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Abstract 13 

Many animals exhibit morning and evening peaks of locomotor behavior. In Drosophila, 14 

previous studies identified two corresponding circadian neural oscillators: M (morning) cells 15 

which exhibit a morning neural activity peak, and E (evening) cells which exhibit a 16 

corresponding evening peak of activity. Yet we know little of how these distinct circadian 17 

oscillators produce specific outputs that regulate pre-motor circuits to precisely control 18 

behavioral episodes. Here we show that the Ring Neurons of the Ellipsoid Body (EB-RNs), a 19 

defined pre-motor center, display a spontaneous in vivo neural activity rhythm, with peaks in the 20 

morning and in the evening.   The two EB-RN activity peaks coincide with the major bouts of 21 

locomotor activity and result from independent activation by M and E cells, respectively. 22 

Further, M and E cells regulate EB-RNs via two identified dopaminergic neurons PPM3-EB, 23 

which project to the EB and which are normally co-active with EB-RNs. Blocking the 24 

dopaminergic modulation onto EB-RNs prevents the daily two-peak pattern of neural activity in 25 

the EB-RN and greatly impairs circadian locomotor activity. These in vivo findings establish the 26 

fundamental elements of a circadian neuronal output pathway: distinct circadian oscillators 27 

independently drive a common pre-motor center through the agency of specific dopaminergic 28 

interneurons.    29 
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Main Text 30 

Circadian rhythms provide adaptive value by promoting expression of diverse 31 

physiological processes and behaviors at specific times of the day.  In mammals, rhythms in 32 

hormone release, rest/activity cycles, body temperature, and metabolism are all controlled by the 33 

multi-oscillator system of pacemakers in the suprachiasmatic nucleus (SCN) of the anterior 34 

hypothalamus.  Numerous studies have documented that the SCN uses hormonal and neuronal 35 

signaling to provide adaptive phasic information across all times of day (Lehman et al., 1987; 36 

Moore and Klein, 1974; Ralph et al., 1990, De la Iglesia et al., 2003; Kalsbeek et al., 2006; 37 

VanderLeest et al., 2007). However, the information connecting SCN signaling to neural circuits 38 

that translate its outputs is fragmentary. Lacking direct in vivo experimental observations, the 39 

definition of circadian output networks remains a significant challenge. 40 

In Drosophila, a prominent circadian output is the daily locomotor activity rhythm, which 41 

peaks once around dawn and again around dusk (Figure 1c). The rhythm is controlled by 42 

molecular clocks that cycle synchronously within ~ 150 circadian pacemaker neurons (Nitabach 43 

& Taghert, 2008). Among these circadian neurons, two separate groups (termed M cells and E 44 

cells) control the morning and evening activity peaks respectively (Stoleru et al., 2004; Grima et 45 

al., 2004; Yoshii et al., 2004). Previously we reported that different groups of circadian neurons 46 

display rhythmic but asynchronous circadian neural activity in vivo: they peak at different yet 47 

stereotyped times of day (Liang et al., 2016). These neural activity rhythms depend on their 48 

synchronous molecular clocks, but their activity peak times are staggered, by neuropeptide-49 

mediated interactions between circadian neuron groups.  This allows the network to create 50 

multiple phasic time points (Liang et al., 2017). Consequently, M cells peak in the morning and 51 
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E cells peak in the evening. The distinct peak times of M cells and E cells could potentially guide 52 

output motor circuits to generate independent morning and evening locomotor behavioral peaks.  53 

Based on limited screens in Drosophila, two groups of identified peptidergic neurons 54 

were implicated in previous reports as components of output circuits for locomotor activity 55 

rhythms: specifically, these included neurons that express the diuretic hormone 44 (DH44), an 56 

orthologue of mammalian CRF (Cavanaugh et al., 2014), and leucokinin (LK) (Cavey et al., 57 

2016), whose receptor is related to the neurokinin receptors. DH44 neurons receive synaptic 58 

inputs from DN1 pacemaker neurons, and both DH44- and LK- neurons are required for proper 59 

locomotor activity rhythms under constant darkness (DD) conditions (also see Yurgel et al., 60 

2018; Zawandala et al., 2018). However, the connectivity by which these two groups of 61 

neuroendocrine neurons promote locomotor activity, and phase-restrict it to morning or evening 62 

times, is uncertain. The daily two-peak pattern of locomotor activity is different from the daily 63 

activity pattern of either LK neurons (which are more active in the evening - Cavey et al., 2016), 64 

or that of DH44 neurons (which are more active in mid-day - Bai et al., 2018). These 65 

observations suggest that robust circadian locomotor timing information is likely to utilize 66 

additional pre-motor regulatory centers. As a strategy, we reasoned that spontaneous activity 67 

patterns corresponding to the daily bimodal activity pattern could help identify critical pre-motor 68 

elements.   69 

Robie et al. (2017) performed an unbiased screening of sparsely-labeled neuronal groups 70 

to determine which could initiate locomotor activity. By this analysis, the strongest candidates 71 

were the Ring Neurons of the Ellipsoid Body (EB-RNs) (Figure 1a). In parallel, silencing these 72 

same EB-RNs reduced spontaneous locomotor activity (Martín-Peña et al., 2014). EB-RNs are a 73 

subset of neurons that constitute the Central Complex - the primary locomotor control center in 74 
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insects (Strauss and Heisenberg, 1993; Pfeiffer and Homberg, 2014). EB-RNs encode visual 75 

landmarks for visuospatial-memory-based orientation and navigation (Neuser et al., 2008; Ofstad 76 

et al., 2011; Seelig and Jayaraman, 2013). In the monarch butterfly, EB-RNs are involved in sun-77 

compass navigation (Heinze and Reppert, 2010), which requires timing information from 78 

circadian clocks (Froy et al., 2003). In Drosophila, EB-RNs might also be regulated by the 79 

neuropeptides LK (Cavey et al., 2016) and the pigment-dispersing factor (PDF) (Pírez et al., 80 

2013). Therefore, we first measured spontaneous activity in EB-RNs in vivo, to see if they 81 

represent a point of convergent circadian regulation that could lead to daily bouts of locomotor 82 

activity.  83 

Spontaneous daily bimodal activity in EB-RNs in vivo 84 

To test whether EB-RNs regulate circadian locomotor activity, we expressed tetanus 85 

toxin light chain (TeTn, Sweeney et al., 1995) to block neurotransmission in the majority of ~60 86 

EB-RNs. As expected, the circadian rhythm of locomotor activity in these flies was impaired 87 

under DD, as was the general level of activity (Figure 1b and Extended Data Table 1). Therefore, 88 

to learn about the possible involvement of the EB-RNs in normal rhythmic locomotion (Figure 89 

1c), we then measured in vivo spontaneous activity exhibited by these neurons in otherwise wild-90 

type flies. Using the genetically encoded calcium sensor GCaMP6s (Chen et al., 2013), we 91 

performed in vivo Ca2+ imaging in living flies for 24 hrs using methods previously described 92 

(Liang et al., 2016, 2017). EB-RNs contains several genetically and morphologically distinct 93 

subgroups (Renn et al., 1999a). We dissected four EB-RN subgroups using different genetic 94 

drivers that use regulatory sequences associated with different circadian clock-related genes: one 95 

with sequences from timeless, one from cryptochrome, and two from pdfr (pigment-dispersing 96 

factor receptor) (Figure 1d-g and Extended Data Figure 1a). In both 12-hr light: 12-hr dark (LD) 97 
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cycles and in constant darkness (DD) conditions, the four different EB-RN subgroups we tested 98 

displayed spontaneous, daily Ca2+ rhythms (Figure 1e-g). The average Ca2+ activity profile of 99 

each subgroup was bimodal  (Hartigans' dip test, LD: p<0.0001, DD: p<0.05), with a peak 100 

around dawn and another around dusk. These peaks corresponded to the times of day when flies 101 

showed daily locomotor activity peaks (Figure 1c). The outer subgroup of EB-RNs caused the 102 

strongest effects on locomotor activity according to Robie et al. (2017). We tested the same split-103 

GAL4 drivers as reported by Robie et al. (2017) and found that these locomotion-promoting EB-104 

RNs likewise displayed a similar spontaneous daily bimodal activity pattern (Extended Data 105 

Figure 1b; Hartigans' dip test, p<0.0001). We also confirmed the daily bimodal activity pattern 106 

exhibited by different EB-RN subgroups using a separate, circadian-clock-irrelevant driver line 107 

to label the majority of EB-RNs (Figure 1h; Hartigans' dip test, LD: p<0.001, DD: p<0.01).  108 

To directly test the correlation between EB-RN neural activity and locomotor activity in 109 

single flies in our experimental paradigm, we performed in vivo 24-hr Ca2+ imaging while 110 

simultaneously measuring spontaneous leg movements as a proxy for locomotor activity levels 111 

(Figure 2a). EB-RN activity was strongly correlated with such behavioral activity in individual 112 

flies, both at a daily time scale (Figure 2f-h) as well as at a shorter (hourly) time scale (Figure 2c-113 

e). Analysis of the shorter timescale indicated that increases in EB-RN activity were coincident 114 

with increases in behavioral activity; decreases typically preceded decreases in behavioral 115 

activity by a few minutes (Figure 2E). Thus, EB-RNs, consistent with their documented roles as 116 

pre-motor activity centers, exhibit spontaneous daily neural activity rhythms that precisely 117 

correspond to the pattern of circadian locomotor rhythms. 118 

Circadian pacemaker neurons drive EB-RN activity rhythms 119 
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The daily neural activity rhythms in EB-RNs could reflect rhythmic sensory inputs, either 120 

proprioceptive or visual. For example, recent studies suggest that EB-RNs encode self-motion 121 

information (Shiozaki & Kazama, 2017). Therefore, to block ascending proprioceptive sensory 122 

inputs, we transected connectives between the brain and ventral nerve cord (between 123 

subesophageal and first thoracic neuromeres) immediately before Ca2+ imaging. EB-RNs still 124 

displayed normal bimodal activity rhythms (Figure 3a). These EB-RN rhythms persisted even 125 

when the entire body of the fly was removed immediately before imaging (Figure 3b).  126 

Therefore, spontaneous bimodal EB-RN activity rhythms are not a consequence of locomotor 127 

behavioral activity. Previous studies also showed that EB-RNs receive large-scale visual inputs 128 

(Seeling & Jayaraman, 2013; Omoto et al., 2017; Sun et al., 2017). We therefore removed visual 129 

inputs by testing flies in DD (Figure 1) or by testing genetically blind norpAP24 mutant flies 130 

(Figure 3c): in both cases, normal EB-RN activity rhythms persisted. Together, these results 131 

demonstrate that EB-RN activity rhythms are not driven by daily rhythmic sensory inputs. 132 

To determine if EB-RN activity rhythms are driven by molecular clocks, we measured 133 

Ca2+ activity in circadian-defective per01 (null) mutant flies (Konopka & Benzer, 1971), which 134 

fail to display circadian clock-dependent anticipatory behavior. Although per01 flies still had two 135 

peaks of startle responses (to the lights-on and lights-off stimuli under LD cycles), daily Ca2+ 136 

activity patterns in EB-RNs were arrhythmic (Figure 3d). Therefore, EB-RN activity rhythms 137 

specifically correlate with - and entirely depend on - circadian clock signals that regulate daily 138 

behavioral peaks. Notably, EB-RNs exhibit no measurable expression of the core clock gene 139 

period, which is highly expressed and cycling in circadian pacemaker neurons (Extended Data 140 

Figure 1c) (Kaneko and Hall, 2000). Furthermore, manipulations to alter the pace of circadian 141 

clocks in a subset of circadian neurons shifted the locomotor activity phases as previously 142 
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reported (Stoleru et al., 2005; Yao and Shafer, 2014), while the same manipulation within EB-143 

RNs did not affect locomotor behavior (Extended Data Figure 1d-f). Thus, we conclude that 144 

daily EB-RN activity rhythms are downstream of circadian timing information provided by 145 

circadian pacemaker neurons. To test whether circadian neurons regulate EB-RNs, we impaired a 146 

crucial signal within the pacemaker network, the neuropeptide PDF (Renn et al., 1999b). In PDF 147 

receptor mutant (pdfrhan5304) flies, the EB-RNs activity pattern under LD transformed to a daily 148 

unimodal one (Hartigans' dip test, p=0.23): the morning activity peak was lost, and the evening 149 

peak was advanced (Figure 3e; Watson-Williams test, p=0.00012). This neural activity pattern 150 

mirrors the changes in locomotor activity pattern typically displayed by pdfrhan5304 flies (Han et 151 

al., 2005). Meanwhile, EB-RNs responded to thermogenetic and pharmacogenetic activation of 152 

PDF-releasing neurons (Extended Data Figure 2ab). Thus, EB-RN activity rhythms could be 153 

driven (directly or indirectly) by PDF-expressing circadian pacemaker neurons. 154 

Circadian neurons dictate phases of EB-RN activity 155 

In contrast to EB-RNs, all circadian pacemaker neurons showed single daily peaks of 156 

activity. This difference suggested that the daily two-peak activity pattern of EB-RNs could be 157 

generated by a combination of different circadian neuronal outputs. For example, M cells could 158 

drive a morning activity peak in EB-RNs while E cells could independently drive EB-RN 159 

evening activity. We found that EB-RNs responded to the selective activation of M cells (four s-160 

LNv) by ATP application to brains expressing ATP-gated cation channel P2X2 (Lima and 161 

Miesenböck, 2005) in M cells (Figure 4a). A similar design to selectively activate E cells, the 5th 162 

s-LNv and three PDFR-positive LNd (Im and Taghert, 2011), produced correspondent EB-RN 163 

responses of comparable amplitude (Figure 4b and Extended Data Figure 2de). These results 164 

support the proposition that both M cells and E cells have functional connections with EB-RNs. 165 
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As a more stringent test, we then asked whether selectively accelerating M or E 166 

oscillators would selectively influence the phase of either the morning and/or evening peak of 167 

EB-RN Ca2+ activity. Overexpressing Shaggy (SSG) using pdf-GAL4 (PDF>SGG) to accelerate 168 

the molecular clocks selectively in Morning oscillators advanced the morning peak of locomotor 169 

activity (cf. Stoleru et al., 2005) and the M-cell activity peak (Figure 4de). In these flies, we 170 

found that only the morning peak of EB-RN Ca2+ activity was phase-advanced, while their 171 

evening Ca2+ peak phase was unaffected (Figure 4f-h). This result suggests that the morning 172 

peak of EB-RNs activity is dictated by the morning peak of M cell activity. We then in parallel 173 

asked whether the evening peak of EB-RNs is dictated by the evening peak of E cells. 174 

Overexpressing SGG in E cells by dvpdf-GAL4 and pdf-GAL80 (E-cell>SGG) advanced both 175 

morning and evening behavioral peaks in 12 hr light: 12 hr dark cycles (Extended Data Figure 176 

3), yet it selectively advanced the evening behavioral peak in a short-day condition (10 hr light: 177 

14 hr dark cycles; cf. Stoleru et al., 2007).  Whether this results from the different 178 

photoentrainment conditions, or from faulty suppression of M cell activity by the GAL80 179 

element awaits further study. In short day, when the E-cell peak was selectively phase-advanced 180 

(Figure 4i-l), the evening peak of EB-RN Ca2+ activity was selectively phase-advanced, and by 181 

comparable amplitude (Figure 4k-m). Taken together, these results reveal essential circuit links 182 

to demonstrate that M cells and E cells can independently dictate the two phases of EB-RN pre-183 

motor activity.   184 

Dopaminergic neurons regulate EB-RNs 185 

None of the ~150 circadian pacemaker neurons in Drosophila project directly to the EB 186 

(Helfrich-Förster, 2005).  We therefore asked through which interneurons M cells and E cells 187 

might regulate daily neural activity in EB-RNs. A set of two dopaminergic (DA) neurons (named 188 
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PPM3-EB) appeared as prominent candidates: they innervate the EB; further, they can initiate 189 

locomotor activity and promote ethanol-induced locomotor activity (Kong et al., 2010). First we 190 

established that PPM3-EB neurons spontaneously displayed a daily bimodal neural activity 191 

pattern in vivo (Hartigans' dip test, p<0.0001), similar to that of the EB-RNs and similar to the 192 

profile of locomotor activity (Figure 5a). To study the precise relationship between activity in 193 

EB-RNs and that in PPM3-EBs in single fly brains, we employed dual-color Ca2+ imaging. This 194 

method separated Ca2+ activity signals from these two anatomically-overlapping neuron groups, 195 

by simultaneously recording a green signal (GCaMP6s) in PPM3-EB and a red signal (jGECO1a, 196 

Dana et al., 2016) in EB-RNs (Figure 5b). We found that the spontaneous Ca2+ activity patterns 197 

of EB-RNs were highly correlated with those of PPM3-EB, but poorly correlated with those of 198 

the l-LNv circadian neurons, which were also labelled by jGECO1a (Figure 5c-f). This result 199 

suggests that PPM3-EB and EB-RNs are closely connected: they receive common inputs and/or 200 

one receive synapses from the other.  201 

Furthermore, both PPM3-EB and EB-RNs responded to the bath-application of PDF and 202 

the pharmacogenetic activation of PDF neurons (Extended Data Figure 4ab). In response to the 203 

activation of PDF neurons, PPM3-EB responded more quickly than did EB-RNs, which is 204 

consistent with placing PPM3-EBs ‘upstream’ of EB-RNs. Indeed, EB-RNs also responded to 205 

the bath-application of dopamine (Extended Data Figure 4c) and to the activation of PPM3-EB 206 

(Extended Data Figure 4d). Together these results support a model in which circadian pacemaker 207 

neurons indirectly activate as many as ~60 pairs of EB-RNs by first activating two pairs of 208 

dopaminergic neurons, the PPM3-EB. We tested this model by blocking neurotransmission in 209 

PPM3-EB neurons, thereby asking if their specific output is necessary for proper locomotor 210 

rhythmicity. Using intersectional genetics (GMR92G05-GAL4 and TH-Flp), we restricted the 211 
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expression of tetanus toxin (TeTn, Sweeney et al., 1995) to the two pairs of PPM3-EB. The 212 

locomotor activity of these flies was largely arrhythmic under DD (Figure 5gh). This behavioral 213 

deficit was comparable with, and even more severe than that caused by blocking 214 

neurotransmission in the majority of EB-RNs (Figure 1b and Extended Data Table 1). 215 

Importantly, while the molecular clocks and Ca2+ rhythms of circadian pacemaker neurons in 216 

these flies were intact, the daily bimodal neural activity pattern of EB-RNs was severely 217 

impaired (Extended Data Figure 5 and Figure 5ij). Likewise, knocking down DA receptors 218 

DopR2 or D2R in the majority of EB-RNs also impaired rhythmicity in locomotor activity under 219 

DD (Figure 5k and Extended Data Table 1). Hence we propose that dopaminergic input from 220 

PPM3-EB neurons forms a critical relay to instruct EB-generated locomotor activity according to 221 

a multi-phasic circadian schedule.   222 

Discussion 223 

Locomotor activity in Drosophila follows a daily bimodal rhythm that peaks around 224 

dawn and again around dusk. By measuring spontaneous neural activity in vivo across the 24 hr 225 

day, we found that morning and evening circadian oscillators independently activate the pre-226 

motor Ring Neurons of the Ellipsoid Body through the agency of PPM3-EB dopaminergic 227 

neurons. These findings provide the most detailed insights available in any model system by 228 

which pre-motor pathways are organized in response to phasic circadian pacemaker information. 229 

In addition, they indicate an unexpectedly obligate role for dopamine in the neural control of 230 

daily rhythmic locomotor activity. We based our conclusions on four lines of evidence: (1) Both 231 

PPM3-EB and EB-RNs display daily spontaneous bimodal neural activity patterns that precisely 232 

correlate with locomotor activity patterns peaking around dawn and dusk (Figure 1 & 5a). (2) 233 

Locomotor activity closely followed changes in EB-RN activity (Figure 2) while EB-RN activity 234 
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was itself highly correlated with PPM3-EB activity (Figure 5b-f). (3) Different phases of EB-RN 235 

circadian-rhythmic neural activity relied on independent inputs from circadian pacemakers, M 236 

cells and E cells, but did not rely at all on visual inputs or on the execution of locomotor 237 

behavior (Figure 3 and 4). (4) Both EB-RN activity rhythms and normal locomotor activity 238 

rhythms required PPM3-EB inputs (Figure 5g-j); normal locomotor activity rhythms also 239 

required DA receptors on EB-RNs to receive inputs from PPM3-EB DA neurons (Figure 5k). 240 

These data together support a model that features outputs from M cells and E cells sequentially 241 

and independently generating the two daily peaks of activity PPM3-EB DA neurons. These non-242 

circadian PPM3-EB DA neurons in turn relay the phasic information to activate as many as ~60 243 

pairs of EB-RNs, thereby generating the bimodal daily locomotor activity rhythm (Figure 5l).  244 

Our findings constitute important steps in relating the activities of distinct circadian 245 

pacemaker neurons to downstream neural circuits. Selcho et al. (2017) recently described 246 

circadian pacemaker control of a peripheral clock in Drosophila to control steroid hormone 247 

secretion and, whose titres gate subsequent adult emergence (eclosion). In that output pathway, 248 

s-LNv activate the peptidergic PTTH neurons, which in turn activate the peripheral Prothoracic 249 

Gland. With respect to locomotor behavior, we found that M (s-LNv) cells and E (LNd) 250 

oscillators independently control the morning and evening neural activity phases in EB-RNs 251 

(Figure 4). Two recent studies linked a different subset of circadian pacemakers (DN1s) to 252 

subgroups of EB-RNs, via subsets of neurons in the Anterior Optic Tubercle (Lamaze et al., 253 

2018; Guo et al., 2018). By manipulating activity in this pathway, both groups found effects on 254 

the balance between sleep and wake states.  Thus, increasing lines of research indicate circadian- 255 

and sleep-regulating circuits impart timing information to govern behavior through the classic 256 

pre-motor centers of the Central Complex.   257 
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Previous studies in flies and mice have shown that DA modulates circadian pacemaker 258 

circuits (Chang et al., 2006; Grippo et al., 2017; Hirsh et al., 2010; Klose et al., 2016; Langraf et 259 

al., 2016; Shang et al., 2011, 2013). Our findings here show that circadian pacemaker neurons 260 

also regulate DA neuron activity. DA neurons responded to circadian neuron outputs (Extended 261 

Data Figure 4ab) and showed spontaneous circadian neural activity rhythms that were correlated 262 

with behavior (Figure 5a). These findings correspond to earlier studies in mammals showing that 263 

circadian rhythms in DA neuron activity, and in striatal DA content, are dependent on master 264 

circadian pacemaker neurons in the suprachiasmatic nuclei (SCN) (Smith et al., 1992; Sleipness 265 

et al., 2006; Luo et al., 2008; Fifel et al., 2018). Deficits of DA neurons in patients and in animal 266 

models of Parkinson’s disease caused dysregulation of circadian locomotor activity patterns and 267 

of sleep (Videnovic and Golombek, 2017). Consistent with our model, a DA-deficient mouse 268 

model displays dampened and fragmented locomotor activity rhythms, yet possesses normal 269 

SCN molecular clocks (Taylor et al., 2009; Kudo et al., 2011). It remains to be determined 270 

whether DA in mammals, as in Drosophila, represents the critical agent by which circadian 271 

outputs activate pre-motor centers to adaptively schedule locomotor activity.  272 

The effects of DA to organize proper circadian control of locomotor behavior may be 273 

related to its well documented effects in Drosophila to promote arousal, especially forms of 274 

arousal associated with changes in sleep and circadian rhythm states (Andretic et al., 2005; 275 

Birman, 2005; Kume et al., 2005; Lima and Miesenbock, 2005; Lebestky et al., 2009; Liu et al., 276 

2012). A recent study suggests that PDF signals from circadian neurons promotes wakefulness 277 

by suppressing daytime activity in the PPM3 DA neurons (Potdar and Sheeba 2018). However, 278 

we favor an alternative model which is based on the results described above, including both 279 

manipulations of PPM3 physiology as well as measurements of normal PPM3 24-hr activity 280 
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patterns in vivo. We propose PPM3-DA neurons promote wakefulness and locomotor activity in 281 

the morning by excitation from the M oscillators, and perhaps directly by PDF.  282 

Our results suggest that a major influence of circadian timing signal on locomotor 283 

activity is in the Central Complex (CX), the decision-making circuit that dictates the balance 284 

between locomotion and rest. Within the CX, EB neurons transform sensory inputs into goal-285 

directed motor outputs (Sun et al., 2017; Shiozaki and Kazama, 2017). The final motor output is 286 

subject to many signals reflecting the internal state: for example, hunger signals transmitted 287 

through the leucokinin-expressing neurons promote locomotor activity (Yurgel et al., 2018; 288 

Zandawala et al., 2018). Here, we propose that the circadian system promotes locomotor activity 289 

in the dawn and dusk episodes by increasing the probability of the EB-RNs to favor activity over 290 

rest. A similar action on EB-RNs appears to underlie sleep promotion by dorsal fan-shaped body 291 

(dFSB) neurons (Donlea et al., 2017). dFSB neurons effectively suppress sensory-triggered 292 

movements by inhibiting EB-RNs via helicon cells and thereby instigate less activity and more 293 

rest. Thus, sleep and circadian signaling antagonistically converge on the EB-RN system to 294 

influence the level of motor output.  295 

In addition to motor outputs, parts of EB circuit also signal the sleep drive: Liu et al. 296 

(2016) showed that a subgroup of EB-RNs, R2 (called R5 by Omoto et al., 2017) registers sleep 297 

debt and thereby constitutes an integral part of the sleep homeostat mechanism. How can this be 298 

reconciled with our finding that the EB-RNs (including R2s) exhibit neural activity in concert 299 

with locomotor behavior? We propose that, because the level of locomotor activity is directly 300 

encoded by EB-RN activity, a subgroup of them (R2s) incorporates the amount of locomotor 301 

activity along with duration of wakefulness to help generate sleep drive. Therefore, although 302 

they receive common circadian pacemaker and DA inputs, and although they exhibit common 303 
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activation periods at dawn and at dusk, different subgroups of EB-RNs likely have specialized 304 

downstream functions in behavioral control.   305 
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Figure legends 306 

Figure 1. Daily bimodal neural activity patterns of EB ring neurons. (a) The ellipsoid body 307 

ring neurons (EB-RNs) in the fly brain. (b) Average rhythm strength (power) of locomotor 308 

activity for 9 days under constant darkness (DD) of control and flies with TeTn expressed in EB-309 

RNs; asterisk denotes significant differences compared to control (P < 0.0001, Mann-Whitney 310 

test). (c) The average locomotor activity histogram and phase distributions of behavioral peaks of 311 

wild type R56H10-GAL4/GCaMP6s flies (left) under 12-hr light: 12-hr dark (LD) cycle and 312 

(right) in the first day under DD (n = 16 flies). Dots indicate SEM. (d-h) Daily Ca2+ activity 313 

patterns of the EB ring neuron subgroups: (d) R1 labelled by tim-GAL4, (e) R2 labelled by cry-314 

lexA, (f) R3 labelled by pdfr(F)-GAL4, (g) R4 labelled by R19H08(pdfr)-lexA, and (h) R1-4 315 

labelled by R56H10-GAL4. Left, confocal images of EB ring neurons and diagrams of their 316 

concentric arborization radii; scale bars, 25 μm. Middle and Right, average Ca2+ transients and 317 

Ca2+ phase distribution for both morning peaks (orange dots and arrow) and evening peaks (blue 318 

dots and arrow). Middle - under LD; Right - under DD. 319 

 320 

Figure 2. EB ring neuron activity is correlated with locomotor activity. (a) Illustration of 321 

long-term in vivo imaging with infrared measurement of locomotor activity (see Methods). (b) 322 

Map of the major circadian neuron groups and EB ring neurons. (c) Representative recordings of 323 

two flies: bars, normalized locomotor activity counts per 10 m; blue traces, Ca2+ activity of EB-324 

R2 neurons in the same fly. (d-e) Average locomotor activity (black) and Ca2+ activity (blue) 325 

aligned by (d) increasing phase and (e) decreasing phase of Ca2+ activity. The averaged phase 326 

lags were calculated by cross-correlation: (c) 0.35 ±7 min; (d) -15±0.5 min. (f-h) Average 327 
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locomotor activity (f) and average Ca2+
 transients of (g) EB-R2 neurons and (h) circadian 328 

pacemaker neurons in the same flies (n = 6 flies). Dots and shading indicate SEM.  329 

 330 

Figure 3. EB ring neuron rhythms are driven by clocks, not in response to behavior or 331 

sensation. (a) Daily Ca2+ activity patterns of (middle) EB-R2 neurons and (right) circadian 332 

neurons under LD immediately after cutting the connectives between brain and ventral nerve 333 

cord (n = 10 flies). (b) Daily Ca2+ activity patterns of EB-R2 and circadian neurons under LD 334 

immediately after removing the bodies (n = 6 flies). (c) In blind norpAp24 mutant flies, (left) 335 

average locomotor activity (n = 22 flies) and daily Ca2+ activity patterns (middle) of EB-R2 336 

neurons and (right) circadian neurons under LD (n = 6 flies). (d) In per01 mutants, average 337 

locomotor activity (n = 16 flies) and arrhythmic Ca2+ activity patterns of EB-R2 and of circadian 338 

neurons under LD (n = 7 flies). (e) In pdfrhan5304 mutants, average locomotor activity (n = 8 flies) 339 

and Ca2+ activity patterns of EB-R2 and of circadian neurons under LD (n = 7 flies). 340 

 341 

Figure 4. Daily activity phases of EB-RNs are dictated by M and E cells. (a) Illustration and 342 

averaged response traces of M cells (s-LNv) and EB-R2 neurons to ATP application in flies with 343 

P2X2 expressed in M cells (n = 6 flies). (b) Illustration and averaged response traces of E cells 344 

(three LNd and the 5th s-LNv neurons) and EB-R2 neurons to ATP application in flies with P2X2 345 

expressed in E cells (n = 5 flies). (c) Maximum Ca2+ changes of EB-R2 after ATP application in 346 

(a), (b), and control (n = 3 flies). (d) Average locomotor activity in DD1 of (top) wild type (WT, 347 

n = 16 flies) and (bottom) flies expressing SGG in PDF neurons (PDF>SGG, n = 24 flies). (e) 348 

Phases comparisons of morning and evening activity between WT and PDF>SGG. Note that 349 

only the morning activity phase was advanced (* P < 0.05, Watson-Williams test). (f-g) Daily 350 
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Ca2+ activity patterns of (left) circadian neurons and (right) EB-R2 neurons (c) in WT flies under 351 

DD (n = 12 flies) and (d) neurons in PDF>SGG flies under DD (n = 6 flies). (h) Phase 352 

comparison of each circadian neuron group and for both morning peaks (orange) and evening 353 

peaks (blue) of EB-R2 neurons between WT and PDF>SGG flies. Note that only M cells (s-354 

LNv) and the morning peak of EB-R2 were significantly advanced in PDF>SGG. (i) Average 355 

locomotor activity of (top) WT (n = 13 flies) and (bottom) flies expressing SGG in E cells (E-356 

cells>SGG, n = 16 flies) in DD1 after 5 cycles of 10 h light: 14 h dark (short day, SD). (j) Phase 357 

comparisons of morning and evening activity between WT and E-cell>SGG. Note that only 358 

evening activity phases were significantly advanced. (k-l) Daily Ca2+ activity patterns and phase 359 

comparisons of (left) circadian neurons (PDF neurons were invisible due to pdf-GAL80) and 360 

(right) EB-R2 neurons in (k) WT and (l) E-cells>SGG flies after SD entrainment (n = 5 flies). s-361 

LNv and l-LNv were invisible due to pdf-. (m) E cells (LNd) and the evening peak of EB-R2 362 

were significantly advanced in E-cells>SGG flies compared to WT ones. 363 

 364 

Figure 5. PPM3-EB and EB-RNs constitute a circadian output motor circuit. (a) Daily 365 

bimodal Ca2+ activity patterns of PPM3-EB under LD and DD (n = 6 and 6 flies). (b) Illustration 366 

of dual-color Ca2+ imaging: GCaMP6s in PPM3-EB and jRGECO1a in EB-R2 and circadian 367 

neurons. (c) Example traces of Ca2+ activity in EB-R2, PPM3-EB, and l-LNv neurons (sampling 368 

rate, 1Hz). (d) Average Ca2+ activity traces from (c) aligned by (left) PPM3-EB peak and (right) 369 

l-LNv peak. (e) As in (d), average Ca2+ activity traces from all flies (n = 8 flies). (f) Correlation 370 

of Ca2+ activity (Pearson’s r) between EB and PPM3 is considerably stronger than that between 371 

EB and l-LNv (p=0.0009, paired t-test after Fisher's Z-transform). (g) Group-averaged actograms 372 

of control (left) and flies expressing tetanus toxin (TeTn) in PPM3-EB neurons to block 373 
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neurotransmission (right). (h) Average rhythm strength (power) of genotypes in (g) for 9 days 374 

under DD; asterisk denotes significant differences compared to control (P < 0.0001, Mann-375 

Whitney test). (i-j) Daily Ca2+ activity patterns of circadian neurons (top) and EB-R2 neurons 376 

(bottom) under DD1 in (i) WT (n = 6 flies) and (j) flies with TeTn expressed in PPM3-EB 377 

neurons (n = 6 flies). (k) Average rhythm strength (power) of genotypes for 9 days under DD in 378 

which DA receptors are knocked down in EB-RNs using R56H10-GAL4; asterisk denotes 379 

significant differences compared to control (P < 0.05, Kruskal-Wallis test followed by post hoc 380 

Dunn’s tests). (l) Model of the circadian output pathway for locomotor activity rhythms: 381 

circadian pacemaker M cells and E cells independently activate EB-RN pre-motor circuits 382 

around dawn and dusk through the relay of PPM3-EB dopaminergic neurons. 383 

  384 

Extended Data Figure Legends 385 

Extended Data Figure 1. The different subgroups of ellipsoid body (EB) ring neurons do 386 

not display circadian pacemaker cell properties. (a) Confocal images of different subgroups 387 

of EB ring with different concentric arborization radii featured by different genetic drivers: the 388 

cry-LexA pattern did not overlap with that the pdfr(F)-GAL4 pattern; the cry-LexA pattern did 389 

not overlap with the pWF22-6 pattern (R4d subgroup, see Renn et al., 1999); the 390 

GMR19C08(pdfr)-lexA pattern did not overlap with the pattern of pWF22-6; the cry-LexA pattern 391 

did overlap with the that of GMR69F08-GAL4 (R2 subgroup, see Liu et al., 2016); Scale bars, 20 392 

μm. (b) Daily Ca2+ activity patterns of the EB-RN subgroup R4, labelled by split-GAL4 drivers 393 

which caused the strongest effect on increasing locomotor activity (Robie et al., 2017). (c) 394 

Immunostaining of PER protein in the cry-LexA, LexAop-GCaMP6s fly at ZT0. Scale bars, 20 395 

μm. PER can be detected in circadian pacemaker neurons, but not in EB-RNs. (d-f) Average 396 
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locomotor activity of (d) wild type (WT, n = 16 flies), (e) flies with Shaggy (SGG) expressed in 397 

s-LNv and three out of six LNd with pdfr(B)-GAL4 (n = 16 flies), and (f) flies with SGG 398 

expressed in EB-R3 neurons with pdfr(F)-GAL4 (n = 32 flies) under LD cycles and in the first 399 

day under DD (DD1). Accelerating molecular clocks in M and E cells (e) advanced both morning 400 

and evening behavioral phases, yet SGG over-expression in EB-RN neurons (f) was 401 

inconsequential.  402 

  403 

Extended Data Figure 2. EB-RNs respond to circadian neuron activation. (a) Left, map of 404 

EB-RNs and circadian pacemaker neurons. Right, average traces of EB-R3 neurons responding 405 

to increase of temperature in flies with dTrpA1 expressed in PDF neurons (red, n = 7 flies) and in 406 

control flies without dTrpA1 expression (blue, n = 4 flies). Red aspect indicates duration of 407 

temperature increase. (b) Responses of EB-RNs labelled by R56H10-GAL4 to ATP application in 408 

flies with P2X2 expressed in PDF neurons (left, n = 5 flies) and in control flies without P2X2 409 

expression (right, n = 3 flies). Red aspect indicates duration of ATP application. Above, example 410 

image baseline Ca2+ signal and maximum Ca2+ signal changes. Below, average traces of EB ring 411 

neurons. (c) Maximum Ca2+ signal changes after ATP application in individual EB-RNs in (b). 412 

(d) Responses of EB-R2 neurons, and circadian pacemaker neurons labelled by cry-LexA, to ATP 413 

application in flies with P2X2 expressed in s-LNv (left, n = 6 flies). (e) Responses of EB-R2 414 

neurons and circadian pacemaker neurons labelled by cry-LexA to ATP application in flies with 415 

P2X2 expressed in E cells: three LNd and the 5th s-LNv neurons (left, n = 5 flies) and (f) in 416 

control flies without P2X2 expression (right, n = 3 flies).  417 

 418 
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Extended Data Figure 3. Daily activity phases of output circuits are dictated by different 419 

groups of circadian neurons. (a) Average locomotor activity in DD1 of flies expressing SGG in 420 

E pacemaker neurons, entrained under 12hr light: 12hr dark cycles (E-cells>SGG, n = 8 flies). 421 

(b) Phases comparisons between WT and E-cells>SGG flies. Note that both morning and 422 

evening activity phases were advanced (Watson-Williams test). (c) Daily Ca2+ activity patterns of 423 

(left) circadian pacemaker neurons and (right) EB-R2 neurons in E-cells>SGG flies under DD (n 424 

= 5 flies). (d) Phase comparisons of circadian pacemaker neurons between WT and E-425 

cells>SGG. E cells (LNd) were shifted in E-cells>SGG. (e) Both the morning peak and the 426 

evening peak of EB-R2 were shifted in E-cells>SGG (*p < 0.05, Watson-Williams test). 427 

 428 

Extended Data Figure 4. Tests of connections from PDF neurons to PPM3-EB and to EB-429 

RNs. (a) Above, map of PPM3-EB DA neurons, EB-RNs, and circadian pacemaker neurons. 430 

Below-left, average traces of PDF neurons, PPM3-EB neurons, and EB-R1 neurons responding 431 

to activation of P2X2-expressing PDF neurons by ATP at two zeitgeber time points: ZT1 (n = 5 432 

flies) and ZT12 (n = 4 flies). Below-right, response latency (onset time constant) of EB-RNs is 433 

longer than that of PPM3-EB neurons (p=0.0029, Mann-Whitney test). (b) As in Figure 5b-f, 434 

dual-color Ca2+ imaging: GCaMP6s in PPM3-EB and jRGECO1a in EB-R2 and circadian 435 

pacemaker neurons. Below-left, average traces of PPM3-EB neurons, EB-R2 neurons, and 436 

circadian pacemaker neurons responding to the bath-application of neuropeptide PDF (10-5 M) at 437 

two zeitgeber time points: ZT0 (n = 3 flies) and ZT6 (n = 3 flies). Below-right, maximum Ca2+ 438 

signal changes in individual cells after PDF bath application. (c) Average traces of EB-RNs 439 

responding to the bath-application of dopamine (10-4 M) at ZT6 (n = 4 flies). (d) Average traces 440 

of EB-R2 neurons, and circadian pacemaker neurons labelled by cry-LexA, responding to 441 
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activation of P2X2-expressing PPM3-EB DA neurons by ATP (n = 5 flies). Red aspect indicates 442 

duration of drug application. Error bars denote SEM. 443 

 444 

Extended Data Figure 5. PER protein rhythms of control flies and flies expressing tetanus 445 

toxin (TeTn) in PPM3-EB neurons in Figure 5G. (a) Representative images of 446 

immunostaining against PDF and PER at two different time points: ZT0 and ZT12 of flies 447 

expressing TeTn in PPM3-EB. (b) Quantification of PER protein staining intensity at four 448 

different time points in five groups of circadian neurons from control flies and flies expressing 449 

TeTn in PPM3-EB (n > 3 flies for each time points).  450 

 451 

Extended Data Table 1. Manipulation of dopamine signaling impairs circadian locomotor 452 

activity rhythms. AR, arrhythmic. Period and power are calculated by χ2 periodogram. Activity 453 

represents averaged activity count per 30 min.  454 

 455 

Extended Data Table 1. List of driver/ reporter lines used in this study. The nomenclature of 456 

ellipsoid body ring neuron (EB-RN) subgroups used in this study – different from that in Omoto 457 

et al. (2017) - are here indicated.   458 
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Methods 459 

Data reporting. No statistical methods were used to predetermine sample sizes. The selection of 460 

flies from vials for imaging and behavioral tests were randomized. The investigators were not 461 

blinded to fly genotypes. 462 

Fly stocks. Flies were reared on standard cornmeal/agar food at room temperature. Before 463 

imaging experiments, flies were entrained under 12 h light: 12 h dark (LD) cycles at 25°C for at 464 

least 3 days or under 10 h light: 14 h dark (short day, SD) cycles at 25°C for at least 5 days.  465 

The following fly lines were previously described: tim(UAS)-GAL4 (Blau & Young 1999), 466 

pdfr(F)-GAL4 and pdfr(B)-GAL4 (Im & Taghert 2011), GMR56H10-GAL4 (Sun et al., 2017), 467 

GMR69F08-GAL4 (Liu et al., 2016), dvpdf-GAL4 (Bahn et al., 2009); split-GAL4 lines: 468 

GMR_MB122B and GMR_SS00681 (Liang et al., 2017), GMR_SS002769 (Robie et al., 2017); 469 

cry-LexA (Liang et al., 2017), pdf-LexA (Shang et al., 2008); TH-Flp (Xie et al., 2018), pdf-470 

GAL80 (Stoleru et al., 2004); UAS-SGG (Martinek et al., 2001), UAS-P2X2 and LexAop-P2X2 471 

(Yao et al., 2002), LexAop-jGECO1a (Dana et al., 2016), UAS-GCaMP6s and LexAop-472 

GCaMP6s (Chen et al., 2013), UAS-DopR1-miRNA and UAS-DopR2-miRNA (Liu et al., 2017), 473 

UAS-D2R-miRNA and UAS-DopEcR-miRNA (Xie et al., 2018); per01 (Konopka & Benzer 1971), 474 

norpAP24 (Ostroy & Pak 1974) and pdfrhan5403 (Hyun et al., 2005).  475 

UAS-(FRT.stop)-TeTn (BL67690), GMR19C08-LexA (BL52543), GMR56H10-GAL4 476 

(BL61644), and GMR92G05-GAL4 (BL48416) were obtained from Bloomington Stock Center. 477 

The cry-LexA line was a gift from Dr. F Rouyer (CNRS Gyf, Paris).  478 

Nomenclature. The nomenclature of ellipsoid body (EB) subgroups in this study follows Renn 479 

et al., (1999a), which was revised by Omoto et al., (2017) reflecting the introduction of more 480 

specific driver lines. The EB subgroup labelled by cry-lexA and GMR69F08-GAL4 (also see Liu 481 
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et al., 2016) was called R2, they were re-named R5 by Omoto et al. (2017). The EB subgroup 482 

labelled by GMR19C08(pdfr)-lexA was called R4, they were re-named R2 by Omoto et al. 483 

(2017). 484 

In vivo fly preparations. The surgical procedure for Drosophila in vivo calcium imaging 485 

followed methods described in Liang et al., (2016, 2017). Following CO2 anesthetization, flies 486 

were mounted by inserting the neck into a narrow cut in an aluminum foil base. Thus, the foil 487 

permitted immersion of the head by saline during preparatory surgery and in vivo imaging, while 488 

the body remained in an air-filled enclosure. To access circadian pacemaker neurons on one side 489 

of the head, a single antenna, a portion of the dorso-anterior head capsule, and a small part of one 490 

compound eye were removed from the side ipsilateral to imaging. To access EB-RNs, both 491 

antennae and a portion of the dorso-anterior head capsule were removed, while the compound 492 

eyes remained intact. The entire surgery was typically ~15 min in duration. For experiments that 493 

entailed transection of connectives, or removal of the entire body, the surgery was conducted 494 

with fine forceps prior to brain-exposing surgery. The wounds were then closed by application of 495 

a bio-compatible silicone adhesive (Kwik-Sil, WPI, USA).  496 

In vivo calcium imaging. Imaging was conducted with custom Objective Coupled Planar 497 

Illumination (OCPI) microscopes (Holekamp et al., 2008), as described in Liang et al., (2016, 498 

2017). Briefly, OCPI uses a cylindrical lens to generate a ~5µm thick light sheet, which was 499 

coupled to the focal plane of the objective. For 24-hr imaging, the objective coupled light sheet 500 

was scanned across the fly brain through the cranial window every 10 min to capture stacks of 501 

images. Each stack contained 20 to 40 separate images with a step size of 5 to 10 microns. For 502 

each image, exposure time was not more than 0.1 s. During 24-hr imaging, fresh hemolymph-503 

like saline (HL3; 5 mM KCl, 1.5 mM CaCl2, 70 mM NaCl, 20 mM MgCl2, 10 mM NaHCO3, 5 504 
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mM trehalose, 115 mM sucrose, and 5 mM HEPES; pH 7.1) was perfused continuously (0.1-0.2 505 

mL/min). Light-dark cycle stimulation during in vivo calcium imaging was delivered using a 506 

white Rebel LED (Luxeon) controlled by an Arduino UNO board (Smart Projects, Italy) as 507 

described in Liang et al., (2017). For short term high-frequency imaging, image stacks were 508 

captured every 10 s (Extended Data Figure 2a and 4b), every 2 s (Figure 4a, Extended Data 509 

Figure 2b-f and 3cd), or every 1 s (Figure 5c-f and Extended Data Figure 3a). For each image, 510 

exposure time was not more than 0.04 s. For pharmacological tests, each fly was treated once. 511 

After 1 or 5-min baseline recordings, 1mL of  0.1 mM PDF solution, 1 mM dopamine solution, 512 

or 10 mM ATP solution (pH adjusted to 7) was manually added to a 9 mL static HL3 bath over a 513 

~2 s period. PDF was purchased from Neo-MPS (San Diego, CA, USA) at a purity of 86%.  514 

Locomotor monitoring during imaging. During 24-hr in vivo calcium imaging, Drosophila 515 

locomotor activity was measured by an infrared detector (LTE-301)/emitter (940nm, LTE-302) 516 

circuit. The infrared emitter was aimed toward the body of the fly and the detector received the 517 

infrared light transmitted through the fly (shown in Figure 2a). Both the body and leg movements 518 

can cause changes in transmitted light intensity. The analog signal from the infrared detector was 519 

transmitted through an Arduino UNO board with 100Hz sampling rate. The infrared emitter was 520 

shut off for 10 seconds every 10 min, allowing the microscope to acquire complete volume brain 521 

scans. The daily fly locomotor activity pattern was then calculated by counting the activity 522 

events within each 10-min bin. The activity events were identified by time-points when the 523 

infrared detector signal was out of the range for standard deviation by 3-fold. Then the 524 

normalized event count trace was aligned with the EB-R2 neuron calcium signal of the same fly 525 

(Figure 2c). The Pearson’s correlation coefficient between these two signals was calculated. To 526 

test their correlation at an hourly time scale, these two signals then were averaged by a method 527 
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similar to spike-triggered averaging. 4-hr windows (1 hr before and 3 hr after the trigger point) 528 

of calcium signals were aligned by the local maximum (increasing phase) or local minimum 529 

(decreasing phase) of calcium signal derivatives. The locomotor signals occurring in these 4-hr 530 

windows were then averaged. Analysis was performed using R 3.3.3. 531 

Locomotor activity. To examine the circadian rhythms of locomotor activity, individual flies 532 

was monitored using Trikinetics Drosophila Activity Monitor (DAM) system for 6 days under 533 

light-dark (LD) cycles and then for 9 days under constant darkness (DD) condition. χ2 534 

periodogram with a 95% confidence cutoff and SNR analysis were used to measure circadian 535 

rhythmicity and periodicity (Levine et al., 2002). Arrhythmicity were defined by a power value 536 

(χ2 power at best period) less than 10, width lower than 1, a period less than 18 hrs or more than 537 

30 hrs. To find the phases of morning and evening peaks, each 24-hr day was split into two 538 

halves. For LD, it was split at ZT6. For DD1, it was split at the time of the manually selected 539 

midday ‘‘siesta’’. Then the morning peak and evening peak were then determined by the 540 

maximum activity in each half.  541 

Immunocytochemistry. Immunostaining for PER and E-Gal followed previous descriptions 542 

(Liang et al., 2016). Briefly, fly brains were dissected in ice-cold, calcium-free saline and fixed 543 

for 15m in 4% paraformaldehyde containing 7% picric acid (v/v) in PBS. Primary antibodies 544 

included rabbit anti-PER (1:5000; kindly provided by Dr. M. Rosbash, Brandeis Univ.; 545 

Stanewsky et al., 1997) and mouse anti-E-galactosidase (1:1000; Promega, Madison, WI, Cat. 546 

#Z3781, Lot #149211). Secondary antisera were Cy3-conjugated (1:1000; Jackson 547 

Immunoresearch, West Grove, PA). Images were acquired on the Olympus FV1200 confocal 548 

microscope. PER protein immunostaining intensity was measured in ImageJ-based Fiji 549 

(Schindelin et al., 2012). 550 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 21, 2018. ; https://doi.org/10.1101/424499doi: bioRxiv preprint 

https://doi.org/10.1101/424499
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 27  

Imaging data analysis. Calcium imaging data analysis was as described previously (Liang et al., 551 

2016, 2017). Images were acquired by a custom software, Imagine (Holekamp et al., 2008) and 552 

processed in Julia 0.6 including non-rigid registration, alignment and maximal projection along 553 

z-axis. Then ImageJ-based Fiji was used for rigid registration and to manually select regions of 554 

interest (ROIs) over individual cells or groups of cells. Average intensities of ROIs were 555 

measured through the time course and divided by average of the whole image to subtract 556 

background noise. For spontaneous calcium transients, each time trace was then calculated as 557 

dF/F=(F-Fmin)/Fmean. For 24-hr time traces, traces of certain cell type ROIs were first aligned, 558 

based on Zeitgeber Time and averaged across different flies. Hartigans' dip test and Silverman’s 559 

test were used to testify whether the averaged 24-h time traces are unimodal or bimodal 560 

(Hartigan & Hartigan, 1985; Silverman, 1981). The phase relationship between traces was 561 

estimated by cross-correlation analysis. The 24-hr-clock circular plot of phases reflected both 562 

mean peak time and phase relationships of the same cell-group traces from different flies. For 563 

neurons with daily bimodal patterns (EB-RNs and PPM3-EB DA neurons), each trace was split 564 

into two parts: ZT18-ZT6 (morning) and ZT6-ZT18 (evening) to estimate the morning and 565 

evening peak phases respectively. For dual-color imaging traces, all signals were filtered (high-566 

pass, 1/30 Hz). To ‘spike’-triggered average simultaneous traces of three cell types (Figure 5de), 567 

the peaks of selected cell-type signal were identified by the local maximum of that signal after a 568 

low-pass filter (0.2Hz). Unfiltered signals of three cell types were then aligned by these peaks to 569 

calculate the averaged traces for individual cell types. For pharmacological calcium responses, 570 

each time trace was normalized by the initial intensity (F/F0). The maximum change was 571 

calculated by the maximum difference of normalized intensities between baseline and after drug 572 

application. The latency (onset time constant) was calculated by the duration from drug 573 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 21, 2018. ; https://doi.org/10.1101/424499doi: bioRxiv preprint 

https://doi.org/10.1101/424499
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 28  

application to the time when the trace reached 63.2% of maximum change. All statistics tests are 574 

two-sided. Trace analysis and statistics were performed using R 3.3.3 and Prism 7 (GraphPad, 575 

San Diego CA).  576 
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Figure 1. Daily bimodal neural activity patterns of EB ring neurons. (a) The ellipsoid body ring neurons (EB-RNs) 
in the fly brain. (b) Average rhythm strength (power) of locomotor activity for 9 days under constant darkness 
(DD) of control and flies with TeTn expressed in EB-RNs; asterisk denotes significant differences compared to 
control (P < 0.0001, Mann-Whitney test). (c) The average locomotor activity histogram and phase distributions of 
behavioral peaks of wild type R56H10-gal4/GCaMP6s flies (left) under 12-hr light: 12-hr dark (LD) cycle and 
(right) in the first day under DD (n = 16 flies). Dots indicate SEM. (d-h) Daily Ca2+ activity patterns of the EB ring 
neuron subgroups: (d) R1 labelled by tim-gal4, (e) R2 labelled by cry-lexA, (f) R3 labelled by pdfr(F)-gal4, (g) R4 
labelled by R19H08(pdfr)-lexA, and (h) R1-4 labelled by R56H10-gal4. Left, confocal images of EB ring neurons 
and diagrams of their concentric arborization radii; scale bars, 25 μm. Middle and Right, average Ca2+ transients 
and Ca2+ phase distribution for both morning peaks (orange dots and arrow) and evening peaks (blue dots and 
arrow). Middle - under LD; Right - under DD.
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Figure 2. EB ring neuron activity is correlated with locomotor activity. (a) 
Illustration of long-term in vivo imaging with infrared measurement of 
locomotor activity (see Methods). (b) Map of the major circadian neuron 
groups and EB ring neurons. (c) Representative recordings of two flies: bars, 
normalized locomotor activity counts per 10 m; blue traces, Ca2+ activity of 
EB-R2 neurons in the same fly. (d-e) Average locomotor activity (black) and 
Ca2+ activity (blue) aligned by (d) increasing phase and (e) decreasing phase 
of Ca2+ activity. The averaged phase lags were calculated by cross-
correlation: (c) 0.35±7 min; (d) -15±0.5 min. (f-h) Average locomotor 
activity (f) and average Ca2+ transients of (g) EB-R2 neurons and (h) 
circadian pacemaker neurons in the same flies (n = 6 flies). Dots and 
shading indicate SEM. 
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Figure 3. EB ring neuron rhythms are driven by clocks, not in response to behavior. (a) Daily Ca2+ activity patterns 

of (middle) EB-R2 neurons and (right) circadian neurons under LD immediately after cutting the connectives 

between brain and ventral nerve cord (n = 10 flies). (b) Daily Ca2+ activity patterns of EB-R2 and circadian neurons 

under LD immediately after removing the bodies (n = 6 flies). (c) In blind norpAP24 mutant flies, (left) average 

locomotor activity (n = 22 flies) and daily Ca2+ activity patterns (middle) of EB-R2 neurons and (right) circadian 

neurons under LD (n = 6 flies). (d) In per01 mutants, average locomotor activity (n = 16 flies) and arrhythmic Ca2+

activity patterns of EB-R2 and of circadian neurons under LD (n = 7 flies). (e) In pdfrhan5304 mutants, average 

locomotor activity (n = 8 flies) and Ca2+ activity patterns of EB-R2 and of circadian neurons under LD (n = 7 flies).
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Figure 4. Daily activity phases of EB-RNs are dictated by M and E cells. (a) Illustration and averaged response traces of M cells (s-LNv) and 
EB-R2 neurons to ATP application in flies with P2X2 expressed in M cells (n = 6 flies). (b) Illustration and averaged response traces of E cells 
(three LNd and the 5th s-LNv neurons) and EB-R2 neurons to ATP application in flies with P2X2 expressed in E cells (n = 5 flies). (c) 
Maximum Ca2+ changes of EB-R2 after ATP application in (a), (b), and control (n = 3 flies). (d) Average locomotor activity in DD1 of (top) 
wild type (WT, n = 16 flies) and (bottom) flies expressing SGG in PDF neurons (PDF>SGG, n = 24 flies). (e) Phases comparisons of morning 
and evening activity between WT and PDF>SGG. Note that only the morning activity phase was advanced (* P < 0.05, Watson-Williams
test). (f-g) Daily Ca2+ activity patterns of (left) circadian neurons and (right) EB-R2 neurons (c) in WT flies under DD (n = 12 flies) and (d) 
neurons in PDF>SGG flies under DD (n = 6 flies). (h) Phase comparison of each circadian neuron group and for both morning peaks (orange) 
and evening peaks (blue) of EB-R2 neurons between WT and PDF>SGG flies. Note that only M cells (s-LNv) and the morning peak of EB-R2 
were significantly advanced in PDF>SGG. (i) Average locomotor activity of (top) WT (n = 13 flies) and (bottom) flies expressing SGG in E 
cells (E-cells>SGG, n = 16 flies) in DD1 after 5 cycles of 10 h light: 14 h dark (short day, SD). (j) Phase comparisons of morning and evening 
activity between WT and E-cell>SGG. Note that only evening activity phases were significantly advanced. (k-l) Daily Ca2+ activity patterns 
and phase comparisons of (left) circadian neurons (PDF neurons were invisible due to pdf-gal80) and (right) EB-R2 neurons in (k) WT and 
(l) E-cells>SGG flies after SD entrainment (n = 5 flies). s-LNv and l-LNv were invisible due to pdf-gal80. (m) E cells (LNd) and the evening 
peak of EB-R2 were significantly advanced in E-cells>SGG flies compared to WT ones.
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Figure 5. PPM3-EB and EB-RNs constitute a circadian output motor circuit. (a) Daily bimodal Ca2+ activity patterns of PPM3-EB under 

LD and DD (n = 6 and 6 flies). (b) Illustration of dual-color Ca2+ imaging: GCaMP6s in PPM3-EB and jRGECO1a in EB-R2 and circadian 

neurons. (c) Example traces of Ca2+ activity in EB-R2, PPM3-EB, and l-LNv neurons (sampling rate, 1Hz). (d) Average Ca2+ activity traces 

from (c) aligned by (left) PPM3-EB peak and (right) l-LNv peak. (e) As in (d), average Ca2+ activity traces from all flies (n = 8 flies). (f) 
Correlation of Ca2+ activity (Pearson’s r) between EB and PPM3 is considerably stronger than that between EB and l-LNv (p=0.0009, 

paired t-test after Fisher's Z-transform). (g) Group-averaged actograms of control (left) and flies expressing tetanus toxin (TeTn) in 

PPM3-EB neurons to block neurotransmission (right). (h) Average rhythm strength (power) of genotypes in (g) for 9 days under DD; 

asterisk denotes significant differences compared to control (P < 0.0001, Mann-Whitney test). (i-j) Daily Ca2+ activity patterns of 

circadian neurons (top) and EB-R2 neurons (bottom) under DD1 in (i) WT (n = 6 flies) and (j) flies with TeTn expressed in PPM3-EB 

neurons (n = 6 flies). (k) Average rhythm strength (power) of genotypes for 9 days under DD in which DA receptors are knocked down in 

EB-RNs using R56H10-gal4; asterisk denotes significant differences compared to control (P < 0.05, Kruskal-Wallis test followed by post 

hoc Dunn’s tests). (l) Model of the circadian output pathway for locomotor activity rhythms: circadian pacemaker M cells and E cells 

independently activate EB-RN pre-motor circuits around dawn and dusk through the relay of PPM3-EB dopaminergic neurons.
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Extended Data Figure 1. The different subgroups of ellipsoid body (EB) ring neurons do not display circadian 
pacemaker cell properties. (a) Confocal images of different subgroups of EB ring with different concentric 
arborization radii featured by different genetic drivers: the cry-LexA pattern did not overlap with that the pdfr(F)-

gal4 pattern; the cry-LexA pattern did not overlap with the pWF22-6 pattern (R4d subgroup, see Renn et al 1999); 
the GMR19C08(pdfr)-LexA pattern did not overlap with the pattern of pWF22-6; the cry-LexA pattern did overlap 
with the that of GMR69F08-GAL4 (R2 subgroup, see Liu et al 2016); Scale bars, 20 μm. (b) Daily Ca2+ activity 
patterns of the EB-RN subgroup R4, labelled by split-gal4 drivers which caused the strongest effect on increasing 
locomotor activity (Robie et al., 2017). (c) Immunostaining of PER protein in the cry-LexA, LexAop-GCaMP6s fly at 
ZT0. Scale bars, 20 μm. PER can be detected in circadian pacemaker neurons, but not in EB-RNs. (d-f) Average 
locomotor activity of (d) wild type (WT, n = 16 flies), (e) flies with Shaggy (SGG) expressed in s-LNv and three out 
of six LNd with pdfr(B)-GAL4 (n = 16 flies), and (f) flies with SGG expressed in EB-R3 neurons with pdfr(F)-GAL4 (n 
= 32 flies) under LD cycles and in the first day under DD (DD1). Accelerating molecular clocks in M and E cells (e) 
advanced both morning and evening behavioral phases, yet SGG over-expression in EB-RN neurons (f) was 
inconsequential.
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Extended Data Figure 2. EB-RNs respond to circadian neuron activation. (a) Left, map of EB-RNs and circadian 
pacemaker neurons. Right, average traces of EB-R3 neurons responding to increase of temperature in flies with 
dTrpA1 expressed in PDF neurons (red, n = 7 flies) and in control flies without dTrpA1 expression (blue, n = 4 flies). 
Red aspect indicates duration of temperature increase. (b) Responses of EB-RNs labelled by R56H10-gal4 to ATP 
application in flies with P2X2 expressed in PDF neurons (left, n = 5 flies) and in control flies without P2X2 expression 
(right, n = 3 flies). Red aspect indicates duration of ATP application. Above, example image baseline Ca2+ signal and 
maximum Ca2+ signal changes. Below, average traces of EB ring neurons. (c) Maximum Ca2+ signal changes after ATP 
application in individual EB-RNs in (b). (d) Responses of EB-R2 neurons, and circadian pacemaker neurons labelled 
by cry-LexA, to ATP application in flies with P2X2 expressed in s-LNv (left, n = 6 flies). (e) Responses of EB-R2 
neurons and circadian pacemaker neurons labelled by cry-LexA to ATP application in flies with P2X2 expressed in E 
cells: three LNd and the 5th s-LNv neurons (left, n = 5 flies) and (f) in control flies without P2X2 expression (right, n = 
3 flies). 
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Extended Data Figure 3. Daily activity phases of output circuits are dictated by different groups of circadian 
neurons. (a) Average locomotor activity in DD1 of flies expressing SGG in E pacemaker neurons, entrained under 
12hr light: 12hr dark cycles (E-cells>SGG, n = 8 flies). (b) Phases comparisons between WT and E-cells>SGG flies. 
Note that both morning and evening activity phases were advanced (Watson-Williams test). (c) Daily Ca2+ activity 
patterns of (left) circadian pacemaker neurons and (right) EB-R2 neurons in E-cells>SGG flies under DD (n = 5 flies). 
(d) Phase comparisons of circadian pacemaker neurons between WT and E-cells>SGG. E cells (LNd) were shifted in 
E-cells>SGG. (e) Both the morning peak and the evening peak of EB-R2 were shifted in E-cells>SGG (*p < 0.05, 
Watson-Williams test).
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Extended Data Figure 4. Tests of connections from PDF neurons to PPM3-EB and to EB-RNs. (a) Above, map of 
PPM3-EB DA neurons, EB-RNs, and circadian pacemaker neurons. Below-left, average traces of PDF neurons, 
PPM3-EB neurons, and EB-R1 neurons responding to activation of P2X2-expressing PDF neurons by ATP at two 
zeitgeber time points: ZT1 (n = 5 flies) and ZT12 (n = 4 flies). Below-right, response latency (onset time constant) of 
EB-RNs is longer than that of PPM3-EB neurons (p=0.0029, Mann-Whitney test). (b) As in Figure 5b-f, dual-color 
Ca2+ imaging: GCaMP6s in PPM3-EB and jRGECO1a in EB-R2 and circadian pacemaker neurons. Below-left, average 
traces of PPM3-EB neurons, EB-R2 neurons, and circadian pacemaker neurons responding to the bath-application 
of neuropeptide PDF (10-5 M) at two zeitgeber time points: ZT0 (n = 3 flies) and ZT6 (n = 3 flies). Below-right, 
maximum Ca2+ signal changes in individual cells after PDF bath application. (c) Average traces of EB-RNs responding 
to the bath-application of dopamine (10-4 M) at ZT6 (n = 4 flies). (d) Average traces of EB-R2 neurons, and circadian 
pacemaker neurons labelled by cry-LexA, responding to activation of P2X2-expressing PPM3-EB DA neurons by ATP 
(n = 5 flies). Red aspect indicates duration of drug application. Error bars denote SEM.
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Extended Data Figure 5. PER protein rhythms of control flies and flies expressing tetanus toxin (TeTn) in PPM3-EB 
neurons in Figure 5G. (a) Representative images of immunostaining against PDF and PER at two different time 
points: ZT0 and ZT12 of flies expressing TeTn in PPM3-EB. (b) Quantification of PER protein staining intensity at four 
different time points in five groups of circadian neurons from control flies and flies expressing TeTn in PPM3-EB (n > 
3 flies for each time points). 
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Genotype N AR Period (h) SEM Power SEM Activity SEM
R56H10-gal4>+ 15 7% 23.50 0.10 88.36 10.97 20.53 2.27
R56H10-gal4>UAS-TeTn 14 64% 24.00 0.97 10.69 3.12 6.07 1.25

TH-Flp/+; R92G05-gal4/+ 16 0% 23.23 0.12 71.07 7.84 15.69 1.58
TH-Flp/UAS-(FRT.stop)-TeTn; 21 24% 23.17 0.12 22.15 5.01 15.43 1.57
TH-Flp/UAS-(FRT.stop)-TeTn; 
R92G05-gal4/+ 24 83% 23.64 0.05 3.03 1.58 13.85 4.46

R56H10-gal4>+ 31 7% 23.31 0.05 67.62 8.35 16.80 1.36
R56H10-gal4>DopR1-miRNA 32 3% 23.63 0.05 84.18 8.57 22.21 1.22
R56H10-gal4>DopR2-miRNA 15 20% 23.56 0.10 33.15 7.17 22.38 1.75
R56H10-gal4>D2R-miRNA 25 12% 23.50 0.10 26.53 4.24 9.41 1.12
R56H10-gal4>DopEcR-miRNA 15 7% 23.57 0.07 72.89 5.54 19.60 1.97

Manipulation of dopamine signal and EB-RNs impair circadian locomotor activity rhythms. AR, 
arrhythmic. Period and power are calculated by χ2 periodogram. Activity represents averaged 
activity count per 30 min. 

Extended Data Table 1



Extended Data Table 2
List of driver/ reporter lines used in this study. The nomenclature of ellipsoid body ring 

neuron (EB-RN) subgroups used in this study – different from that in Omoto et al. (2017) -

are here indicated 

Driver / Reporter Lines EB-RN 
subgroup

EB-RN subgroup 
nomenclature by 

Omoto et al. (2017) 
other cell types

tim(UAS)-GAL4 R1 R1 All circadian pacemaker neurons and others

pdfr(F)-GAL4 R3 R3 N/A

cry-LexA R2 R5 CRY-positive circadian pacemaker neurons and others

GMR69F08-GAL4 R2 R5 N/A*

GMR_SS002769 R2/R4m R2 N/A

GMR19C08-LexA R4m R2 N/A

GMR56H10-GAL4 R1-4 R1-5 N/A

pWF22-6-lacZ R4d R4 N/A

pdfr(B)-GAL4 N/A N/A all s-LNv, 3 CRY-positive LNd, and 2 DN1

dvpdf-GAL4 N/A N/A all LNv and 3 CRY-positive LNd

dvpdf-GAL4, pdf-GAL80 N/A N/A the 5th s-LNv and 3 CRY-positive LNd

GMR_SS00681 N/A N/A 4 PDF-positive s-LNv

GMR_MB122B N/A N/A the 5th s-LNv and 3 CRY-positive LNd

pdf-LexA N/A N/A PDF-positive s-LNv and l-LNv

GMR92G05-GAL4 N/A N/A PPM3-EB and others

GMR92G05-GAL4, TH-Flp N/A N/A PPM3-EB

*N/A indicates invisible in the brain


