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Abstract

The neuropeptide PDF promotes the normal sequencing of circadian behavioral rhythms in 

Drosophila, but its signaling mechanisms are not well understood. We report daily rhythmicity in 

responsiveness to PDF in critical pacemakers called small LNvs. There is a daily change in 

potency, as great as 10-fold higher, around dawn. The rhythm persists in constant darkness, does 

not require endogenous ligand (PDF) signaling, or rhythmic receptor gene transcription. 

Furthermore, rhythmic responsiveness reflects the properties of the pacemaker cell type, not the 

receptor. Dopamine responsiveness also cycles, in phase with that of PDF, in the same 

pacemakers, but does not cycle in large LNv. The activity of RalA GTPase in s-LNv regulates PDF 

responsiveness and behavioral locomotor rhythms. Additional, cell autonomous PDF signaling 

reversed the circadian behavioral effects of lowered RalA activity. Thus RalA activity confers high 

PDF responsiveness, providing a daily gate around the dawn hours to promote functional PDF 

signaling.
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INTRODUCTION

The Drosophila brain contains ~150 neurons that function as circadian pacemakers 

controlling daily physiological and behavioral rhythms. The neurons interact extensively via 

conventional neurotransmission and via neuropeptidergic signals to organize temporal 

information across the network and to mediate entrainment to environmental signals (Collins 

et al., 2014; Chung et al., 2009; Guo et al., 2014, Hermann-Luibl et al., 2014; Kunst et al., 
2014; Parisky et al., 2008; Renn et al., 1999; Shafer et al., 2008).

Cellular properties among the Drosophila pacemaker cells differ greatly (e.g., Helfrich-

Forster et al., 2007; Nitabach and Taghert, 2008). Notably, the neuropeptide Pigment 

Dispersing Factor (PDF) is produced by about 10% of the pacemakers (called ventrolateral 

neurons, LNv, Helfrich-Forster, 1997). PDF mediates pacemaking functions by the LNv 

neurons (Renn et al., 1999; Beckwith and Ceriani, 2015; Dissel et al., 2014; Yao and Shafer, 

2014), but how it does so remains a mystery. PDF signaling promotes molecular cycles 

among clock cells (Cusumano et al., 2009; Im et al., 2011; Lear et al., 2009; Lin et al., 2004; 

Peng et al., 2003; Yoshii et al., 2011); it also supports the stability of TIMELESS (Seluzicki 

et al., 2014) and PER (Li et al., 2014). Recent in vivo whole brain scanning of pacemaker 

calcium activities across the full 24 hr day revealed PDF is responsible (in part) for the non-

synchronous activity patterns normally exhibited by the different pacemaker groups (Liang 

et al., 2016).

Here we investigate the extent to which PDF responsiveness by identified pacemakers may 

change over the course of a day, and whether such changes may constrain PDF modulation 

to specific time domains. In mammals, cellular properties within circadian pacemakers 

undergo striking diurnal changes (e.g., An et al., 2012; Itri et al., 2010). Likewise, in the 

Drosophila circadian system, many cellular properties reflect the strong influence of clock 

outputs. The small LNv (s-LNv) undergo daily morphological changes (e.g., Gorostiza et al., 
2014), and the large LNv (l-LNv) display biochemical (Kula-Eversole et al., 2010) and 

physiological rhythms (e.g., Cao and Nitabach, 2008).

PDF receptor (Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005) is broadly expressed 

across the pacemaker network by about half the total cell number (Im and Taghert, 2010). 

PDF receptor is coupled to Gsα (Hyun et al., 2005; Lear et al., 2006; Mertens et al., 2005) 

and to the IP3 receptor (Agrawal et al., 2013). Pharmacologically, PDF sensitivity is 

displayed across the circadian network (Im and Taghert, 2010; Pírez et al., 2013; Shafer et 
al., 2008; Yao and Shafer, 2014). Here we report that sensitivity does indeed follow a 

circadian cycle (a daily change in potency as great as 10-fold), in a transcription- and ligand-

independent manner, and in a manner that reflects its cellular context. Moreover, the change 

gates functional PDF signaling to a narrow period around dawn and it involves regulation by 

the small GTPase, RalA.
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RESULTS

PDF sensitivity shows circadian variation in s-LNv cells

To ask whether PDF sensitivity changes over the course of the day in vivo, we tested a single 

concentration of the peptide (10−07 M - within the linear range of the PDF concentration-

effect curve - Shafer et al., 2008) on the s-LNv subgroup of clock cells, using the transgenic 

EPAC-FRET sensor for cyclic nucleotide levels (Figure 1). Under a 12:12 light/dark (LD) 

regimen, the amplitudes of FRET responses to PDF were highest during the four-hour period 

ZT1-4 (immediately after lights-on). They exhibited ~50% of that peak value at all other 

times of the day tested (Figure 1A). The diurnal change in PDF sensitivity persisted on the 

second day of constant darkness (DD2 - Figure 1B) with peak values early in the subjective 

day. To evaluate the daily change, we chose two times representing periods of either “high” 

(ZT4) or “low” (ZT22) sensitivity states and determined full concentration-effect curves 

(Figure 1C, D): s-LNv were ~5-fold more sensitive to PDF at ZT4 (EC50: 5.5 × 10−08) 

versus ZT22 (EC50: 2.4 × 10−07). Sensitivity to PDF increased from an EC50 of 3.7 × 10−07 

at CT22 (CT = Circadian Time) to 1.2 × 10−07 at CT4 (these times were 36 vs. 42 hr 

respectively after release into constant darkness). Values and statistical analyses of EC50s 

and maximum amplitudes for all experiments are reported in Table 1.

We next asked whether the diurnal change in PDF sensitivity was modified according to day 

length. Drosophila reared under short day (SD) conditions (08hr:16hr) displayed greatly 

increased average responses to 10−07 M PDF compared to those reared under 12hr:12hr, and 

to long day (16hr:08hr) conditions (Suppl. Figure 1A). A more complete analysis revealed 

that PDF sensitivity cycled across a full ~10 fold difference under SD (Figure 1E): the EC50 

was 2.6 × 10−07 at ZT22, and 2.9 × 10−08 at ZT4 (Table 1). Finally, we tested the direct 

involvement of the molecular circadian clockwork in setting the phase of this rhythm by 

mis-expressing the ‘long’ variant of the DOUBLETIME (DBT) kinase in LNv (Pdf > 

dbt[L]). The L variant produces long circadian locomotor periods in this genotype (Muskus 

et al., 2007) and when expressed exclusively in PDF neurons, it produced a ~7-8 hr delayed 

phase in the peak of PDF sensitivity over the course of two days in constant darkness, 

compared to the control genotype (Figure 1F). This finding is consistent with cell 

autonomous regulation by the circadian clock. In summary, there is a daily change in PDF 

sensitivity in s-LNv pacemakers, which, is enhanced under SD conditions, and which 

reflects cell autonomous control by the circadian clock.

To derive an estimate for how quickly PDF sensitivity can be normally regenerated in vivo, 

we applied neuraminidase (NM) to isolated brains; NM disrupts glycan modifications 

present on membrane proteins. We anticipated that PDF responses in s- LNv would be 

disrupted due to modification of diverse molecules, but in particular to adenylate cyclase 3 

(AC3), which is coupled to PDFR in s-LNv (Duvall and Taghert, 2012), and which in 

mammals displays glycosylation that is functionally-important (Henion et al., 2011). PDF 

responses were indeed degraded by short-term NM treatment (Suppl. Figure 1B & C). This 

was true for both “morning-type” (M: s-LNv) and “evening-type” (E: LNd) pacemakers (see 

Stoleru et al., 2004; Duvall and Taghert, 2013). Notably, M and E pacemakers displayed full 

recovery of PDF sensitivity in cultured brains within ~ 2hr (albeit with cell-type specific 
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rates - (Suppl. Figure 1D-F & H). The degree of recovery varied according to time of day: 

after a single 60 min recovery period, recovery was highest in the morning (Suppl. Figure 

1G & H). Thus critical aspects of PDF signaling complexes (their composition, number 

and/or location) are dynamic within pacemaker cell groups in vivo, and are most quickly 

regenerated around dawn.

Changes in PDF sensitivity persist despite excess receptor expression and 
also in the absence of the PDF ligand—We asked whether the changes in PDF 

sensitivity in s-LNv were the product of daily changes in Pdfr transcription. Many 

transcripts display daily rhythms of abundance within pacemaker neurons of the fly brain as 

outputs of the circadian clock (Kula-Eversole et al., 2010; Abruzzi et al., 2011). Pdfr 
message levels in s-LNv are higher at ZT12 than ZT0, according to microarray 

determinations from purified neurons (Kula-Eversole et al., 2010). That pattern of 

enrichment is approximately 12 hours out of phase to that which we describe here for PDF 

sensitivity. We previously reported that over-expressed PDFR confers ectopic sensitivity to 

PDF onto large LNv (l-LNv) and, for s-LNv, over-expression adds ~10% to the maximal 

amplitude of their normal response to PDF (Shafer et al., 2008). We over-expressed UAS-

Pdfr in a wild-type background using the same non-rhythmic Pdf-GAL4 driver. In that over-

expression background, PDF sensitivity in s-LNv revealed a persistent daily change in 

sensitivity, with EC50 values of 6.7 × 10−08 levels at ZT4 and 2.5 × 10−07 at ZT22 (Figure 

2A; Table 1). We also tested the effects of PDFR over-expression in a Pdfr −/− background 

(han5304 a strongly hypomorphic mutant allele – Hyun et al., 2005). In that mutant 

background, there is no PDF sensitivity in s-LNv (Shafer et al., 2008). In the present 

experiments, the main source of receptor gene transcription was the UAS-Pdfr transgene 

driven by the non-rhythmic Pdf-Gal4 driver. In this combined han mutant/Pdfr over-

expression background, PDF sensitivity in s-LNv displayed a significant daily change 

(Figure 2B; Table 1). We next asked whether the daily change in PDF sensitivity reflected 

ligand-induced receptor endocytosis, by measuring responses in pdf01 flies (these 

chronically lack PDF neuropeptide). We recorded a similar, significant change in the EC50 

values for PDF sensitivity (Figure 2C; Table 1). Together these observations suggest the 

mechanisms underlying daily changes in PDF sensitivity in s-LNv are largely post-

transcriptional and ligand-independent.

Ectopic PDF receptor expression confers PDF sensitivity that is time-of-day 
invariant—The daily rhythm of PDF sensitivity in s-LNv could reflect a property of the 

PDF receptor, or it could reflect the cellular context - the specific properties of s-LNv 

pacemakers. To discriminate between these possibilities we targeted ectopic expression of 

PDF-R using c929(dimm)-GAL4 to confer sensitivity to neurons that do not otherwise 

respond to PDF (cf. Shafer et al., 2008). Specifically, we studied (i) l-LNv pacemakers as 

well as (ii) two large non-pacemaker neurons of the sub-esophageal neuromeres (SE2, they 

express dFMRFa peptides (Schneider et al., 1993); SE2 do not express the molecular 

clockwork and are not traditionally considered part of the canonical circadian pacemaker 

network. For both ectopic sites, we measured concentration-effect curves to PDF at the peak 

and trough times (ZT4 and ZT22). Under the conditions tested, ectopic PDF sensitivity was 

again conferred onto the l-LNv pacemakers, but it showed no time-of-day variation: EC50 
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values were 2.0 × 10−08 at ZT4 versus 3.2 × 10−08 at ZT22 (Figure 2D; Table 1). Likewise, 

in the non-pacemaker SE2 neurons, ectopic PDF sensitivity appeared very similar at both 

time points: EC50 values were 2.6 ×10−08 at ZT4 versus 2.4 × 10−08 at ZT22 (Figure 2E; 

Table 1). These observations suggest that the cycling mechanism(s), which produces normal 

daily changes in PDF sensitivity, likely involves properties reflecting the cellular context, 

and not properties specific to the PDF receptor molecule.

In s-LNv, daily changes also occur in sensitivity to other Gs alpha-coupled 
receptors—Because PDF-R-based responses varied according to cellular context, we next 

asked whether similar daily changes might also be observed for other Gs-coupled GPCRs in 

the s-LNvs. Dopamine (DA) generates cAMP increases in vivo, in both small and l-LNv, the 

latter via one or more D1-like dopamine receptors (Shang et al. 2011; Duvall and Taghert, 

2012). We first measured responses to a single (sub-maximal) concentration of DA 

throughout the day. The s-LNv displayed a rhythm of responsiveness, with a peak phase in 

synchrony with the peak phase of PDF responsiveness, just after lights-on (Figure 3A). In 

contrast, FRET responses to DA in l-LNv did not significantly vary over the 24-hr time 

period tested (Figure 3B). With full concentration-effect curve measures, we observed a 

~10-fold change in the EC50 measured for DA in s-LNv at ZT4 (4.8 × 10−06) versus at 

ZT22 (4.8 × 10−05) (Figure 3C; Table 1). In contrast, DA sensitivity in l-LNv was invariant 

at the two times tested: EC50 = 5.8 × 10−06 (ZT4) versus 5.6 × 10−06 (ZT22) (Figure 3D; 

Table 1). PDF and DA sensitivities co-vary in daily sensitivity measures, and the daily 

variation in PDF signaling is context-dependent (i.e., it is seen in s-LNv, but not in l-LNv). 

These facts suggest potential coordinate rhythmic regulation of the Gs-alpha signaling 

system in s-LNv. PDF-R in s-LNv is coupled to the AC3 isoform of adenylate cyclase 

(Duvall and Taghert, 2012); we asked whether this adenylate cyclase isoform might also be 

coupled to DA-R(s). RNAi targeting of AC13E and of ACX-A both partially reduced DA 

responsiveness in s-LNv, whereas targeting of AC3 did not (Suppl. Figure 2-top). Likewise, 

over-expression of AC3 completely eliminated PDF autoreceptor sensitivity in s-LNv, but it 

had no effect on DA responsiveness in these same pacemaker neurons (Duvall and Taghert, 

2012). We conclude that the daily rhythms of PDF and DA responsiveness in s-LNv are not 

due to regulation of a common AC.

We noted that FRET response waveforms in the face of sustained exposure to DA were 

different from those characteristically seen in response to sustained exposure to PDF. 

Specifically, DA responses peaked within 1-2 minutes (as did PDF responses) but then 

rapidly attenuated, whereas PDF responses remained at or near their maximal amplitudes for 

>5 minutes and for as long as free peptide remained available (Figure 3E and F; see also 

Shafer et al., 2008). In parallel, we also tested the ability of the PDF neuropeptide and of 

dopamine to provoke recruitment of β-arrestin (β-ARR) to the plasma membrane in cells 

expressing PDF-R or either of two Drosophila D1-like receptors. β-ARR recruitment can 

activate membrane trafficking resulting in rapid GPCR internalization, thereby truncating 

initial signaling events. Exposure to PDF consistently failed to recruit β–ARR1-GFP or β-

ARR2-GFP translocation in hEK-293 cells that expressed functional PDF-R (Suppl. Figure 

2 - bottom). Addition of GRK2 or of a dominant negative Dynamin (Johnson et al., 2003) 

did not affect this result (see Suppl. data). Most other Drosophila neuropeptides potently 
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recruit β-ARR2 translocation following activation of their cognate receptors in hEK cells 

(Johnson et al., 2003), including DH31 (Johnson et al., 2004). The DH31–R and PDF-R 

share considerable molecular similarity as members of a group derived from ancestors of the 

calcitonin/CGRP receptors. (Hewes and Taghert, 2000). DA potently recruited β-ARR2-GFP 

translocation (Suppl. Figure 2). Thus the display of transient short term, G protein-

dependent signaling by the D1-type receptor in vivo is correlated with its ability to recruit β-

ARR translocation in hEK-293. Neither property is displayed by PDFR.

Manipulation of the RalA GTPase specifically in PDF neurons mimics daily 
changes in PDF sensitivity in s-LNv—The combined evidence suggested that daily 

changes in the membrane of the s-LNv (perhaps involving trafficking) leads to daily rhythms 

of PDF sensitivity. We used RNAi transgene screening to evaluate potential mediators of 

vesicle trafficking in PDF neurons (W. Li and P.H. Taghert, unpublished) and in so doing, 

turned attention to the gene encoding the rho-related G protein, RalA (Wang et al., 2004). 

RalA controls diverse cellular activities through discrete effectors, including the promotion 

of vesicle exocytosis via interactions with the exocyst (Chen et al., 2011). The exocyst is a 

multi-subunit protein complex associated with post-Golgi, cargo-filled vesicles and it 

controls multiple membrane trafficking processes (Gentry et al., 2014). Knockdown of 

several exocyst components often, though not uniformly, produced a circadian locomotor 

syndrome that included increased arrhythmicity in DD, accompanied by longer circadian 

behavioral periods (Suppl. Table 1).

We first tested for the possible influence of RalA on sensitivity to PDF by expressing 

transgenes encoding the N19V constitutively active (CA) or the S25N dominant negative 

(DN) forms of RalA (Sawamoto et al., 1999; Mirey et al., 2003) in PDF neurons exclusively 

(Pdf> UAS rala-CA and Pdf> UAS rala-DN). We measured the phase of daily changes in 

PDF sensitivity to a single sub-maximal concentration (Figure 4A) and also obtained full 

PDF concentration-effect curves at ZT4 and ZT22 using the EPAC FRET reporter (Figure 

4B, C and Table 1). Brains mis-expressing either of the two RalA variants were typically 

tested simultaneously in the same imaging chamber to reduce the possibility that any 

differential effects observed were due to technical differences in presentation (see Methods). 

Both transgenes eliminated the rhythmic change we had observed in sensitivity to PDF, but 

did so in opposite ways. CA-expressing s-LNv displayed high levels of sensitivity 

throughout the day, while DN-expressing s-LNv correspondingly displayed consistently 

lowered levels (Figure 4A). The EC50 values for RalA (CA)-expressing s-LNv were not 

significantly different from each other (Figure 4B): at ZT4 it was 8.2 ×10−08 and at ZT22 it 

was 9.1 ×10−08. Likewise for RalA (DN)-expressing s-LNv, the ZT4 and ZT22 values were 

not different from each other (Figure 4C): 3.2 ×10−07 and 4.4 ×10−07 respectively. 

Furthermore, the values for both timepoints in (CA)- expressing s-LNv were not 

significantly different from that of control brains at ZT4 (5.4 × 10−08). In contrast, the EC50 

value at ZT22 for both for (CA)-expressing and (DN)-expressing s-LNv were significantly 

different from that of the control genotype, 2.1 × 10−07. Thus the DN isoform of RalA 

biased s-LNv’s to a “low” sensitivity state, at both ZT4 and ZT22, whereas the CA isoform 

of RalA biased the same neurons to a high sensitivity state at both time points.
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To extend these observations, we also asked whether these same genetic manipulations in 

these same neurons similarly altered responses to DA (Suppl. Figure 3). Indeed, the DN 

isoform of RalA biased s-LNv’s to a “low” DA sensitivity state at both time points with 

EC50 values that were not significantly different from each other: the ZT4 value was 2.9 × 

10−05 and the ZT22 value was 4.8 × 10−05. Furthermore, the CA isoform of RalA biased the 

same neurons to a high DA sensitivity state again with EC50 values that were not 

significantly different from each other: the ZT4 value was 5.7 ×10−06 and the ZT22 EC50 

value was 6.4 ×10−06. Thus RalA isoforms had similar effects on s-LNv sensitivities to PDF 

and to DA. Based on these genetic interactions, we tested the hypothesis that RalA and PDF-

R co-associate in living cells by studying their localization when co-transfected in hEK-293 
cells (Suppl. Figure 4 - top). Most cells displayed numerous puncta indicative of highly co-

localized RalA and PDFR; in some instances, RalA-enriched vesicles surrounded PDFR-

containing cargo. We observed these discrete points of co-localization near (or perhaps at) 

the plasma membrane. As indicated by the time series shown, such puncta typically did not 

maintain fixed positions for more than a few seconds. These observations support the 

hypothesis that RalA can affect the distributions of PDFR and or its signaling complexes 

within s-LNv. We asked whether RalA manipulation in vivo produced deleterious effects on 

s-LNv viability or on its neuropeptide expression. We found no consistent differences 

between these experimental genotypes and their control in apparent morphology or in 

peptide immunoreactivity (Suppl. Figure 4 - bottom).

RalA manipulations produce circadian locomotor phenotypes that correlate 
with effects on PDF autoreceptor signaling—We reasoned that if RalA normally 

affected PDF receptor signaling in M cells, then genetic manipulations of rala should 

produce changes in behavior comparable to that observed when PDF autoreceptor signaling 

is altered. PDF signaling via autoreceptors in s-LNv (M pacemakers) (i) promotes morning 

activity (total activity 3 hr before lights-ON), (ii) advances the phase of the morning peak, 

(iii) increases the ratio of the morning to evening peak and (iv) shortens the circadian period 

(Choi et al. 2014). We therefore recorded daily locomotor rhythms in Pdf > ralaCA and Pdf > 

ralaDN variants (Figure 5), both in combination with the UAS-EPAC FRET transgene (to 

make the observations directly comparable with imaging results).

Under LD conditions, morning activity, anticipation and the morning ratio (morning vs. 

evening activity peaks) were very comparable in scale between control (Pdf > w1118) and the 

RalA-CA-expressing flies. However morning activity and anticipation were both reduced in 

flies expressing the RalA-DN variant (Figure 5D). By examining activity in the first day of 

DD (the first subjective morning, cf., Lear et al., 2009), we found the morning activity peak 

was delayed but not reduced by RalA-DN expression (Figure 5B). Finally, the RalA-DN 

variant increased the circadian period significantly, whereas circadian period following 

expression of the RalA-CA variant was largely similar to control (in one of three 

experiments we observed a slight though significant decrease; when combined the three 

experiments together revealed no significant difference). To confirm the authenticity of these 

rala genetic behavioral effects, we used targeted RNAi expression as an independent method 

of manipulating rala levels (Figure 5A-C). Indeed, reducing rala RNA levels specifically in 

LNv (using Pdf-Gal4) reduced morning activity, delayed the morning peak phase and 
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increased circadian period (Figure 5E). Using a conditional gal80ts design, we confirmed 

that the behavioral effects of these rala manipulations were due to changes in the physiology 

of adult neurons and not due to the altered development of PDF neurons (Suppl. Figure 5). 

The rala [DN]-dependent effects on Morning activity and on the lengthening of circadian 

period were limited to flies that experienced the restrictive temperature (Suppl. Figure 6). 

These and all other behavioral results are compiled in Suppl. Tables 1 & 2. We also 

measured the behavioral effects of the CA and DN rala variants when expressed throughout 

the entire circadian pacemaker network by combining them with tim(UAS)-Gal4 and found 

largely congruent results (Suppl. Figure 7). Both isoforms produced increased morning 

activity. Under constant conditions, RalA-CA produced no effect on τ, whereas RalA-DN 

lengthened it, comparable to when RalA-DN expression was limited to PDF neurons. In 

summary, RalA manipulations that bias s-LNv to a steady low PDF sensitivity state also 

alter morning activity and increase circadian period. These results support the conclusion 

that functionally-effective PDF signaling in M neurons (signaling above the threshold 

necessary for specific behavioral consequence) is confined to a period just after lights-on by 

a RalA-dependent “morning gate”.

Expression of a tethered-PDF reverses RalA-DN effects in M neurons—To test 

the hypothesis of a morning gate for behaviorally-effective PDF receptor signaling, we asked 

whether increased availability of PDF ligand for PDF receptors in s-LNv could affect 

behavioral results produced by manipulating RalA. We reasoned that if high PDF sensitivity 

conferred by RalA-CA represented a true ceiling to effective PDF signaling, additional PDF 

ligand would not substantially change behavioral measures found with RalA-CA expression. 

However, if the DN isoform of RalA confers a low sensitivity state by decreasing PDF 

receptor number or quality (or otherwise limits its spatial distribution), additional PDF 

ligand could potentially reverse such behavioral effects. Indeed, these expectations were 

largely met. We used a tethered PDF transgenic strategy (t-PDF) to limit additional PDF 

ligand to the LNv’s. Choi et al. (2014) reported that 4 copies of t-Pdf driven by Pdf-Gal4 

(but not 1 or 2 copies) significantly lowered circadian period. We found that t-Pdf combined 

with ralaCA produced a minor increase in the Morning Ratio (Figure 6B) and that t-Pdf 
combined with ralaDN produced a minor increase in the Morning Anticipation (Figure 6D). 

More significantly, we found that, in each of three separate experiments, combining t-Pdf 
with ralaDN lowered circadian period by more than one hr (Figure 6C and D, and Suppl. 

Table 1). In contrast, combining t-Pdf with ralaCA had no such effect on period (Figure 6A 

and B, and Suppl. Table 1). Concerning control genotypes, two and four copies of t-PDF 

alone did not change circadian period, neither did the coupling of two or four copies of a 

scrambled tethered PDF with RalA-DN, nor coupling of 4 copies of a tethered DH31 peptide 

with Ral-DN (Suppl. Table 2). Most of these genotypes exhibited increased percentages of 

arrhythmic flies, but not to a greater extent than four copies of t-PDF alone. Likewise, none 

of these “control” tethered peptides significantly changed circadian period when coupled to 

RalA-CA. Thus, under constant conditions, neurons biased to an invariant low-PDF 

sensitivity state can nevertheless trigger additional PDF receptor signaling with circadian 

behavioral consequence, if provided additional PDF ligand. However, additional PDF ligand 

does not provoke consequential PDF receptor signaling in neurons biased to an invariant 

high sensitivity state. We also noted that the morning peak of activity in Pdf > ralaDN flies 
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enigmatically displayed a normal phase (Figure 6C), which is different from the result 

obtained when this genotype included the UAS-Epac transgene (Figure 5) and when we 

assayed the behavior using a gal80ts transgene (Suppl. Figures 5 and 6).

DISCUSSION

The neuropeptide PDF promotes proper behavioral sequencing dictated by the circadian 

timing system. This work has revealed a fundamental aspect underlying PDF physiological 

mechanisms. While s-LNv pacemakers respond to pharmacological doses of PDF at all 

times of day, functional PDF signaling (signaling that is behaviorally-consequential) is 

constrained to a narrow time window around dawn. The constraining mechanism is cell 

type-specific, receptor-selective, ligand-independent, and RalA-biased. Prior studies of PDF 

signaling have primarily determined the spatial aspects of receptor expression (Lear et al., 
2009; Im and Taghert, 2010, Duvall and Taghert, 2012; 2013; Yao and Shafer, 2014). 

However, many cellular properties of pacemaker neurons vary over time. Pírez et al. (2013) 

found pharmacological evidence for a rhythm of PDF sensitivity in certain target neurons: 

supermaximal concentrations (10−05 M) of PDF produced larger amplitude responses in 

Ellipsoid Body (non-circadian pacemaker) target neurons in the morning versus evening. 

Here we show that critical pacemaker neurons use the 24-hr clock to change responsiveness 

(as much as 10-fold) to key neurotransmitter substances, including to the PDF neuropeptide. 

These results argue strongly that the temporal/pharmacological details of neuropeptide 

signaling are equally critical to properly understand neuropeptide modulation of neuronal 

circuits. In particular, they demonstrate that the responsiveness of the target cell, not just the 

level of signaling ligand, can be rhythmic. A corollary of this observation is that the times of 

maximal responsiveness predict when significant neuropeptide signaling occurs.

Our work builds on a broad consensus that Drosophila PDF signaling proceeds early in the 

photophase (Park et al., 2000; Cusumano et al., 2009; Zhang et al., 2009; Im et al., 2011; 

Collins et al., 2014; Choi et al., 2014). The specific thought is that ligand availability (via 

PDF release) is greatest in the morning. However, this important point remains an inference: 

there are as yet no direct observations of PDF release in vivo. In fact, declines in PDF 

immunohistochemical detection happen over many hours (Park et al., 2000) and PDF 

neurons exhibit electrophysiological activity throughout the day (Cao and Nitabach, 2008). 

We propose that the inferred peak of PDF availability and the demonstrated peak of PDF 

responsiveness are co-aligned to occur just after dawn for optimal, rhythmic neuropeptide 

modulation. Why does the gate for high PDF signaling occur in the early morning hours? 

Genetic evidence suggests PDF and Cryptochrome signals converge to drive proper PER 

cycles (Cusumano et al., 2009; Zhang et al., 2009; Im et al., 2011) due to co-expression of 

CRY and PDFR in specific pacemakers (Im et al., 2011). CRY levels fall quickly after light 

exposure (Busza et al., 2004), and so the temporal alignment of optimal PDF sensitivity with 

maximal CRY levels supports a co-activation model in the early morning hours. Together 

these observations support the hypothesis that PDF signaling in the early morning hours, 

when responsiveness is highest, has the greatest behavioral consequence.
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What mechanisms underlie daily changes in PDF sensitivity of s-LNv pacemakers?

We observed a daily rhythm in the dependence of the cyclic-nucleotide response on the 

concentration of PDF (potency), rather than the maximal response (efficacy). In a multi-step 

process, this could be produced by changes in receptor number, distribution and/or quality, 

or could result from the rhythmic effects of a competitive antagonist. In addition, if one or 

more steps in the process are saturated under normal conditions, the change could occur 

after the initial receptor-ligand interaction. Zhang and Emery (2012) reported that GW182 

positively modulates PDFR signaling via miRNA-dependent gene silencing and subsequent 

inhibition of dunce (phosphodiesterase) RNA. GW182 is unlikely to cause the daily change 

in PDF sensitivity in s-LNv because GW182 actions were attributed completely to its 

functions within E pacemakers (Zhang and Emery, 2012). Nevertheless, this possibility 

requires future investigation. In the mammalian liver, CRY inhibits glucagon-mediated 

cAMP accumulation by interaction with Gs α activity (Zhang et al., 2010). However a CRY-

based mechanism to negatively regulate PDF sensitivity after the morning hours appears 

unlikely in s-LNv because CRY protein is degraded rapidly in the early morning light, when 

PDF-R and DA-R signaling appear greatest.

Several previous studies have shown that signaling via 7-transmembrane (7TM) proteins 

varies based on circadian physiology. Most notably, odorant sensory neurons in Drosophila 
display daily rhythms in olfactory responses caused by circadian accumulation of olfactory 

receptors in their dendrites that is driven by changes in the GPR kinase 2 (Tanoue et al., 
2008). However, a GPRK2-based mechanism appears unlikely to explain PDFR daily 

changes in s-LNv: while Drosophila olfactory receptors are 7TM proteins, their polarity in 

the membrane is inverted relative to GPCRs and they function as ligand-gated ion channels 

(Benton et al., 2006). Likewise in the mouse suprachiasmatic nucleus, where the 

neuropeptide VIP signaling appears orthologous to PDF signaling in Drosophila (Vosko et 
al., 2007), levels of the VPAC2 receptor display diurnal and/ or circadian rhythmicity 

(Cagampang et al., 1998 Shinohara et al., 1999; An et al., 2012). However, whether such 

changes in accumulation translate to daily changes in VIP potency have not been 

investigated. The daily cycling of dopamine (D1-like) receptor responsiveness in Drosophila 
s-LNv parallels that of PDF receptor responsiveness, and recalls the work of Andretic and 

Hirsh (2000) who reported circadian variation in D2-like receptor responsiveness based on 

behavioral assays. Our current results suggest that rhythmic DA sensitivity in s-LNv may 

also have functional importance for s-LNv pacemaker outputs. Finally, Pdfr RNA levels also 

cycle in PDF neurons (K. Abruzzi and M Rosbash, pers. commun.) but with a peak phase 

around dusk, whereas PDF sensitivity in these neurons peaks 12 hr later. Likewise, we 

observed a normal daily rhythm in PDF responses when PDFR expression was driven only 

by the non-rhythmic Pdf GAL4 promoter.

We strongly implicate the small GTPase RalA in the mechanism underlying regulation of 

PDF sensitivity: we found that CA and DN isoforms of RalA in vivo respectively force PDF 

sensitivity to opposite endpoints within a dynamic range that the s-LNv normally traverses 

over the course of each day. Rala RNA levels do not cycle in vivo in LNv, according to 

information derived from single cell RNA profiling (K. Abruzzi and M. Rosbash, personal 

communication): instead we suspect RalA activity must cycle to produce the changes in 
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PDFR sensitivity. Active RalA binds diverse downstream effectors and modulates several 

cellular activities including secretory vesicle trafficking, growth of the neuromuscular 

junction, and regulation of the exocyst complex (Gentry et al., 2014). We speculate there is a 

daily generation of distinctive PDF receptors (distinguished by their location, post-

translational modification and/or by other signaling components) and that RalA is needed to 

promote their timely fusion with the plasma membrane. However, other RalA-based 

mechanisms are also possible (Nakashima et al., 1999; Jullien-Flores et al., 2000; Matsuzaki 

et al., 2002; Godin et al., 2010). Regardless of the precise interactions between the GPCR 

and RalA, finding a close apposition of RalA with PDFR in hEK cells (Suppl. Figure 4) (as 

previously demonstrated for metabotropic glutamate receptors (Bhattacharya et al., 2004)) 

supports the hypothesis that RalA efficiently biases PDFR receptor activity.

Lack of short-term attenuation of PDF receptor signaling

While PDF sensitivity displays striking temporal variation over a long (24 hr) time course 

(Figure 1), we observe that in the short term, PDFR signaling properties are remarkably 

stable. PDFR activation failed to recruit cytoplasmic β-ARR2-GFP translocation in vitro 
(Suppl. Figure 2), unlike the D1-Rs and unlike many other Drosophila neuropeptide GPCRs 

(Johnson et al., 2003, 2004). The stability of PDFR signaling is reminiscent of another class 

B GPCR, the parathyroid hormone receptor (Viladarga et al., 2014), and of certain GPCRs, 

like Type 1 mGluRs and CB1, which display agonist-independent, constitutive rates of 

endocytosis (Bhattacharya et al., 2004; LeTerrier et al., 2006). Notably, type 1 mGluR and 

CB1 are regulated by different control systems, including RalA (Dhami and Ferguson, 

2006).

The role of rhythmic PDF signaling in the regulation of behavior

To determine if changes in PDF sensitivity regulate diurnal locomotor behavior, we 

expressed RalA isoforms with additional (cell-autonomous) PDF signaling in M neurons and 

found that the expression of tethered PDF on the surface of M cells effectively suppressed 

the behavioral effects of RalA DN, but that there were no interactions with the high RalA 

activity state (RalA CA). Our interpretation of these results is two-fold. First, although 

changing RalA activity levels is bound to alter many aspects of M cell physiology, RalA-DN 

effects within M cells on circadian behavior are largely explained by its effects on PDF 

signaling. Secondly, because the RalA CA genotype confers constant high levels of PDF 

sensitivity, with little change in behavior, the circadian rhythm in PDF responsiveness is not 

critically required to support behavioral rhythms. This combination of cell-biological and 

behavioral observations suggests that a high level of PDF response is important early in the 

photophase, but that the assumption of a low level at other times is not critical. Therefore we 

propose the hypothesis that the daily change in PDF sensitivity in M neurons allows PDFR 

signaling to reach this necessary, high-sensitivity level in the morning. PDF signaling below 

this level has little influence on circadian behaviors and above it, does not appreciably add to 

rhythmic behavior. Other cellular processes may require that the level of PDF signaling 

declines during other phases of the circadian cycle. At present, the role of this daily change 

in responsiveness remains unclear, it may be energetically or physiologically unfavorable to 

maintain high PDFR (and other GPCR) signaling throughout the day.
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Further research will now ask which molecular mechanisms elevate PDF responsiveness in 

pacemaker neurons. We favor the possibility that a specific population of PDF receptors is 

promoted during the neuron’s period of high sensitivity, as a result of an action of RalA and 

that a similar mechanism exists for DA receptors. Together these observations may provide 

an entry for biochemical experiments to address this emerging theme in the neurobiology of 

circadian rhythms.

METHODS

Fly Rearing and Stocks

We reared Drosophila on yeast suppl emented with cornmeal/agar. Newly-eclosed males 

were collected each morning and entrained 4-7 days in a 12h:12h Light:Dark (LD) cycle. 

The 12:12 L:D cycle was maintained throughout rearing, except when flies were instead 

maintained in constant darkness for 1-2 days following the initial 3-4 days of entrainment in 

L:D. RNAi stocks were obtained from VDRC and TRiP stock centers; rala RNAi was tested 

along with UAS-dcr2. All other UAS lines and Gal4 lines have been described previously: 

w; UAS-Epac1camps50A (Shafer et al., 2008), w, Pdf-Gal4(M) (Park et al., 2000), w1118; 

UAS—dbtL (Muskus et al., 2007), UAS-ralaCA (G20V) and w;UAS-ralaDN (Mirey et al., 
2003; Sawamoto et al., 1999), w;UAS-Pdfr (16) (Mertens et al., 2005), w;;pdf01 (Renn et al., 
1999); Pdfr-han5534 (Hyun et al., 2005); 2x- and 4x-tethered PDF fly stocks (w; 

UAS-2xtPDF and w; UAS -4xtPDF) (Choi et al., 2014). To test the effects of t-PDF 
transgenes in combination with rala transgene variants, we first made stable stocks with 

genotypes Pdf-GAL4 (M); UAS-ralaCA and Pdf-GAL4 (M);; UAS-ralaDN. Test 

combinations were created by crossing them to:

58F1aF5a (III) to add 2x-tPDF

58M2aM3a/CyO; 58F1aF5a/TM6c to add 4x-tPDF

P1-a2b1/CyO; +/Tm6c (II) to add 2x-Scrpdf

P1-a2b4/ CyO; P1-b3b5/Tm6c to add 4x-Scrpdf

P2-2c/ CyO; P2-B2B3/Tm3 to add 4x-tDH31

For conditional Gal4 activity, we using the following genotypes: Pdf-GAL4 (M)/ tubGal80ts; 

UAS-ralaCA and Pdf-GAL4 (M)/ tubGal80ts ; +/ UAS-ralaDN. Flies were raised at 18°C until 

eclosion, then maintained at 18°C or at 29°C, for at least 3 days prior to testing.

FRET Imaging

Methods generally followed those of Shafer et al., (2008) and Duvall and Taghert (2012). 

One to two days prior to testing, the rearing temperature was raised to 29°C to enhance UAS 

transgene expression. Flies were chilled on ice for 11-13 minutes, dissected in chilled 

calcium-free HL3 (Stewart et al., 1994). 2-4 brains were studied on poly-lysine-treated 

plastic dishes (35×10mm Falcon polystyrene) containing 2.9 mLs standard HL3: typically, a 

mutant line and its genetic control were tested simultaneously (in blind fashion) for a direct 

comparison. Image capture and X,Y,Z stage movements were set via SLIDEBOOK 4.1 

(Intelligent Imaging Innovations) which controlled a Prior H101Plan Power Stage. Regions 
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of interest were defined for one to four neurons in each of 1-2 optical planes of each hemi-

segment of each brain. Following 3 minutes (9 ratio recordings) of baseline YFP/CFP 

measurements, 0.9mLs of bath saline was removed, combined with 100μL of HL3 

containing either PDF or dopamine, of various concentrations, and then restored to the bath 

(dilution factor of 1/3). We collected only a single round of data for any isolated brain (no 

repeated dosing). We used synthetic PDF at >90% purity (Neo-MPS, San Diego, CA), and 

dopamine (Sigma-Aldrich, St. Louis, MO). We tested normality in the data using the 

Shapiro-Wilk test in SigmaPlot (SYSTAT, San Jose, CA), and calculated EC50 and 

Maximum Amplitude values, and performed ANOVA analyses followed by post hoc Tukey 

tests, using Prism 5.0 (GraphPad Software, La Jolla, CA). Calculations involved a 3-

parameter nonlinear fit of normalized data, constrained to zero at the bottom and 100 at the 

top of the concentration-effect curve, and used a standard Hill slope.

Analysis of concentration-effect curves

Some of the concentration-effect curves showed an indication that there may be more than 

one population of cells in terms of responses to treatment (for example, Figures 3C). To 

examine this question more fully, we tested the ability of a single Gaussian function to 

describe such distributions in each of two ways. The first was a parametric test of skewness 

and curtosis combined into a single probability, performed using STATA (v12.1; StataCorp, 

College Station TX). The second was a non-parametric test to compare the cumulative 

distribution of the data to that predicted by the mean and standard deviation of the data 

(SigmaPlot v11, Systat Software San Jose, CA). These tests indicated that several of the data 

sets indeed were unlikely to be described by a single Gaussian curve. However the two tests 

did not agree; in only 2 cases did both tests indicate significant deviation out of the 10 in 

which one or both did (a total of 28 data sets were examined using both tests, or 56 tests). 

This observation suggested that the impression of non-normal distributions was not 

consistent or robust. Accordingly, we analyzed all the data in terms of a single population 

mean and standard deviation. Further description of these analyses is described in Suppl. 

Information.

Immunocytochemistry

Methods followed those of Im and Taghert (2010). We performed confocal imaging with a 

Nikon A1R microscope with settings consistent for all specimens, and adjusted contrast for 

Figures in Photoshop. See also Suppl. Information.

Locomotor Activity

We monitored locomotor activity in 4–6 d old males for 6 days under 12:12 LD and then for 

9 days under in DD, using Trikinetics Activity Monitors. We assessed rhythmicity by 

normalizing activity from DD Days 3–9 and used a Χ2 periodogram with a 95% confidence 

cutoff, and also SNR analysis (Levine et al., 2002). We defined arrhythmic flies by 

displaying a power value less than 10 and width value less than 2, or a τ estimate < 18 hr or 

> 30 hr. See also Suppl. Information.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Daily changes in response to PDF by M neurons
A. The size of maximal responses by s-LNv to 10−07 M PDF varies over the course of the 

day. A one-way analysis of variance revealed a statistically significant difference (P<0.001). 

A post-hoc pairwise comparison (Tukey Test) revealed differences in amplitude (with 

P<0.01) between the following pairs: ZT1:ZT10, and ZT1:ZT13; ZT2:ZT10 and ZT2:ZT13; 

ZT3:ZT10, ZT3:ZT13, and ZT3:ZT22. We only compared amplitude measures with normal 

distributions. N=58 brains with 214 ROIs analyzed; each ROI represents 0ne to four s-LNvs. 

B. The daily variation persists on the 2nd day of constant darkness (DD2). A one-way 

analysis of variance revealed a statistically significant difference across time of day in small 

LNv (P<0.001). A post-hoc pairwise comparison (Tukey Test) revealed differences in 

amplitude (with P<0.001) between CT2:CT22 for DD and ZT2:ZT7, ZT11, ZT22, &ZT23 

for LD, suggesting peak broadening and a possible phase shift. N= 26 brains with 96 ROIs 

analyzed. C. Concentration-effect curves for PDF at two different times of day in brains 

from flies experiencing a 12:12 LD cycle. D. Concentration-effect curves for PDF at two 

different times of day in brains from flies at DD2. E. Concentration-effect curves for PDF at 

two different times of day in brains from flies raised under short day conditions - 08:16 

light:dark cycle. F. The phase of maximal response amplitude in DD2 in M pacemakers the 

mis-expressing DBT[L] variant (pdf > dbtL, n = 24 brains and 85 ROIs) versus control (pdf 
> +, n = 20 brains and 64 ROIs). A two-way analysis of variance revealed differences 

(P<0.001). A post-hoc pairwise comparison (Tukey Test) within genotypes indicated 

significant differences at CT 3, 4 and at CT 9, 10 (P<0.001).
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Figure 2. Daily changes in response to PDF following genetic manipulation of PDF or PDFR
A. Concentration-effect curves of PDF responses at two different times of day in s-LNv 

over-expressing PDFR. B. Concentration-effect curves of PDF responses at two different 

times of day in s-LNv over-expressing PDFR in a Pdfr null mutant (han5534) background. C. 

Concentration-effect curves of PDF responses at two different times of day in s-LNv in a Pdf 
mutant (Pdf01) background. D. Concentration-effect curves of PDF responses at two 

different times of day in l-LNv over-expressing PDFR. E. Concentration-effect curves of 

PDF responses at two different times of day in SE2 neurons over-expressing PDFR.
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Figure 3. Daily changes in response to DA by M neurons
A. The sizes of response amplitudes by s-LNv to 3 × 10−05 M DA measured over the course 

of the day. N = 36 brains with 124 ROIs analyzed. B. The sizes of the response amplitudes 

by l-LNv to 3 × 10−05 M DA do not vary over the course of the day. A one-way analysis of 

variance revealing a statistically significant difference across time of day for s-LNv neurons 

(P<0.001), but not l-LNv neurons (P=0.574). A post-hoc pairwise comparison (Tukey Test) 

of small LNv data revealed differences in amplitude (P<0.01) between ZT1- ZT22; ZT2- 

ZT12, ZT21, ZT22, and ZT23; ZT3- ZT12, ZT21, ZT22, and ZT23; ZT4- ZT12, and ZT22. 

We only compared amplitude measures with normal distributions. N = 33 brains with 178 

ROIs analyzed. Eacg ROI represents one to two l-LNv’s. C. Concentration-effect curves of 

DA responses at two different times of day in s-LNv. D. Concentration-effect curves of DA 

responses at two different times of day in l-LNv. E. A single example of Epac-camps FRET 

signal generation in an s-LNv in response to 3×10−05 M dopamine versus 10−06 M PDF. F. 

Response attenuation, 180 sec after initial agonist exposure in a static bath, was 57.5 +/

− 6.4% for DA (n = 53 cells) and 1.2 +/− 9.7% for PDF (n = 35 cells).
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Figure 4. Manipulation of RalA activity in M pacemaker neurons affects their daily cycle of PDF 
sensitivity
A. FRET responses to a single dose of PDF (10−07 M) at different times of day in two 

different genotypes: PDF > ralaCA, (grey circles; n = 21 brains with 62 ROIs analyzed) and 

Pdf > ralaDN (n = 24 brains with 84 ROIs analyzed). B. Concentration-effect curves for PDF 

sensitivity following expression of ralaCA in PDF neurons at ZT4 (gold) and ZT22 (black). 

C: Concentration-effect curves for PDF sensitivity following expression of ralaDN in PDF 

neurons at ZT4 (gold) and ZT22 (black). All genotypes contain UAS-Epac-camps. 

Downward arrows indicate values of EC50’s. At ZT4, the EC50 for ralaCA is not 

significantly different from control EC50 values (p =0.139), while the value for ralaDN is 

significantly different (p < 0.0001). At ZT22, the EC50 for ralaCA is significantly different 

from control EC50 values (p <0.0001), while the value for ralaDN is not significantly 

different (p = 0.133).

Klose et al. Page 21

Neuron. Author manuscript; available in PMC 2017 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Manipulation of RalA activity in M neurons affects circadian locomotor patterns
(A): LD group eductions for progeny of Pdf-Gal4 flies crossed to UAS-Epac (control) 

(n=14), UAS-ralaCA (n=16), UAS-ralaDN (n=16), UAS-dcr2 (control) (n=16) or UAS-dcr2, 

rala RNAi (n=15). (B): DD group eductions on DD1-2. Results shown are from a single 

experiment and representative of two independent experiments. Arrows highlight delayed 

phase of activity peak in the subjective morning. (C). Average group actograms displayed in 

double-plotted format over DD1-9. Total morning activity (total activity 3 hr before lights-

ON) for the three genotypes. (D). Behavioral indices for the three genotypes involving RalA 

isoforms, including Morning Activity, Morning anticipation, Morning Ratio. and circadian 

period (τ) in DD3-9. (E) The same four behavioral indices for the two genotypes involving 

RalA RNAi. * indicates p < 0.01; ** indicates P < 0.001. See also Suppl. Table 1.
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Figure 6. Additional PDF signaling in M cells from t-PDF transgenes reverses the RalA-DN but 
does not influence the Ral-CA behavioral phenotype
(A) and (C) LD group eductions (top) and DD group actograms (bottom). Results in (A) and 

(C) are from a single representative experiment, from a total of three independent 

experiments. (A) Pdf > ralaCA (left; n = 16 for LD and DD conditions), Pdf > ralaCA , 2x-
tPdf (center, n = 15, LD and = 14 DD), and Pdf > ralaCA , 4x-tPdf (right, n = 16 LD and = 

12 DD). (B) Scatterplots of Morning Activity, Morning Anticipation, Morning Ratio and τ 

(DD3-9) for the three different genotypes: data compiled from three independent 

experiments. (C) Pdf > ralaDN (left; n = 15 LD and = 12 DD), Pdf > ralaDN , 2x-tPdf (center, 

n = 16 LD and = 15 DD), and Pdf > ralaDN , 4x-tPdf (right, n = 16 LD and= 14 DD). (D) 

Scatterplots of Morning Activity, Morning Anticipation, Morning Ratio and τ (DD3-9) for 

the three different genotypes: data compiled from three independent experiments. * for 

Morning Ratio and for Morning Anticipation, values are significantly different (p < 0.05) by 

one-way ANOVA followed by Tukey’s post hoc test; for Period (p < 0.01).
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Table 1

EC50 and Maximal Amplitude of Dose Response Curves.

Genotype Cell Type Daylength
LD:DD

PDF EC50
ZT4

PDFEC50
ZT22

Max Ampl PDF
ZT4

Max Ampl PDF
ZT22

Pdf > Epac50A s-LNV 12:12 5.4 × e-8 2.1 × e-7
** 17.4 ± 1.7 17.5 ± 1.2

Pdf > Epac50A s-LNV 08:16 2.9 × e-8 2.6 × e-7
** 20.1 ± 1.8 17.1 ± 0.9

Pdf > Epac50A ; Pdfr s-LNV 12:12 8.8 × e-8 4.1 × e-7
** 22.8 ± 1.6 23.2 ± 1.6

pdfr[han], Pdf > Epac50A ; Pdfr s-LNV 12:12 1.0 × e-7 5.1 × e-7
* 23.9 ± 1.6 22.6 ± 1.3

Pdf > Epac50A; pdf[01] s-LNV 12:12 9.9 × e-8 3.6 × e-7
* 17.3 ± 1.7 16.9 ± 1.4

c929 > Epac50A l-LNV 12:12 2.0 × e-8 3.2 × e-8 18.2 ± 1.7 21.9 ± 1.9

c929 > Epac50A SE2 12:12 2.6 × e-8 2.4 × e-8 33.9 ± 4.3 35.7 ± 5.5

Pdf > Epac50A ; ralaDN s-LNV 12:12 3.2 × e-7 4.4 × e-7 16.0 ± 1.1 16.9 ± 1.6

Pdf > Epac50A ; ralaCA s-LNv 12:12 8.2 × e-8 9.1 × e-8 18.7 ± 1.8 16.8 ± 1.1

PDF EC50

CT4
PDF EC50

CT22
Max Ampl PDF

CT4
Max Ampl PDF

CT22

Pdf > Epac50A s-LNV 12:12 1.2 × e-7 3.7 × e-7
** 17.8 ± 1.2 19.0 ± 1.3

DA EC50

ZT4
DA EC50

ZT22
Max Ampl DA

ZT4
Max Ampl DA

ZT22

Pdf > Epac50A s-LNV 12:12 4.7 × e-6 2.2 × e-5
** 15.3 ± 1.2 14.7 ± 2.8

Pdf > Epac50A l-LNV 12:12 5.1 × e-6 4.7 × e-6 15.3 ± 1.3 16.0 ± 1.3

Pdf > Epac50A ; ralaDN s-LNV 12:12 2.9 × e-5 4.8 × e-5 13.6 ± 1.5 14.4 ± 1.9

Pdf > Epac50A ; ralaCA s-LNv 12:12 5.7 × e-6 6.4 × e-6 14.0 ± 1.4 13.6 ± 2.0

*
Significant differences in EC50 values (p>0.001), between ZT4 vs ZT22 and between CT4 vs. CT22 were only observed in s-LNv, with the 

exception of those expressing ralaDN or ralaCA. No Maximal Amplitude daily differences were observed between ZT4 and ZT22 in any cells.

**
Significant differences in EC50 values (p>0.0001), between ZT4 vs ZT22 and between CT4 vs. CT22 were only observed in s-LNv, with the 

exception of those expressing ralaDN or ralaCA. No Maximal Amplitude daily differences were observed between ZT4 and ZT22 in any cells.
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