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20

Abstract Volume electron microscopy (vEM) datasets such as those generated for connectome21

studies allow nanoscale quantifications and comparisons of the cell biological features22

underpinning circuit architectures. Quantifying cell biological relationships in the connectome23

yields rich, multidimensional datasets that benefit from data science approaches, including24

dimensionality reduction and integrated graphical representations of neuronal relationships. We25

developed NeuroSC (also known as NeuroSCAN) an open source online platform that bridges26

sophisticated graph analytics from data science approaches with the underlying cell biological27

features in the connectome. We analyze a series of published C. elegans brain neuropils and28

demonstrate how these integrated representations of neuronal relationships facilitate29

comparisons across connectomes, catalyzing new insights into the structure-function30

relationships of the circuits and their changes during development. NeuroSC is designed for31

intuitive examination and comparisons across connectomes, enabling synthesis of knowledge32

from high-level abstractions of neuronal relationships derived from data science techniques to33

the detailed identification of the cell biological features underpinning these abstractions.34

35

Introduction36

Neural circuit structure supports function. The underlying image data that yields anatomical con-37

nectomes (or wiring diagrams) are typically obtained using volume electronmicroscopy (vEM) tech-38
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niques (Collinson et al., 2023). Since the first complete connectome was published for C. elegans39

(White et al., 1986), these last decades have seen an increase in the generation of vEM datasets,40

as reviewed in (Kaiser, 2023) and others. The expansion in available anatomical connectomes has41

resulted from recent advancements in: 1) data generation (via automation of EM data acquisition42

(Xu et al., 2017; Eberle and Zeidler, 2018; Zheng et al., 2018; Phelps et al., 2021); and 2) alignment,43

segmentation and reconstruction (including recent implementation of AI-driven methods) as re-44

viewed in (Galili et al., 2022; Choi et al., 2024) and others. As these developing methodologies45

continue to improve, they will continue to facilitate the generation of additional connectomes of46

whole brains and organisms.47

The increasing availability of vEM datasets, including the first series of developmental connec-48

tomes published for C. elegans (Witvliet et al., 2021) has highlighted the need for new tools to49

enable intuitive examination and comparisons across connectomes to promote novel discoveries50

(Kasthuri et al., 2015; Lichtman et al., 2014; Barabási et al., 2023; Xu et al., 2021). It has also un-51

derscored the fact that vEM datasets contain a wealth of untapped information that has yet to be52

fully examined, represented and integrated for more comprehensive analyses (Perez et al., 2014;53

Brittin et al., 2021). For example, vEM datasets enable nanoscale explorations of the underlying54

cell biological features that govern the properties of neural circuit architectures (Rivlin et al., 2024;55

Brittin et al., 2021;Moyle et al., 2021;Witvliet et al., 2021; Heinrich et al., 2021; Cuentas-Condori56

et al., 2019). Yetmost of these cell biological features (cellmorphologies, contact profiles, organelle57

positions and shapes, etc) are not currently represented in most anatomical connectomes. Quan-58

tification of cell biological data result in high-dimensional datasets that require new approaches for59

their analyses and representations. The advances in vEM data generation and the resulting need60

for new methodologies in data science and integrated representations of neuronal relationships61

(e.g. from neuronal positions to neuropil structures) is akin to how advances in genetic sequenc-62

ing required newmethodologies in bioinformatics and new, integrated representations of genomic63

data (e.g. from gene sequence to gene structure) (Swanson and Lichtman, 2016). Addressing this64

gap holds the promise of integrating new knowledge from the fields of cell biology, neurodevel-65

opment, physiology and systems neuroscience towards explaining how nervous system structure66

underpins its function.67

Most representations of anatomical connectomes have focused on defining neuronal relation-68

ships at the level of the chemical synapse (NemaNode; WormWiring; EleganSign; FlyWire) (Witvliet69

et al., 2021; Cook et al., 2019; Fenyves et al., 2020; Dorkenwald et al., 2023). While the existence70

of chemical synapses between neuron pairs is an important feature of neuronal communication,71

these representations do not capture other neuroanatomical features that also underlie neuron72

structure and function, including contact sites from adjacent (or nearby) neurons. Recent work in C.73

elegans examined neuronal relationships by quantifying neuron-neuron contact sites to build con-74

tact profiles, or contactomes (Brittin et al., 2021). Examination of the contactomewith data science75

approaches uncovered structural principles that were not evident from interrogating the synaptic76

connectome alone (Moyle et al., 2021; Brittin et al., 2021). These included the existence of higher-77

order structural motifs and the stratification of neurons (Moyle et al., 2021), whose hierarchical78

assembly during development is guided by centrally located pioneer neurons (Rapti et al., 2017).79

Moreover, integrating neuronal adjacencies (contactome) with synaptic profiles (connectome) al-80

lowed for a deeper understanding of the functional segregation of neurons within the stratified81

neuropil structures (Brittin et al., 2021; Moyle et al., 2021). Key to achieving this were data sci-82

ence approaches such as Diffusion Condensation (DC) and C-PHATE (Brugnone et al., 2019;Moon83

et al., 2019), which resulted in reduced dimensionality of the neuronal relationships, revealing ar-84

chitectural motifs across various scales of granularity, from individual neurons within circuits, to85

individual circuits within the neuropil. These techniques produced graphs that enabled exploration86

of these computationally identified groups (Moyle et al., 2021). DC/C-PHATE graphs are powerful87

tools, but they have yet to be integrated to connectomics datasets as to enable explorations of the88

underlying cell biological features. This limits their effectiveness for hypothesis generation and89
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comparative analyses across connectomes.90

To address this, we generated NeuroSC, a tool for exploring neuroarchitectures across vEM91

datasets via novel representations of the connectome, contactome, and anatomical networks. Neu-92

roSC is an online, open-source platform that facilitates comparisons of neuronal features and rela-93

tionships across vEM data to catalyze new insights of the relationships that underpin architectural94

and functional motifs of the nerve ring neuropil. NeuroSC builds on recent publications in whole-95

brain EM datasets, integrating the latest set of developmental connectomes (Witvliet et al., 2021)96

and employing data science tools (Brugnone et al., 2019; Moon et al., 2019) to examine neuronal97

relationships based on contact profiles. NeuroSC was purposefully developed with a different and98

complementary goal to existing tools that offer web-based visualization and access to large-scale99

EM datasets, such as Neuroglancer and Webknossos Maitin-Shepard et al. (2021); Boergens et al.100

(2017). The explicit goal of NeuroSC is to provide a platform optimized for examining neuronal101

relationships across connectomic datasets. To achieve this NeuroSC builds on the segmentations102

emerging from programs like NeuroGlancer andWebknossos, but with tools tailored to explore re-103

lationships such as contact profiles in the context of neuronalmorphologies and synaptic positions,104

and across datasets that represent different animals or different developmental stages. Designed105

as an open-source and modular platform, NeuroSC is intended to integrate with these existing106

tools and datasets, supporting a synergistic approach to navigating, analyzing, and deriving mean-107

ing from complex connectomic resources.108

Wedemonstrate how these integrated representations of neuronal relationships facilitate com-109

parisons across these connectomes, catalyzing new insights on their structure-function and changes110

during development. NeuroSC achieves this by addressing three challenges in current neuronal111

representations: 1) accessibility of specific neuronal cell biological features (i. e. synapses and112

contacts), 2) integration of features for examining neuronal relationships across anatomical scales,113

and 3) spatiotemporal comparisons of these features across developmental datasets. These chal-114

lengeswere addressed by 1) creating representations of contact sites and establishing the ability to115

visualize subsets of synaptic sites; 2) enabling synchronous visualization of neuron morphologies,116

contacts and synapses and integrating these cell biological features with algorithmically-generated117

graphical representations of neuronal relationships; and 3) enabling simultaneous exploration of118

these relational representations across developmental connectomes. NeuroSC was designed as a119

suite of tools that facilitates future incorporation of additional datasets and representations with120

the goal of enabling integrated data exploration beyond the available C. elegans connectomes. The121

NeuroSC-based approaches used here for C. elegans could be applicable to other systems as new122

EM-based datasets and reconstructions become available.123

Results (Comparing contactome-based relationships using C-PHATE.)124

The adult hermaphrodite C. elegansnerve ring is a neuropil of 181 neurons of known identities, mor-125

phologies, contact profiles, and synaptic partners (White et al., 1986). Even for this relatively small126

neuropil, representations of a single feature type, such as neuronal contact profiles, constitute over127

100,000 data points of multidimensional information: cell identity, region of contact, presence of128

synapses, etc. Analysis of this multidimensional information requires approaches that can both129

capture higher-order patterns of organization while enabling researchers to access the underlying130

cell biological features resulting in these relationships. We implemented Diffusion Condensation131

(DC), a clustering algorithm that iteratively groups neurons based on the quantitative similarities132

of their ‘contact’ or ‘adjacency’ profiles (Brugnone et al., 2019;Moyle et al., 2021). Briefly, DCmakes133

use of pair-wise quantifications of adjacent neuron contacts to, in a graph, move neurons with sim-134

ilar adjacency profiles closer together by applying a diffusion filter in a multidimensional manifold.135

At each iteration, the diffusion filter smooths the data across the manifold, such that local vari-136

ability (or noise) in the adjacency profiles is reduced, highlighting broader, higher order pattern137

similarities across neurons. As iterations proceed, individual neurons (and eventually groups of138

neurons) are clustered together based on how close their contact profiles are to one another in139
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the manifold (Brugnone et al., 2019). In this way, DC uncovers hierarchical neuronal relationships140

in the contactome (Moyle et al., 2021).141

To ensure accurate comparisons of DC across available EM datasets (Witvliet et al., 2021;White142

et al., 1986), we empirically determinedminimum-distance adjacency thresholds (measured in pix-143

els; Supplementary Table 1) to construct adjacency profiles. Each neuron’s adjacency profile is a144

quantitative measure that captures the extent of contact with neighboring neurons within its spa-145

tial vicinity. By individually setting distance thresholds for each dataset, we ensured that the degree146

of adjacency—defined by both the presence and extent of contact—could be accurately compared147

across datasets generated at different times and using diverse methodologies (see also Methods148

and Materials), schematized in Figure 1A-C). We applied an established adjacency algorithm to149

quantify the extent of contact between neuron pairs by measuring the number of shared pixels150

within the defineddistance threshold for adjacency (Brittin et al., 2021). Pixel countswere summed151

for each neuron across EM slices within the defined nerve ring region (see Methods), resulting in152

an adjacency matrix representing pairwise shared pixel counts for each of the seven selected C.153

elegans contactome datasets (L1, 0 hours post hatch (hph); L1, 5hph; L2, 16hph; L3, 27hph; L4,154

36hph; Adult 48hph (Figure 1C; See also Methods and Materials). These adjacency matrices were155

fed into DC to reveal iterative clusters of neurons with similar adjacency profiles. To visualize and156

compare the results from DC, we used a graphical representation of the algorithm output called157

C-PHATE (Moon et al., 2019; Moyle et al., 2021), a 3-D visualization tool that builds a hierarchical,158

visual representation of the DC agglomeration procedure (Figure 1D-E). In C-PHATE visualizations,159

the DC output is mapped in 3-D space with spheres. Initially, all individual neurons in the neuropil160

dataset are at the periphery of the C-PHATE graph (left hand side in schematic in Figure 1D, edges161

of graph in Figure 1E). Neurons are iteratively condensed together based on the similarity of their162

adjacency profiles (schematized in Figure 1D). In the last iteration of DC, there is a single point at163

the center of the C-PHATE graphwhich represents the entire neuropil (Figure 1E, red dot). C-PHATE164

representations enable visualization and comparisons of contactomes across datasets, and explo-165

rations of neuronal relationship trajectories, from individual neuron interactions to circuit-circuit166

bundling (Figure 1F and Figure 2).167

By Larval stage 1 (L1) 90% of neurons in the neuropil (161 neurons out of the 181 neurons)168

have grown into the nerve ring and adopted characteristic morphologies and positions. Although169

the organism grows approximately 5 fold from L1 to the adult, contacts in the nerve ring are also170

largely established by L1 and preserved during postembryonic growth (Witvliet et al., 2021). In171

agreement with this, when we used DC and C-PHATE to examine contactomes from these datasets172

we consistently identified four main super clusters– Stratum 1, Stratum 2, Stratum 3, and Stratum173

4, using the clusters found at the highest modularity score (the iteration at which the algorithm174

has the highest clustering confidence) (Newman, 2006) (Figure 2B-F). DC outputs for each strata175

across animals can also be inspected using Sankey diagrams (Supplemental Tables 3-6). These176

diagrams detail the neuron members at each iteration of DC, allowing the user to derive quan-177

titative comparisons of clustering events. The alignment of the neuronal morphologies of strata178

members reveals a persistent layered organization to the nerve ring neuropil (Figure 2 G-K), and179

the functional identities of the neurons in each stratum suggests that there is spatial segregation180

of sensory information and motor outputs ( (Moyle et al., 2021), Supplementary Tables 3, 4, 5, 6).181

Our findings are consistent with previous studies on the Larval Stage 4 (L4) and adult contactomes182

(Moyle et al., 2021), and support that neurons establish core relationships during embryogene-183

sis and maintain them during postembryonic growth, consistent with previous studies (Witvliet184

et al., 2021). Our findings also demonstrate the utility of DC and C-PHATE analyses in extracting,185

visualizing and comparing the structure of the neuropil architecture across contactomes.186

Because DC and C-PHATE allow for the examination of relationships at varying levels of gran-187

ularity, these diagrams also facilitate the interrogation of the architectural motifs that underlie188

distinct neural strata. A more detailed examination of clusters reveals that while the overall strata189

are preserved, the underlying neuronal configurations undergo changes during postembryonic190
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Figure 1. DC/C-PHATE representations of contactome-based relationships. DC/C PHATE graphs enablerepresentations of neuronal contact relationships. To build DC/C-PHATE graphs we (A) analyzed serial sectionEM datasets of the C. elegans nerve ring neuropil (located in the head of the animal). (B) Single cross sectionof the nerve ring (surrounding the pharynx), with segmented neurites pseudo-colored. Dark box correspondsto the zoomed-in image in (C). The cross section is from the JSH dataset digitally segmented (Brittin et al.,
2021). (C) Zoom-in cross section with three arbitrary neurons (called A, B, C) highlighted by overlaying opaquecartoon (2-D, left image) and 3-D shapes (middle image) to represent the segmentation process in the z-axis(arrow) and the neuronal contact sites (highlighted Yellow, orange and Red). Contacts are quantified for allneuron pairs across the contactome (See Methods), to generate a Contact Matrix (represented here as a table,schematized for the three arbitrary neurons selected and in which specific contact quantities are representedby a color scale and not numerical values). Yellow represents little contact, and red represents a large degreeof contact. Here, as an example you can see that neuron B and C have the largest degree of contact. In anactual contact matrix, this would be a large number of shared pixels. (D) Schematic of how the DiffusionCondensation algorithm (visualized with C-PHATE) works. DC/C-PHATE makes use of the contact matrix togroup neurons based on similar adjacency profiles (Brugnone et al. 2019; 2019; Moyle et al. 2021),schematized here for the three neurons in (C). (E) Screenshot of the 3-D C-PHATE graph from a Larval stage 1(L1; 0 hours post hatching;) contactome, with individual neurons represented as spheres at the periphery.Neurons were iteratively clustered towards the center, with the final iteration containing the nerve ringrepresented as a sphere in the center of the graph (Highlighted in maroon). (F) Integration in NeuroSC of theDC/C-PHATE and EM-derived 3-D neuron morphology representations allow users to point to each sphere inthe graph and determine cellular or cluster identities for each iteration. Shown here and circled in Red, anarbitrarily selected cluster (in E), with the identities of the neurons belonging to that cluster (four letter codesin the column to the left of F) and the corresponding neuronal morphologies (right) of this group of neuronsin the EM-reconstructed nerve ring (with individual neurons pseudo-colored according to their names to theleft). Compass: Anterior (A), Posterior (P), Dorsal (D), Ventral (V), Left (L), Right (R).
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Figure 2. Implementation of DC/C-PHATE to developmental contactomes reveal a conserved layered
organization maintained during post-embryonic growth. (A) Cartoon of the C. elegans head and nervering (outlined with black box). Below, nerve ring reconstruction from EM data of an L1 animal (5 hours posthatching), with all neurons in gray. Scale bar 2 𝜇m. (B-F) DC/C-PHATE plots generated for availablecontactomes across C. elegans larval development, colored by stratum identity as described (Moyle et al.,
2021). Individual neurons are located at the edges of the graph and condense centrally. The foursuper-clusters identified and all iterations before are colored accordingly. The identity of the individualneurons belonging to each stratum, and at each larval stage, were largely preserved, and are provided inSupplementary Tables 3-6. Some datasets contain 5 or 6 super-clusters (colored hues of the stratum that theymost closely identify with). These clusters are classified as groups of neurons that are differentiallycategorized across the developmental connectomes. Note in B the blue cluster extends far to the left due torotation of the 3D image. (G-K) Volumetric reconstruction of the C. elegans neuropil (from EM serial sectionsfor the indicated larval stages (columns) with the neurons colored based on their strata identity. Scale bar 2
𝜇m; Anterior (A) left, Dorsal (D) up.

Figure 3. Examination of the architectural motifs underlying the distinct strata across development.Visualization of (A-F) Stratum 1 (Red) and (G-L) Strata 3 and 4 (Blue and Green) reveal motifs that arepreserved (Stratum 1) and change (Strata 3 and 4) across developmental contactomes (L1 to Adult, left toright, as indicated by labels on top). (B-F) Cropped view of Stratum 1 at each developmental stage showing asimilar shape of two ‘horn-like’ clusters in the C-PHATE graphs (as seen by orange and blue shaded areas).These two clusters have similar neuronal memberships, which are largely invariant across developmentalcontactomes (Supplementary Table 3). (H-L) Cropped view of Strata 3 and 4 at each developmental stagehighlighting differences in the organization and number of neurons contained in each of the Blue and Greenstrata, which is particularly distinct when comparing (H) L1 and (K) L4 (Supplementary Tables 5, 6).
6).
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growth (Figure 2 B-F, Figure 3, see: Supplementary Tables 3, 4, 5, 6). Three general features were191

extracted from these analyses: 1) individual neurons renegotiate their positions in the context of192

the identified C-PHATE clusters in different developmental contactomes, suggesting developmen-193

tal changes; 2) the degree of these changes varied across the distinct strata; and 3) the degree194

of these changes mapped onto strata containing neurons with functions known to require either195

more or less neuronal plasticity, such as integrative behaviors versus more fixed reflexive behav-196

iors, respectively. For example, Stratum 1, which contains most neurons contributing to shallow197

reflex circuits, controlling aversive head movements in response to noxious stimuli, displayed the198

fewest changes among the developmental connectomes (Figure 3 B-F; Supplementary Table 3).199

On the other hand, C. elegans exhibit tractable behaviors which can adapt due to changing environ-200

mental conditions Flavell et al. (2020). Strata 3 and 4 contain most neurons belonging to circuits201

associated with such learned behaviors, including chemo, mechano and thermo sensation. This is202

reflected by strata 3 and 4 being the regions of the most change in neuronal relationships across203

postembryonic development (Figure 3G-L; Supplementary Tables 5, 6).204

To examine the changes in DC/C-PHATE during postembryonic development, we made the C-205

PHATE plots fully interactive. This enables users to hover over and identify members of each inter-206

mediate cluster, to highlight specific cell trajectories via pseudo-coloring, and compare specific neu-207

ronal relationship dynamics across development within a multi-view window of distinct C-PHATE208

plots (Figure 1 E-F, Supplementary Figure 6, Supplementary Video 1). Because C-PHATE graphs ul-209

timately represent cells of known identities, we reasoned that interactive mapping of the C-PHATE210

cluster objects to their component cellular identities and anatomies could yield greater insights on211

neurodevelopmental changes by linking the algorithmic abstractions of the relationships with the212

cell biological features and their changes across development (Figure 4).213

To evaluate our hypothesis and assess the utility of C-PHATE for discovery, we examined spe-214

cific regions where the distribution or ‘shape’ of super clusters changed across developmental con-215

tactomes. This approach accounts for differences in contact profiles, which directly impacts the216

overall clustering structure. Based on these criteria, we focused on a region displaying changes in217

Strata 3 and 4 and using the interactive C-PHATE graphs (Figure 4 A-E), we determined the identities218

of neurons that changed clustering patterns across the developmental contactomes. Specifically,219

we focused on two interneurons, named AIML and PVQL, which we observed undergo a change220

in their cluster assignment from Stratum 4 (at L1) to Stratum 3 (at Larval stage 4, L4; Figure 4A221

and D). We pseudo-colored the trajectories of the AIML and PVQL neurons in C-PHATE to explore222

the changes in their C-PHATE trajectories throughout the developmental stages (Figure 4F-I, Sup-223

plementary Figure 1, Supplementary Table 7). Comparison of the identities of the neurons that224

co-cluster with AIML and PVQL suggests that the contact relationships varied across developmen-225

tal stages (Figure 4F and G, Supplementary Figure 1), co- cluster members can also be evaluated226

via Sankey diagrams, showing a switch in membership of AIM and PVQ from clusters of stratum 4227

at L1- L2, pre-AVF ingrowth, to include a transitionary stratum at L3, finally to stratum 3 at L4-adult228

after AVF ingrowth, (see Supplementary Table 7).229

Visualizing contact profiles in individual cells.230

DC/C-PHATE changes should result from changes in contact profiles. To link the observed changes231

in the C-PHATE graphs with the cell-biological changes in contact profiles, we generated a tool that232

would simultaneously enable: 1) 3D visualization of the cell-cell contact sites onto individual neu-233

ronal morphologies; 2) examination and comparisons of these contact profiles throughout devel-234

opment for the available contactomes; and 3) integration with DC/C-PHATE to link C-PHATE cluster235

objects to the 3-D morphologies of the algorithmically clustered cells. With these capabilities inte-236

grated, we could simultaneously view the contactome from two complementary perspectives – at237

an abstract systems level via DC/C-PHATE and at a cell biological level via 3D contact modeling – to238

perceive the architectural themes that underlie similar network patterns.239

To create this tool, we generated 3D models of the area of physical contact between adjacent240
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Figure 4. Case study: AIML and PVQL neurons change clustering patterns across the developmental
contactomes. (A-E) C-PHATE plots across development, with the trajectories of AIM neurons (in purple) andthe rest of the spheres colored by stratum identity (see Figure 2). (F-G) Zoom in of the AIML and PVQLtrajectories corresponding to larval Stage 1 (pre-AVF ingrowth) (A, dotted box) and in (G), Larval Stage 3 withAVFL/R present (C, dashed box). Note how the relationship between AIM and PVQ neurons in the C-PHATEgraph varies for each of the examined contactomes across development. (Supplementary Figure 1,Supplementary Table 7). (H,I) simplified schematics of F and G based on neuron class.

neuron pairs (Supplementary Tables 1, 2; Methods and Materials; Figure 5) (Supplementary Figure241

2). Visualizing contacts from all adjacent neurons builds a multi-colored skeleton of the neuron242

morphology mapped onto the boundaries of this neuron (Figure 5A and C). Because the identities243

of the neurons are known and linked to the 3D contact models, we built text pop-ups that define244

the contact partners for each site (Figure 5C). Furthermore, since neuron names are consistent245

across the EM datasets, we can link and compare contact sites throughout development (Figure 5246

D). Additionally, we can analyze the representations of contact sites in the context of DC/C-PHATE247

clustering profiles (Figure 4F-I), 3D models of neuronal morphologies (Figure 1F), and 3D models248

of synaptic sites for any neuron(s) across development (Figure 7).249

We used the integrated tools of DC/C-PHATE and 3D representations of the contact profiles250

to examine the potential cell biological changes leading to the DC/C-PHATE clustering changes ob-251

served for the AIML neuron during development. With these tools, we observed changes in the252

identities of the contacts made in the dorsal region of the AIML neurite (Figure 5D; Supplementary253

Figure 3). Specifically, in the L2 stage (as compared to L1), we observed a decrease in the contacts254

from PVQL and an increase in contacts from the AVF neurons. This change persists to the adult255
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Figure 5. Case Study: Visualization of contact profiles in individual neurons. (A) Cartoon schematic ofthe head of the animal with the AIM neurons (purple) and pharynx (gray), and (dotted box) a 3-Dreconstruction of the AIM neuron morphology from the L1 (0 hours post-hatching) dataset. (B) AIML andAIMR neurites rendered in 3D from L1. Note that we did not implement any surface smoothing methods toobjects, so there might be gaps in the renderings. This was done intentionally, with the goal of producing themost accurate representation of the available data segmentation and avoid any rendering interpretations. (C)3-D representation of all contacts onto the AIM neuron morphology in an L1 animal, colored based oncontacting partner identity, as labeled (right) in the detailed inset (black box) region. (D) AIM-PVQ contacts (inorange) and AIM-AVF contacts (in green), projected onto the AIM neurons (light purple) across developmentalstages and augmented for clarity in the figure (see non-augmented contacts in (Supplementary Figure 5).Scale bar 2 𝜇m.
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Figure 6. Case study: Segmented morphologies of AIM, PVQ and AVF across larval development. (A)Cartoon schematic of the C. elegans head, pharynx (gray) and examined neurons with dashed black boxrepresenting the nerve ring region. (B) Schematic representation of the outgrowth path of the AVF neuronsas observed by EM (Witvliet et al., 2021). Note that in development, AVFL and AVFR both grow along AIMLand extend in parallel around the nerve ring. The distal end of the AVF neurite is highlighted with a greenarrowhead in the schematic. (C) Neuronal morphologies of AIM (purple), PVQ (orange), AVF (green) acrosspostembryonic development, as indicated, with green arrowhead pointing to AVF outgrowth tip. Scale bar = 2
𝜇m. Regions for insets (L1, dotted box; L2, dashed box) correspond to (D). (D)Morphologies of these neurons(rotated to the posterior view) display the AVF neurons’ positions between the AIM and PVQ neurons at the L1and L2 stage. Indicated outgrowth between neurons continues to the Adult stage (Supplementary Video 2).Note how AVF outgrowth alters contact between PVQ and AIM (Figure 5D).

10 of 43

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2024.08.27.609993doi: bioRxiv preprint 

S2. Morphologies_AIM_PVQ_AVF.mov
https://doi.org/10.1101/2024.08.27.609993
http://creativecommons.org/licenses/by-nc/4.0/


stage (Figure 5D; Supplementary Figure 3).256

To then determine the possible source of these developmental changes in contacts, we visual-257

ized 3D models of the segmented morphologies for these neurons across L1 to adulthood (Figure258

6). We find that AIM and PVQ neurons maintain similar morphologies throughout development259

(Figure 6C), while AVF neurons undergo substantial neurite outgrowth onto new regions of con-260

tact between AIM and PVQ (Figure 6 B-D). These observations are consistent with lineaging studies261

which demonstrated that AVF neurons are generated from neuronal precursors (P0 and P1) at the262

end of the L1 stage (Sulston et al. (1983); Sun and Hobert (2023); Poole et al. (2024); Hall and Altun263

(2008); Sulston and Horvitz (1977). By comparing the EM datasets across development, we observe264

that the AVF neurons grow into the nerve ring during the L2 stage, and continue to grow until the265

Adult stage (Figure 6 B-D). We also consistently observe throughout the individual datasets, that266

the AVF neurons grow in between the AIM and PVQ neurons (Figure 6D), altering their contact267

profiles, which likely contributes to the observed changes in the C-PHATE graphs. While the DC/C-268

PHATE representations systematically cluster neurons based on relative similarities across contact269

profiles, and not solely by scoring changes in specific contacts within any given pair, our findings270

demonstrate the use of DC/C-PHATE as a discovery tool to identify cell-biological contact changes271

during development. (Figure 4F and G; Figure 5 D; Supplementary Video 2). Consistent with this,272

we also observe that both AVFL and AVFR grow into the nerve ring alongside AIML, later continuing273

to grow around to reach AIMR, and that these relationships were reflected in the C-PHATE graphs274

in terms of the clustering profiles throughout development (Figure 4G; Supplementary Figure 1).275

We then examined if the developmental changes in contact profiles result in changes in circuitry.276

We examined this by layering on synaptic information. Despite dwindling AIM-PVQ contacts, AIM277

and PVQ neurons maintained their synaptic relationship throughout development, with synaptic278

sites observed primarily at the base of AIM neurons, a region of persistent contact with PVQ (Figure279

7A-B). We observed that increases in contacts between AIM and AVF neurons resulted in additional280

en passant synapses at the new points of contact, beginning at the L2 stage and continuing to281

adulthood (Figure 7A-B). We also observed that AVF forms synapseswith the adjacent PVQneurons282

(Figure 7; Supplementary Figure 4).283

In summary, by integrating, representing and comparing datasets using the new C-PHATE tools284

and contact profiles in NeuroSC, we identified developmental changes in the relationships of AIM,285

AVF andPVQ. This case-study highlights the utility of combining cell biological representations (such286

as morphologies, contacts and synapses) with coarse-grained systems-level representations (like287

DC/C-PHATE) of vEM datasets to uncover developmental changes which could be further explored288

experimentally. Therefore, NeuroSC serves as a powerful platform for generating hypotheses for289

empirical testing, which can lead to insights into the dynamics of circuit development.290

NeuroSC: Facilitating multi-layered interrogation of neuronal relationships in the291

C. elegans nerve ring throughout larval development292

NeuroSC is built as a web-based client-server system designed to enable the sharing of anatomical293

connectomics data with an emphasis on facilitating the analyses of neuropil relationships across294

hierarchies and scales. To achieve this, we integrated tools of neuroanatomical investigation from295

the available C. elegans nerve ring connectomes and contactomes with a collection of 3-D mod-296

eled elements (morphologies, contacts and synapses and C-PHATE) representing different aspects297

of neuronal architecture and relationships (Figure 8). NeuroSC differs from other available web-298

based tools in this area with the integration of C-PHATE graphs that enable exploration of hierar-299

chical organizations of stratified fascicles, the availability of new tools to examine the contactome,300

and the integration of these data with existing connectome and morphological datasets across301

developmental stages.302

NeuroSC has eight key user-driven features: (1) C-PHATE, with the ability to highlight clusters303

containing neurons of interest (Supplementary Figure 6, Supplementary Video 1), (2) interactive re-304

constructions of neuronal morphologies (Supplementary Figure 10, Supplementary Video 3), with305

11 of 43

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2024.08.27.609993doi: bioRxiv preprint 

NeuroSC_SF3-AIMcontacts_nonaugment_unwarped.png
S2. Morphologies_AIM_PVQ_AVF.mov
NeuroSC_SF1-AIM_PVQ_AVF_CPHATE_noCAN.png
NeuroSC_SF4-AVF SYNAPSES.png
NeuroSC_SF6-Tutorial-CPHATE with inViewer Toolbar.png
S1.CPHATEfunctionalilies.mp4
NeuroSC_SF10-Tutorial-AddTo.png
S3.Main page, tutorial, menu,addto,inviewer,nav (2).mp4
https://doi.org/10.1101/2024.08.27.609993
http://creativecommons.org/licenses/by-nc/4.0/


Figure 7. Case study: AIM-PVQ and AIM-AVF synaptic positions across development. (A) AIM-PVQsynaptic sites (dark orange arrowheads) and AIM-AVF synaptic sites (dark green arrowheads) in thesegmented AIM neurons and reconstructed across postembryonic development from original connectomicsdata. Scale bar = 2 𝜇m. (B) Schematic of the AIM, PVQ and AVF circuitry across development based onsynaptic connectivity and focusing on the stage before AVF outgrowth (L1), during AVF outgrowth (L2) andAdult; arrow direction indicates pre to post synaptic connection, and arrow thickness indicates relativenumber of synaptic sites (finest, <5 synapses; medium, 5-10 synapses; thickest, 11-30 synapses). (C) Zoom inof synaptic sites (green) in the Adult connectome and embedded into the AIM neuron morphology (lightpurple). In NeuroSC, presynaptic sites are displayed as blocks and postsynaptic sites as spheres, and a scalingfactor is applied to the 3-D models (Materials and Methods).
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Figure 8. NeuroSC is a tool that enables integrated comparisons of neuronal relationships across
development. With NeuroSC, users have integrated access to: C-PHATE plots, 3-D morphological renderings,neuronal contact sites and synaptic representations. Through stage-specific C-PHATE renderings, users canexplore neuronal relationships from high dimensional contactome data. (Top) On C-PHATE plots,schematized here, each sphere represents an individual neuron, or a group of neurons clustered togetherduring algorithm iterations. (Right) 3D renderings of select neurons can be visualized in the context of theentire nerve ring or other circuits (gray). (Left) AIM contact sites at L1 and the same region showing synapses.Inset shows zoomed in of contacts and synapses - presynaptic sites (blocks) and postsynaptic sites (spheres).Data depicted here are from the L1 stage (0 hours post hatching).
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click-based display of cell statistics, including total volume and surface area within the defined306

neuropil region (see Methods), (3) reconstructions of neuronal morphologies of C-PHATE cluster307

members with a right-click on C-PHATE clusters (Supplementary Video 1), (4) 3-D renderings of neu-308

ronal contacts to visualize the spatial distribution of contact profiles, with click-based displays of309

quantitative statistics, including total contact area, rank among all contacts of the primary neuron,310

and surface area percentages relative to both the neuron and the nerve ring (Supplementary Fig-311

ure 5, Supplementary Video 4), (5) 3-D representations of synaptic sites with the option to visualize312

subsets of those sites, and a click-based display showing the number of synapses of the selected313

identity within the primary neuron, including any polyadic synapse combinations involving the pri-314

mary neurons (Supplementary Figure 7, Supplementary Video 4) (6) the ability to perform side-by-315

side comparisons across development by cloning a rendered scene across time into a newwindow316

at the click of a button using the in viewer developmental stage slider (Supplementary Figure 11,317

Supplementary Video 3), (7) the option to pseudo color each object to highlight points of interest318

(Supplementary Figure 11, Supplementary Video 3) and (8) each item is an individual object with319

the ability to be further customized by the user (Supplementary Figures 11, 12).320

NeuroSC: practical considerations321

We offer seven practical considerations for users. First, NeuroSC is available on mobile platforms322

as a quick and convenient way to look up neuron morphologies and relationships. Second, since323

contact sites offer the ability to explore the surrounding neurons and the position(s) of contact324

between adjacent neurons, NeuroSC is designed to enable studies of adjacent neurons (e.g. phe-325

notypes that result in site-specific ectopic synapses; neuron morphology changes that may affect326

specific surrounding neurons; developmental events requiring communication between neurons,327

etc.). Third, C-PHATE can be used to identify neurons with similar contact profiles. Because contact328

profiles are associated with circuit identities (Moyle et al., 2021), exploration of neuronal relation-329

ships via C-PHATE can be used to identify new relationships between specific neurons and circuits.330

Fourth, visualization of subsets of synaptic and contact sites allows direct comparisons to light mi-331

croscopy approaches such as cell-specific labeling of synapses or GFP-Reconstitution across synap-332

tic partners (Feinberg et al. 2008). Fifth, because the color and transparency of each 3-D model333

can be customized, users can further integrate NeuroSC outputs of additional atlases (for gene334

expression, neurotransmitter and receptor expression, functional connectivity, etc. (Packer et al.,335

2019; Taylor et al., 2021;Wang et al., 2023; Fenyves et al., 2020; Randi et al., 2023;Maitin-Shepard336

et al., 2021) and directly use the NeuroSC outputs to create figures and comparisons (as done for337

this paper). Sixth, although synaptic sites with BWM (body wall muscles) are included in NeuroSC,338

the current data model limits the ability to search for these non-neuronal cells. Users can search339

for neurons with synapses to BWM to find this datatype. Seventh, to enable direct comparisons340

between our data representations and the primary EM data, the original annotations have been341

preserved and can be accessed by users via the sister app, CytoSHOW (CytoSHOW.org). As the data342

continues to be curated, the modular design of NeuroSC and its companionship with CytoSHOW343

enables integration of future annotations.344

Discussion345

NeuroSC is an integrative tool for analyzing detailed, web-based representations of neuronal con-346

nectomes and contactomes throughout post-embryonic development in C. elegans. Connectomes347

and contactomes are derived from volume electron microscopy (vEM) micrographs of neuropil re-348

gions (Witvliet et al., 2021; White et al., 1986). These EM micrographs are information-rich and349

have the potential to reveal architectural motifs across scales, from the nanoarchitecture of the350

neuron to the neuroanatomy of each circuit in the brain. Cell biological features, such as con-351

tact profiles and synaptic positions, can be rigorously quantified and systematically represented352

as graphs capturing multidimensional relationships. These representations require methodolo-353

gies from data science that enable dimensionality reduction and comparisons of the architecture354
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across scales. Yet to derive new intuitions about the spatiotemporal events leading to the archi-355

tecture that shapes its function, it is necessary to integrate and compare these various representa-356

tions, bridging knowledge from the cell biological events to the systems-level network relationships.357

NeuroSC is designed to achieve this integration, enabling synthesis of knowledge ranging from358

the abstractions of neuronal relationships in C-PHATE to the cell biological features underpinning359

these abstractions. We provide a case study to illustrate how integration of analyses performed in360

NeuroSC can result in new insights. First, we demonstrated the discovery process with C-PHATE361

representations to identify neurons that undergo changes in their contactome during develop-362

ment. Second, we developed 3-D representations of contact sites to analyze the local neuronal363

regions that were identified via DC/C-PHATE analysis. Third, we visualized and compared these364

representations across development to identify cell biological changes in neuronal morphologies365

and synaptic positions across neuron classes. Our case study demonstrates the utility NeuroSC to366

facilitate exploration of neuronal relationships, leading to new insights on structural features of367

the connectome and hypotheses for empirical testing.368

Comparisons of NeuroSC to other connectomics atlases369

NeuroSC is one of several efforts centered around interpreting the C. elegans EM datasets. Other370

open-source tools for data exploration in C. elegans include efforts to capture neuronmorphologies371

and synaptic information (including integration of new connectomes across larval development),372

to map neurotransmitter and receptor expression, and to record whole brain functional connec-373

tivity across genotypes (Witvliet et al., 2021; Altun, Z.F. et al., 2002; Cook et al., 2019; Fenyves374

et al., 2020; Randi et al., 2023; Maitin-Shepard et al., 2021; Boergens et al., 2017). NeuroSC was375

designed to interface and enhance these existing resources. NeuroSC focuses on comparative, bi-376

ologically grounded analysis of segmented neuronal features across datasets. This includes new377

tools for rendering contact profiles, synchronizing 3D views, and navigating C-PHATE diagrams, all378

of which support multi-scale comparisons of neuronal organization. NeuroSC was designed as a379

series of modular, open-source tools that can be integrated onto other programs or existing re-380

sources, enhancing the existing landscape of connectomic tools. NeuroSC was inspired by tools381

like NemaNode and WormWiring (Witvliet et al., 2021; Cook et al., 2019), which enable 3-D visu-382

alizations of neuronal morphologies and synaptic sites with synaptic subsets restricted to pre or383

postsynaptic sites. In NeuroSCwe sought to generate and integrate information beyond the synap-384

tic connectome to include local neuronal regions (contactome) and neuronal morphologies across385

available developmental vEM datasets. Contactomes represent features that have been largely386

overlooked in connectomic datasets, and which capture circuit structures not evident by inspect-387

ing solely synaptic relationships (Brittin et al., 2018). NeuroSC extends existing representations to388

also offer user-driven experience with choice over the visualization of specific synaptic sites, the389

option to search for synaptic partners, and the ability to customize the color of each synaptic rep-390

resentation (Figure 7). NeuroSC representations complement resource databases like WormAtlas,391

which hosts digitized electron micrographs and schematics of neuron morphologies with aggre-392

gated information on each neuron (Altun, Z.F. et al., 2002). Neuroglancer (Maitin-Shepard et al.,393

2021) developed by Google, is a powerful interactive tool for visualizing large-scale 3D electron394

microscopy (EM) and other neuro imaging datasets beyond the C. elegans community. Similar in395

functionality to Webknossos Boergens et al. (2017), it provides detailed views of high-resolution396

EM data and enables users to explore individual datasets effectively, with a strong emphasis on397

synaptic connectivity. NeuroSC builds upon these capabilities by offering a complementary ap-398

proach focused on comparative connectomics and broader neuronal relationships. NeuroSC en-399

ables the visualization of EM datasets alongside neuron reconstructions while allowing users to400

compare neuron relationships across multiple carefully curated datasets. These datasets have401

been standardized across time points and methodologies, making it possible to track develop-402

mental changes in neural circuits with confidence. In addition to synaptic connections, NeuroSC403

highlights the contactome with rendered contact patches, providing a more complete picture of404
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spatial relationships. Users can dynamically adjust colors of rendered objects, generate scale bars405

for precise comparisons, and clearly visualize synapses with large geometric representations of406

pre- and post-synaptic structures. Importantly, neuron names and object relationships appear di-407

rectly when hovering over a rendering, eliminating the need for external lookup tables. NeuroSC408

also supports downloading models and creating publication-ready figures, making it a valuable409

tool for both research and presentation. While NeuroSC does not prioritize the display of raw410

EM data, this information is accessible through http://NeuroSC.cytoshow.org/ (link also available411

on NeuroSC.net in the "About" section) for those who want direct EM inspection. By emphasiz-412

ing comparability and standardized dataset integration, NeuroSC enables researchers to uncover413

insights into neural development and connectivity thatmight not be as easily accessible with single-414

dataset visualization tools. Together, existing tools and NeuroSC provide complementary ways to415

explore and analyze complex neural datasets, each offering unique strengths to the neuroscience416

community.417

NeuroSC design and future directions418

NeuroSC code and development was intentional in its design as an open-source resource that is419

modular and allows integration of additional features and data structures (Cantarelli et al., 2018).420

It is a hypothesis-generating tool that can be equally used by educators seeking to teach neu-421

roanatomical principles, and researchers seeking to identify changes across connectome datasets.422

NeuroSC could be integrated into emerging datasets, including developmental time-courses of423

cell-specific transcriptomic data that would enable further insights on the molecular events under-424

pinning neuronal development and function– from synaptogenic processes to the logic of neuro-425

transmitter use (Packer et al., 2019; Taylor et al., 2021; Fenyves et al., 2020) and how it sustains426

functional connectivity (Randi et al., 2023). Future iterations of NeuroSC could also include po-427

sitions and relationships of neurons to non-neuronal cell types, as well as the relative networks428

of segmented and quantified organelles within cells. NeuroSC could be used to compare new429

datasets from genetic variants, from animals trained under specific conditions or from additional430

developmental datasets across embryogenesis. As such, the pipeline and design of NeuroSC can431

serve as a sandbox to examine the value of the integration of datasets in exploring representations432

of neuronal relationships across connectomes. Currently, the addition of new datasets must be433

performed in-house. In the future, standardized practices for EM generation and annotation data434

could facilitate the implementation of a standard importer.435

NeuroSC forms part of a longer tradition that has leveraged the pioneering datasets generated436

for C. elegans connectomes towards exploring structure-function relationships in the nervous sys-437

tem. While the smaller scale of the C. elegans neuropil allowed us to rigorously vet the utility of438

these approaches, we suggest that these same methods would be beneficial in comparative stud-439

ies in neuropils of other species, including thosewith less stereotypically formed connectomes. We440

recognize that more complex organisms possess orders of magnitude more neurons, with signifi-441

cantly larger neuron populations per cell class. However, our previouswork has demonstrated that442

DC/CPHATE clustering of C. elegans neurons consistently pulls out clusters of shared neuron classes443

and shared functional roles Moyle et al. (2021). Building on this foundation, we envision applying444

similar clustering approaches to larger connectomes, aiming to identify classes and functionally re-445

lated neuronal groups in more complex nervous systems. We suggest that contact profiles, along446

with neuron morphologies and synaptic partners, can act as ‘fingerprints’ for individual neurons447

and neuron classes. These ‘fingerprints’ can be aligned across animals of the same species to cre-448

ate identities for neurons. Frameworks for systematic connectomics analysis in tractable model449

systems such as C. elegans are critical in laying a foundation for future analyses in other organ-450

isms with up to a billion-fold increase in neurons (Toga et al., 2012). We think of these collective451

efforts akin to the foundational work from C. elegans in pioneering genomic analysis and annota-452

tions ahead of the Human Genome Project (Stein et al., 2001; Collins and Fink, 1995). We believe453

that further integration of datasets in platforms like NeuroSC would be key in determining the rep-454
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resentations and features necessary for the interpretation and analyses of other connectomes.455

Methods and Materials456

Lead Contact457

Further information and requests can be directed to Daniel.colon-ramos@yale.edu.458

Data Code and Availability459

Figures in this article have been generated with NeuroSC (Figures 5D, Figures 6-7, Figure S2G-I, Fig-460

ure S3, Figure S4, Figure S5 A-B, Figure 8, Figures S6-S12, Videos S1-S4) and CytoSHOW (Figures461

1-4, Figure 5A and C, Figure S1, Figure S 5C). Data can be visualized via the viewer at NeuroSC.net462

or by downloading glTF files from NeuroSC and using a glTF viewer to visualize them. Additionally,463

the data generated for NeuroSC is available in .OBJ file format (and can be visualized from a local464

hard drive with CytoSHOW (http://NeuroSC.cytoshow.org/). All excel files for Diffusion Condensa-465

tion iterations and adjacency quantifications can be found in Tables S3- S13. Tutorials for NeuroSC466

are available on NeuroSC.net upon opening the website, within the main menu of the website (Fig-467

ure S8), and in the supplementary materials (Figure S5-S12; Videos S1 and S3-S4). These tutorials468

generally cover the process of engaging in analysis at and across specific developmental stages469

by filtering the data items and adding items to viewers (Figure S10). General understanding for470

how to use C-PHATE to analyze neuronal relationships can be found in Figure 1, Figure 4, Figure S6,471

Video S1, and in our previous publication (Moyle et al., 2021). For additional information on filters472

and in-viewer changes to the data (colors, developmental stages, downloading data) see Figure S5,473

Figure S7, Figure S11, Figure S12, and Videos S3-S4. All code for website development is available474

at Github (https://github.com/colonramoslab/NeuroSCAN) and for information on website archi-475

tecture and data model see Figures S13-S14.476

Experimental Model and Subject Details477

Volume electronmicroscopy (vEM) data and segmentation of neurons and synapseswere analyzed478

from (Witvliet et al., 2021; White et al., 1986; Brittin et al., 2018; Cook et al., 2019). We analyzed479

available EMdatasets thatwere transversely sectioned and segmented (Witvliet et al., 2021;Brittin480

et al., 2021; White et al., 1986). We deleted the CAN neurons in the L1-L3 datasets to keep these481

datasets consistent with the legacy datasets L4 and Adult (N2U), which do not contain CAN neurons482

(as in (Moyle et al., 2021)).483

Method Details484

All 3-D object isosurfaces (Morphologies (Neurons), Contacts, Synapses, C-PHATE plots) were gen-485

erated from segmented EM datasets using a modified version of the ImageJ 3D viewer plug-in486

(Schmid et al. 2010) implemented in CytoSHOW (cytoshow.org). This tool employs the marching487

cubes algorithm for polygon-generation. All 3-D objects are first exported as wavefront (.OBJ) files488

then converted to GL Transmission Format (.glTF) file format which does not distort the resolution489

but compacts the file information to enable faster loading times in the web-based 3-D viewer. We490

intentionally avoided surface smoothing to renderings to preserve the details of the raw EM data.491

Pixel Threshold Distance for Adjacency Profiles and Contacts492

We identified two challenges in compiling Electron Microscopy (EM) datasets for comparisons: 1)493

how to uniformly capture neuronal relationships based on areas of physical adjacency (contact)494

across datasets that have differences in volume depth and in x-y-z resolutions, and 2) how to495

standardize across datasets in which membrane boundaries had been called using a variety of496

methods, including contrast methods and segmentation methods (hand-drawn vs predicted via497

centroid node expansion by a shallow convolutional neural network) (Witvliet et al., 2021; Brittin498

et al., 2018; White et al., 1986). To address this, we first standardized the region of the neuropil499

across all developmental stages as in (Moyle et al., 2021). Briefly, all cell bodies were deleted, and500
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we used the entry of the nerve ring neurons into the ventral cord as the posterior boundary land-501

mark for the entire volume, focusing on the AIY Zone 2 (Colón-Ramos et al., 2007); slice range502

Table S1). Previously reported adjacency profiles used 10 pixels (or 45 nm) as the pixel threshold503

distance for the L4 (JSH) and Adult (N2U) datasets (Moyle et al., 2021). To account for differences in504

resolution (x-y axis) and in calling membrane boundaries between the L4 and Adult datasets and505

L1-L3 datasets, we designed a protocol to define the pixel threshold for each dataset. In short, for506

two cells that are in direct contact (Figure S2 D) in the manually segmented datasets (L4 and Adult),507

we calculated the length of overlap needed to reach from the segmented edge of one cell, across508

the membrane, and into the adjacent cell, when the segmented area of one cell is expanded by509

45 nm (10 pixels). This results in an average overlap of 30 nm for directly contacting cells in the510

L4 dataset. Then, in each computationally segmented dataset (L1-L3), we empirically tested the511

distance (e.g. 55 nm, 60 nm, 62 nm) required to achieve a similar overlap of 30 nm in direct con-512

tact cells. That empirical number (in nm) was used for adjacency calculations and rendering of513

contacts. The numbers were converted from nanometers into pixels to create a pixel threshold514

distance for each dataset, and these are shown in Table S1. Once these corrections had been515

applied, we calculated the cell-to-cell adjacency scores for all cell pairs in each dataset by using516

the measure_adjacency algorithm from https://github.com/cabrittin/volumetric_analysis; (Brittin517

et al., 2018) (Tables S8-S13). Adjacency matrices were used for Diffusion condensation (Brugnone518

et al., 2019). The contact surface areas, shown in the contact stats boxes, each represent the sum519

of the lengths of each all contact outlines for a given cell pair throughout the EM volume, multiplied520

by the reported z axis spacing between the slices, giving units of nm2 .521

Diffusion Condensation522

Diffusion condensation (DC) is a dynamic, time-inhomogeneous process designed to create a se-523

quence of multiscale data representations by condensing information over time (Brugnone et al.,524

2019). The primary objective of this technique is to capture and encode meaningful abstractions525

from high-dimensional data, facilitating tasks such as manifold learning, denoising, clustering, and526

visualization. The underlying principle of diffusion condensation is to iteratively apply diffusion527

operators that adapt to the evolving data representation, effectively summarizing the data at mul-528

tiple scales. The diffusion condensation process begins with the initialization of an initial data529

representation, typically the raw high-dimensional data or a preprocessed version. This initial rep-530

resentation is used to construct a diffusion operator, a matrix derived from a similarity matrix that531

reflects the local geometry of the data. The similarity metric, such as Euclidean distance or cosine532

similarity, plays a crucial role in defining these local relationships. For contactome datasets, dis-533

tances between neurons are determined by the pixel overlap between their segmented shapes in534

the EM dataset. We use these distances to build a graph with weighted edges, in which the weight535

of the edge represents the pixel overlap (the adjacency in the actual EM segmentation). Affinities536

between neurons, which are a proxy for their distance in the graph, are then computed as now537

revised in Box 1, Algorithm 1. This process is done iteratively as neurons cluster. Once the initial538

diffusion operator is established, the algorithm proceeds to the diffusion step. In this step, the539

diffusion operator is applied to the data, smoothing it by spreading information along the edges540

of the similarity graph. This operation captures the intrinsic geometry of the data while reducing541

noise. The specific form of the diffusion operator, such as the heat kernel or graph Laplacian, sig-542

nificantly impacts how information is propagated during this step. Following the diffusion step,543

the condensation step updates the data representation by aggregating diffused data points if the544

distance between them falls below a ‘merge threshold’. This step creates a more compact and ab-545

stract representation of the data. These diffusion and condensation steps are iteratively repeated.546

At each iteration, the diffusion operator is recomputed based on the updated diffuse data repre-547

sentation, ensuring that the process adapts to the evolving structure of the data. The iterations548

continue until a stopping criterion is met, such as convergence of the data representation to a549

single point. The output of the diffusion condensation process is a sequence of multiscale data550
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representations. Each representation in this sequence captures the data at a different level of ab-551

straction, with earlier representations preserving more detailed information and later representa-552

tions providing more condensed summaries. This sequence of representations can be utilized for553

various tasks, including manifold learning, denoising, clustering, and visualization. By iteratively554

smoothing and condensing the data, diffusion condensation reveals the underlying structure of555

high-dimensional datasets. The threshold (epsilon) used to merge data points in each iteration is556

set as a small fraction of the spatial extent of the data: for each coordinate dimension (x, y, z), we557

compute the range (maximum minus minimum), take the maximum of these three values, and558

divide it by 10,000. This process is performed iteratively for each round of clustering until all data559

points cluster into a single point. During diffusion Condensation (DC) we track the modularity of560

the resulting clusters at each iteration and select the iteration with the highestmodularity to define561

the clusters that represent the strata Moyle et al. (2021); Brugnone et al. (2019). Mathematically,562

modularity is calculated by comparing the actual number of edges within clusters to the expected563

number of such edges in a randomized network with the same degree distribution (Newman,2006).564

A higher modularity value implies that nodes within the same cluster are more densely connected565

to each other than to nodes in other clusters. A detailed algorithm description is provided in Box566

1 and Algorithm 1.567
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Diffusion Condensation
Initialization:Let 𝐗 = {𝑥1, 𝑥2,… , 𝑥𝑛} be the set of 𝑛 data points in a high-dimensional space. Construct theaffinity matrix 𝐀, where 𝐴𝑖𝑗 measures the similarity between 𝑥𝑖 and 𝑥𝑗 . Typically,

𝐴𝑖𝑗 = exp

(

−
𝑑(𝑥𝑖, 𝑥𝑗 )2

2𝜎2

)

for a chosen scale parameter 𝜎 and distance metric 𝑑. In the case of the contactome dataset,the data points represent segmented neurons, and affinities are computed using the numberof shared pixels shared by pairs of neurons at their boundary.
Diffusion Operator:Define the degree matrix 𝐃 as a diagonal matrix where 𝐷𝑖𝑖 =

∑

𝑗 𝐴𝑖𝑗 . Construct the diffusionoperator
𝐏 = 𝐃−1𝐀

which normalizes the affinity matrix.
Diffusion Step:Apply the diffusion operator to the data:

𝐘 = 𝐏𝐗

This step smooths the data, capturing the intrinsic geometry.
Condensation Step:After each diffusion step, merge data points that are within a small distance, 𝜖, from each otherto form a condensed representation. Specifically, data points 𝑦𝑖 and 𝑦𝑗 are merged if

‖𝑦𝑖 − 𝑦𝑗‖ < 𝜖.

The threshold 𝜖 is computed as a small fraction of the coordinate-wise (element-wise) maxi-mum pairwise distance among all pairs of points after the first diffusion step:
𝜖 = 1

10, 000
⋅max

𝑖,𝑗
‖𝑦𝑖 − 𝑦𝑗‖∞

where ‖ ⋅ ‖∞ denotes the element-wise (coordinate-wise) maximum norm.
Let 𝜋 ∶ {1, 2,… , 𝑛} → {1, 2,… , 𝑘} be a mapping that assigns each data point index 𝑖 to a clusterindex 𝜋(𝑖) after condensation. The condensed cluster centers are then given by

𝐂 = {𝑐1, 𝑐2,… , 𝑐𝑘}, where 𝑐𝑗 =
1

|𝜋−1(𝑗)|

∑

𝑖∈𝜋−1(𝑗)

𝑦𝑖.

Modularity:To evaluate the community structure after condensation, compute the modularity score𝑀

𝑀 = 1
2𝑚

∑

𝑖,𝑗

(

𝐴𝑖𝑗 −
𝑑𝑖𝑑𝑗
2𝑚

)

𝛿(𝜋(𝑖), 𝜋(𝑗)),

where:• 𝑑𝑖 =
∑

𝑗 𝐴𝑖𝑗 is the degree of node 𝑖,
• 𝑚 = 1

2
∑

𝑖,𝑗 𝐴𝑖𝑗 is the total edge weight in the graph, and• 𝛿(𝜋(𝑖), 𝜋(𝑗)) = 1 if 𝜋(𝑖) = 𝜋(𝑗) (i.e., 𝑥𝑖 and 𝑥𝑗 belong to the same cluster), and 0 otherwise.
Iteration:Repeat the diffusion and condensation steps, adjusting the parameter 𝜎 adaptively and keep-ing track of the modularity score, until all points are merged. Output iteration with highestmodularity score.
Box 1: Mathematical description of Diffusion Condensation568
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Algorithm 1 Diffusion Condensation
1: Input: Data matrix 𝐗 = {𝑥1, 𝑥2,… , 𝑥𝑛} ∈ ℝ𝑛×𝑑 , number of iterations 𝑇 , scale parameter 𝜎, con-
densation threshold 𝜖

2: Output: Condensed data matrix 𝐗condensed
3: Initialize: Construct affinity matrix 𝐀, degree matrix 𝐃, and diffusion operator 𝐏
4: 𝐀𝑖𝑗 ← exp

(

− 𝑑(𝑥𝑖 ,𝑥𝑗 )2

2𝜎2

) for all 𝑖, 𝑗
5: 𝐃 ← diag (∑𝑗 𝐀𝑖𝑗

)

6: 𝐏 ← 𝐃−1𝐀

7: for iteration = 1 to 𝑇 do

8: Diffusion Step:
𝐘 ← 𝐏𝐗

9: Condensation Step:
Merge data points 𝑥𝑖 and 𝑥𝑗 if 𝑑(𝑥𝑖, 𝑥𝑗) < 𝜖 to form
condensed cluster centers 𝐂 = {𝑐1, 𝑐2,… , 𝑐𝑘}

10: 𝐗 ← 𝐂

11: Update:
12: 𝐀𝑖𝑗 ← exp

(

− 𝑑(𝑥𝑖 ,𝑥𝑗 )2

2𝜎2

) for all 𝑖, 𝑗
13: 𝐃 ← diag (∑𝑗 𝐀𝑖𝑗

)

14: 𝐏 ← 𝐃−1𝐀
15: end for
16: Return: 𝐗condensed ← 𝐗

C-PHATE569

C-PHATE is an extension of the PHATE technique (Moon et al., 2019) which is specifically aimed570

at handling and visualizing high-dimensional biological data. C-PHATE is specifically designed to571

handle compositional data, which are datasets where the components represent parts of a whole572

and are inherently constrained. It learns the intrinsic manifold of the data, effectively capturing573

non-linear relationships and structures that are not apparent with traditional methods like PCA or574

t-SNE. The C-PHATE algorithm starts by loading affinity matrices associated with specific clustering575

obtained from diffusion condensation. Thesematrices are normalized to generate kernel matrices576

that emphasize the strength of connections within each cluster. The algorithm then builds a con-577

nectivity matrix by integrating these kernel matrices based on cluster assignments over multiple578

time points. This is achieved by first initializing the matrix with kernel matrices along its diagonal579

and then filling in off-diagonal blocks with transition probabilities that reflect how clusters transi-580

tion fromone time point to the next. Next, we apply the PHATE dimensionality reduction technique581

to the connectivity matrix to generate 3D embeddings of the data. These embeddings are derived582

from multiple iterations of diffusion condensation, capturing the geometry of the data at various583

levels of granularity. The resulting coordinates are saved for subsequent analysis. The final step584

involves visualizing the PHATE results in a 3D graphics tool, CytoSHOW (Java-based; CytoSHOW.org;585

https://github.com/mohler/CytoSHOW; (Moyle et al., 2021)). The results are plotted in a 3D envi-586

ronment, with functionality enabling rollover labels to display information about clustered cells.587

This requires cross-referencing output tables from the original data collection. CytoSHOW is an588

interactive tool that allows for assigning colors and annotations to individual neurons and clusters589

of interest. A detailed algorithm description is provided in Box 2 and Algorithm 2. The python code590

for C-PHATE allows for user specification of four numerical parameters within the command line,591

and we used the same set of values for all C-PHATE plots shown in this report (100, 30, 50, 1). The592

first two integers define the weighting of connectivity between the current condensation step t593
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and previous steps t-1 (weighting = 100) or t-2 (30), respectively, during construction of the connec-594

tivity matrix. Values 100 and 30 consistently resulted in a series of plotted clustering trajectories595

that form a dome-like convergence of paths, enhancing our visual perception of relative relation-596

ships and showcasing the super clusters that constitute anatomical strata in the nerve ring neuropil597

(Video S1). The reproducibility of the dome shape depends on assigning two specific PHATE param-598

eters (https://phate.readthedocs.io/en/stable/api.html) to non-default values when calling PHATE,599

the “t” value is set to 50; the “randomstate” value is set to 1.600

C-PHATE
Given 𝑛 data points, 𝐗 = {𝑥1, 𝑥2,… , 𝑥𝑛}, and the diffusion condensation output, con-sisting of 𝐂𝑡 = {𝑐1, 𝑐2,… , 𝑐𝑘} denoting the merged data points and 𝐀𝑡 denoting theaffinity matrix at iteration 𝑡.
Kernel Matrix: For each iteration, 𝑡, compute the degree matrix 𝐃, where 𝐷𝑖𝑖 =
∑

𝑗 𝐴𝑖𝑗 . Then, normalize the affinity matrix to construct the kernel matrix 𝐊𝑡:
𝐊𝑡 = 𝐃−1∕2𝐀𝑡𝐃−1∕2

Initial Connectivity Matrix: Initialize the connectivity matrix 𝐂PHATE with zeros.
Next, populate it with the kernel matrices, 𝐊𝑡, along its diagonal, reflecting self-
connections within each cluster at each time point.
Update Transition Probabilities: For each pair of adjacent time points 𝑡 and 𝑡 +
1, compute a transition probability matrix to determine how points transition be-
tween clusters 𝐶𝑡 and 𝐶𝑡+1. Each entry 𝑝𝑖𝑗 in this matrix represents the probability of
moving from cluster 𝑖 at time 𝑡 to cluster 𝑗 at time 𝑡+ 1. 𝑝𝑖𝑗 is calculated by countingthe number of points moving from cluster 𝑖 to cluster 𝑗 and normalizing by the total
number of points in cluster 𝑖 at time 𝑡. This can be expressed as:

𝑝𝑖𝑗 =
Number of points moving from 𝑖 to 𝑗

Total number of points in cluster 𝑖 at time 𝑡

Use these transition probabilities to populate the off-diagonal blocks of 𝐂PHATE

Dimensionality Reduction: Apply the PHATE algorithm to the final connectivity
matrix 𝐂PHATE to obtain the low-dimensional embedding 𝐘:

𝐘 = PHATE(𝐂PHATE)

Visualization: Visualize low-dimensional embedding 𝐘 in CytoSHOW.
Box 2: Mathematical description of C-PHATE601
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Algorithm 2 C-PHATE
1: Input: Output of the Diffusion Condensation algorithm, number of iterations 𝑇
2: Output: Low-dimensional embedding 𝐘

3: Initialize: Load affinity matrices and cluster assignments from diffusion condensation output
4: for 𝑡 = 1 to 𝑇 do
5: Load affinity matrix 𝐀𝑡 from file
6: Compute degree matrix 𝐃𝑡 where 𝐷𝑡𝑖𝑖 =

∑

𝑗 𝐴𝑡𝑖𝑗

7: Normalize to get kernel matrix 𝐊𝑡 = 𝐃−1∕2
𝑡 𝐀𝑡𝐃

−1∕2
𝑡

8: end for
9: 𝐂PHATE ← zero matrix with kernel matrices 𝐊𝑡 along the diagonal
10: for 𝑡 = 1 to 𝑇 − 1 do
11: Compute transition probabilities matrix 𝐏𝑡,𝑡+1 for clusters from time 𝑡 to 𝑡 + 1

12: 𝐏𝑡,𝑡+1[𝑖, 𝑗] ←
Number of points moving from cluster 𝑖 to cluster 𝑗

Total number of points in cluster 𝑖 at time 𝑡

13: Update off-diagonal blocks of 𝐂PHATE based on 𝐏𝑡,𝑡+1

14: end for
15: Compute the PHATE embedding 𝐘 from 𝐂PHATE
16: Return: 𝐘

Electron Microscopy based 3-D Models602

To make 3-D models of neuron morphologies from vEM datasets, we created Image-J format re-603

gions of interest (ROIs) using published segmentation data (Witvliet et al., 2021;White et al., 1986;604

Brittin et al., 2021). For a given cell, the stack of all sectioned ROIs was then used to draw binary im-605

age masks as input to a customized version of the marching cubes algorithm (Schmid et al., 2010)606

to build and save a 3-D isosurface. All steps of this pipeline were executed within the ImageJ-based607

Java program, CytoSHOW (AU Duncan et al., 2019). Slightlymodified versions of this workflowwere608

also followed for: 1) generating cell-to-cell contact ROIs and 2) for generating 3-D representations609

of synaptic objects. To align the 3-D models from the variously oriented vEM datasets, all surfaces610

from a given specimen were rotated and resized to fit a consensus orientation and scale. This was611

achieved by applying a rotation matrix multiplication and scaling factor to all vertex coordinates612

in isosurfaces comprising each modeled dataset (Table S2). Each 3-D object (morphology, contact613

or synapse) was then exported as a Wavefront file (.OBJ) and then web-optimized by conversion614

to a Draco-compressed .GLTF file. Each neuron was assigned a type-specific color that is consis-615

tent across all datasets to enable facile visual comparison. All the original EM annotations that616

were used to create the representative 3D models in NeuroSC have been preserved, and can be617

accessed via the sister app, CytoSHOW (https://github.com/mohler/CytoSHOW; (AU Duncan et al.,618

2019)).619

Morphologies620

Neuron morphologies were linked across datasets for users to visualize changes over time. To en-621

hance 3-D graphics performance without sacrificing gross morphologies we employed a defined622

amount of data reduction when building each cell-morphology object. NeuroSC can therefore dis-623

play multiple (or even all) neurons of a specimen within a single viewer. The number of vertices624

for a given object was decreased by reducing 10-fold the pixel resolution of the stacked 2-D masks625

input into the marching cubes algorithm of CytoSHOW.626

Nerve Ring627

To make a simplified mesh of the overall nerve ring shape, individual neuron ROIs were fused to-628

gether into a single nerve-ring-scale-stack of imagemasks. This was used for input to themarching629
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cubes algorithm. The union of all overlapping enlarged neurite ROIs in a vEM section was data re-630

duced (20-fold reduced pixel resolution). This rendered a performance-friendly outer shell of the631

nerve ring.632

Contacts633

To build 3-D representations of neuron-neuron contacts, we captured the degree of overlap when634

an adjacent cell outlinewas expandedby the specimen-specific, empirically-definedpixel threshold635

distance listed in Table S1 (see Figure S2). This was done for each cell outline. This expansion step636

employs a custom-written method in CytoSHOW that increases the scale of the adjacent outlined637

region by the pixel threshold distance (Table S1; Figure S2 B and E), whilemaintaining its congruent638

shape. The entire collection of captured 2-D contact overlaps (Figure S2 C and F) for each adjacent639

neuron pair was then reconstructed as a single 3-D object (Figure S2 H). Contact patches shown in640

NeuroSC are largely reciprocal (e.g. if there is a AIML contact from PVQL then there will be a PVQL641

contact from AIML), but rarely, 2-D overlap regions may be too small to be reliably converted to642

3-D isosurfaces by the marching cubes algorithm, resulting in absence of an expected reciprocal643

contact model within the collection. Contacts, like cell morphology models, are named to be au-644

tomatically linked across time-point datasets and to facilitate user-driven visualization of changes645

over time.646

Synapses647

Synaptic positions were derived from the original datasets and segmentations, which annotate648

synaptic sites in the EM cross-sections (White et al., 1986; Cook et al., 2019; Witvliet et al., 2021).649

To represent these coordinates in the 3-D segmented neurons, we used Blocks (presynaptic sites),650

Spheres (postsynaptic sites) and Stars (electrical synapses). The synaptic 3-D objects were placed at651

the annotated coordinates (White et al., 1986; Cook et al., 2019;Witvliet et al., 2021). Additionally,652

the objects were scaled with the scaling factor (Table S2). Synaptic objects were named by using653

standard nomenclature across all datasets, as explained in Supplementary Figure 7.654

We note that the L4 and Adult datasets and the L1-L3 datasets were prepared and annotated655

by different groups (White et al., 1986; Cook et al., 2019;Witvliet et al., 2021). Integration of these656

datasets reveals nanoscale disagreements in the alignment of the boundaries and synapses. Our657

representations reflect the original annotations by the authors. Because of these disagreements658

in annotations, the synapses are not linked across datasets. However, all the original EM annota-659

tions that were used to create the representative 3D models in NeuroSC, including the synaptic660

annotations, have been preserved, and can be accessed by the users via the sister app, CytoSHOW661

(CytoSHOW.org).662

Website Architecture663

The NeuroSC website architecture and data structure were designed to integrate these key user-664

driven features via a modular platform and linked datasets. The architecture uses Geppetto, an665

open-source platformdesigned for neuroscience applications,modularity, and large datasets (Cantarelli666

et al., 2018). Briefly, the architecture is effectively separated into two applications, a front end Re-667

act/JavaScript bundle that is delivered to the client, rendering the neuron data and assets, and a668

Golang application that exposes a JSON API, serving the neuron data and assets based on user in-669

teractions (Supplementary Figure 13). The backend uses a Postgres Database to store underlying670

data (Supplementary Figure 14), a Persistent Storage Volume that houses and serves static assets,671

and a variable number of Virtual Machines to run the front end and backend application code,672

scaling as needed to accommodate traffic. The User Interface is a React application that allows673

users to filter, sort, and search through the Neurons so that they can be added to an interactive674

canvas (Supplementary Figure 13). When users add Neurons to a viewer, a .gltf file is loaded in for675

a given model (Synapses, Neurons, Contacts) at the selected developmental stage (Supplementary676

Figure 13), which can then bemanipulated in the 3D environment or layered with other meshes as677
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needed. NeuroSC can be used on common web-browsers (e.g. Google Chrome, Safari) andmobile678

devices.679

The underlying data model makes use of tables representing Synapses, Neurons, Contacts and680

Developmental Stages. Relationships between thesemodels are represented by foreign keys (Sup-681

plementary Figure 14). Source data is defined in a file-tree structure containing various assets (such682

as .gltf files representing various entities), as well as CSV’s which store relationships across entities.683

The directory structure outlines a vertical hierarchy, starting at the developmental stages, then684

branching downwards onto neuron and synapse data. A Python script is invoked to traverse the685

directory tree and parse the files, writing to the database accordingly. This configuration enables:686

1) verification of the ingested data and 2) quick search times through the datasets to identify re-687

lated items. Code is version-controlled in GitHub (https://github.com/colonramoslab/NeuroSCAN)688

and deployed through a CI/CD pipeline when updates are committed to the main branch (Supple-689

mentary Figure 13).690
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Supplementary material878

Supplementary Figures879

Supplementary Figure S1. DC/C-PHATE clustering of AIM, PVQ, and AVF across postembryonic
development. (A-E) A cropped view of the DC/C-PHATE plot colored to identify individual neurons andclustering events in (A) Larval stage 1 (5 hours post hatching); (B) Larval stage 2 (23 hours post hatching); (C)Larval Stage 3 (27 hours post hatching); (D) Larval stage 4 ( 36 hours post hatching); and (E) Adult ( 48 hourspost hatching). See also Video S1 and Table S7.
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Supplementary Figure S2. Projecting contact profiles onto the segmented neuronal shapes. (A-C)Graphical representations of the strategy utilized for creating the contact profiles for each of the adjacentneurons (purple, red, cyan) onto a cross section of the neuron of interest (Neuron A, yellow). (D-F) Electronmicrograph from the L4 dataset with two adjacent neurons colored yellow and cyan. To build 3-Dreconstructions of contact sites from adjacent neurons, we analyzed segmented neurons from the electronmicroscopy datasets in each slice (A, D). Each adjacent neuron is expanded in all directions to the pixelthreshold distance (specified for each dataset; Table S1; Methods; CytoSHOW.org) (B, E). A new ROI (region ofinterest; purple, red, cyan in C; green in F) is created from the overlapping areas between the neuron ofinterest (yellow) and the adjacent neurons (C,F). (G-I) 3-D reconstruction of neuron (yellow) (G) with adjacentneuron (cyan), (H) with contact sites captured (green) across all slices, and (I) with contact areas from theadjacent neuron augmented (green) as seen in Figure 5 D.
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Supplementary Figure S3. AIM contact sites. Contact sites from PVQ (Orange and highlighted with orangearrowheads) and from AVF (Green and highlighted with green arrowheads) across developmental stages (asindicated) and projected onto the segmented AIM neurons (transparent purple). This figure is the unmodifiedNeuroSC outputs of contact profiles that corresponds to Figure 5D. In Figure 5D these contact profiles wereaugmented. Scale bar = 2 um. See also Figure 5 and Video S4.

Supplementary Figure S4. AVF synaptic sites. Synaptic sites displayed onto transparent (green) AVFneurons across developmental stages. Presynaptic sites (spheres) and postsynaptic sites (Blocks) arevisualized between the AVF neurons and the AIM (Purple) neurons, PVQ (Orange) neurons and other AVF(either AVFL or AVFR; opaque green) neuron; Scale bar = 2 um.
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Supplementary Figure S5. Visualization of contact sites in NeuroSC. (A) Search for a specific neuron(here, AIM) to filter (B) the list of contacts corresponding to the developmental slider. Neuron A (AIML, here) isthe neuron onto which the contacts will be mapped. The Contacts drop down menu sorts neuronsalphabetically (here, colored according to the contact patch color in C). (C) 3-D reconstruction of all AIMcontacts at L3 stage. See also Video S3-S4. In the Figure 5D, contacts are augmented. Inset: Click on a contactrendering to show ’contact stats’. This pop up displays quantifications of the selected contact relationship.Rank compares the summed surface area of contacts ("patches") between these two neurons relative to allother contact relationships for the primary neuron. A rank of 1 means this neuron pair shares the largestcontact area. Total surface area is the total surface area in nm2 that covers the primary neuron in the contactrelationship. Here the primary neuron is AIM. Contact area percentages are also shown for the cell and thewhole nerve ring.
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Supplementary Figure S6. C-PHATE tutorial in NeuroSC. (A) Add the C-PHATE plot corresponding to theposition of the purple circle on the developmental slider (yellow box) by clicking (B) the + sign. (C) Screenshotof C-PHATE plot at L4 (36 hours post hatching), spheres represent individual neurons at the outer edge of theplot and DC iterations increase towards the center where spheres represent clusters of neurons andeventually the entire nerve ring. (D) Screenshot of C-PHATE plot at L4 (36 hours post hatching) with thespheres/clusters containing the AIM neurons highlighted (Blue) by selecting the AIM neurons within the lightbulb menu (red box). See also Video S1. NeuroSC features in this figure are not shown to scale.
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Supplementary Figure S7. Visualization of synaptic sites with NeuroSC. (A) Search for synaptic sites forspecific neuron(s) (e.g., AIM, PVQ) and choose a developmental time point with the slider. (B) Synapsesdropdown menu contains a list of objects representing pre- and postsynaptic sites corresponding to allneuron names in the search bar and sorted alphabetically. Searched neurons can be used with the synapticfilter (C) to select for synapse type (electrical or chemical; Note: only use this feature for L4_36 hours posthatching and Adult_48 hours post hatching) and to filter objects by synaptic specialization (pre or post; graydotted box), (D) which will follow the filter logic (example shown for AIM and PVQ). (E) To enable visualizationof subsets of synapses and differentiate between pre- and postsynaptic sites, each synapse contains object(s)representing the postsynaptic site(s) as spheres (Blue and Purple) and the presynaptic site as a block(Orange). These are ordered “by synapse”, with all postsynaptic objects, then the presynaptic object. Thisspecific example corresponds to a 3-D representation of the PVQL (Orange, Pre) AIAL (Blue, Post), AIML(Purple, Post) synapse. (F) All synaptic sites contain the name of the presynaptic neuron (Orange), neurontype (chemical, electrical, or undefined), list of postsynaptic neuron(s) (Blue), and Unique identifier (Black;Section, letter) for cases with multiple synapses between the same neurons. The ‘section’ is unique to eachsynapse between specified neurons and at that specific developmental stage. It is listed in order of itsantero-posterior position in the neuron. Synapse names are not linked through developmental datasets. Ifthe synapse is polyadic, there will be multiple postsynaptic neuron names and objects associated with asingle presynaptic site. See also Video S4. (G) Right click on a rendered synapse to open synapse stats.Expand (click arrow in green box) to show the numbers of synapses, broken down by polyadic variations ifapplicable, per the primary neuron (in this case the primary neuron is PVQL).
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Supplementary Figure S8. Opening page view and menu.(A) View of opening page. (B) Menu for access tothe ‘About’ window for referencing source information, the Tutorial, and the developmental Promoterdatabase. See also Video S3.
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Supplementary Figure S9. The NeuroSC interface enables interrogation of neuronal relationships
across development. (A) The left facing arrow to minimize the left panel and optimize space for the viewerwindows. The interface contains four main parts: (B-E) Filters, (F-J) Results, (K-M) Viewer Navigation, and (N-Q)viewer windows. Filter Results by (C) searching for neuron names, (D) selecting a dataset with thedevelopmental slider (in hours post- hatching), (E) and filtering synapses based on the pre- or post-synapticpartner on the neurons that are on the search bar. (F) Results drop down menus (filtered by B) for (G)Neuronal morphologies (shown in the viewer as purple in (O)), (H) Contacts (shown in green (O)); (I) Synapses(shown in Orange in (O)); and (J) C-PHATE (shown in (Q)), which gets filtered by the developmental slider in (D).(K) Viewer Navigation to rotate the 3-D projections in all viewers simultaneously (Play All) and which containsa drop-down menu for each viewer (L,M). The viewers are named as Viewer 1 (L, N) or CPHATE viewer (M, P)and followed by information of the developmental stage and the hours post hatching for the objects in theviewer. (O) Reconstruction of the AIM neurons with AVF contacts and synapses at L3 (27 hours post hatching;scale bar = 2 um. (Q) C-PHATE plot at L1 (0 hours post hatching). See also Video S3.
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Supplementary Figure S10. Select and Add objects to viewers. (A) Click “select (number) items” to select allitems in the drop down list (green box), or (A’) click the hexagon next to each item (green box). (B) Click “AddSelected” (purple box) to add all selected items or (B’) click “Add to” (purple box) to add each item individually.(C) To add the selected item(s) to an existing viewer of the same developmental stage or to a new viewer,choose a viewer as indicated. (D) Click “Deselect (number) items” (orange box) to deselect items. See alsoVideo S3 and S4.
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Supplementary Figure S11. In-viewer toolbar features (A) In-viewer toolbar for Neurons, Contacts andSynapses and C-PHATE (shown here, only Neurons). (B, K) Change the background color of viewer from dark(white box, moon) to white (white box, sun). (C, L) Change the color of any objects by selecting a desired color,transparency or color code and selecting the object (or instance) name (here, AIML and AIMR). (D, M) Copyand paste your neuron and contact profile scenes through time into a comparative side by side windowchanging the developmental stage for items in the viewer by using the in-viewer developmental slider. Note anew window will be generated, which can be dragged next to the original window.(N) Add 3-D representationsof the Nerve Ring for that developmental stage, note: must be added to the scene last. (E, O) Record anddownload movies for the viewer. (F,P) Download .gltf files and viewer screenshot (png). (G) Rotate objectsaround the y-axis. (H) Zoom in and (I) zoom out, and (J) reset objects to original positions in the viewer. Seealso Video S3.
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Supplementary Figure S12. Viewer navigation menu. ((A) Navigation bar contains a drop-down menu foreach viewer (shown here, six viewers at varied developmental stages) and a “Play all” button forsimultaneously rotating all objects in each viewer around the y-axis (Video S3). Each viewer drop down menucontains a drop down menu for Neurons (green box), Contacts and Synapses. (B) Viewer 6 withreconstructions of three neurons (AIML and AIMR, purple; PVQL, orange) at Larval Stage 4 (L4), 36 hours posthatching. (C) Browse and Select objects in the viewer by navigating the nested drop down menus. (D) Manageobjects in viewers with options to select, group, hide, and delete objects in each viewer. Objects can bedeleted with “select” and keyboard “delete”. See also Video S3.
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Supplementary Figure S13. NeuroSC architecture. (A) Source data are defined in a file tree structure thatcontains various assets such as .gltf files representing various entities, as well as CSVs storing entity metadata.The directory structure outlines a vertical hierarchy starting at the developmental stages, then branchingdownwards through neuron, C-PHATE, contact and synapse data.(B) A Golang script can be invoked totraverse the directory tree and ingest the files. This parses the hierarchical file path and file contents,verifying the data and associating it with underlying entities, writing it to the database.(C) The backendconsists of a Postgres Database to store underlying data, a Block Storage Volume that houses static assets(.gltf files, javascript bundle, css styles, etc), and a Golang application. The Golang application surfaces a JSONREST API, leveraging caching strategies to reduce DB load. It also serves the static assets to the client, fromthe block storage. A variable number of Virtual Machines run the backend application code, scaling as neededto accommodate traffic.(D) The client-side is a React application that uses Geppetto for entity rendering(Cantarelli et al. 2018). User interactions on the frontend result in queries to the backend to filter, sort, andsearch via the REST API, resulting in the entities and metadata to be rendered to an interactive canvas.
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Supplementary Figure S14. NeuroSC data model. (A) Reference scheme for B-F; Instance refers to thecategory (e.g., B, Neuron; C, Developmental Stage), which contains a name or identifier (id) for each object,lists of files associated with the instance (C, Developmental Stage does not have files), and metadata tofurther describe each instance, which is usually a string (str) or an integer (int). (B) The neuron name is thefoundation for the Contacts, Synapses, and C-PHATE, which enables integration across each of theserepresentations and across developmental stages (time points) with metadata from WormAtlas(wormatlas.org/MoW_built0.92/MoW.html). (C) The Developmental Stages are named by the larval stages (L1,L2, L3, L4, Adult), and the metadata captures the list of time points within those developmental stages (i.e., L1,0 hours post hatching, and L1, 5 hours post hatching). (D) C-PHATE objects are named with a list of Neurons.(E) Contacts link to the Neuron names (Neuron A and Neuron B nomenclature in Figure S5), and metadataannotates the surface area in nm2 of contact quantified in the source Electron Microscopy micrographs. (F)Synapses link to the Neuron names (Pre, type (chemical, elecrical or undefined), Post, and section describedin Figure S7).
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Supplementary Videos880

Video S1. Visualization of hierarchical relationships using C-PHATE plots in NeuroSC. The881

process for rendering a C-PHATE plot at the L4 stage (36 hours post hatching) with the real-time882

loading speed. In the viewer, 3-D visualization of a C-PHATE plot (shades of cyan), which is ro-883

tated to show the dome-shape of the plots and to orient the plot to correspond to Figures 2 and884

4. The highlight functionality is used to show the spheres containing AIM (teal), then PVQ (teal).885

The spheres of the first iterations, containing AIM and PVQ, are identified, selected and colored886

magenta. The AVF neurons are highlighted in teal, and the first AIM and AVF containing clusters887

are identified, selected and colored yellow. The first clusters containing AIML, AVF and PVQL are888

identified and colored green. Neurons in the left yellow and magenta clusters are reconstructed889

with a right click on the sphere and “Add to new viewer” selection.890

Video S2. Analysis of AIM, PVQandAVFneuronalmorphologies indevelopmental datasets.891

3-D visualizations of AIM (Purple), PVQ (Orange) and AVF (Green) at (Left viewer) L1 (5 hours post892

hatching) and (Right viewer) L3 (27 hours post hatching) in NeuroSC. Note that at L1, AVF has not893

grown into the nerve ring, therefore, only AIM and PVQ are present, but by L3, the AVF neurons894

have grown between the AIM and PVQ neurons.895

Video S3. NavigatingNeuroSC features that enable integration ofNeurons, Contacts and896

Synapses across developmental datasets. Upon first opening NeuroSC, a tutorial will launch897

(Figure S8). In the NeuroSC menu one can read about NeuroSC, access the tutorial, and navigate898

to the embryonic promoter database (Figure S8). The video shows the user searching neurons (AIM899

and PVQ) and adding neurons to the viewers (Figure S10). Side-by-side viewers with AIML, AIMR,900

and PVQL enable comparisons across developmental stages (L1, 0 hours post hatching and L4, 36901

hours post hatching). Also shown in the video are the use of the in-viewer toolbar (Figure S11) and902

navigation menu (Figure S12) for object exploration.903

Video S4. Exploring Contacts and Synapses using NeuroSCAN. Video of user navigating the904

tools of NeuroSC to examine synapses and contact profiles to yield results as in (Figures S7 and S9).905

AIM neurons (Transparent Purple), AIM (Purple)-PVQ synaptic sites (Orange), and AIM-PVQ contact906

sites (Orange) at L1 (5 hours post hatching) are added into Viewer 1. AIM neurons (Transparent907

Purple), AIM(Purple)-PVQ synaptic sites (Orange), and AIM-PVQ contact sites (Orange), AVF (Green)-908

AIM synaptic sites, and AVF-AIM contact sites (Green) at L3 (27 hours post hatching) are added into909

Viewer 2. Contact sites and synaptic sites are compared across developmental stages by hiding910

AIM neurons. All contact sites for AIM are added for L1 (5 hours post hatching) into Viewer 3.911

Supplementary Tables912

Table S1. Nerve ring regions, resolutions, and pixel threshold distances used to calculate adjacency913

matrices and to create contact sites for each dataset.914

Table S2. Scaling factors and rotation corrections for 3-D representations of Neurons, Contacts915

and Synapses for each dataset.916

Table S3. Stratum 1 (Red) Sankey diagrams of clustered neurons for each Diffusion Condensa-917

tion iteration in each dataset.918

Table S4. Stratum 2 (Purple) Sankey diagrams of clustered neurons for each Diffusion Conden-919

sation iteration in each dataset.920

Table S5. Stratum 3 (Blue) Sankey diagrams of clustered neurons for each Diffusion Condensa-921

tion iteration in each dataset.922

Table S6. Stratum 4 (Green) Sankey diagrams of clustered neurons for each Diffusion Conden-923

sation iteration in each dataset.924

Table S7. Sankey diagrams of AIM, PVQ and AVF containing clusters for each Diffusion Conden-925

sation iteration in each dataset.926

Tables S8. L1 (0 hours post hatching) adjacency counts and searchable counter for summed927

adjacencies. Type the name of a “Neuron of Interest” (NOI) in the indicated cell to filter for the928

summed adjacency counts for each contact partner. For each partner, there are two columns:929
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Total number of contacts (number of EM sectionsNOI and partner are in contact) and TotalWeights930

(summed number of pixels NOI and partner contacts).931

Tables S9. L1 (5 hours post hatching) adjacency counts and searchable counter for summed932

adjacencies. Type the name of a “Neuron of Interest” (NOI) in the indicated cell to filter for the933

summed adjacency counts for each contact partner. For each partner, there are two columns:934

Total number of contacts (number of EM sectionsNOI and partner are in contact) and TotalWeights935

(summed number of pixels NOI and partner contacts).936

Tables S10. L2 (23 hours post hatching) adjacency counts and searchable counter for summed937

adjacencies. Type the name of a “Neuron of Interest” (NOI) in the indicated cell to filter for the938

summed adjacency counts for each contact partner. For each partner, there are two columns:939

Total number of contacts (number of EM sectionsNOI and partner are in contact) and TotalWeights940

(summed number of pixels NOI and partner contacts).941

Tables S11. L3 (27 hours post hatching) adjacency counts and searchable counter for summed942

adjacencies. Type the name of a “Neuron of Interest” (NOI) in the indicated cell to filter for the943

summed adjacency counts for each contact partner. For each partner, there are two columns:944

Total number of contacts (number of EM sectionsNOI and partner are in contact) and TotalWeights945

(summed number of pixels NOI and partner contacts).946

Tables S12. L4 (36 hours post hatching) adjacency counts and searchable counter for summed947

adjacencies. Type the name of a “Neuron of Interest” (NOI) in the indicated cell to filter for the948

summed adjacency counts for each contact partner. For each partner, there are two columns:949

Total number of contacts (number of EM sectionsNOI and partner are in contact) and TotalWeights950

(summed number of pixels NOI and partner contacts).951

Tables S13. Adult (48 hours post hatching) adjacency counts and searchable counter for summed952

adjacencies. Type the name of a “Neuron of Interest” (NOI) in the indicated cell to filter for the953

summed adjacency counts for each contact partner. For each partner, there are two columns: To-954

tal number of contacts (number of EM sections NOI and partner are in contact) and Total Weights955

(summed number of pixels NOI and partner contacts).956
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