged construct Pdf-RFP ( yw;Pdf-RFP) using a 555 nm LED light, the
use of which prevented the excitation of CRY. Adult flies raised under a
12 h:12 h LD cycle at 25°C were collected �3–5 d after eclosion between
ZT1 and ZT3, where ZT0 corresponds to lights-on. Flies were decapi-
tated and brains dissected in extracellular saline solution containing the
following (in mM): 101 NaCl, 1 CaCl2, 4 MgCl2, 3 KCl, 5 glucose, 1.25

NaH2PO4, 20.7 NaHCO3, with pH adjusted to 7.2 (Cao and Nitabach,
2008). We transferred dissected brains to saline containing 20 U/ml pa-
pain with 1 mM L-cysteine for 3 min to digest the ganglion sheath. We
then dissected away the photoreceptors, air sacks, and trachea and made
a small incision over the position of the l-LNv. Brains were placed ventral
side up in the recording chamber, secured using a custom-made anchor
(Chen et al., 2015). We perfused brains continuously with aerated (95%
O2, 5% CO2) saline solution. We identified l-LNvs on the basis of their
RFP fluorescence, size, and position. We performed a single whole-cell
current-clamp recording from one l-LNv per brain using glass electrodes
with 10 –20 M	 resistance filled with intracellular solution (in mM) as
follows: 102 K-gluconate, 17 NaCl, 0.94 EGTA, 8.5 HEPES, 0.085 CaCl2,
1.7 MgCl2, pH 7.2. Recordings were made using an Axon MultiClamp
700B amplifier, digitized with an Axon DigiData 1440A (sampling rate:
20 kHz; filter: Bessel 10 kHz), and recorded using pClamp 10 (Molecular
Devices). An l-LNv was included in the analysis if the access resistance
was 
70 M	 and the leak current in response to a �40 mV pulse 
�100
pA. Histamine (100 mM) was injected in the ipsilateral medulla via a glass
pipette (1–3 M	) and a Picospritzer III (5–10 PSI; Parker Hannifin). All
chemicals were purchased from Sigma. The liquid junction potential was
calculated as 13 mV and was subtracted from all the membrane voltages.

Results
The Rhodopsin-6 photoreceptor termini rest in close
apposition to the LNvs in the accessory medulla but not
in the distal medulla
To express transgenes in the HB eyelets, we made use of the
Rh6-GAL4 driver, as the eyelets express Rhodopsin-6 strongly in
the adult (Helfrich-Förster et al., 2002). The R8 photoreceptors
of the compound eyes are also targeted by Rh6-GAL4 (Yasuyama
and Meinertzhagen, 1999), and we are not aware of a driver that
drives strong expression exclusively in the HB eyelets. R8 photo-
receptors terminate in the distal medulla of the optic lobes,
whereas the eyelets project to the AMe where they terminate near
the LNvs and along the ventral elongation of the AMe (Helfrich-
Förster et al., 2002; Malpel et al., 2002) (Figure 1A–F). If synaptic
connections exist between the Rh6-expressing photoreceptors
(Rh6-PRs) and the LNvs, split GFP constructs driven indepen-
dently in these cell types should result in the reconstitution of
GFP (Feinberg et al., 2008), whereas a lack of reconstitution
would argue against the presence of direct connections between
these photoreceptors and the LNvs. Expression of split GFP in
Rh6-PRs and LNvs resulted in the reconstitution of GFP specifi-
cally in the AMe in 16 of 16 brains imaged. In 13 of these brains,
we observed GFP reconstitution along the previously described
ventral elongation of the LNv projections (Helfrich-Förster et al.,
2002, 2007) (Fig. 1G–L). No GFP reconstitution was detected in
other regions of the brain, not even in the distal medulla where R8
termini reside near projections of the l-LNvs. We detected no
GFP fluorescence in control parental genotypes containing either
the genetic drivers alone or the split GFP elements without driv-
ers (Fig. 1G,I). These results support the hypothesis that the eye-
lets form direct connections on the LNvs in the AMe and its
ventral elongation.

Excitation of Rhodopsin-6 expressing photoreceptors causes
Ca2� and cAMP increases in the small but not the large LNvs
and shifts free-running locomotor rhythms
In the adult fly, the HB eyelets are immunoreactive to antisera
raised against both ChAT and histamine (Pollack and Hofbauer,
1991; Yasuyama and Salvaterra, 1999), suggesting the presence of
acetylcholine and histamine in the eyelet nerves. It is not known
whether the eyelets use both neurotransmitters in the adult or
whether anti-ChAT immunosignals represent a waning pool of
ChAT left over from Bolwig’s nerves, which is remodeled to be-
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Figure 1. The HB eyelet likely forms synapses directly on the LNv clock neurons within the accessory medulla and along its ventral elongation. A–F, The Rh6-GAL4 expression pattern (green)
colabeled with anti-PDF (magenta). A, One hemisphere of a UAS-GFP/�;Rh6-GAL4/� brain coimmunolabeled for GFP and PDF. The axons of the Rh6-positive R8 photoreceptors of the compound
eye cross the lamina (La) and terminate in the medulla (Me), whereas the axons of the HB eyelet directly innervate the AMe. Scale bar, 100 �m. B, Axonal terminals of the R8 photoreceptors (green)
in the Me reside in close vicinity to the PDF-positive puncta of the l-LNvs (magenta). Scale bar, 15 �m. C–F, Axons of the HB eyelet terminate in the AMe and overlap with PDF arborizations (D, F,
magenta). C–F, Micrographs represent 20 �m projections of the AMe consisting of 10 optical sections separated by 2 �m steps. Rh6-GAL4 is not expressed in the PDF neurons as no colocalization
is visible in the cell bodies of the PDF neurons. Scale bars, C–F, 15 �m. C, D, and E, F display two different brains. G–I, Reconstitution of GFP between LNv neurons and the Rh6-positive
photoreceptors. G, GFP fluorescence in a Pdf-lexA/�;Rh6-GAL4/� parental control. H, GFP fluorescence in a Pdf-lexA/lexAop-CD4::spGFP11;Rh6-GAL4/UAS-CD4::spGFP1-10 brain reveals GFP
reconstitution within the AMe and along its ventral elongation. I, GFP fluorescence in a LexAop-CD4::spGFP11/�;UAS-CD4::spGFP1-10/� parental control. J–L, Reconstituted GFP (J, K, green) in a
Pdf-lexA/lexAop-CD4::spGFP11;Rh6-GAL4/UAS-CD4::spGFP1-10 brain colabeled for PDF (K, L, magenta). Scale bars: G–L, 25 �m. C, E, K, L, Arrows indicate the central part of the AMe, which is
strongly innervated by HB eyelet terminals in all brains. A, *HB eyelet. C, E, K, *Ventral elongation of the AMe.
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come the eyelets (Helfrich-Förster et al., 2002; Malpel et al.,
2002). It is not known whether either neurotransmitter is used to
relay light information from the eyelets to the clock neurons in
the AMe, although previous work established that both the
l-LNvs and s-LNvs are receptive to acetylcholine (McCarthy et
al., 2011; Lelito and Shafer, 2012).

To determine whether an excitatory connection exists be-
tween the Rh6-PRs and the LNvs, we rendered the HB eyelet
nerves excitable by ATP through the expression of the mamma-
lian purinergic receptor P2X2 (Lima and Miesenböck, 2005) via
Rh6-GAL4-mediated expression of UAS-P2X2 (Fig. 2A). When
we excited Rh6-PRs, no Ca2� responses were detected in the
l-LNvs (Fig. 2B). In contrast, the s-LNvs displayed significant
Ca2� increases (Fig. 2C). This excitatory response was not due to
nonspecific effects of ATP or to leaky P2X2 expression in the
small LNvs, as ATP perfusion in flies lacking the Rh6-GAL4 driver
for the directed expression of UAS-P2X2 did not result in s-LNv
Ca2� increases (Fig. 2D). Indeed, in this case, ATP perfusion
caused the maximum GCaMP fluorescence changes to be nega-
tive in the s-LNvs (Fig. 2D). The s-LNvs consistently express
lower sensor levels than the l-LNvs; this tendency is accompanied
by relatively high sensitivity to movement artifacts, nonspecific
effects of bath applied compounds, and bleaching during imag-
ing experiments. Thus, the excitatory response we measure for
the s-LNvs in response to Rh6 PR excitation (Fig. 2C) may un-
derestimate the s-LNv response magnitude.

These results suggest that the HB eyelets provide excitatory
drive to the s-LNvs but not the l-LNvs. The presence of anti-
ChAT immunosignals in the eyelet nerve (Yasuyama and Mein-
ertzhagen, 1999) suggests that acetylcholine mediates this
excitation. Cholinergic agonists increase cAMP levels in both the
l-LNvs and s-LNvs (Lelito and Shafer, 2012). Thus, if the eyelets
excite the s-LNvs but not the l-LNvs, excitation of the eyelets
should cause cAMP increases in the former but not the latter
neuron class. Indeed, excitation of Rh6-PRs produced no signif-
icant cAMP changes in the l-LNvs (Fig. 2E) but caused clear
increases in cAMP in the s-LNvs (Fig. 2F). Neither the l-LNvs nor
s-LNvs displayed cAMP increases in the absence of the GAL4
driver for P2X2 expression (Fig. 2G,H). These results suggest
that, among the LNvs, the HB eyelet specifically excites the
s-LNvs.

The acute excitation of LNvs results in phase-dependent ad-
vances and delays in free-running locomotor rhythms (Guo et al.,
2014). Thus, an excitatory connection between the HB eyelets
and the s-LNvs leads to the predication that eyelet excitation will
result in phase shifts in the fly’s rhythm. We therefore expressed
the heat activated cation channel TrpA1 (Hamada et al., 2008) in
the R6-PRs by combining UAS-TrpA1 with Rh6-GAL4, thereby
rendering the R6-PRs excitable by high temperature (30°C)
pulses. Because a previous study has shown that signals from the
compound eyes increase the neuronal firing rate of the l-LNvs
(Muraro and Ceriani, 2015), we conducted this experiment in a
null hdcJK910 mutant, which is unable to synthesize histamine
(Burg et al., 1993). In this way, TrpA1-mediated excitation of
Rh6-PRs should result in acetylcholine release from the HB eye-
lets in the absence of histamine release from the R8 photorecep-
tors in the compound eye or HB eyelets.

At low temperature (20°C), the expression of TrpA1 in the
Rh6-PRs of hdcJK910 mutants caused a significant decrease in the
free-running period of locomotor rhythms relative to controls
(EXP: 23.5 � 0.1; GAL4: 24.3 � 0.1; UAS: 24.3 � 0.1). Although
dTrpA1 channels are gated by temperatures above �25°C
(Viswanath et al., 2003) and temperatures �25°C have been ob-

served to provoke measurable behavioral changes when dTrpA1
is overexpressed in neurons of interest (for review, see Bernstein
et al., 2012), we cannot exclude the possibility that some dTrpA1-
mediated currents were present at 20°C in Rh6 photoreceptors
overexpressing dTrpA1. Slight depolarization due to such cur-
rents could be the cause of the slight period shortening we ob-
served in our experimental flies. We were unable to measure the
free-running period of these flies at high temperature due to low
survivorship. We excited the Rh6-expressing photoreceptors of
experimental flies at ZT 14 with a 2 h pulse of high temperature,
comparing the phase responses of experimental flies to the heat
pulse with those of genetic controls that lacked either Rh6-GAL4
or UAS-TrpA1 elements. The heat pulse resulted in a small but
significant (p 
 0.001) phase advance of the free-running behav-
ior in the experimental line (88 � 14 min) compared with both
controls (GAL4: �3 � 15 min; UAS: 4 � 13 min). A phase ad-
vance at this time was surprising, given previous work indicating
that the excitation of the large and small LNvs at ZT 15 causes
phase delays (Guo et al., 2014). However, recent work has re-
vealed that the specific excitation of the s-LNvs causes only
advances in the free-running locomotor rhythm and that LNv-
induced delays require the excitation of the l-LNvs (Eck et al.,
2016). Thus, HB eyelet excitation modestly but significantly
shifted the phase of free-running locomotor rhythms during the
early night in a manner consistent with the specific excitation of
the s-LNvs.

Histamine inhibits the large LNvs, which govern evening peak
phase under long days
Given the effect of cholinergic input into the CCNN, we wondered
whether histamine release from the eyelets can elicit changes in Ca2�

and/or cAMP. Mapping of the inhibitory histamine receptor HisCl
indicated that the large, but not the small, LNvs are receptive to
histamine (Hong et al., 2006). We found no evidence that bath-
applied histamine caused significant changes in Ca2� or cAMP in
either the l-LNvs or s-LNvs using live imaging methods (data not
shown). Histamine acts via inhibitory receptors (Pantazis et al.,
2008), and inhibition is often difficult to detect with Ca2� and cAMP
sensors (Lelito and Shafer, 2012), suggesting that histamine either
does not inhibit the LNvs or that such inhibition is not detectable
with genetically encoded sensors.

Despite our inability to measure histamine responses in the
l-LNvs using genetically encoded sensors, the HB eyelet’s immu-
noreactivity to histamine (Pollack and Hofbauer, 1991), the ex-
pression of the inhibitory histamine receptor HisCl by the l-LNvs
(Hong et al., 2006), and the GRASP results reported above, to-
gether suggest that the eyelets act to inhibit the l-LNvs. We
therefore performed electrophysiological recordings and asked
whether histamine had inhibitory effects on the l-LNvs that were
not detectable using our live imaging methods. The l-LNvs are
characterized by spontaneous firing (Sheeba et al., 2008). Local
application of 100 mM histamine reliably stopped spontaneous
spiking of the l-LNvs (n � 5) in a manner dependent on the
duration of histamine application (Fig. 2 I, J). In 3 of 5 recordings,
histaminergic inhibition of the l-LNvs revealed persistent but
much smaller spikes that likely originated from the contralateral
l-LNv arbor as previously reported (Cao and Nitabach, 2008).
These results suggest that histamine exerts its inhibitory effects
locally and briefly, specifically within the hemisphere of hista-
mine application. Although this is consistent with a histaminer-
gic connection between the eyelets and the l-LNvs, we note here
that there are other potential sources of histamine in the AMe
(Hamasaka and Nässel, 2006).
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Figure 2. The s-LNvs, but not the l-LNvs, respond to HB eyelet excitation with increases in calcium and cAMP. A, P2X2-mediated excitation of HB eyelets. Top two traces, Average GCaMP3.0
fluorescence plots (�SEM) for HB eyelet nerves coexpressing P2X2 and GCAMP in Rh6-GAL4/UAS-GCaMP3.0;UAS-P2X2/� brains in response to 30 s perfusion of 1 mM ATP (top, N � 24) or vehicle
(bottom, N �24). Histogram represents comparison of average maximum GCaMP responses (�SEM) for the same data. ATP caused significant GCaMP fluorescence increases compared with vehicle
control. B, Effect of eyelet excitation on l-LNv Ca2� in Pdf-lexA,LexA-GCaMP3.0/Rh6-GAL4; UAS-P2X2/� brains in which P2X2 is expressed in the HB eyelet and GCaMP in the LNvs. Data arranged as
in A. N � 14 for ATP and N � 15 for vehicle. The l-LNvs did not display significant GCaMP fluorescence increases in response to eyelet excitation. C, Effect of eyelet excitation on s-LNv Ca2� in
Pdf-lexA,LexAop-GCaMP3.0/Rh6-GAL4;UAS-P2X2/� brains. Data arranged as in A. N � 20 for ATP, N � 13 for vehicle. Excitation of the eyelet resulted in significant GCaMP fluorescence increases
relative to vehicle controls. D, In brains lacking a driver for UAS-P2X2 expression in the eyelets (Pdf-lexA,LexAop-GCaMP3.0/�;UAS-P2X2/�). ATP failed to result in an increase in s-LNv GCaMP
fluorescence relative to vehicle controls. Data arranged as for A. N � 13 for ATP, N � 13 for vehicle. Calibration: A–D, 1 min (x-axis) and a 50% change in GCaMP3.0 fluorescence over baseline
(y-axis). E, Effect of eyelet excitation on l-LNv cAMP in Pdf-lexA,LexAop-Epac1-camps/Rh6-GAL4;UAS-P2X2 brains. The two traces represent average inverse Epac1-camps FRET (CFP/YFP) plots for
l-LNvs in response to 1 mM ATP (top, N �17) and vehicle (bottom, N �17). Histogram represents comparison of average maximum Epac1camps responses (�SEM) for the same data. ATP perfusion
failed to produce significant inverse FRET increases in l-LNvs relative to vehicle controls. F, Excitation of the eyelet causes cAMP increases in the s-LNvs of Pdf-lexA,LexAop-Epac1-camps/Rh6-GAL4;
UAS-P2X2. Data arranged as for E. ATP produced significant inverse FRET increases in the s-LNvs relative to vehicle controls. N � 15 for ATP, N � 14 for vehicle. G, Average inverse Epac1-camps FRET
(CFP/YFP) plots for l-LNvs in Pdf-lexA,LexAop-Epac1-camps/�;UAS-P2X2/� brains that express Epac1-camps in the LNvs but fail to drive P2X2 in the eyelet. The l-LNvs did not display inverse FRET
increases in response to ATP (middle, N � 14) relative to vehicle controls (bottom, N � 14). The l-LNvs did display inverse FRET increases to 10 �4

M nicotine (top plot, N � 12). Histogram represents
comparison of maximum Epac1-camps responses for the same data. ATP perfusion failed to produce significant increases in CYP/YPF ratio in the l-LNvs relative to vehicle controls, whereas nicotine
(10 �4

M) produced significant cAMP increases. H, Average inverse Epac1-camps FRET (CFP/YFP) plots for s-LNvs in Pdf-lexA,LexAop-Epac1-camps/�;UAS-P2X2/� brains. Data organized as for G.
ATP perfusion (N � 19) caused small but significant increases in CYP/YPF ratio relative to vehicle controls (N � 19) in the s-LNvs, whereas nicotine (10 �4

M, N � 15) produced large and significant
inverse FRET increases. Calibration: E–H, 1 min (x-axis) and a 25% changes in CFP/YFP ratio (y-axis). Bars under averaged plots represent 30 s of ATP perfusion switched from a constant saline flow.
n.s., Not significant ( p � 0.05). *p 
 0.05. **p 
 0.01. ***p 
 0.001. I, Response of a representative l-LNv to local pressure injection of 100 mM histamine (Figure legend continues.)
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Given the modulatory effect of histamine on the l-LNvs, we
wondered whether changing the properties of these neurons
might affect the behavior of flies. Flies lacking PDF peptide or
LNvs display abnormally advanced peaks of evening activity
(Renn et al., 1999). Previous work suggested that PDF from either
the l-LNvs or the s-LNvs is sufficient for the normal timing of the
evening peak under equinox (Shafer and Taghert, 2009), suggest-
ing that PDF released from the l-LNvs, though not required for
normal evening peak phase, nevertheless contributes to evening
peak timing. We asked whether PDF released from the l-LNvs
might be required for normally timed evening peak phase under
long day conditions. As previously shown for equinox, the
knockdown of PDF from all LNvs resulted in a significant ad-
vance in the evening peak of activity (Fig. 3A,B,E) in a manner
reminiscent of the loss of PDF neuron function (Fig. 3F). In

contrast to previous experiments under LD 12:12, knockdown of
PDF specifically in the l-LNvs resulted in a significant advance in
the evening peak under long days (Fig. 3C,E,G), whereas the
knockdown of PDF specifically in the s-LNvs had no obvious
effects on the evening peak compared with controls under long
day conditions (Fig. 3D,E,H). The knockdown of PDF in both
the l-LNvs and s-LNvs produced a larger effect on the evening
phase than the knockdown in the l-LNvs alone (Fig. 3B,C,E).
This difference is likely a reflection of differing levels of GAL4-
mediated RNAi expression by Pdf-GAL4 and c929-GAL4.

Excitation of the l-LNvs produces pigment-dispersing factor
receptor-dependent cAMP increases in the s-LNvs
The finding that PDF is required specifically in the l-LNvs for the
normal phasing of the evening peak of activity under long days
suggested that these neurons, previously characterized as wake-
promoting neurons with limited control over circadian time-
keeping (Parisky et al., 2008; Shang et al., 2008; Sheeba et al.,
2008; Chung et al., 2009), might modulate the evening cells of the
CCNN, either directly or indirectly through actions on the
s-LNvs. Anatomical evidence suggests that the large LNvs might
modulate the critical s-LNv pacemakers: projections from the

4

(Figure legend continued.) (HA) into the ipsilateral Me. Black bars represent stimulus length
(0.5 s, 1 s, 10 s). Duration-dependent inhibition of ipsilateral spiking activity (large spikes) was
apparent, although contralateral activity (small spikes) was not affected. J, Enlargements of the
boxed regions in I showing the inhibition after drug application. Spiking stops abruptly but
comes back gradually before returning to previous levels. mp, Membrane potential.

Figure 3. PDF is required specifically in the l-LNvs for normally phased evening peaks under long day conditions. A, The averaged activity profile of a UAS-PdfRNAi control flies under LDR 16:8. The
morning and evening peaks are aligned with dawn and dusk (light gray regions of the LD cycle above the plot). B, Activity of flies in which PDF has been knocked down in all LNvs through the
coexpression of UAS-PdfRNAi and UAS-Dicer2 (Dcr2) under the control of Pdf-GAL4. C, Activity of flies in which PDF has been knocked down only in the l-LNvs using the c929-GAL4 driver (D). Activity
of flies in which PDF has been knocked down only in the s-LNvs using the r6-GAL4 driver. E, The average evening peak phase of flies in which Pdf expression has been knocked down in different subsets
of neurons. Knockdown of Pdf either in all LNvs or specifically in the l-LNvs, using Pdf-GAL4 and c929-GAL4, respectively, resulted in a significantly advanced evening peak of activity compared with
Dicer2 overexpression and UAS-PdfRNAi controls. Knockdown of Pdf specifically in the s-LNvs using R6-GAL4 failed to produce an advanced evening peak relative to controls. ANOVA followed by a post
hoc test revealed no significant differences in phase between Dcr2;PdfG4, PdfRNAi, Dcr2/c929G4, Dcr2/r6G4, and Dcr2/r6G4/PdfRNAi flies ( p � 0.1199). However, Dcr2/PdfG4/PdfRNAi and
Dcr2/c929G4/PdfRNAi flies had a significant earlier evening peak than all others ( p 
 0.001). In addition, the evening peak phase between these two lines was significantly different ( p 
 0.001).
F, The average evening peak phase under LDR 16:8 of flies in which the LNvs have been electrically silenced (bottom row: Pdf-GAL4/UAS-Kir2.1). As expected, these flies display an abnormally early
evening peak of activity compared with Pdf-GAL4 (top row) and UAS-Kir2.1 (middle row) controls (Kruskal–Wallis test, p 
 0.001). A–F, Numbers on the right side of the panels indicate sample size.
G, PDF expression in a representative UAS-Dicer2/c929-GAL4/UAS-PdfRNAi brain. Only s-LNv PDF is visible. H, PDF expression in a UAS-Dicer2/R6-GAL4/UAS-PdfRNAi brain. Only l-LNv PDF is visible.
Scale bars: G, H, 20 �m. In these experiments, the GAL4 and UAS elements were always present as single copies. The GAL4 elements and UAS-RNAi elements were autosomal while the UAS-Dcr2
element was inserted into the X chromosome. Thus, flies were heterozygous for GAL4 and UAS-RNAi and hemizygous for the UAS-Dicer2 element. ***p 
 0.001.
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l-LNvs reside in close apposition to s-LNv dendrites (Helfrich-
Förster et al., 2007) and the s-LNvs are receptive to PDF (Shafer et
al., 2008; Im and Taghert, 2010). The excitation of the c929-
GAL4-positive neurons, which include the l-LNvs, does not pro-
duce excitatory Ca2� responses in the s-LNvs (Yao et al., 2012).
Given that the PDF receptor signals predominantly through in-
creases in cAMP (Hyun et al., 2005; Mertens et al., 2005; Shafer et
al., 2008), we asked whether the s-LNvs responded to the excita-
tion of the l-LNvs with cAMP increases by expressing the P2X2
receptor in the c929-GAL4-positive neurons of the brain while
simultaneously expressing the cAMP sensor Epac1-camps in the
l-LNvs and s-LNvs. As expected, ATP-mediated excitation of the
c929-positive network in c929-GAL4/Pdf-LexA, LexAop-Epac-
1camps;UAS-P2X2/� brains resulted in excitatory cAMP re-
sponses in the l-LNvs (Fig. 4A,G). Excitation of the l-LNvs was
accompanied by cAMP increases in the s-LNvs (Fig. 4B,H),

suggesting the presence of a modulatory
connection between c929-positive neu-
rons and the s-LNvs.

Although c929-GAL4 is expressed in the
l-LNvs but not the s-LNvs, it is also ex-
pressed in many other peptidergic neurons
of the CNS (Hewes et al., 2003). To deter-
mine whether the l-LNvs were responsible
for the cAMP response in the s-LNvs, we
repeated the c929-GAL4 excitation experi-
ment in a loss-of-function PdfR mutant
(han5304) background. Perfusion of ATP
caused excitatory cAMP responses in the l-
LNvs of han5304;c929-GAL4/Pdf-LexA, Lex-
Aop-Epac-1camps;UAS-P2X2/� brains
(Fig. 4C,G) but failed to produce significant
cAMP increases in the s-LNvs (Fig. 4D,H),
suggesting that PDF released from the l-
LNvs was responsible for the effects of c929
network excitation on the s-LNvs. Flies ex-
pressing cAMP sensor in the LNvs that con-
tained the UAS-P2X2 element but lacked
the c929-GAL4 driver displayed no re-
sponses to bath applied ATP in either the
l-LNvs or the s-LNvs (Fig. 4E–H), indicat-
ing that the excitatory responses in the l-
LNvs in the previous experiments were
indeed due to the specific expression of
P2X2 in the c929 network. These results re-
veal a modulatory connection from the l-
LNvs to the s-LNvs and indicate that PDF
released from the former neurons accounts,
at least in part, for the activation of PDF re-
ceptor in the s-LNvs.

Expression of PdfR in four evening cells
is sufficient for the normal phase of
evening activity under long days
Given the presence of a modulatory con-
nection between the large and small LNvs,
the l-LNvs might influence the phase of
the evening peak by modulating the clock
within the s-LNvs. (We note here that
PDF is not the only transmitter produced
by the s-LNvs and that these neurons are
anatomically well suited to modulate
most components of the CCNN.) Like

pdf01 mutants and flies with reduced PDF in the l-LNvs, loss-of-
function pdfr mutants display an abnormally advanced evening
peak (Hyun et al., 2005). This was also clear in pdfr mutants
observed under LDR 16:8 (Fig. 5A,F). If the l-LNvs adjust the
evening peak of activity through the modulation of the s-LNvs,
then we would predict that pdfr would be required in the s-LNvs
for normal evening peak phase under LDR 16:8. Rescue of pdfr
expression in the LNvs (Pdf-GAL4) or specifically in the s-LNvs
(r6-GAL4) of han5304 mutants failed to produce a normally
phased evening activity peak relative to han5304;UAS-pdfr con-
trols (Fig. 5B,F). This result is not surprising given that pdfr is
likely required in evening cells for the reception of PDF from
either class of LNv. To challenge this idea, we rescued pdfr
expression within the evening cells via the R78G02-GAL4
driver, which is expressed in the fifth s-LNv and the three
cry-expressing LNds, in addition to �15 neurons outside of

Figure 4. The l-LNvs modulate cAMP levels in the s-LNvs. A, Averaged Epac1-camps inverse FRET plot (�SEM) of l-LNvs imaged
in c929-Gal4/Pdf-LexA,LexAop-Epac1-camps;UAS-P2X2/� brains before, during, and after 30 s perfusion of 1 mM ATP (indicated
on the bottom plot in each column). ATP/P2X2-mediated excitation caused clear inverse FRET increases. B, Averaged Epac1-camps
inverse FRET plot (�SEM) of s-LNvs from the same brains as in A. Excitation of the c929 network produced inverse FRET increases
in the s-LNvs. C, Averaged Epac1-camps inverse FRET plot (�SEM) of large LNvs imaged in a Pdfr mutant background using
han5304;c929-GAL4/Pdf-LexA,LexAop-Epac1-camps;UAS-P2X2/� brains. c929 network excitation caused clear inverse FRET in-
creases in these neurons. D, Averaged Epac1-camps plot (�SEM) of s-LNvs from the same brains as in C. Excitation of the c929
network failed to produce inverse FRET increases in the s-LNvs in the absence of PdfR function. E, Averaged Epac1-camps inverse
FRET plot (�SEM) of large LNvs imaged in Pdf-LexA,LexAop-Epac1-camps/�;UAS-P2X2/� brains. ATP failed to produce inverse
FRET increases in the absence of the GAL4 driver. Calibration: 60 s (x-axis) and a 20% change in inverse FRET (y-axis) (also apply to
A, C). F, Averaged Epac1-camps inverse FRET plot (�SEM) of s-LNvs from the same brains as in E. ATP caused no obvious inverse
FRET increases. Calibration: F, 60 s (x-axis) and a 10% change in inverse FRET (y-axis) (also apply to B, D). G, Comparison of
maximum Epac1-camps responses for the l-LNv data shown in A, C, E. ATP (1 mM) perfusion caused significant inverse FRET
increases in both the experimental (“exp” c929-GAL4/Pdf-LexA,LexAop-Epac1-camps;UAS-P2X2/�) and PdfR mutant (“-pdfr”
han5304;c929-GAL4/Pdf-LexA,LexAop-Epac1-camps;UAS-P2X2/�) conditions, relative to the negative control lacking the GAL4
driver for P2X2 expression (“-p2x2” Pdf-LexA,LexAop-Epac1-camps/�;UAS-P2X2/�). H, Comparison of maximum Epac1-camps
responses for the s-LNv data shown in B, D, F. ATP (1 mM) perfusion caused significant inverse FRET increases in experimental (exp)
flies relative to both PdfR mutants (-pdfr) and �p2x2 controls. Genotypes were identical to those in G. G, H, ***p 
 0.001. n.s.,
No significant difference ( p � 0.05).
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the clock network (Fig. 5G,H ). In these flies, the evening ac-
tivity peak displayed a delayed phase compared with pdfr- con-
trols (Fig. 5 D, F ). To confirm this finding, we rescued pdfr
expression with several other GAL4 drivers. Expression of pdfr
with all driver lines, including these neurons (Clk856-GAL4,
cry39-GAL4, and Mai179-GAL4 ), rescued the phase of the eve-
ning peak (Fig. 5C,F ). Conversely, the expression of pdfr using
the Clk4.1M-GAL4, a driver expressed only in the DN1p class
of clock neurons, failed to rescue the phenotype (Fig. 5F ).

Together, our pdfr rescue results suggest that pdfr expression
within the fifth s-LNv and a subset of the LNds is sufficient for
normal evening peak phase under long days. When used in con-

junction with Pdf-LexA, GRASP experiments with R78G02-GAL4
revealed the reconstitution of GFP within the AMe and along
the dorsal projection of the s-LNvs (Fig. 5 I, J), consistent with
synaptic connections between the LNvs and the R78G02-GAL4
positive network. Neuropeptide F (NPF) is expressed by the fifth
s-LNv and is also expressed in one R78G02-GAL4 positive LNd in
each hemisphere. These neurons also express ITP (Johard et al.,
2009). Rescue of pdfr expression using npf-GAL4 almost com-
pletely rescued the evening peak phase (Fig. 5E,F) revealing that
pdfr expression in the NPF/ITP-positive LNd and fifth s-LNv is
largely sufficient for the normal phasing of the evening peak un-
der long days. This indicates that the pdfr-dependent modulatory

Figure 5. PdfR expression in a small group of evening cells is sufficient for normal evening peak phase under long days. A, The averaged activity profile of han5304;UAS-Pdfr control flies under LDR
16:8. The evening peak is advanced compared with wild-type controls (compare withFig. 4C). B, The averaged activity profile of han5304;Pdf-GAL4/UAS-Pdfr flies. Pdfr expression in the l-LNvs and
s-LNvs is not sufficient to rescue normal evening peak phase. C, The averaged activity profile of han5304;Cry-GAL4/UAS-Pdfr flies. The rescue of Pdfr expression in the cry- expressing clock neurons is
sufficient to rescue normal evening peak phase. D, The averaged activity profile of han5304;UAS-Pdfr/�;R78G02-GAL4/� flies. Pdfr expression in the R78G02-GAL4-expressing neurons is sufficient
to rescue normal evening peak phase. E, The averaged activity profile of han5304;npf-GAL4/UAS-Pdfr flies. Pdfr expression in the NPF expressing clock neurons is sufficient to rescue normal evening
peak phase. F, A comparison of evening peak phases between wild-type (WT) flies, flies lacking functional Pdfr (PdfR-/UAS-PdfR), and flies in which Pdfr expression has been rescued in various
subsets of clock neurons using various GAL4 (G4) drivers. Only rescues that included the fifth s-LNv- and CRY-positive LNds (bottom five genotypes) resulted in rescue of evening peak under LDR 16:8.
ANOVA followed by a post hoc test revealed highly significant differences in evening peak phase between the fly lines marked by asterisks and the ones without asterisks ( p 
 0.001). The lines with
asterisks were not significantly different from each other ( p � 1.000). Neither were the unmarked lines significantly different from each other ( p � 0.838). G, PDF (cyan) and CRY (magenta)
expression in a single hemisphere of a UAS-StingerGFP/�; R78G02-GAL4/� brain. Only the region bordering the central brain and Me is shown. H, The same brain region as in G coimmunolabeled
for GFP (green) and CRY (magenta). R78G02-GAL4 drives GFP expression in the CRY-positive LNds and the fifth s-LNv. Another, nonclock neuron-expressing GFP (asterisk) is also present in this brain
region. I, A GRASP brain preparation in which GFP (green) has been reconstituted between LNvs (magenta) and R78G02-GAL4 expressing neurons. Reconstituted GFP is visible in the AMe near the
s-LNvs. J, A GRASP brain preparation as in I. Reconstituted GFP is visible along dorsal projection (dp) of the s-LNvs. pot, Posterior optic tract of the l-LNvs. Scale bars, G–I, 20 �m. ***p 
 0.001.
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connection between the l-LNvs and the s-LNvs is not required for
the adjustment of the evening peak by the l-LNvs under long day
conditions.

Discussion
The experiments described above lead to two unexpected find-
ings regarding the network properties of circadian entrain-
ment in Drosophila. First, the l-LNvs govern the phase of
evening peak of activity through PdfR-dependent effects on
evening cells that bypass the s-LNvs. Although previous work
has implicated the l-LNvs in the control of evening peak phase
(Cusumano et al., 2009; Potdar and Sheeba, 2012), our results
are the first to provide evidence that there is a direct connec-
tion between the l-LNvs and evening cells within the AMe and
that this connection mediates the photoperiodic adjustment
of sleep and activity in the fly. Second, the HB eyelets light
input pathways, long implicated in circadian entrainment,
have opposing effects on the l-LNvs and s-LNvs, inhibiting the
former and exciting the latter. These results reveal not only a
differential effect of a light input pathway on specific nodes of
the CCNN but also establish that light from extraretinal pho-
toreceptors can have synergistic or antagonistic effects on
CRY- and compound eye-mediated light responses, depend-
ing on the clock neuron target in question.

Both the l-LNvs and s-LNvs express the blue light circadian
photoreceptor CRY, the expression of which renders neurons

directly excitable by light entering the brain through the cuticle
(Fogle et al., 2011). How such CRY-mediated light input interacts
with input from external photoreceptors is not well understood,
although it is known that each system alone is sufficient for the
entrainment of locomotor rhythms (Helfrich-Förster et al.,
2001). Genetic evidence suggests that the HB eyelets have rela-
tively weak effects on circadian entrainment: flies with functional
eyelets that lack compound eyes, ocelli, and CRY entrain rela-
tively poorly to LD cycles relative to flies with functional eyes or
CRY (Rieger et al., 2003). The small phase responses of locomo-
tor rhythms to HB eyelet excitation further supports a relatively
weak effect of the eyelet on free-running locomotor rhythms.

The LNvs are critical nodes in the CCNN and are closely as-
sociated with input pathways linking the central brain to external
photoreceptors (Helfrich-Förster et al., 2007). Work on the LNvs
has provided evidence for a division of labor among the l-LNvs
and s-LNvs: the l-LNvs are wake-promoting neurons that acutely
govern arousal and sleep independently of the s-LNvs (Parisky et
al., 2008; Shang et al., 2008; Sheeba et al., 2008; Chung et al.,
2009), whereas the s-LNvs act as key coordinators of the CCNN
to support robust circadian timekeeping (Helfrich-Förster, 1998;
Grima et al., 2004; Shafer and Taghert, 2009; Sheeba et al., 2010).
Anatomical and genetic evidence has long supported the notion
that the dorsal projections of the s-LNvs represent the key con-
nection between the LNvs and the remaining components of the
CCNN (Helfrich-Förster, 1998; Grima et al., 2004; Fernández et

Figure 6. Network model of light input in the circadian clock neuron network that governs bimodal locomotor rhythms. The l-LNvs receive excitatory cholinergic from the compound eyes (ACh)
and inhibitory histaminergic (His) input from the HB eyelets, whereas the s-LNvs receive excitatory ACh input from the HB eyelets. Thus, HB eyelet activity antagonizes compound eye- and
CRY-mediated light excitation in the l-LNvs while synergizing CRY-mediated excitation in the s-LNvs. Although we separate ACh and His terminals for the eyelet in the model, we do not mean to
suggest that these two transmitters are differentially trafficked to different presynaptic termini. Rather, the differential effects of eyelet excitation are most likely due to the differential expression
of receptors on the l-LNvs and s-LNvs. The l-LNvs modulate (red arrows) the s-LNvs and the E1 and E2 evening neurons via PDF. Such modulatory signaling likely sets the phase of the molecular clocks
in target neurons, although it results in a modest excitation of targets as well (see Discussion). We hypothesize that the effects of the HB eyelets wane over the course of the day. Consequently, the
excitatory influence of the compound eyes on the l-LNvs prevails under long days. The neuropeptides expressed by the various classes of clock neurons are indicated by color as is the pattern of CRY
expression (dark blue outline). For the exception of the l-LNvs, PdfR is expressed wherever CRY is expressed. M, Morning neurons (s-LNv); E3, evening neurons that are not receptive to PDF.
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al., 2008; Sivachenko et al., 2013; Petsakou et al., 2015). However,
a smaller body of work has suggested that the l-LNvs also con-
tribute to the entrainment of sleep/activity rhythms under LD
cycles (Shang et al., 2008; Shafer and Taghert, 2009; Sheeba et al.,
2010). Our Pdf knockdown and PdfR rescue experiments under
long day conditions indicate that, as the day grows longer, the
l-LNvs play a greater role in the timing of the evening peak (Fig. 3;
compared with Shafer and Taghert, 2009). Moreover, the effects
of PDF released from the l-LNvs are mediated not by the PDF
receptive s-LNvs but rather by the fifth s-LNvs and a subset of the
LNds (Fig. 5), the NPF and ITP coexpressing LNds in particular
(with some influence of the other PDF-receptor positive LNds).
These same neurons were recently identified as evening cells that
are physiologically responsive to PDF but relatively weakly cou-
pled to LNv clocks under conditions of constant darkness (Yao
and Shafer, 2014). Our results suggest that the l-LNvs differen-
tially modulate the NPF/ITP-positive evening oscillators as a
function of day length, producing stronger PDF-dependent de-
lays under long day conditions through increased release of PDF
from the l-LNvs, thereby delaying the evening activity peak.
Thus, the l-LNvs mediate their effects on the evening peak of
activity through their action on the NPF/ITP-positive subset of
evening oscillators. The proposed PDF release from the l-LNvs
under long days requires their activation via CRY and/or the
compound eyes via ACh release from lamina L2 interneurons
(Muraro and Ceriani, 2015). We hypothesize that the inhibitory
influence of the HB eyelets ceases under long days allowing the
compound eyes and CRY to maximally excite the l-LNvs. Indeed,
previous work has established that the compound eyes are espe-
cially important for adapting fly evening activity to long days
(Rieger et al., 2003). Furthermore, several studies have suggested
that the compound eyes signal to the l-LNvs leading to enhanced
PDF release and a slowing-down of the evening oscillators
(Rieger et al., 2006; Wülbeck et al., 2009; Yoshii et al., 2009;
Helfrich-Förster, 2014). A recent paper measuring Ca2� rhythms
in the different clock neurons in vivo supports this view (Liang et
al., 2016): Ca2� rhythms in the l-LNvs peak in the middle of the
day, unlike the s-LNvs, which display Ca2� peaks in the late night/
early morning. We suggest that this phasing is produced by the
inhibition of l-LNvs by the eyelets in the morning, followed by the
excitation of the l-LNvs by the compound eyes and CRY. Inter-
estingly, the only other clock neuron classes to display Ca2� in-
creases during the day are the LNds and fifth-sLNv, which phase
lag the l-LNvs by �2.5 h and display peak Ca2� levels in the late
afternoon, a time that coincides with the evening peak of activity
(Liang et al., 2016). We propose that the relative coordination of
Ca2� rhythms between the l-LNvs and the LNds/fifth-sLNv is
produced by the connection we have identified between these
neurons and the action of the eyelet and visual system on the
l-LNvs (Fig. 6).

Recent work has revealed that evening activity is promoted
directly by the evening oscillator neurons and that the mid-day
siesta is produced by the daily inhibition of evening oscillators by
a group of dorsal clock neurons (Guo et al., 2016). We propose
that the connections we have described here govern the timing of
the evening peak of activity through the PDF-dependent modu-
lation of the molecular clocks within the evening oscillator
neurons (Li et al., 2014) (Fig. 6, red arrows), although PDF mod-
ulation likely results in the excitation of target neurons (Seluzicki
et al., 2014), which would promote evening activity. Our results
reveal new and unexpected network properties underlying the
entrainment of the circadian clock neuron network to LD cycles
(summarized in Fig. 6). Excitatory effects of light on the LNvs are

differentially modulated by the HB eyelets via cholinergic excita-
tion of the s-LNvs and histaminergic inhibition of the l-LNvs.
Our work further reveals PDF-dependent modulatory connec-
tions in the AMe between the l-LNvs and the s-LNvs and, most
surprisingly, between the l-LNvs and a small subset of evening
oscillators. Our work indicates that the latter connection is criti-
cal for the adjustment of evening activity phase during long,
summer-like days. This network model of entrainment reveals
not only how CRY and external photoreceptors interact within
specific nodes of the CCNN, but also how photoreception is likely
to drive changes in CCNN output in the face of changing day
length.
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