
 1

Connectomic Analysis of the Drosophila Lateral Neuron Clock Cells 1 

Reveals the Synaptic Basis of Functional Pacemaker Classes 2 

 3 
Shafer, O.T.1,*, Gutierrez G.J.2,*, Li, K.3, Mildenhall, A.3, Spira, D.2,3, Marty, J.4, Lazar, A.A.4, and 4 
Fernandez M.P.3,# 5 
 6 
 7 
1- Advanced Science Research Center, Graduate Center, The City University of New York. New York, NY 10031 8 
2- Center for Theoretical Neuroscience, Zuckerman Institute, Columbia University. New York, NY 10027 9 
3- Department of Neuroscience and Behavior, Barnard College. New York, NY 10027 10 
4- Department of Electrical Engineering, Columbia University. New York, NY 10027 11 
 12 
*Equal contribution 13 
#Correspondence should be submitted to Maria Paz Fernandez (mfernand@barnard.edu) 14 
 15 

 16 

Abstract 17 

The circadian clock orchestrates daily changes in physiology and behavior to ensure internal 18 

temporal order and optimal timing across the day. In animals, a central brain clock coordinates 19 

circadian rhythms throughout the body and is characterized by a remarkable robustness that 20 

depends on synaptic connections between constituent neurons. The clock neuron network of 21 

Drosophila, which shares network motifs with clock networks in the mammalian brain yet is built 22 

of many fewer neurons, offers a powerful model for understanding the network properties of 23 

circadian timekeeping. Here we report an assessment of synaptic connectivity within a clock 24 

network, focusing on the critical lateral neuron (LN) clock neuron classes. Our results reveal that 25 

previously identified anatomical and functional subclasses of LNs represent distinct 26 

connectomic types. Moreover, we identify a small number of clock cell subtypes representing 27 

highly synaptically coupled nodes within the clock neuron network. This suggests that neurons 28 

lacking molecular timekeeping likely play integral roles within the circadian timekeeping network. 29 

To our knowledge, this represents the first comprehensive connectomic analysis of a circadian 30 

neuronal network. 31 
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Introduction 32 

  33 

Most organisms undergo predictable daily changes in gene expression, physiology, and 34 

behavior that are driven by endogenous circadian clocks (1, 2). In animals, the molecular 35 

feedback loops underlying circadian clocks are present in all organ systems but are required 36 

within a relatively small population of brain neurons to maintain daily rhythms in behavior and 37 

physiology (3). In mammals, the hypothalamic suprachiasmatic nuclei (SCN) are the brain’s 38 

central circadian clock since the ablation of the SCN or knockouts of the molecular clock within 39 

the SCN results in loss of circadian rhythms (reviewed by (4)). Compared to peripheral tissues, 40 

timekeeping in the brain’s central clock is more resilient to the loss of clock gene function and to 41 

environmental perturbations. This resilience comes from physiological connections between 42 

SCN neurons (5, 6).  Determining how clock neurons are connected is therefore essential to 43 

understand circadian timekeeping in animals. 44 

  45 

A fundamental challenge to addressing this question is the complexity of the circadian neuronal 46 

networks. The paired mammalian SCN consist of tens of thousands of neurons with diverse 47 

neurochemical outputs that form a complex network (reviewed by (7)). The clock neuron 48 

network of Drosophila melanogaster offers a powerful model to understand the network 49 

properties of neural circadian timekeeping. The molecular clocks of insects and mammals are 50 

highly conserved and their neuronal networks appear to share common motifs (8). The fly’s 51 

clock neuron network consists of relatively few neurons that can be organized in a small number 52 

of discrete anatomical classes ((9); Figure 1A). Furthermore, genetic tools to specifically 53 

manipulate subclasses of the fly circadian network have made it possible to understand the 54 

functional roles of these subclasses in the production of endogenous circadian rhythms in sleep 55 

and activity (10, 11). Though transgenic markers of synaptic connectivity and live-imaging-56 

based assessments of functional connectivity have been used to address neural connectivity 57 
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within the clock neuron network (e.g., (12, 13), a systematic assessment of synaptic connectivity 58 

within this network is lacking.   59 

  60 

The comprehensive mapping of synaptic connectivity using serial electron microscopy and 61 

reconstruction of neuronal volumes allows to assess network structures of brain circuits (14). 62 

Scheffer and colleagues (15) provided a dense reconstruction of chemical synapses within a 63 

large portion of the fly’s central brain, called the hemibrain.  Annotation of the hemibrain 64 

connectome contains most of the key anatomical subsets of the fly’s clock neuron network and 65 

powerful computational tools are available to navigate this connectome (15, 16) making it 66 

possible to analyze the structure of the fly’s brain clock network. 67 

 68 

The Drosophila Circadian Neuron Network is a group of ~150 neurons that display synchronous 69 

oscillation in PER and TIM abundance and can be subdivided based on gene expression, 70 

anatomy, and location in the brain (17). These are (i) the lateral neurons (LNs), which can be 71 

subdivided into ventral lateral (LNv) and dorsal lateral (LNd) neurons, (ii) the lateral posterior 72 

neurons (LPNs), and (iii) the dorsal neurons (DNs), which can be subdivided into dorsal neurons 73 

1, 2, and 3 (DN1, DN2, and DN3)and further subdivided into anterior (DN1a) and posterior 74 

(DN1p) DN1s (9, 18, 19).  75 

 76 

The LNvs release the key circadian neuropeptide Pigment Dispersing Factor (PDF) and can be 77 

further subdivided into small and large LNvs (s-LNvs and l-LNvs). Release of PDF from the s-78 

LNvs, which takes place in the dorsal protocerebrum where the LNds and DNs reside, is 79 

required for endogenous circadian timekeeping (20, 21). The current annotation of the 80 

hemibrain data set identifies all the expected lateral neuron classes: four l-LNvs, four s-LNvs, 81 

the 5th-s-LNv, and six LNds ((15); Figure 1B and C). However, some clock neurons have not 82 

yet been unequivocally identified within the hemibrain data set: approximately half of the DN1ps 83 
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(13, 15) and the DN2s and DN3s. The LN classes of clock neuron represent the minimum sub-84 

network required to produce endogenous bimodal rhythm of sleep and activity. A functional 85 

molecular clock only in the s-LNvs, 5th-s-LNv, and LNds is sufficient to produce such rhythms 86 

(22, 23).  87 

 88 

Here we report an assessment of chemical synaptic connectivity for the critical LN clock neuron 89 

classes within the hemibrain volume. We have determined the patterns of synaptic connectivity 90 

within this core LN circadian sub-network and the connectivity with other clock neurons 91 

annotated within the hemibrain dataset. This analysis provides significant and comprehensive 92 

insight into the synaptic circuitry underlying the organization and function of the Drosophila 93 

central brain clock.  Our results reveal that previously identified anatomical and functional 94 

subclasses of LNs are distinct connectomic classes which receive unique sources of synaptic 95 

inputs and outputs. Furthermore, our analysis reveals a remarkable heterogeneity in how clock 96 

neuron subclasses form connections to other clock neurons and identifies a small number of 97 

clock cell subtypes that are highly synaptically coupled nodes. Finally, we find “non-clock 98 

neuron” targets which themselves form synapses back onto clock neurons. We propose that 99 

those non-clock cells are important components of the timekeeping network. 100 

 101 

Results 102 

 103 

The Clock Neuron Network and the Hemibrain Dataset 104 

 105 

Representatives of all classes of clock neurons, with the exception of the DN2 and DN3 classes, 106 

have been identified in the hemibrain volume used here (Figure 1A and B). See Table 1 for the 107 

naming scheme used here for the clock neurons identified in the dataset with their 108 
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corresponding unique body IDs. The patterns of connectivity among some of these neurons 109 

have recently been briefly described (11, 13). Scheffer and colleagues (15) define synaptic 110 

strength within the hemibrain volume by the number of synaptic connections formed between 111 

neurons, defining connections consisting of only one or two chemical synapses as weak and 112 

subject to error, three to nine synapses as medium strength, and of ten or more synapses as 113 

strong. We used these definitions of synaptic strength in this study. As a whole, the identified 114 

clock neurons appear to be sparsely interconnected by chemical synapses. Most clock neuron 115 

pairs form either no synapses or weak synaptic connections (Figure 1C). However, there are a 116 

few clear exceptions: a single LNd (LNd6) and the 5th s-LNv form strong connections with one 117 

another and with members of the DN1 group (Figure 1C; see also Reinhard and colleagues 118 

(13)) and stand out among the clock neurons as hubs of inter-clock synaptic connectivity. 119 

  120 

To asses synaptic connectivity in the Drosophila clock network, we focused on three critical 121 

classes of lateral clock neurons (LNs); the 4 Pigment Dispersing Factor (PDF) -expressing small 122 

ventral lateral neurons (s-LNvs), the 6 dorsal lateral neurons (LNds) and the PDF negative 5th 123 

s-LNv (Figure 1D).  We have chosen to focus on these clock neuron classes for two reasons.  124 

First, these classes are completely accounted for in the hemibrain annotation used here.  125 

Second, the 11 neurons that comprise the LN class are sufficient to drive the fly’s endogenous 126 

bimodal rhythm in locomotor activity (22, 23) and therefore represent a critical sub-network 127 

within the fly’s circadian system. 128 

  129 

The small LNvs are a highly unified connectomic class distinct from the 5th s-LNv. 130 

  131 

The s-LNvs have long been considered critical circadian pacemakers within the Drosophila 132 

clock neuron network (24). These cells express the neuropeptide PDF (20, 25), maintain strong 133 

molecular timekeeping under constant conditions (26, 27) and are required for robust 134 
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endogenous circadian rhythms (22, 28). The s-LNvs also contribute to the morning peak of the 135 

fly’s crepuscular daily activity rhythm (22, 29). Though by no means the only clock neurons 136 

capable of producing an endogenous sense of time (30-32), a large body of evidence supports 137 

the notion that s-LNvs are among the most critical neurons for the maintenance of endogenous 138 

circadian rhythms (Reviewed by (11)). The 5th-s-LNv was named because it was initially thought 139 

to be anatomically similar to the PDF positive s-LNvs in the larval brain (23, 33).  However, 140 

subsequent work has suggested that the 5th s-LNv is likely functionally and anatomically more 141 

akin to the LNds (22, 30, 34). 142 

  143 

The four PDF-expressing s-LNvs are characterized by a relatively simple morphology (Figure 144 

2A-C; (19)). Their cell bodies are located in the ventral brain, near the accessory medulla 145 

(AMe), into which they extend short neurites which likely receive input from photoreceptors (35, 146 

36). These four s-LNvs project dorsally to the posterior dorsal protocerebrum, where they turn 147 

toward the midline and form fine ramified termini that extend toward the midline (19, 37). These 148 

dorsal ramifications are thought to be the major site of s-LNv synaptic output, but are also 149 

known to contain synaptic inputs (38). Work by Schubert and colleagues (34) showed that the 150 

5th s-LNv (Fig 2F) has more extensive ramifications within the dorsal brain and accessory 151 

medulla than the PDF expressing s-LNvs.  152 

  153 

The four PDF-expressing s-LNvs and the 5th s-LNv have been identified within the hemibrain 154 

data set (Figures 1B-C and Figure 2A,F; (15)). Visualization of T-bars and postsynaptic 155 

densities within these neurons reveals that their ventral neurites, which innervate the AMe, are 156 

biased toward receiving synaptic input (Figure 2A and F). Individual PDF-positive s-LNvs 157 

display relatively simple dorsal medial termini with relatively few branch-points that tend to run in 158 

parallel to neighboring branches (Supplemental Figure 1). As previously described (38), these 159 

dorsal medial s-LNv termini contain both presynaptic and postsynaptic structures with the 160 
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former significantly outnumbering the latter (Figure 2A and Supplemental Figure 1). The dorsal 161 

termini of the 5th s-LNvs also contains both pre- and post-synaptic structures but appear to be 162 

less biased toward output compared to the PDF expressing s-LNvs (Fig. 2F).  Taken together, 163 

the four pdf+ s-LNvs form a total of 2238 synapses within the hemibrain volume: 505 inputs 164 

(postsynaptic densities) and 1733 outputs (projections onto postsynaptic densities). The single 165 

5th s-LNv contains 1413 post-synaptic densities and forms synapses onto 1992 postsynaptic 166 

densities. Thus, the 5th s-LNv forms about four times the number of synapses of a single PDF-167 

positive s-LNv (Figure 4C; Supplemental Table S1 and S2).  168 

  169 

The four pdf+ s-LNvs display uniformity in their synaptic inputs for strong synaptic connections. 170 

Only three neurons in the hemibrain provide ten or more synapses onto at least one of these 171 

cells (Figure 2D), and all four receive strong or medium strength synaptic inputs from these 172 

three presynaptic cell types (Figure 4D; Supplemental Table S1). They also appear to be 173 

remarkably uniform in their patterns of strong synaptic output.  Only 11 neurons receive 10 or 174 

more synapses from at least one pdf+ s-LNv (Figure 2E and 4E), and all 11 receive strong or 175 

medium strength synapses from all four (Figure 4E; Supplemental Table S2). Compared to the 176 

other LN classes, these s-LNvs are highly similar to each other in both their strong and medium 177 

strength connections (Figure 4A and B) and form few but nearly uniform patterns of strong 178 

shared synaptic connections (Figure 4D and E). Notably, within the hemibrain volume, the pdf+ 179 

s-LNvs are not strongly connected to other clock neurons, though they do form medium strength 180 

connections with one another (Figures 1C and 2H). The 5th s-LNv displays patterns of strong 181 

synaptic connectivity that are almost completely distinct from those of the four pdf+ s-LNvs, 182 

sharing a single strong output connection with only one of these cells (Figure 2E). 183 

  184 

Though quite uniform in their patterns of strong synaptic input and outputs, the pdf+ s-LNvs do 185 

display some within-class differences in their patterns of weak and medium strength 186 
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connections. Among the inputs targeting only one s-LNv, and mediated by only three synapses, 187 

is the HB-eyelet, a surprising finding given the long-held model that this external photoreceptor 188 

provides direct excitatory input onto s-LNvs and contributes to light entrainment of circadian 189 

rhythms (35, 36, 39), though recent work has indicated that the eyelet to s-LNv connection may 190 

be polysynaptic (40).  Nevertheless, our analysis supports the notion that the pdf+ s-LNvs 191 

represent a uniform connectomic cell type with regard to patterns of strong synaptic 192 

connections, consistent with recent work revealing a uniformity in gene expression across the s-193 

LNvs (41). 194 

  195 

The LNds comprise several connectomic subclasses. 196 

  197 

As their name suggests, the somata of the dorsal lateral neurons (LNds) are situated dorsally 198 

relative to the LNvs, residing in the lateral cell body rind (19, 33, 34). All six LNds send dorsal 199 

medial projections across the superior protocerebrum and three send an additional projection 200 

toward the ventral brain ((34); Figure 3A-C and Supplemental Figure S2). Though consisting of 201 

only two more neurons than the PDF-positive s-LNv class, the LNds form seven-times more 202 

synaptic connections (6149 postsynaptic densities and projections to 9590 PSDs; compare 203 

Figures 2A, 3A, and 4C) and are characterized by a much larger number of strong synaptic 204 

partners. There are 164 distinct neurons that receive strong synaptic inputs from at least one 205 

LNd (compared to 11 neurons for pdf+ s-LNvs; (Supplemental Table S2), and 86 distinct 206 

neurons provide strong synaptic input onto at least one LNd (compared to three for s-LNvs; 207 

Supplemental Table S2).  208 

  209 

In addition to forming more synapses with more neurons than the PDF-positive s-LNvs, the 210 

LNds are markedly less uniform in their patterns of strong synaptic connections (Figures 3E and 211 

F and 4F and G).  There is not a single source of strong synaptic input or a single neural target 212 
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of synaptic output that forms strong connections with all six LNds (Figure 3E and F, 213 

Supplemental Tables S1 and S2). The maximum number of LNds that receive strong synaptic 214 

inputs from the same presynaptic neuron is three (Figure 3F). The maximum number of LNds 215 

that form strong synaptic outputs onto the same neuronal targets is also three (Figure 3F). 216 

Based on these patterns of shared strong connectivity, there appear to be two connectomic 217 

groups within the LNds, each consisting of three neurons: LNds 1-3 and LNds 4-6. LNds within 218 

these two subgroups are more similar in their patterns of strong synaptic connectivity to each 219 

other than to LNds of the other group (Figure 3E and F and 4F and G). These two groups differ 220 

to a notable degree in the number of their synaptic connections, with the LNd 4-6 group forming 221 

approximately twice the number of synaptic connections (Figure 4C; Supplemental Figure S2 222 

and Supplemental Tables S1 and S2). 223 

  224 

Examining the cellular morphology of the LNds within the hemibrain volume reveals that LNds 225 

4-6 extend both dorsal-medial and ventral projections, whereas LNds 1-3 extend only dorsal-226 

medial projections (Supplemental Figure S2). As shown by Schubert and colleagues (34), this 227 

indicates that LNds 4-6 are the Cryptochrome (Cry) expressing LNds, while LNds 1-3 228 

correspond to the Cry-negative LNds (Figure 3D). Though the Cry+ and Cry- subgroups of the 229 

LNds appear to be two distinct connectomic subtypes, patterns of strong synaptic connectivity 230 

suggest that the LNds can be further divided based on their patterns of strong synaptic 231 

connections. Within the Cry+ LNds, LNd4 and LNd5 share 27 strong synaptic inputs with one 232 

another, but only seven strong connections with LNd6 (Figure 3E). Similarly, LNd4 and LNd5 233 

share 33 strong synaptic targets with one another but only seven or fewer with LNd6 (Figure 234 

3F). Thus, the Cry+ LNds appear to consist of at least two connectomic subgroups, LNd4/LNd5 235 

and LNd6. This connectomic distinction is consistent with differences in neuropeptide 236 

expression within the Cry+ LNds, with two LNds expressing short neuropeptide F (sNPF) and 237 

the third expressing ion transport peptide (ITP), a feature it shares with the Cry expressing 5th 238 
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s-LNv (42). A similar distinction can be made for the Cry-negative LNds, LNd2/LNd3 and LNd1, 239 

in terms of patterns of strong synaptic connections (Figure 3E and F).  Based on these patterns 240 

of strong synaptic connections, the LNd class appears to consist of four distinct connectomic 241 

types. This number matches the number of transcriptomic classes of LNds recently revealed by 242 

single cell sequencing (41). 243 

  244 

The four connectomic groups of LNd clock neurons correspond to previously identified 245 

cellular and functional clock subsets. 246 

  247 

In addition to differences in cry expression, the LNds display other cellular and functional 248 

distinctions, suggesting that this clock neuron class consists of multiple neuronal subtypes. The 249 

LNds are divisible based on their expression of neuropeptides and neurotransmitters (42), with 250 

two LNds co-expressing sNPF and Choline acetyltransferase (ChAT), an enzyme involved in 251 

the biosynthesis of acetylcholine. Three LNds express Neuropeptide F (NPF), one of which 252 

expresses a second peptide, ITP (42). The transmitter(s) produced by the remaining LNd are 253 

not currently known.  Furthermore, Cry+ and Cry- LNds differ in their expression of Pdf receptor 254 

(PdfR), with the Cry+ LNds uniformly expressing PdfR and the Cry- LNds lacking receptor 255 

expression (43), suggesting that these two groups of LNd are differentially sensitive to PDF 256 

released from the l-LNvs and s-LNvs. 257 

  258 

The coupling of LNds to circadian timekeeping within the s-LNvs varies among the LNds. The 259 

two sNPF positive LNds, which express Cry and PdfR, remain tightly coupled to the s-LNvs 260 

when the circadian clock in the latter neurons is slowed down (30). The sNPF expressing LNds 261 

were termed E1 oscillators based on this tight temporal coupling to the s-LNvs (30), which also 262 

express sNPF (42). The NPF/ITP expressing LNd, despite being receptive to PDF released 263 

from the LNvs, does not display coupling to the slowed s-LNv clocks and was grouped with the 264 
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ITP-expressing 5th s-LNv as E2 oscillators (30). The remaining LNds, which consist of the Cry 265 

negative LNds, were classified as E3 oscillators, which are neither PDF receptive nor coupled to 266 

s-LNvs with modified clock speeds (30).  267 

 268 

The Cry+ LNds therefore appear to consist of two functional types; two LNds making up E1 and 269 

a single LNd corresponding to E2. Schubert and colleagues (34) established the anatomical 270 

hallmarks of these two Cry+ LNds, with the single E2 LNd sending more extensive ventral 271 

projections compared to the E1 LNds.  Examination of hemibrain LNd volumes indicates that 272 

LNd6 corresponds to LNd-E2 (compare Supplemental Figure S2D and E to F), and that LNd4 273 

and LNd5 are the E1 LNds. This LNd5/4 (E1) and LNd6 (E2) distinction mirrors the patterns of 274 

shared strong synaptic connectivity displayed by the Cry+ LNds (Figure 3E and F). Therefore, 275 

functionally distinct LNd subgroups share patterns of strong synaptic inputs and outputs. 276 

  277 

The 5th s-LNv, which shares cellular and anatomical similarities with LNd6 (34, 42), was 278 

assigned as a member of the E2 functional class by Yao and Shafer (30), based on the absence 279 

of coupling to timekeeping within the PDF positive s-LNvs, despite receptivity to PDF and their 280 

role in the generation of evening activity (22). We therefore asked if LNd6 and the 5th s-LNv 281 

display similar patterns of synaptic connectivity.  Indeed, these two neurons displayed 282 

significant overlap in their strong synaptic connectivity, both for synaptic inputs and targets 283 

(Figure 4F and G). Thus, LNd6 and the 5th s-LNv are more alike in their patterns of strong 284 

synaptic connectivity than they are to other lateral neuron subtypes in addition to sharing 285 

neuropeptide expression and coupling mode with the PDF expressing s-LNvs. 286 

  287 

The patterns of strong clock neuron connectivity within the hemibrain led us to hypothesize that 288 

the recognized functional subtypes, M (PDF positive s-LNvs), E1 (LNd4 and LNd5), E2 (LNd6 289 

and 5th s-LNv), and E3 (LNd1, LNd2, and LNd3) display distinct patterns of synaptic 290 
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connectivity. To test this hypothesis, we expanded our analysis to include both strong and 291 

medium strength synaptic connections, which together account for the vast majority of 292 

connections made by the identified clock neurons within the hemibrain dataset. To examine 293 

affinities between individual identified clock neurons in our expanded consideration of 294 

connectivity, we used the Jaccard index (Fig 4A and B), a coefficient of similarity between two 295 

sets that ranges between zero and one, the former value indicating no overlapping synaptic 296 

partners and latter indicating complete overlap (see methods).  Jaccard indices for both synaptic 297 

inputs (Fig 4A) and outputs (Fig 4B) provide strong evidence that the LN classes can be divided 298 

into four connectomic groups: The four PDF positive s-LNvs (M group; Figure 6), two of the 299 

Cry+ LNds (LNd4 and LNd5; E1 group; Figure 7), LNd6 and the 5th s-LNv (E2 group; Figure 8 300 

and Supplemental Figure S3), and the Cry- LNds (LNd1, LNd2, and LNd3; E3 Group; Figure 9), 301 

conforming to the functional divisions hypothesized by Yao and Shafer (30).  302 

  303 

These functional LN divisions also have different numbers of synaptic connections and different 304 

ratios of input to output synapses. The M group displays the smallest number of synapses, E3 305 

an intermediate number, and E1 and E2 form roughly twice the number of connections 306 

displayed by E3 (Figure 4C). The M and E1 groups also appear distinct from the E2 and E3 307 

groups in the balance of output to input synapses. Though all the identified LNs form more 308 

synaptic outputs than inputs, output synapses in the M and E1 groups make up a larger 309 

proportion of total synaptic connections when compared to the E2 and E3 groups (Figure 4). 310 

Thus, the connectomic subgroups that emerged from our analysis of strong synaptic 311 

connectivity (Figures 2-4) are further supported by the combined analysis of strong and medium 312 

strength connectivity (Supplemental Figures 4 and 5) and conform to previously hypothesized 313 

functional and cellular subgroups. 314 

  315 
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The Functional/Connectomic Subgroups of LN Clock Cells Display Distinct Synaptic 316 

Output Pathways 317 

  318 

In animals, the brain’s endogenous central circadian clock drives myriad behavioral, 319 

physiological, and endocrine rhythms. Synaptic connections between the central clock network 320 

and neurons outside the timekeeping network are thought to mediate daily signals from the 321 

circadian system to the neural centers responsible for driving daily physiological and behavioral 322 

changes. Though specific output pathways linking the clock to specific endocrine and sleep 323 

control centers have been previously described in the fly (Reviewed by (10, 44)), there is still a 324 

great deal to be learned about circadian output signaling. For example, do the various functional 325 

groups of clock neurons converge on the same synaptic targets to shape the timing of the same 326 

daily outputs, as was recently described for arousal promoting pathways linking the LNs to 327 

dopaminergic neurons modulating the ellipsoid body (45)?  Alternatively, do functional clock cell 328 

subgroups generally synapse onto distinct neural targets to produce uniquely phased outputs of 329 

different behavioral, physiological, and endocrine rhythms, as recently described for sleep 330 

modulating dorsal clock neurons (46, 47)?  We examined the patterns of synaptic outputs of the 331 

LN oscillator subgroups to determine how they coordinate the myriad circadian outputs. 332 

  333 

As previously described (34) M, E1, E2, and E3 subgroups can be distinguished by their 334 

patterns of neuropil innervation. As expected, the M, E1, E2, and E3 subgroups differ 335 

significantly in terms of the brain areas where the majority of their neurites form chemical 336 

synapses. Though the M and E subgroups form output synapses within both the superior lateral 337 

protocerebrum (SLP) and superior medial protocerebrum (SMP), the M subgroups form the 338 

majority of their output synapses within the SLP, whereas the E groups form the majority of their 339 

output synapses within the SMP (Figure 5A and B).  Though all seven E cells terminate largely 340 

within these two neuropils, they fall, once again, into three classes with regard to their neuropil 341 
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innervation. For example, E1 forms more output synapses on cells of the anterior ventrolateral 342 

protocerebrum (AVLP) than E2 or E3, E2 forms more synapses within the accessory medulla 343 

(aMe) than do E1 or E3, and E3 forms little to no synapses on neurons associated with either of 344 

these neuropils (Figure 5B).  345 

  346 

The M subgroup’s shared strong synaptic outputs represent only three distinct cell types (Figure 347 

6). Among these are five neurons within the SLP, which represent only two cell-types: three 348 

neurons annotated as SLP-316-R (Figure 6A) and two neurons annotated as SLP-403-R 349 

(Figure 6B). The sixth strong shared output is an SMP-associated neuron named SMP232-R 350 

(Figure 6C).  The SLP-316-R neurons strongly resemble DN1ps currently missing from the 351 

hemibrain annotation, which send ventral projections alongside the dorsal projections of M cells 352 

and named ventral-contralateral DN1ps by Lamaze and colleagues (47) (Figure 6A and 353 

Supplemental Figure S6). Jaccard indices support the conclusion that these strong shared 354 

targets of M output are three distinct cell types (Figure 6D). Remarkably, all of the shared strong 355 

output targets of the M group form synapses back onto identified clock neurons (Figure 6A-C), 356 

including strong synaptic connections onto DN1ps and LPNs (Figure 6E). Thus, all the strong 357 

and shared output targets of the M group project back to the clock neuron network, thereby 358 

implicating them as nodes within the clock neuron network, either as currently unidentified 359 

clock-containing neurons or non-clock-containing neurons. The M group appears to be unique in 360 

the extent to which its strong shared synaptic targets reenter the clock neuron network, with 361 

only half or fewer of strong E1, E2, or E3 targets recurring to the clock network in this fashion 362 

(Figure 6F). 363 

  364 

The E1 subgroup is characterized by many more strong/shared synaptic targets than the M 365 

subgroup (Compare Figure 4E and G) and these targets appear, based on Jaccard indices, to 366 

include many distinct cell types (Figure 7D).  A minority of these E1 targets (16 out of 38) form 367 
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output synapses onto identified clock neurons within the hemibrain volume. Thus, the majority of 368 

the strong shared synaptic outputs of E1 do not immediately project back to the clock neuron 369 

network, in contrast to the uniform recurrence of strong shared M targets to the clock network 370 

(Figure 6A-E).  Several of the targets receiving the strongest E1 synaptic input do form strong 371 

synaptic connections back onto clock neurons, particularly onto the E1 LNds themselves, in 372 

addition to LPNs and DN1as (Figure 7E). Notably, the strong shared targets that recur to the 373 

clock neuron network do not display the anatomical hallmarks of any of the currently 374 

unannotated clock neurons in the hemibrain data set (e.g., Figure 7A-C). It therefore appears 375 

that neurons that do not themselves possess molecular clocks might nevertheless reside within 376 

the central timekeeping network and mediate polysynaptic connections between clock neurons. 377 

  378 

The E2 subgroup, like E1, forms strong shared synapses on a much larger number of neuronal 379 

targets than the M group (Compare Figure 4E and G) and these targets are a diverse array of 380 

cell types.  Approximately half (14 out of 26) of the strong and shared E2 targets form synaptic 381 

connections onto identified clock neurons within the hemibrain (Figure 6F and 8A-C and E).  382 

Compared to the recurrent E1 clock connections, E2 forms synapses on identified clock 383 

neurons more broadly, forming connections with all currently identified clock neuron classes in 384 

the hemibrain volume, with the exception of the DN1a class (Figure 8E).  Thus, the E2 group 385 

appears not only to represent a hub of strong direct inter-connectivity between identified clock 386 

neuron classes (Figure 1C), but also provides additional synaptic clock network inputs via their 387 

strong and shared synaptic targets (Figure 8E).  As for E1, strong shared targets of E2 recurring 388 

to the clock network include neurons that do not share obvious anatomical affinity for currently 389 

unidentified clock neurons within the hemibrain dataset (e.g., Figure 8A-C). This suggests, once 390 

again, that the circadian timekeeping network of Drosophila includes neurons that do not 391 

themselves have a molecular clock. 392 

  393 
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Compared to the E1 and E2 groups, E3 forms approximately half the number of synaptic 394 

connections (Figure 4C and G).  With regard to its shared strong outputs, the E3 subgroup 395 

forms strong shared synaptic connections onto only 16 neurons (Figure 3F and 4G), five of 396 

which form synapses onto identified clock neurons within the hemibrain (Figure 9E).  E3 outputs 397 

onto clock neurons are limited to LNds and LPNs with most connections forming back onto E3 398 

LNds themselves (Figure 9A-C and E).  This makes E3 similar to the E1 group in that they are 399 

characterized by strong shared output targets that form synapses directly back onto their E3 400 

inputs (Figure 7E and Figure 9E).  Once again, the strong and shared output targets recurring to 401 

the clock network do not bear the anatomical hallmarks of clock neurons missing from the 402 

annotation (Figure 9A-C).    403 

  404 

Taken together, our analysis indicates that the strong synaptic outputs of the four 405 

functional/connectomic LN subgroups, M, E1, E2, and E3, diverge onto distinct neural targets 406 

(Figure 4).  Furthermore, many of these synaptic targets synapse back onto neurons within the 407 

clock neuron network, including all of the shared and strong output targets of the M subgroup.  408 

In contrast, approximately half of the synaptic targets of synaptic output from the E subgroups 409 

do not immediately recur to the clock network (Figure 6F). Not only does this implicate specific 410 

neuronal targets as conduits of circadian output, it also suggests that neurons not previously 411 

identified as “clock neurons'' represent integral nodes within the neural network from which 412 

endogenous circadian timekeeping emerges (see discussion). 413 

 414 

Discussion 415 

 416 

The Clock Neuron Network within the Hemibrain Volume 417 

 418 
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Before discussing our connectomic analysis of the LN clock neuron classes, it is important to 419 

acknowledge the limitations of the dataset. The hemibrain represents a single hemisphere of the 420 

central brain and therefore does not contain all connections from the clock neuron cell bodies it 421 

contains. Given that the clock neuron network is highly likely to contain connections between 422 

contralateral neurons including clock neurons (48), our estimates of inter-clock connectivity will 423 

therefore not include these contralateral connections. Furthermore, recent work suggests that 424 

electrical synapses within the clock neuron network likely contribute to circadian timekeeping, 425 

(49), but these are not visible in the hemibrain data set (15). Thus, our analysis underestimates 426 

connectivity.  In addition, clock neuron classes undergo pronounced daily morphological 427 

changes that are most likely accompanied by changes in the number and locations of synaptic 428 

connections (50-52). Thus, the hemibrain represents only one timepoint, within a cycle of 429 

changing synaptic connections (15). Finally, the hemibrain data set represents a single female 430 

fly, whereas the vast majority of experiments on the neural basis of circadian timekeeping have 431 

employed male files. Thus, unexpected connectivity may be due to differences between the 432 

well-characterized clock neuron network of males and the less well-studied female network.   433 

 434 

Though we are focusing our analysis on the LN clock neuron classes, we have omitted the l-435 

LNvs. We have done so because the synaptic outputs of the l-LNvs are thought to occur in the 436 

contralateral accessory medulla (AMe) and much of their synaptic inputs are thought to located 437 

in regions of the medulla that are not included in the hemibrain volume (48). We note, in this 438 

context, that the l-LNvs do not appear to make significant contributions to endogenous circadian 439 

timekeeping (26-28), which is the phenomenon we seek to illuminate here. Despite these 440 

limitations, the organizational principles uncovered in this study provide insights into clock 441 

network organization and are sure to generate a significant number of testable hypotheses 442 

regarding network function (see below). 443 

 444 
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Connectomic Classes of LN Clock Neuron Mirror Previously Proposed Functional and 445 

Molecular LN Sub-Groups 446 

 447 

The lateral neuron classes are critical to maintain endogenous circadian rhythms (20, 24). An 448 

examination of genetic mosaics suggested that, within the LNs, the PDF expressing LNvs drive 449 

the morning peak of daily activity, whereas PDF negative LNds and 5th s-LNv drive the evening 450 

peak, leading to the designation of the former neurons as “Morning (M) Cells” and the latter as 451 

“Evening (E) Cells” (22, 29). Though named based on its anatomical similarity to the other LNv 452 

clock neurons in the larval brain (23, 33), there are now numerous observations suggesting that 453 

the 5th-s-LNv is functionally and anatomically distinct from the PDF expressing s-LNvs in the 454 

adult brain: the 4 pdf+ sLNvs are functionally associated with morning activity whereas the 5th-s-455 

LNv is associated with evening activity (22). Furthermore the 5th s-LNv shares connectivity 456 

patterns, neuropeptide expression, and features of cellular anatomy with one of the Cry-457 

expressing LNds (30, 42, 53). Our connectomic analysis further supports the conclusion that the 458 

5th s-LNv is an LNd-like clock neuron that bears little resemblance, functionally or anatomically, 459 

to the PDF expressing s-LNvs.   460 

 461 

Functional and anatomical analysis suggests that the LN neurons can be divided into four 462 

functional classes, M, E1, E2, and E3 and that the patterns of strong connectivity displayed by 463 

the LNs are in striking concordance with these divisions (30). Our connectomic analysis 464 

indicates that the functional differences characterizing these four groups of neurons appear to 465 

be written in the connectome: each receives a unique combination of strong synaptic inputs 466 

and, in turn, forms strong synaptic connections onto distinct post-synaptic targets. These results 467 

suggest that the functional subsets of LNs likely drive distinct behavioral and physiological 468 

outputs, rather than converging onto the same premotor, sleep, or endocrine centers. 469 

 470 
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In addition, our analysis supports the existence of an additional subgroup within the LNs, 471 

suggesting that the Cry- negative E3 class likely consists of two subgroups: LNd2 and LNd3, 472 

which share a large proportion of their strong synaptic inputs and outputs, and LNd1, which 473 

shares significantly fewer strong connections with the other two Cry- LNds (Figure 3E and F). 474 

Placing LNd1 into its own LNd subgroup aligns our connectomic LN divisions with a recent 475 

transcriptomic analysis of the clock neuron network that divided the LNds into four clusters: The 476 

two sNPF and Cry expressing LNds (LNd4 and LNd5, i.e., E1), the single ITP and Cry 477 

expressing LNd (LNd6, i.e. the E2 LNd), two NPF expressing LNds lacking Cry expression, and 478 

a single Cry- LNd that lacks NPF (41).   479 

 480 

The M group forms very few synaptic connections with other identified clock neuron 481 

classes in the hemibrain dataset. 482 

 483 

 The s-LNvs of the M group, though they form medium strength connections with one another, 484 

are almost completely isolated from the other identified clock neurons within the hemibrain 485 

dataset (Figure 1C and 2H).  Though this picture may ultimately underestimate of inter-clock 486 

connectivity if the strong shared SLP targets of M output (Figure 6A) are determined to be the 487 

DN1ps currently missing from the annotation (Supplemental Figure S7). The predicted synaptic 488 

inputs to the M group from the DN1ps (54-56) are not apparent in the hemibrain dataset, though 489 

this may again be a limitation of the current annotation in which approximately half of the DN1ps 490 

are unaccounted for. However, strong DN1p to s-LNv connections are lacking even if we 491 

consider the three strong M cell targets, the SLP316s, to be missing DN1ps, as these form 492 

synapses on DN1ps and LPNs, but not the M group (Supplemental Figure S7).  Remarkably, 493 

there are no synaptic connections between the M and E1 groups, the latter of which was 494 

differentiated from E2 by the tight coupling of E1 molecular clocks to those of the M group (30).  495 

Thus, the strong coupling of M and E1 likely takes place through non-synaptic connections, 496 
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consistent with recent work suggesting that the M group mediates its influence over 497 

endogenous timekeeping via non-synaptic signaling mechanisms, most likely via the non-498 

synaptic release of PDF peptide (38, 50).  499 

 500 

Compared to the other LN subgroups, the M group forms the smallest number of synaptic 501 

connections (Figure 4C). This group is also unique among the LN groups by virtue of the fact 502 

that all of its shared strong synaptic output targets form strong synaptic connections onto clock 503 

neurons (DN1ps and LPNs) (Figure 6E). Thus, the strongest synaptic outputs of the M groups 504 

appear to be intimately associated with the clock neuron network, either as neurons directly 505 

linking different clock neuron classes, or as currently unidentified clock neurons within the 506 

hemibrain data set (see Supplemental Figure S7).   507 

 508 

The E1 and E2 groups are major conduits of synaptic output from the clock network. 509 

 510 

Compared to the other three LN functional groups, the E1 group forms the largest number of 511 

connections onto post-synaptic neurons (Figures 3F and 4C) and the majority of their strong 512 

and shared synaptic targets do not themselves form synapses onto identified clock neurons 513 

within the hemibrain data set.  Of the minority of strong shared E1 targets that do synapse onto 514 

identified clock neurons, the majority form strong reciprocal connections with E1 itself (Figure 515 

7E and 10A).  Thus, the E group most strongly coupled with the critical M group (30) also 516 

appears to be a major conduit of synaptic output from the clock neuron network. 517 

 518 

Among the identified clock neurons within the hemibrain dataset, the E2 LNs (LNd6 and the 5th 519 

s-LNv) are clear outliers for synaptic connectivity with other clock neurons, forming strong 520 

synaptic connections onto E1 LNds and DN1ps. E2 LNds also receive strong synaptic inputs 521 

from DN1as and DN1ps and form strong connections with one another (Figure 1C).  This strong 522 
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synaptic connectivity with other clock neurons may provide an explanation for the observation 523 

that the E2 group fails to synchronize its molecular clock with the M group when the clocks of 524 

the latter cells are slowed down, despite expressing the receptor for the M group’s major 525 

circadian output peptide PDF (30).  Synaptic communication from non-M pacemakers may 526 

prevent E2 clocks from synchronizing with those of the M cells. 527 

 528 

Like the strong shared synaptic targets of E1 LNds, the majority of E2 strong output targets do 529 

not synapse onto identified clock neurons.  But, in contrast to E1, the minority of E2 targets that 530 

do form strong connections with identified clock neurons do so more broadly than clock 531 

recurrent E1 targets, forming strong synaptic connections onto the M group, E2, and the LPNs 532 

(Figure 8E). Though not as numerous as the synaptic partners of E1, E2 forms many more 533 

synaptic connections than either M or E3, and together E1 and E2 make up the bulk of synaptic 534 

output from the LN classes (Figure 4C and Supplemental Table S2).  Thus, there appear to be 535 

two major circadian output conduits from the LN clock neurons within the hemibrain volume, one 536 

of which is tightly coupled to the M group and the other whose output is likely more strongly 537 

shaped by other clock neuron classes (30). 538 

 539 

The E3 group is characterized by a pattern of strong synaptic output that is distinct from 540 

E1 and E2 and is synaptically isolated from other identified clock neurons. 541 

 542 

The E3 LNds are distinct from the E1 and E2 groups, in that they form approximately half the 543 

number synaptic connections (Figure 4C). While clearly distinct from E1 and E2, the E3 group 544 

displays some similarity to the M group with respect to its connectivity to identified clock 545 

neurons in the hemibrain, forming very few connections with other clock classes while being 546 

interconnected by medium strength connections (Figure 1C). Among the identified clock 547 

neurons in the hemibrain, the strong output targets of E3 make strong reciprocal connections 548 
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back to E3, but not to other identified clock neuron classes, though they do form a few medium 549 

strength connections onto LPNs (Figure 9E). This sets E3 clearly apart from the other LN 550 

groups, all of which have strong synaptic targets that form strong synapses onto other clock 551 

neuron classes (Compare Figures 6E, 7E, 8E, and 9E). Thus, the E3 group appears to be 552 

uniquely isolated from other identified clock neuron classes for both direct and indirect synaptic 553 

connectivity. 554 

 555 

The E3 group is unique among the LN clock neurons by virtue of its lacking CRY and PdfR 556 

expression (43, 57) and is therefore thought to be relatively isolated from both light/dark cycles 557 

(58) and PDF released from the LNvs. Indeed, the E3 group entrains its molecular clocks more 558 

readily to environmental temperature cycles than to light cycles (58) and does not synchronize 559 

with PDF expressing LNvs with slowed clocks (30).  A close examination of E3 output pathways 560 

and the extent to which they converge or fail to converge on endocrine, sleep, and pre-motor 561 

centers will offer important insights into how light and temperature are integrated by the 562 

circadian system to entrain to environmental cycles of both light and temperature, the latter of 563 

which lag behind the former in natural environments. 564 

 565 

Neurons without endogenous molecular clocks are likely integral to the central circadian 566 

pacemaker network. 567 

 568 

The LN clock neuron classes are critical nodes of circadian timekeeping and are predicted to 569 

communicate directly with endocrine, sleep, and pre-motor centers to drive circadian outputs 570 

(10, 44) and with other clock neuron classes to coordinate network timekeeping (Reviewed by 571 

(11)).  Thus, the LN classes are assumed to synapse upon other clock neurons to promote an 572 

endogenous sense of time and upon non-clock neurons to mediate daily changes in physiology 573 
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and behavior. Our analysis reveals the presence of a third type of LN clock output target, 574 

neurons that mediate connections between identified clock neurons (e.g., Figure 10B and C).   575 

 576 

All four functional classes of LN (M, E1, E2, and E3) provide strong synaptic outputs onto 577 

neurons that, in turn, form strong synaptic connections onto identified clock neurons within the 578 

hemibrain volume (Figures 6E and F, 7E, 8E, and 9E).  In the case of E1 and E3 much of the 579 

strong output recurring to the clock neuron network is reciprocal.  For example, the strong 580 

targets of E1 outputs preferentially form strong connections back onto E1 LNds (Figure 7E). For 581 

all four groups of LN, strong outputs recurring to the clock network form either strong or medium 582 

strength synapses on the LPNs, implicating this class as a particularly rich hub for polysynaptic 583 

inter-clock connectivity (Figures 6E, 7E, 8E, 9E, and 10C; (13)). 584 

 585 

Most of the neurons forming strong but indirect connections between identified clock neurons 586 

bear no resemblance to known clock neurons and are unlikely therefore to express the 587 

molecular circadian clock (e.g., Figure 10B and C).  This finding suggests the need to expand 588 

our conception of what constitutes the fly’s circadian clock network to include “non-clock” 589 

neurons that provide strong synaptic connections between the neurons with endogenous 590 

molecular circadian clocks (Figure 10D).  What role might such “inter-clock-neurons'' play within 591 

a circadian network?  Networks underlying central pattern generators (CPGs) might offer clues. 592 

 593 

Many CPG networks consist of neurons both with and without endogenous pacemaking activity 594 

(Reviewed by (59)).  In such networks, connections between pacemaker neurons and follower 595 

neurons profoundly shape the time-course of rhythmic outputs, increase the precision of the 596 

central pattern generator, and provide a means for adjusting the phasing of its outputs (e.g., 597 

(60-63)).  Given the distributed daily phases of neural activity displayed by the various classes 598 

of clock neurons (64), the circadian pace-making network represents a central pattern 599 
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generator, albeit a lumberingly slow one.  We hypothesize that the “inter-clock neurons'' we've 600 

identified here (e.g., Figure 10 B and C) play significant roles in the determination of the 601 

circadian system’s endogenous period, precision, and phasing of rhythmic outputs, much like 602 

the follower neurons of central pattern generators described above.   603 

 604 

This testable hypothesis is just one of many that emerge from the comprehensive view of clock 605 

connectomics afforded by the hemibrain data set (15).  This remarkable picture of the synaptic 606 

connectivity displayed by clock neurons identified in this data set (Supplemental Tables 1 and 607 

2), in conjunction with the open-source neuro-informatic resources available to the field (e.g., 608 

(16)) and the highly specific genetic tools available for the manipulation of identified neurons 609 

(e.g., (65)), will be the basis of a great deal of future work on the neural basis of circadian 610 

entrainment, timekeeping, and output. 611 

 612 

Methods 613 

Connectome Data and Neuron Identification 614 

 615 

All of the data analyzed in this study come from the Hemibrain v1.2.1 dataset made publicly 616 

available by Janelia Research Campus (15). The data details a full connectome derived from 617 

EM sections of a significant portion of the right hemisphere of a female Drosophila brain and 618 

small portions of the left hemisphere. These data were collected from a wild type female brain 619 

reared under a 12-hour light, 12-hour dark cycle. The specimen was dissected at 5 days of age, 620 

1.5 hours after lights-on (15, 66). 621 

 622 

Hemibrain data was accessed via neuPrint and Fly Brain Observatory. Visualization of 623 

morphological data was done in the Fly Brain Observatory web interface (NeuroNLP.Hemibrain) 624 
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while the retrieval of connectome data was done with the Neuprint python package 625 

(https://github.com/connectome-neuprint/neuprint-python). Analyses were aided by the use of 626 

the pandas (https://pandas.pydata.org/), seaborn (https://seaborn.pydata.org/), and superVenn 627 

(https://github.com/gecko984/supervenn) python packages. 628 

 629 

Each neuron in the database has a unique bodyID number and may also be identified with a 630 

cell-type name based on the name it was given in the literature or on its location and anatomy. 631 

Clock neurons were identified in the database from queries based on their known cell-type 632 

names. This means that there may be clock neurons that have been traced in the hemibrain, but 633 

if Janelia had not labeled them with their known cell name within the annotation, we have not 634 

included them as clock neurons here. The bodyID numbers for identified clock neurons were 635 

collected and used in the connectivity analyses to ensure consistency between platforms and 636 

future annotations. 637 

  638 

 The full table of clock neurons, their unique body IDs, and their sequential labels are 639 

provided below. The hemibrain annotation does not sequentially label instances of the same cell 640 

type. The Fly Brain Observatory does sequentially label cell type instances, however, there is no 641 

guarantee that the sequential labeling will consistently correspond to the specific body IDs. 642 

Thus, we employed a sequential labeling on a single retrieval from FBO and have used this 643 

labeling consistently throughout the paper (Table 1).  644 

 645 

Table 1: Identification of Clock Neurons within the Hemibrain Volume 646 

bodyId type Sequential label subphase 

2068801704 s-LNv s-LNv1 M 

1664980698 s-LNv s-LNv2 M 

2007068523 s-LNv s-LNv3 M 
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1975347348 s-LNv s-LNv4 M 

5813056917 LNd LNd4 E1 

5813021192 LNd LNd5 E1 

5813069648 LNd LNd6 E2 

511051477 5th s-LNv 5th s-LNv E2 

296544364 LNd LNd1 E3 

448260940 LNd LNd2 E3 

5813064789 LNd LNd3 E3 

356818551 LPN LPN1 
 

480029788 LPN LPN2 
 

450034902 LPN LPN3 
 

546977514 LPN LPN4 
 

264083994 DN1a DN1a1 
 

5813022274 DN1a DN1a2 
 

5813010153 DN1pA DN1pA1 
 

324846570 DN1pA DN1pA2 
 

325529237 DN1pA DN1pA3 
 

387944118 DN1pA DN1pA4 
 

387166379 DN1pA DN1pA5 
 

386834269 DN1pB DN1pB1 
 

5813071319 DN1pB DN1pB2 
 

1884625521 l-LNv lLNv1 
 

2065745704 l-LNv lLNv2 
 

5813001741 l-LNv lLNv3 
 

5813026773 l-LNv lLNv4  
 647 
 648 

Morphological Data Visualization with FlyBrainLab 649 

 650 
FlyBrainLab (16) is available as a python environment and a user-friendly web interface. The 651 

platform displays the hemibrain EM data and enables the analysis of the connectome data. The 652 

morphology images in our paper were generated in FlyBrainLab. 653 
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Connectivity Analysis 654 

Synaptic connectivity data were retrieved from the Janelia hemibrain dataset. Our analyses 655 

included the synapses to or from traced but unnamed fragments as well as select orphan 656 

bodies, in addition to synapses from full, traced, and named neurons. Fragments are partial or 657 

truncated neurons that mainly lie beyond or at the boundaries of the hemibrain section. 658 

Although fragments were often unidentified cell types, we felt their inclusion was warranted to 659 

obtain as accurate a picture as possible of the relative amounts of synaptic connectivity to and 660 

from clock neurons.  661 

 662 

In keeping with Scheffer and colleagues (15), the synaptic strengths reported in our paper 663 

correspond to the number of postsynaptic densities counted on the postsynaptic neuron that are 664 

abutted by the presynaptic T-bar sites from the presynaptic neuron in question. Polyadic 665 

synapses, where a single presynaptic T-bar site contacts multiple postsynaptic sites, are 666 

common in the Drosophila brain (15, 66). Thus, synaptic weight for both the presynaptic and 667 

postsynaptic neuron is quantified as the postsynaptic density count.  668 

 669 

We adopted the criteria from Scheffer et. al (15) to categorize connectivity strength. A weak 670 

connection is defined as a synaptic connection weight less than three. A medium strength 671 

connection is between three and nine synapses, while a strong connection is a strength equal to 672 

or greater than ten synapses. In our study, these criteria are applied to the total synapse count 673 

(i.e. the total number of postsynaptic densities) between two neurons rather than to the per-ROI 674 

synapse counts between them. Wherever applicable, the connection strength criteria used for 675 

any analysis or visualization is stated in the figure legend and in the main text.  676 

 677 
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 The Sankey figures are based only on strong synaptic connections. Connectivity data 678 

were retrieved using the criteria for strong connections and exported into tables. The network 679 

structure of the clock connectome was graphed using the synaptic connectivity data retrieved 680 

from the hemibrain data and the networkX python package (https://networkx.org). Nodes are 681 

individual clock neurons and edges are labeled with the total synaptic connection weights from 682 

one neuron to another. 683 

Jaccard Indices 684 

The Jaccard similarity coefficient is defined as the ratio of the intersection and the union of two 685 

sets. 686 

 ���, ��  �  
� � �

� � �
 687 

 688 

In the context of our study the Jaccard index represents the amount of overlap among the 689 

synaptic partners of two neurons. The Jaccard index is a number between 0 and 1, with 0 690 

indicating no overlap and with 1 indicating that the sets of synaptic partners for two neurons are 691 

identical.  692 

Availability of Analysis Code 693 

 694 

 The data retrieval routines and the analyses used in this paper were done in the python 695 

coding language. We have made our scripts publicly available upon request in a GitHub 696 

repository. 697 

 698 
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 710 

Figure Legends: 711 

 712 

 713 

Main Figures 714 
 715 
Figure 1. The circadian clock neuron network and identified clock neurons in the 716 
hemibrain. (A) The circadian clock network is shown in both hemispheres. Currently identified 717 
cells are shown in color (s-LNvs red, l-LNvs light red, LNds in orange, DN1a in purple, a subset 718 
of DN1p in blue) and known clock cells not yet identified within the hemibrain connectome data 719 
are shown in gray (DN2, DN3, and a subset of DN1p). The pars intercerebralis (PI) and optic 720 
lobe (OL) are indicated in gray. (B) Identified clock neurons in the hemibrain. Neuropils are 721 
shown in gray. Color codes as indicated in (A). (C) Heatmap indicates synaptic connections 722 
strength among all identified circadian clock neurons, including weak (weight <3) connections. 723 
(D) The timekeeping lateral neurons that compose the morning (M) and evening (E) Oscillators: 724 
s-LNvs (M cells), and 5th s-LNv and LNds (E cells). 725 
 726 
Figure 2. Connectivity patterns of the s-LNvs. (A-C). Synaptic connections of the four pdf+ s-727 
LNvs, s-LNv_R_1 through s-LNv_R_4. Neuronal morphology is shown in gray. In A and B, 728 
inputs to the s-LNvs are shown in blue, outputs are shown in magenta. (A) All connections, 729 
including non-clock cells, (B) Connections to/from clock cells only, excluding connections to s-730 
LNvs, (C) Connections among the 4 pdf+ s-LNvs. Input and output sides coincide and are 731 
indicated in green. (D-E) Sankey diagram indicating the strong synaptic partners of all s-LNvs, 732 
including the 5th s-LNv. The total weight of synapses formed by each cell with its inputs (D) or 733 
outputs (E) is shown. (D) Presynaptic partners (inputs) of s-LNvs. No shared connections were 734 
found between the pdf+ s-LNvs and the 5th s-LNv. (E) Post synaptic partners (outputs) of s-735 
LNvs. Only one cell (Body ID 571372889) receives synaptic input from the 5th s-LNv plus a pdf+ 736 
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s-LNv. (F-G) Synaptic connections of the 5th s-LNv. (F) All connections, including non-clock 737 
cells, (G) Connections to clock cells only. (H) Connectivity map of the four pdf+ s-LNvs. 738 
 739 
Figure 3. Connectivity patterns of the LNds. (A-C). Synaptic connections of the six LNds. 740 
Neuronal morphology is shown in gray. In A and B, inputs to the s-LNvs are shown in blue, 741 
outputs are shown in magenta. (A) All connections, including non-clock cells, (B) Connections to 742 
clock cells only, excluding connections to LNds. Input and output sides coincide and are 743 
indicated in green. (C) Connections within LNds. (D) Connectivity map of the six LNds. (E-F) 744 
Sankey diagram indicating the strong synaptic partners of all LNds. The total weight of 745 
synapses formed by each cell with its inputs (E) or outputs (F) is shown. (E) Pre-synaptic 746 
partners of LNds. No shared connections were found between LNd1-3 and LNd4-6. Most of the 747 
shared connections are between LNd4 and LNd5 (X cells provide strong inputs to both). (F) 748 
Post synaptic partners of the LNds. 749 
 750 
Figure 4. M cells are homogeneous while E cells can be clustered in three distinct 751 
groups. (A-B) Jaccard indices for overlap in synaptic partners of M and E cells. Only includes 752 
synaptic partners that make medium or strong connections. Higher index values indicate more 753 
similarity in either inputs (A) or outputs (B). (C) Total input and output Synapse counts for M and 754 
E cells. (D-E) Strong shared connections of the four pdf+ s-LNvs. Only cells that share one 755 
connection with at least two M cells are shown. The strength (weight) of the connection is 756 
indicated. Only medium and strong connections are included. (D) The two cells that send strong 757 
connections to at least two M cells send strong connections to all 4. (E) The six cells that 758 
receive strong connections from at least two M cells receive strong connections from all 4. (F-G) 759 
Strong shared connections of the six LNds plus the 5th s-LNv (collectively referred to as E cells). 760 
Only cells that share a strong connection with at least two E cells are shown. The strength 761 
(weight) of the connection is indicated. Only medium and strong connections are included. (F) 762 
Cells that send strong connections to at least two E cells are included in the heatmap. (G) Cells 763 
that receive strong connections from at least two E cells are included in the heatmap.  764 
 765 
Figure 5. Neuropils innervated by M and E cells. (A-B). Percentage of connections located in 766 
each of the indicated neuropils. Medium and strong connections are included. (A) Neuropils in 767 
which the outputs of each of the 4 pdf+ s-LNvs are located. (B) Neuropils in which the outputs of 768 
each of the LNds and the 5th s-LNv are located.  769 
 770 
Figure 6. Strong shared outputs of M cells. (A-C) The six cells that are strong shared outputs 771 
of the four M cells involve three different neuronal types (SPL316-R, SLP403-R, and SMP232-772 
R). The M cells outputs onto each representative neuron of each type are shown in magenta. 773 
Representative target neurons are shown in green. (A) M cells contact three SPL316 neurons. 774 
Left, all four M cells are shown in gray and their contacts to 355453590 (neuronal morphology 775 
shown in green) are shown in magenta. Right: 355453590 is shown in gray and its outputs to 776 
clock cells are shown in magenta. (B) M cells contact two SPL403-R neurons. Left, all four M 777 
cells are shown in gray and their contacts to 325455002 (neuronal morphology shown in green) 778 
are shown in magenta. Right: 325455002 is shown in gray and its outputs to clock cells are 779 
shown in magenta. (C) M cells contact one SMP232-R neuron. Left, all four M cells are shown 780 
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in gray and their contacts to 325455002 (neuronal morphology shown in green) are shown in 781 
magenta. Right: 325455002 is shown in gray and its outputs to clock cells are shown in 782 
magenta. (D) Jaccard index of the six M cell shared output cells. The index is based on the 783 
similarity of their outputs, the more similar their outputs are the higher the index value. Y and x-784 
axis indicate the cell body ID of each of the six cells. Their neuronal type is indicated to the left 785 
of the body ID on the y axis. Only indices >=0.01 are shown. (E) All strong shared outputs of M 786 
cells in turn contact clock neurons. On the x-axis, the clock neurons that receive contacts from 787 
each cell are indicated. The values on the cells represent the weight of each connection. 788 
Medium and strong connections are included. (F) Percent of strong shared outputs of each 789 
neuronal class that in turn sends contacts to clock cells. Medium and strong connections are 790 
included. E1 = LNd4 and LNd5, E2 = LNd6 and the 5th s-LNv, E3= LNd1, LNd2 and LNd3.  791 
 792 
Figure 7. Strong shared outputs of E1. (A-C) The cells that are strong shared outputs of E1 793 
involve multiple neuronal types. E1 outputs onto three representative neurons are shown. E1 794 
neurons (LNd4 and LNd5) are shown in gray in the left panels, where representative output 795 
neurons are shown in green. On the right panels, each representative cell is shown in gray and 796 
its contacts to clock cells are shown in magenta (A) E1 cells contact two SMP368-R neurons. 797 
Left, E1 neurons (shown in gray) contacts to SMP368-R neuron 390331583 (shown in green) 798 
are shown in magenta. (B) E1 cells contact two AVLP075-R neurons. Left, E1 neurons (shown 799 
in gray) contacts to AVLP075-R neuron 702152113 (shown in green) are shown in magenta. (C) 800 
E1 cells contact two SMP315-R neurons. Left, E1 neurons (shown in gray) contacts to SMP315-801 
R neuron 5813040712 (shown in green) are shown in magenta. (D) Jaccard indices indicating 802 
overlap among the output synaptic partners of the top 10 E1 strong shared output cells. The 803 
index is based on the similarity of their outputs, the more similar their outputs are the higher the 804 
index value. Y and x-axis indicate the cell body ID of each of the six cells. Only indices >=0.01 805 
are shown. (E) Most shared outputs of E1 cells that contact clock cells send strong contacts to 806 
both E1 neurons. On the x-axis, the clock neurons that receive contacts from each cell are 807 
indicated. The values on the cells represent the weight of each connection. Medium and strong 808 
connections are included. 809 
 810 
Figure 8. Strong shared outputs of E2. (A-C) The cells that are strong shared outputs of E2 811 
involve multiple neuronal types. E2 outputs onto three representative neurons are shown. E2 812 
neurons (LNd6 and the 5th s-LNv) are shown in gray in the left panels, where representative 813 
output neurons are shown in green. On the right panels, each representative cell is shown in 814 
gray and its contacts to clock cells, if present, are shown in magenta (A) Left, E2 neurons 815 
(shown in gray) contacts to SMP368 neuron 329732855 (shown in green) are shown in 816 
magenta. (B) Left, E2 neurons (shown in gray) contacts to SLP249 neuron 356140100 (shown 817 
in green) are shown in magenta. (C) Left, E2 neurons (shown in gray) contacts to aMe22 818 
neuron 5813021192 (shown in green) are shown in magenta. (D) Jaccard indices for the 819 
outputs of the top 10 E2 strong shared output cells. The index is based on the similarity of their 820 
outputs, the more similar their outputs are the higher the index value. Y and x-axis indicate the 821 
cell body ID of each of the ten cells. One of the strong shared outputs of E2 is LNd4. Only 822 
indices >=0.01 are shown. (E) Shared outputs of E2 that contact clock cells contact different 823 
clock subclasses. On the x-axis, the clock neurons that receive contacts from each cell are 824 
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indicated. The values on the cells represent the weight of each connection. Medium and strong 825 
connections are included. 826 
 827 
Figure 9. Strong shared outputs of E3. (A-C) The cells that are strong shared outputs of E3 828 
involve multiple neuronal types. E3 outputs onto three representative neurons are shown. E3 829 
neurons (LNd1, LNd2, and LNd3) are shown in gray in the left panels, where representative 830 
output neurons are shown in green. On the right panels, each representative cell is shown in 831 
gray and its contacts to clock cells are shown in magenta. (A) Left, E3 neurons (shown in gray) 832 
contacts to SMP335 neuron 297243542 (shown in green) are shown in magenta. (B) Left, E3 833 
neurons (shown in gray) contacts to SMP486 neuron 327933679 (shown in green) are shown in 834 
magenta. (C) Left, E3 neurons (shown in gray) contacts to SMP334 neuron 360254108 (shown 835 
in green) are shown in magenta. (D) Jaccard indices for the outputs of the top 11 E3 strong 836 
shared output cells. The index is based on the similarity of their outputs, the more similar their 837 
outputs are the higher the index value. Y and x-axis indicate the cell body ID of each of the 838 
cells. Only 3 cells are strong shared outputs of all E3 cells (E3a+ E3b). 8 cells are strong shared 839 
targets of E3a only. Only indices >=0.01 are shown.  (E) Shared outputs of any two E3 cells that 840 
contact clock cells. On the x-axis, the clock neurons that receive contacts from each cell are 841 
indicated. The values on the cells represent the weight of each connection. Medium and strong 842 
connections are included. 843 
 844 
Figure 10. Connections within the clock neuron network. (A) Combined weights of medium 845 
and strong connections among different classes of identified clock neurons. Arrows indicate the 846 
direction of the connection. Some classes, such as E2, are strongly interconnected, while other 847 
clusters are relatively isolated. (B) Representative strong shared output of E1 that in turn 848 
contacts clock neurons. E1 are indicated in gray, their strong shared target LHPV6m1 cell 849 
388881226 is indicated in green, and its strong target neurons DNa1 and 2 are indicated in 850 
magenta (the weight of output contacts is 19 and 10, respectively). (C) Representative strong 851 
shared output of E2 that in turn contacts clock neurons. E2 are indicated in gray, their strong 852 
shared target SMP223 cell 417143726 is indicated in green, and its strong target neurons LPN 853 
are indicated in magenta (the weight of output contacts is 14 to LPN, 18 to LPN2, and 20 to 854 
LPN3). (D) Summary of ‘inter-clock’ neurons providing strong poly synaptic connections 855 
between clock neurons. 856 
 857 
 858 
Supplementary Figures 859 
 860 
Supplementary Figure 1. Connections of individual s-LNvs. (A-D). Synaptic connections of 861 
each of the four pdf+ s-LNvs, s-LNv1 (A), s-LNv2 (B), s-LNv3 (C) and s-LNv4 (D), either to all 862 
neurons (left columns), to other clock cells except s-LNvs (middle columns), or to other s-LNvs 863 
(right columns). Neuronal morphology is shown in gray. Inputs to the s-LNvs are shown in blue, 864 
outputs are shown in magenta. Body IDs of each s-LNv are indicated on the right. 865 
 866 
Supplementary Figure 2. Connections of individual LNds. (A-F). Synaptic connections of 867 
each of the six LNds, LNd1 (A), LNd2 (B), LNd3 (C), LNd4 (D), LNd5 (E) and LNd6 (F) either to 868 

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

The copyright holder for this preprintthis version posted March 30, 2022. ; https://doi.org/10.1101/2022.03.02.482743doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.02.482743
http://creativecommons.org/licenses/by-nc/4.0/


 33

all neurons (left columns), to other clock cells except LNds (middle columns), or to other LNds 869 
(right columns). Neuronal morphology is shown in gray. Inputs to the LNds are shown in blue, 870 
outputs of the LNds are shown in magenta. Body IDs of each LNd are indicated on the right. 871 
 872 
Supplementary Figure 3. Connections of E cell classes. (A-C). Synaptic connections of the 873 
three E cell classes, E3a (A), E1 (B), and E2 (C) either to all neurons (left columns), to other 874 
clock cells except LNds (middle columns), or to other LNds (right columns). LNd1 alone (E3b) is 875 
shown in Suppl. Figure 2A. Neuronal morphology is shown in gray. Inputs to the E classes are 876 
shown in blue, outputs are shown in magenta (left and middle columns). Within each group 877 
(right columns), input and output sides coincide and are indicated in green. 878 
 879 
Supplementary Figure 4. Comparison of medium and strong inputs of 5th s-LNv relative 880 
to the pdf+ s-LNvs and the LNds. (A-B) Supervenn diagrams indicate the number of shared 881 
inputs between all combinations of neurons, either among the 5th s-LNv and the LNds (A) or 882 
among the 5th s-LNv and the pdf+ s-LNvs (B). Each neuron is represented in a row, boxes in 883 
color indicate inputs to that neuron. The numbers on the right y-axis indicate the total number of 884 
neurons that provide input to that cell. For example, 74 neurons provide medium and strong 885 
inputs to LNd3. The numbers on the x-axis indicate the number of shared inputs between 886 
different combinations of cells. 887 
 888 
Supplementary Figure 5. Comparison of medium and strong outputs of 5th s-LNv relative 889 
to the pdf+ s-LNvs and the LNds. (A-B) Supervenn diagrams indicate the number of shared 890 
outputs between all combinations of neurons, either among the 5th s-LNv and the LNds (A) or 891 
among the 5th s-LNv and the pdf+ s-LNvs (B). Each neuron is represented in a row, boxes in 892 
color indicate inputs to that neuron. The numbers on the right y-axis indicate the total number of 893 
neurons that are being contacted by a specific cell. For example, 172 neurons receive medium 894 
or strong contacts from LNd3. The numbers on the x-axis indicate the number of shared outputs 895 
between different combinations of cells. 896 
 897 
Supplementary Figure 6. Connections of individual strong shared outputs of s-LNvs. (A-898 
F). Synaptic connections of each of the six cells that receive strong shared inputs from all four 899 
pdf+ s-LNvs. Each cell is indicated in gray. Inputs from clock neurons to each cell are indicated 900 
in blue, and outputs from each cell to any clock neurons are indicated in magenta. (A-C) Three 901 
SLP316 receive the strongest contacts from all pdf+ s-LNvs and are indicated in gray. (D-E) 902 
Two SLP403 are indicated in gray. (F) SMP223 is indicated in gray. 903 
 904 
Supplementary Figure 7. Neuroanatomy of the three SLP316 cells and identified DN1s. 905 
(A) Five DN1ps (green) that exhibit contralateral as well as dorsal projections have been 906 
identified, and are referred to as DN1pA. (B) Two DN1ps (magenta) that lack a contralateral or 907 
dorsal projection but extend ventrally and medially have been identified and are referred to as 908 
DN1pB. (C) The three SPL316 neurons (gray) have both dorsal and ventral projections and a 909 
short medial projection. (D) Overlap of DN1pA, DN1pB, and SLP316. 910 
 911 

  912 
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