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8 Abstract

9
10 Despite decades of research on the C. elegans nervous system based on an anatomical
11 description of synaptic connectivity, the circuits underlying behavior remain incompletely
12 described and the functions of many neurons are still unknown. Updated and more
13 complete chemical and gap junction connectomes of both adult sexes covering the entire
14  animal have become available recently. Here these are analyzed to gain insight into the
15  overall structure of the connectivity network and to suggest functions of individual
16 neuron classes. Modularity analysis divides the connectome graph into ten communities
17  that can be correlated with broad categories of behavior. A significant role of the body
18  wall musculature end organ is emphasized as both a site of significant information
19 convergence and as a source of sensory input in a feedback loop. Convergence of
20  pathways for multisensory integration occurs throughout the network — most
21 interneurons have similar indegrees and outdegrees and hence disperse information as
22 much as they aggregate it. New insights include description of a set of high degree
23 interneurons connected by many gap junctions running through the ventral cord that may
24 represent a previously unrecognized locus of information processing. There is an
25  apparent mechanosensory and proprioceptive field covering the entire body formed by
26  connectivity of the many mechanosensory neurons of multiple types to two interneurons
27  with output connections across the nervous system. Several additional significant,
28  previously unrecognized circuits and pathways are uncovered, some involving previously
29 unstudied neurons. The insights are valuable for guiding theoretical investigation of
30 network properties as well as experimental studies of the functions of individual neurons,
31 groups of neurons, and circuits.
32
33 Introduction
34
35 The nervous system evaluates and integrates sensory information of various
36 kinds from the external environment and from internal sensors to generate coherent,
37 adaptive outputs — behavioral, physiological, reproductive. The functions of individual
38 neurons or brain regions in this process has been a longtime focus of neuroscience. These
39 functions are determined by the roles each neuron plays in the network of cellular
40 communications created by synaptic and extrasynaptic signaling. A description of the set
41  of chemical and electrical synapses visible by electron microscopy has been available for
42  the C. elegans nervous system for almost 40 years (3), while studies of the extrasynaptic
43 neuropeptidergic signaling network have more recently begun to emerge (4, 5).
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44 The anatomical synaptic network of the C. elegans nervous system has recently
45 been reanalyzed and extended across the entire animal for both adult sexes and to larval
46  stages (2, 6). From their physical connectivity and structures, together with results of
47  many experimental studies, it has been possible to assign functions to many of the
48 neurons. Sensory neurons often have identifiable dendritic endings in sensory structures
49  while motor neurons have output onto muscles. However, almost all C. elegans neurons
50 are multifunctional, being both pre- and post-synaptic to other neurons as well as having
51 sensory properties and making neuromuscular junctions. Moreover, considerable cross
52  connectivity, especially among interneurons, creating a complex network, has made the
53 interpretation of functions of many neurons problematic. At present, the functions of
54  57% (26/46) of the neuron classes identified as interneurons (81 neurons total) remain
55 largely unknown (see WormAtlas.org). Uncertainty is unevenly distributed—certain
56 regions of the nervous system are better known than others. For example, the availability
57  of behavioral assays for chemotaxis and social behaviors have resulted in elucidation of
58 circuits involved in navigation in the chemical environment and responses to other
59 nematodes. By contrast, the circuits that process information from sensors facing into
60 the pseudocoelom, for example, are less well known.

61 The present work takes advantage of the new reconstructions of the chemical
62  and gap junction synaptic connectomes of the adults of both sexes to extend the
63  assignment of functions to neurons (Supplementary File 1) (2). From the analysis, it is
64  possible to suggest some functions for most of the previously less well-known
65 interneurons. Several neurons and sets of neurons emerge with unexpected significance.
66 A network of high degree interneurons that extend across the animal in the ventral cord
67  and connect heavily through gap junctions are connected to each other and collectively
68 reach the entire nervous system in a small number of synaptic steps. It is suggested that
69 this central network may represent a previously undescribed locus of integration. The
70 pattern of convergence and divergence of the connectivity from sensory inputs to muscle
71 outputs emphasizes the extent to which the process of multisensory integration occurs
72 throughout the network and involves all cell types at all levels, including the muscle cells
73  themselves.

74

75 Results

76

77  The C. elegans nervous system has a modular architecture
78

79  As afirst step towards assigning functions to neurons, the neurons and muscles may be
80  partitioned into subgroups by their connectivity. The C. elegans connectome has been
81 subjected to graph analysis previously (8-12). Various graph theoretic algorithms are
82 available for identifying subgroups (modules or communities) where the probability of an
83  edge between members of communities is significantly greater than expected if edges are
84 distributed randomly. In such community detection, the boundaries in optimal partitions
85  vary by algorithm and by the value of an unavoidable arbitrary threshold parameter, as
86  generallyitis not possible to reach a unique solution. Here, as a starting point for analysis,
87  the spectral method of Leicht and Newman (7) is used. This algorithm partitioned the
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88  connectivity graph of the adult hermaphrodite of Cook et al. (2) into 10 communities
89 (Figure 1). The graph used is a weighted graph where the values of the edge weights are
90 the number of EM serial sections of connectivity summed over the often-multiple
91  synapses connecting pairs of neurons, neurons and muscles, and muscle cells. Chemical
92 and gap junctional graphs, the latter treated as two opposing directed edges with edge
93  weights divided by %, were added together to create a single graph with 473 nodes and
94 6951 edges (Supplementary File 2). (Communities created for the chemical and gap
95  junction graphs separately are given in Supplementary File 3 and 4).
96 The division into communities makes clear distinctions among various types of
97 inputs and outputs. Community 1 contains most, but not all, of the longitudinal body wall
98 muscles and the excitatory and inhibitory ventral cord motor neurons that innervate
99 them. Communities 6, 7, and 8 separate out additional small muscle groups involved in
100 egg laying and defecation. Community 5 isolates all the muscles and neurons of the
101 pharynx and is not considered further here. The remaining four communities represent
102  vertically structured silos of information flow from sensory neurons of a particular type
103  all the way to motor neurons and even in some cases specific body wall muscles.
104 It is important to emphasize that description of the network in this manner is
105 artificial in requiring nodes to be placed into one or another of a small number of groups.
106 A 2D, spring-electric or force directed layout of the C. elegans nervous system that, like
107  modularity analysis, arranges nodes according to the amount of connectivity between
108 them, is given as Supplementary File 5 (2). While it groups neurons and muscles
109 consistent with the modularity analysis, it shows no obvious boundaries or separations
110  between many of the modules. The precise location of the boundary drawn by the
111 modularity algorithm may be quite arbitrary and highly sensitive to particular
112 connections. Thus, as an example, the separation of SIADL and SIADR in comm 2 away
113  from SIAVL, SIAVR, and four SIB neurons is not reflected in the 2D layout and probably
114  does not indicate a difference in function.

115

116  Convergence onto the muscles and motor neurons

117

118 In the overall process of multisensory integration, information from multiple

119  sensory streams is brought together for control of effector output. This process can be
120 dissected stepwise in terms of convergence onto individual neurons and muscles—the
121 number of neurons targeting each cell, its indegree. By this measure, in the C. elegans
122 nervous system muscle cells are important sites of convergence. C. elegans locomotion
123 and posture is determined by the four rows of longitudinal body wall muscles (95
124  mononucleate muscle cells) (Figure 2A). Neurons of all types, sensory neurons and
125 interneurons as well as neurons classified as motor neurons, make neuromuscular
126  junctions. The majority of muscle input (the sum of nmj edge weights in the chemical
127  graph) (91%) is from three major motor neuron classes: head motor neurons (14%),
128  sublateral motor neurons (41%), and ventral cord motor neurons (37%). Figure 2B shows
129 how input from all the various classes of neurons making neuromuscular junctions is
130  distributed across the dorsal and ventral longitudinal muscle chains. On average, each
131 muscle cell receives chemical input from 10 neurons (9.5 in the dorsal set, range 5-12.5,
132
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Community 1 Locomotion

DA01, DA0O2, DA03, DAO4, DAOS, DAO6, DAO7, DBO1, DB02, DB0O3, DB04, DBO5, DB06, ASO1, AS02, AS03, AS04, ASO5, AS06,
AS07, AS08, AS09, bD01, DD02, DD03, DD04, DD05, VA01, VA02, VA03, VA04, VA0S, VA06, VAO7, VA0S, VA09, VA10, VB02,
VBO03, VB04, VB05, VB06, VB07, VD01, VD02, VD03, VD04, VD05, VD06, VD07, VD08, VD09, VC01, VC02, VC03, dBWML7,
dBWMLS, dBWML9, dBWML10, dBWML11, dBWML12, dBWML13, dBWML14, dBWML15, dBWML16, dBWML17,
dBWML18, dBWML19, dBWMR8, dBWMRY, dBWMR10, dBWMR11, dBWMR12, dBWMR13, dBWMR14, dBWMR15,
dBWMR16, dBWMR17, dBWMR18, dBWMR19, dBWMR20, vBWML8, vBWML9, vBWML10, vBWML11, vBWML12,
vBWML13, vBWML14, vBWML15, vBWML16, vBWML17, vBWML18, vBWMR10, vBWMR11, vBWMR12, vBWMR13,
vBWMR14, vBWMR15, vBWMR16, vBWMR17, vBWMR18, vBWMR19

Community 2 Foraging

IL1DL, IL1DR, IL1L, IL1R, IL1VL, IL1VR, IL2DL, IL2DR, IL2VL, IL2VR, SDQL, SDQR, RIPL, RIPR, RMED, RMEL, RMER, RMEV, URADL,
URADR, URAVL, URAVR, SABD, SABVL, SABVR, SIADL, SIADR, SMBDL, SMBDR, dBWML1, dBWML2, dBWML3, dBWML4,
dBWMLS, dBWML6, dBWMR1, dBWMR2, dBWMR3, dBWMR4, dBWMR5, dBWMR6, dBWMR7, vBWML1, vBWML2,
vBWML3, vBWML4, vBWMR1, vBWMR2, vBWMR3, vBWMR4

Community 3 Amphids, chemosensation, odor sensation

ADFL, ADFR, ADLL, ADLR, ASEL, ASER, ASGL, ASGR, ASHL, ASHR, ASIL, ASIR, AWAL, AWAR, AWBL, AWBR, AWCL, AWCR, AFDL,
AFDR, AIAL, AIAR, AIBL, AIBR, AIYL, AIYR, AIZL, AIZR, ADAL, ADAR, AIML, AINL, AINR, RIR, RIML, RIMR, SAADL, SAADR, SAAVL,
SAAVR, SMBVL, SMBVR, VBO1

Community 4 Aerotaxis, and ??7?

IL2L, IL2R, OLQDL, OLQDR, OLQVL, OLQVR, OLLL, OLLR, CEPDL, CEPDR, CEPVL, CEPVR, ALNL, ALNR, PLNL, PLNR, BAGL, BAGR,
URXL, URXR, URYDL, URYDR, URYVL, URYVR, AUAL, AUAR, ADEL, ADER, RIAL, RIAR, RIBL, RIBR, RICL, RICR, RIGL, RIGR, RIH,
RIS, RMGL, RMGR, URBL, URBR, AVEL, AVER, RMDDL, RMDDR, RMDL, RMDR, RMDVL, RMDVR, RMHL, RMHR, RIVL, RIVR,
SIAVL, SIAVR, SIBDL, SIBDR, SIBVL, SIBVR, SMDDL, SMDDR, SMDVL, SMDVR, vBWML5, vBWML6, vBWML7, vVBWMRS5,
vBWMR6, vBWMR7, vBWMRS, vVBWMR9

Community 5 Pharynx

I1L, I1R, I2L, 2R, I3, 14, 15, 16, M1, M2L, M2R, M3L, M3R, M4, M5, MCL, MCR, MI, NSML, NSMR, pm1d, pm1vl, pm1vr, pm2d,
pm2vl, pm2vr, pm3d, pm3vl, pm3vr, pm4d, pm4vl, pm4vr, pm5d, pm5vl, pm5vr, pm6d, pm6vl, pmévr, pm7d, pm7vl, pm7vr,
pm8, mcldl, mcldr, mclv, mc2dl, mc2dr, mc2v, mc3dl, mc3dr, mc3v

Community 6 Vulval muscles
vmlal, vm1laR, vm1pL, vm1pR

Community 7 Defecation
intL, intR, sph, anal

Community 8 Uterine muscles
um?2al, um2aR, umlal, umlaR, umlpL, um1pR, um2pL, um2pR, um2al

Community 9 Proprioception, ventral cord interneurons, posterior motor system

ALML, ALMR, AVM, PVM, FLPL, FLPR, BDUL, BDUR, PVDL, PVDR, AQR, PQR, PDEL, PDER, PHAL, PHAR, PHBL, PHBR, PHCL,
PHCR, ALA, RIFL, RIFR, RMFL, RMFR, AVG, AVHL, AVHR, AVIL, AVJR, AVKL, AVKR, AVL, DVA, DVB, DVC, PVNL, PVNR, PVPL,
PVPR, PVR, PVT, PVWL, PVWR, RID, PVCL, PVCR, AVAL, AVAR, AVBL, AVBR, AVDL, AVDR, LUAL, LUAR, DAOS8, DAQ9, PDA,
DB07, AS10, AS11, PDB, DDO6, VA1l, VA12, VBOS8, VB09, VB10, VB11, VD10, VD11, VD12, VD13, VC06, PLML, PLMR,
dBWML20, dBWML21, dBWML22, dBWML23, dBWML24, dBWMR21, dBWMR22, dBWMR23, dBWMR24, vBWML19,
vBWML20, vBWML21, vBWML22, vBWML23, vBWMR20, vBWMR21, vBWMR22, vBWMR23, vBWMR24, hyp, intestine

Community 10 Sex
ASIL, ASJR, ASKL, ASKR, AIMR, AVFL, AVFR, PVQL, PVQR, HSNL, HSNR, VC04, VC05, vm2al, vm2aR, vm2pL, vm2pR

Figure 1 Assignment of the neurons and muscles of the adult hermaphrodite to ten
communities by the spectral method of Leicht and Newman (7). The connectivity matrix
used, based on the data of Cook et al. (2) (Supplementary File 1), was the sum of the
weighted chemical matrix plus the weighted, symmetrical gap junction matrix with gap
junction weights divided by 2 (since each edge is counted twice, as directed edges in each
direction) (Supplementary File 2). Modularity parameter Q =0.517. P< 10®
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Figure 2 A. The nervous system and body wall muscles of C. elegans. The major ganglia, containing the cell bodies, and
the primary process tracts are shown. Neurons are largely unbranched; processes run in bundles with a small number of
neighbors to which they make en passant synaptic connections. DNC, dorsal nerve cord; DRG, dorsorectal ganglion; PAG,
pre-anal ganglion; RVG, retrovesicular ganglion; VNC, ventral nerve cord. The 95 body wall muscles are arrayed in four
quadrants: dorsal left, dorsal right, ventral left, ventral right. The cell bodies of the primary body wall motor neurons
(tan ovals in part B), lie along the ventral cord. Innervation of the dorsal muscles is via circumferential commissures,
which can be seen in the nervous system diagram. B. First neighbor connections of the longitudinal body wall muscles
(brown rectangles). For interpretation of other node shapes and colors, see legend to Figure 3 (and Cook et al. (2)). Black
lines with arrowheads: chemical connections; red lines: gap junction connections. C. Number of neurons targeting the
body wall muscles. Value shown is the average of the left/right pairs at each longitudinal and dorsoventral position.
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136 left/right averaged; 10.5 in the ventral set, 4-18.5) (Figure 2C). Each muscle cell also has
137  gap junctions with its neighbors. Thus, muscle cells are strongly convergent.

138 This input to the muscles comes from all the communities. Each community
139  contains a different subset of the three major motor neuron classes—most ventral cord
140 motor neurons in comm 1, sublateral motor neurons in comm 3, head motor neurons and
141 sublateral motor neurons in comm 4, additional ventral cord motor neurons in comm 9.

142 In addition, IL1 sensory motor neurons, in comm 2, and VC hermaphrodite specific motor
143 neurons, in comm 10, provide additional significant input (Figure 3).
144 The motor neurons themselves are strongly convergent; input comes from both

145 sensory neurons and interneurons, as well as from other motor neurons (Figure 4). The
146  average indegree for the three major motor neuron classes in the combined chemical plus
147  gap junction graph (Supplementary File 2) are 19.4 for the head motor neurons, 20.1 for
148 the sublateral motor neurons, and 13.7 for the ventral cord motor neurons. Much of the
149 input to the ventral cord motor neurons, 62% of the weighted chemical input and 55% of
150 the weighted electrical input, comes through the so-called command interneurons,
151 interneurons running through the ventral chord that have inputs across the entire chain
152 of ventral cord motor neurons (AVA, AVB, AVD, and PVC). The average indegree of the
153 command interneurons as a group in the combined chemical and gap junction graph is
154  48.5 (excluding the gap junction connections to the ventral cord motor neurons, which
155 are most likely best considered output). Command interneurons are members of a so-
156  called rich club of high degree, interconnected neurons (10, 13). However, calcium
157 imaging of brainwide activity patterns confirms that the command interneurons are only
158  one element of a motor command network dispersed widely through the nervous system

159  (13).

160

161 Sensory and Behavioral Functions of the Modules
162

163 Each of the four large sensory modules appears to bring together a spectrum of similar or
164  related sensory inputs that have a common implication for behavioral output. Groupings
165 corresponding roughly to communities 2, 3, and 4 were pointed out by White et al (3)
166 (Figure 21a, b, c). The sensory neurons in comm 2 are a subset of those neurons having
167 sensory endings in the inner labial sensilla, IL1 and IL2, and also include the SDQ neurons,
168  whichlie alongthe body and apart from participation in oxygen sensation are of no known
169  function. IL1 and IL2 assess chemical and tactile information near or at the nose for
170  positioning the nose in foraging (14); both target the body wall muscles in the head via
171 head motor neurons RME and URA, while IL1 targets these muscles directly as well. SDQR
172  targets the RMH head motor neurons.

173 The sensory neurons in comm 3 have endings in the amphid sensilla. All the
174  amphid neurons are in this module except for pheromone sensors ASJ and ASK, which are
175 in comm 10. Amphid neurons detect soluble and volatile chemicals in the environment,
176 as well as temperature, factors that may exist in long-range gradients. Such gradients
177  provide a global coordinate system for the worm to use for navigational guidance, for
178  example to navigate to a point where it last obtained food. Here the relevant behavioral
179
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Figure 3 Hierarchical arrangement of the hermaphrodite connectome with neurons clustered by
community (not shown: comm 1, containing many motor neurons and bodywall muscles; comm 5,
the pharyngeal neurons and muscles, connected via RIP). The neurons and muscles are grouped by
class (Supplementary File 9); node sizes roughly represent the number of cells in each class.
Members of several classes lie in different communities: SMBDL and SMBDR are in comm 2, SMBVL
and SMBVR are in comm 3; AIML is in comm 3, AIMR is in comm 10; vental cord motor neurons
(MNVC) are in comm 1 and comm 9, bodywall muscles (MUHEAD, MUBODY) are in comm 1, comm
2, comm 4, and comm 9. This is a direct adaptation of Figure 2 of Cook et al. (2); the symbols and
colors are those of that figure. Shapes: triangles, sensory neurons; hexagons, interneurons; circles,
motor neurons; squares, muscles. Colors: dark red, amphid neurons; medium red, oxygen sensors;
light red, proprioceptors; pink, cephalic sensory neurons; yellow, head motor neurons; orange,
sublateral motor neurons; tan, ventral cord motor neurons; bright and dark pink nodes with
turquoise borders are hermaphrodite-specific sex neurons. For the interneurons, the four blue
colors, lightest to darkest, represent the four interneuron layers assigned in Cook et al (2). hyp is
the hypodermis. Black lines with arrowheads: chemical connections; red lines: gap junction
connections; line thickness proportional to connection weight, based on number of synapses and
synapse sizes.
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output is the durations of the bouts of
forward and backwards locomotion and the
deep bends and turns that punctuate them,
known as pirouettes. The major interneuron
targets of amphid sensory neurons, AlA, AlY,
and AlZ, are in layer 3 of the hierarchical
network layout (Figure 3). From these,
pathways of connectivity lead to the head
motor neurons and to the ventral cord motor

Command VCn Motorneurons neurons via the command interneurons (15).
Interneurons

The sensory neurons of comm 4, like
those of comm 2, have both chemical and
mechanosensory endings in the sensilla of
the nose, and also include several with
processes lying along the body or facing the
coelomic cavity. The major interneuron
targets in this module, RIB, RIC, RIG, and
RMG, are in layer 2 (Figure 3). This module
includes the so-called “neck” muscles,
ventral body wall muscles 5-9, as well as the
Command \VCn Motorneurons head motor neurons RMD, RMH, and RIV,
Interneurons which target this muscle group and receive
inputs from RIC, RIG, and RMG. The AVE
interneuron controls both dorsal and ventral
ventral chord motor neurons 1-4. Modalities
of the sensors of comm 4 are not well
characterized but include oxygen sensation.
The selective innervation of muscles in the
head and neck region suggests control of
212 searching activity that involves movement of

Figure 4 Input to the motor system
comes from all cell types. Much of the
information progressing through the
network converges at the level of the
motor neurons. Symbols and colors as
for Figure 2.

213  the head.

214 A possible generalization emerges from this partitioning of the network. Each
215 sensory module may control a separate searching strategy: comm 2 for targets right at
216  the nose (foraging), comm 4 for targets or goals nearby (possibly behavior known as
217 steering), and comm 3 for locating targets or goals farther away (runs punctuated by
218 pirouettes). Such strategies might respectively involve regulating movement of the nose,
219  the head, and the entire body. This viewpoint helps to explain the many pathways to the
220 motor system with independent contributions from each of the sensory modules (Figure
221 3).

222 In contrast to communities, 2, 3, and 4, which include sensation of signals in the
223 external environment, comm 9 appears to assess information on the condition of the
224  body itself. It includes the various types of mechanoreceptors (touch neurons, deirids,
225 PVD and FLP) as well as neurons with sensory endings facing into the body cavity (AQR
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226  and PQR). Finally, module 10 brings in information relevant to reproductive behavior.
227  The sex-specific circuits involving AVF and PVQ are shown in Cook et al. (2), Figure 6g,h.
228

229 Integration of information higher in the network

230

231 It might be expected that sensory information with a common implication for
232 behavior would first be compared and conflicts over priority resolved within each module,
233 and then this unified modular output would be brought together with that of the other
234 modules for final regulation of the motor neurons and muscles. Such integration would
235 be a major function of the interneurons. Some would be involved in processing inputs
236  within modules, while others would be nodes for comparing modular outputs. In this
237 scheme, interneurons would in general have an overall convergent function, that is, they
238  would have higher indegrees than outdegrees, reducing a larger number of incoming
239 information streams to a smaller number of outputs.Interneuron connectivity indicates
240  the above scheme is too simplistic. For most interneurons, the ratio of indegree to
241 outdegree is close to 1 (Figure 5). That is, they do not have an overall convergent
242 function. In each module there are some interneurons that in fact disperse information
243 more than they aggregate it. Notably, as an example, the two interneurons in module 10,
244  AVF and PVQ, which receive sexually relevant inputs, disperse this information widely.
245 The most strongly convergent interneurons are pre-motor interneurons, that is, neurons
246  with a preponderance of output onto motor neurons. In addition to the command
247 interneurons discussed above, these include RIA and AVE. (AVE has been considered a
248  command interneuron heretofore, even though it only synapses onto the anterior subset
249  of ventral cord motor neurons.)

250
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other classes, taken from the cell class adjacency matrix of Supplementary File 9; ventral cord
motor neurons, muscles in the head, and remaining muscles through the body, are counted as one
node. DVA has been classified as a sensory neuron previously because it is stretch sensitive (1).
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251 A central role for ventral cord interneurons

252

253 The high level of connectivity of the interneurons, particularly their generally high
254  chemical outdegrees and large amount of electrical connectivity, which is of uncertain
255  directionality, is the reason interneuron functions have been difficult to parse out from
256 connectivity (Figure 6). The interneurons with the highest degrees, particularly gap
257  junction degrees, include interneurons that run across the body in the ventral cord
258  between the nerve ring and the tail ganglia. All are in community 9 except AVF and PVQ,
259  which are in community 10. This group includes the well-known command interneurons
260 AVA, AVB, AVD, and PVC, but the remainder are little studied. Collectively, the 13 classes
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Figure 6 Degrees of interneurons; modules shown by color code. From cell class adjacency
matrix Supplementary File 9, as in Figure 5.
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of non-command, ventral cord
interneurons synapse onto a
large fraction of all the neurons
in the nervous system — by
chemical connections, 59% in
one step, 98% in two steps; by
gap junctions, 41% in one step,
85% in two steps. Moreover,
they are heavily connected to
each other (Figure 7).

This would appear to
be an important central
network for integrating and

dispersing information across

CHEMICAL INPUT, NUMBER OF SYNAPSES

Liblad i

Figure 7 Connections among ventral cord interneurons. "
Symbols and colors as for Figure 2. ©
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w s w

275 the nervous system. In the whole-animal
276 somatic nervous system connectivity graphs
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o

=
=)

277  of Cook et al. (2), there are a total of 4167 O R BT A AN AVRE AVL TDVA SN BV BV TRV TPV B
278 chemical plus gap junction synapses in the S na (ReRiy S

279  nerve ring, usually considered the central CHEMICAL OUTPUT, NUMBER OF SYNAPSES

280  locus of nervous system integration, and 4897 -

282  ventral cord and tail (Supplementary File 6,
283 updated from SI3, Synapse Lists of Cook et al
284  (2)). Figure 8 shows how the inputs and
285 outputs of the non-command, ventral cord
286  interneurons are distributed across the body.
287 While some, like DVA, PVR, and PVT, appear

el . ‘i i

AVG AVH AVI  AVK AVL DVA DVC PVN PVP PVQ PVR PV

281 (54% of the total) outside the nerve ring in the = ‘
|

= NERVE RING mBODY TAIL

GAP JUNCTIONS, TOTAL NUMBER

200

288  to bring inputs from outside the nerve ring i
289  into it, others have inputs and outputs more a0
290  uniformly distributed. There are a % _
291 remarkable number of gap junctions in the 2 i ! i Ii

. . . Seps . 5 =1 _1i _E n =l | E . ol R x
292  tail. (Evidence against the possibility that this AVE? AVE (AU (A AVE AV CA DVEIPUN, JBVE BVOH PR (PVT
293 previously unnoted imbalance is a RNERVERMGERBODYIMTAL

294  reconstruction artifact is reviewed in the
295 Discussion.)

296 Two measures of network topology
297  are betweenness centrality, a node property
298  that reflects the number of shortest paths
299  between pairs of nodes that pass through it,
300 and rich-club coefficient, a measure that

Figure 8 Distribution of synapses by body
region along ventral cord interneurons. From
Supplementary File 6. The body region here
includes the wventral ganglion, the
retrovesicular ganglion, and the ventral cord.
The tail region includes the pre-anal ganglion
and the lumbar ganglia.
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301 identifies high degree neurons that are strongly connected to each other. Nine of the top
302 20 interneurons by betweenness centrality in the combined hermaphrodite chemical plus
303  gap junction graph are members of comm 9 (5 are command interneurons,4 are non-
304 command ventral cord interneurons), 6 are in comm 3, and 5 are in comm 4
305 (Supplementary File 7). Among 21 neurons identified as rich clubs in the combined
306  chemical plus gap junction graph, 11 are in comm 9 (8 command interneurons, 3 non-
307 command ventral cord interneurons), 3 are in comm 3, 6 are in com 4, and 1 is in comm
308 10)(13).
309 Further emphasizing their important role in nervous system integration, not only
310 are the non-command ventral cord interneurons in comm 9 heavily connected by
311  synapses, several are also the highest degree neurons in the extra-synaptic peptidergic
312 communication network: AVK, PVT, PVQ, DVA, and PVR — all are higher than the next
313 highest neurons, which are the
oo 0> O DO command interneurons AVA and PVC

O DBO DB02 1803 ;; DBO7 (5)
VA12 YA02 VBO1 2an '

Sensory networks for the
conditions of the body

Whereas the many sensory neurons
for assessing external environmental
conditions are grouped in comm 2, 3,
and 4 and largely have sensory
y dendrites in the head and outputs
Y Ao focused on interneurons in the nerve

AVEL.

fog @ ring, the various types of
mechanosensory neurons  with
dendrites distributed across the body
are in comm 9 and have important
interneuron targets in this
community. Two of these
interneurons, DVA and PVR, receive
inputs from the entire spectrum of

SAAVR
@‘g /,';,, mechanosensors (Figure 9). In the
7/ hermaphrodite reconstruction (but
R . not the male), PVR and DVA are joined
@AIBR AVERAVEL N by 8 gap junctions and additional

AVDR @ reciprocal chemical connections.
They share output to command

interneurons AVB and PVC, but
otherwise their output connections
are distinctive. DVA has output onto
AVA and ring interneurons involved in
the navigation circuitry, while PVR

Figure 9 Top: first neighbors of DVA and PVR. Bottom:
same with muscles, motor neurons, and ventral cord
neurons removed to allow visualization of the large
number of sensory inputs.
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344  apparently regulates pharyngeal function through output onto RIP, the interneuron that
345 connects to the pharyngeal nervous system, and IL1, which also targets RIP. As noted
346  above, not only are DVA and PVR high degree neurons in the synaptic network (Figure 6),
347 they are among the highest degree neurons in the peptidergic, extrasynaptic
348 communication network. DVA and PVR themselves appear to have sensory function. DVA
349 is stretch sensitive and PVR has a process extending into the tail whip that sometimes
350 contains a cilium (1, 16). Nevertheless, these neurons are perhaps best viewed as
351 interneurons receiving input from a somatosensory receptive field that consists of the
352  entire body — surface, cuticle, and coelomic cavity. In addition to output onto
353 navigational interneurons, DVA has output onto sublateral motor neurons whose activity
354  may be relevant to bodywide muscle tone. Such tone, as well as pharyngeal pumping,
355 must impact pressure in the body, which needs to be kept sufficiently high for function of
356  the cuticular exoskeleton but not so high as would cause the cuticle to burst. It has been
357  reported that touch can stop pharyngeal pumping (17).
358 The touch neuron classes ALM, AVM, PLM and PVM have been long known to
359  target the command interneurons and stimulate a rapid locomotory response (17).
360 However, only a minority of their output connectivity is to these neurons: 11% (33/294
361 EM serial sections) of the gap junction connectivity and 32% (117/364 EM serial sections)
362  of the chemical output. Along with PVR and DVA, among their additional targets are the
363 BDU neurons, a pair of previously unstudied neurons with lateral cell bodies that send
364 lateral processes into the nerve ring, to which ALM and PLM are strongly connected by
365  gap junctions (18) (Figure 10). BDU processes run adjacent to the excretory canal,
366  suggesting a possible sensory function. Asis the case for DVA and PVR, both anterior and
367 posterior touch receptors target BDU, indicating this is unlikely to be a signal for
368 locomotory direction. In both sexes, among the nerve ring targets of BDU are sex-specific
369 cells, HSN in the hermaphrodite and MCM in the male. There are also reciprocal
370  connections to the ventral cord
interneurons PVN (in the
hermaphrodite reconstruction but not
the male reconstruction). PVN also has
chemical and gap junction connections
to HSN, creating a triangular circuit
with BDU (see PVN below). Inthe male,
ﬁ PVN has interactions with many
components of the male mating
@ circuitry in the pre-anal ganglion. BDU
and PVN are thus apparently involved
in circuitry for input from multiple
sensory neurons to sexual circuits.

Two other neuron classes may
Figure 10 First neighbors of BDU. Bilateral BDU  have an important role in bodywide

neurons are major targets of the microtubule touch  regulation.  Like PVR, ALNL/R and
cells. PLNL/R have endings in the tailspike.
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Rather than sending processes through

@ .r the ventral cord like PVR, they have
... .. . processes running to the head in lateral
@ @ @ @ tracts adjacent to the touch cells — ALN

in the anterior body region adjacent to
A‘M @; A;ﬁ\ ‘m ALM, PLN in the posterior body region
adjacent to PLM. Like DVA, they have
@ major output onto the sublateral motor
@@@@ neurons (Figure 11). They have been
reported to have a role in oxygen
sensation, but otherwise are unstudied,
in spite of their association with the well-
studied microtubule touch cells, to
which they do not have synaptic
connections (except for a gap junction
between PLMR and PLNR scored in a
single EM section in the hermaphrodite
reconstruction) (19). Apart from input
from the phasmid neurons, ADE, and
406 PLM, they receive no other sensory
407  inputs and in view of their extensive output onto the sublateral motor neurons, it seems
408 likely that they have an unknown sensory function of their own in addition to oxygen
409  sensation. Notably, in the hermaphrodite reconstruction, there is a significant gap
410  junction connection between ALNR and PVR, thus connecting the DVA/PVR and ALN/PLN
411 networks. This connection is absent in the male reconstruction, which needs to be
412  checked but could be related to the significant reorganization of the adult male tail, which
413 lacks a tailspike.

Figure 11 First neighbors of ALN and PLN. SAA
neurons have been classified as interneurons and
are a major source of input to AVA, but they have
lateral processes running into the nose that express
genes for stretch receptors and that also make
neuromuscular junctions and so in these respects
are similar to sublateral motor neurons.

414

415 Functions of the ventral cord neurons

416

417 Comparison of their connectivity shows that while they share many connections,

418  each class of non-command interneurons in the ventral cord also has distinct connections
419 (Supplementary File 8). Most have some amount of sexually dimorphic connectivity. The
420  differences between them may reflect distinct roles in bringing information from a
421 particular sensory stream into the central network (Figure 7), and/or to dispersing
422 information from the central network to a particular point of output. Two aspects of their
423  connectivity, in addition to their module assignment, can be used to gain some
424  information about these separate functions. One is to examine the set of first neighbors
425 in the connectivity diagram. The second is to determine the shortest path between
426  sensory input and motor output on which they lie. However, it should be kept in mind
427 that, as noted, along with distinctive features, each of these neurons also has connections
428  to the other ventral cord neurons including the command interneurons and usually to
429  ventral cord motor neurons and even body wall muscles, emphasizing their importantly
430 distributive nature (Figure 2B). It is also important to keep in mind that generalizations
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431 drawn from connections or absence of connections, especially weak connections,
432 documented in single reconstructions need to be verified, as they may represent
433 interindividual variation or even reconstruction errors. Missing connections, e.g.
434  particularly in the male data in the head, need to be verified.

435

436 AVF(L/R) (comm 10): AVF and PVQ are two pairs of interneurons involved in
437 sexual circuits. Each has significant sexual dimorphism. Their function in conveying sexual
438  signals to central circuits has been pointed out previously (see Fig 6 in Cook et al. (2)).

439 Hermaphrodite In the hermaphrodite, in the tail AFV and PVQ are joined by gap
440  junctions. AVF receives chemical input from PHA. In the head, AVF receives chemical
441 input from HSN and from AIM, another interneuron implicated in sexual regulation.
442 Output is to HSN and to AVB. Serotonergic stimulation of AVF by HSN promotes a burst
443  of forward locomotion at the start of a bout of egg laying (20).

444 Male AVF has male-specific branches in the preanal ganglion and receives
445  significant chemical input from a subset of ray sensory neurons and male-specific
446 interneurons (PVV, PVX, and EF). It is one of three interneuron classes that run through
447  the ventral cord and have output in the head that receive input from the rays: in addition
448 to AVF, these are shared neuron PVN and male-specific interneurons EF1, EF2 and EF3.
449  The spectrum of ray inputs targeting each of these neuron classes is different, suggesting
450  they convey distinctive signaling: most input to AVF (90% — 146/162 EM serial sections)
451 is from the B-type neurons in just four of the rays, those with openings on the dorsal
452 surface of the fan — R1B, R5B, R7B, and R9B. PVN and EF receive input from the B-type
453 neurons in most or all of rays. None receive significant chemical input from the A-type
454 neurons and AVF and PVN have negligible gap junction connectivity, while the EF neurons
455 have a total of 80 sections of gap junctions to three of the A-type neurons — 2A, 6A, and
456 7A. In the head, AVF has strong, male-specific chemical output to RIF, an interneuron that
457  combines input from head chemosensors via AIA with sexual pathway inputs (2). (The EF
458 neurons but not the PVN neurons also target RIF.) As in the hermaphrodite, AVF has
459  output onto AVB, but in the male the connection is stronger and there is also output onto
460  PVC.

461 AVG (comm 9): Hermaphrodite AVG is not among the high degree neurons (Fig
462 6). Its only significant sensory input is from PHA and PVD. In some animals, it runs all the
463  way through the preanal ganglion and into the tailspike, but no sensory function for it has
464 been documented. It has output onto AVA, AVB, and PVC as well as gap junctions to PHA
465 and DVC. But ablation experiments revealed little to no discernable effect on behavior
466  (21).

467 Male In the male, in addition to PHA and PVD, AVG receives weak input from a
468  variety of male-specific sensory neurons and interneurons. Most notably, it receives
469 strong chemical input from male-specific sensory neurons HOA and PCA, and shared,
470  sexually dimorphic sensory neuron PHC. Its weak output, both chemical and electrical, is
471 scattered across the same set of neurons from which it receives input. As in the
472 hermaphrodite, this set of output targets suggest no clear role in male behavior (22).
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473 During embryogenesis, AVG pioneers the ventral cord from its cell body in the
474 retrovesicular ganglion (21). It appears that it may provide a similar pioneering or
475  guidepost function postembryonically in the male, where an extensive period of
476  neurogenesis and synaptogenesis from the late L3 to early adulthood establishes the
477 circuits for male mating. All the input from HOA to AVG is at a dyadic synapse with co-
478  recipient PHC. Likewise, the input from PHC to AVG is at dyads with postsynaptic HOA. A
479 similar pattern emerges for HOA connection to PCA: nine of 12 synapses HOA>PCA are at
480 dyads with AVG, while 13/33 synapses PCA>HOA are at dyads with AVG. Unlike the
481  scattered connectivity of AVG, the strong HOA>PHC connection would appear to be
482 important in the mating circuits — HOA senses presence of the vulva and PHC targets
483 important male-specific downstream interneurons PVX, PVY, PVZ and CPn (22) (NB, in
484  Jarrell et al. (22), PHC is misidentified as LUA). The reciprocal connections between HOA
485 and PCA join two male-specific sensory neurons that detect the vulva. The many synapses
486  between HOA and sex shared neuron PHC occur along a male-specific process extended
487 by PHC along AVG during the L4 larval stage (23). Ablation of AVG attenuates this
488  outgrowth. HOA extends a process that is required to find this growing PHC process.
489  Strikingly, although they eventually run together extensively, HOA and PHC develop their
490  reciprocal presynaptic densities only when AVG is also present as co-recipient, as if AVG
491 is necessary for formation of the HOA<>PHC connection. AVG may thus serve as a
492 landmark internal to the preanal ganglion for assembly of parts of the male mating
493 circuits.

494 Singhvi and Shaham (24) have pointed out the many similarities between C.
495  elegans glial cells and astrocytes. AVG, viewed heretofore as a neuron, shares some of
496  these glial cell properties. It expresses UNC-6/Netrin to facilitate its guidance function for
497  the ventral cord, while its presence at HOA and PHC synapses resembles the tripartite
498  astrocyte synapse and similar structures made by the C. elegans CEPsh glial cells (25). In
499  several places in the male preanal ganglion, AVG is striking and unique in extending
500 processes that surround other neurons (unpublished observations). AVG has some
501 synapses, is cholinergic, and does not express glial-specific genes (S. Shaham, personal
502  communication). It is therefore perhaps best viewed as a hybrid cell type with both
503 neuronal and glial-like properties.

504 AVH(L/R) (comm9): Hermaphrodite AVH, which is connected to both AVF and
505 PVQ by gap junctions and reciprocal chemical connections, appears to be somewhat
506  similar to them in overall connectivity. For example, like PVQ, AVH is connected by gap
507 junctions to chemosensory neurons ASK and PHB. It is also connected by gap junctions
508 to two posterior motor neurons, AS11 and VD12, as is AVF. It receives weak chemical
509 inputs from sensory neurons in the head. What distinguishes AVH from the other ventral
510 cord neurons, including AVF and PVQ, is chemical output to RIR (comm 3) and sublateral
511 motor neurons SMB. As described below, RIR aggregates information from a variety of
512 sensory neurons and targets important interneurons AlZ in comm 3 and RIA in comm 4,
513  creating many triangular circuits. Thus one role for AVH could to be to contribute input
514 to this information stream from, for example, ASK, which is otherwise not connected to
515 AlZ or RIA: ASK>AVH>RIR>AIZ,RIA. (PVQ does not target RIR, AlZ or RIA.)
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516 Male The gap junctions to ASK, PHB, AS11 and VD12 are absent and there is a
517 strong electrical connection to PHA. PVQ also has a strong, male-specific electrical
518 connection to PHA. Otherwise, AVH connections are the same as in the hermaphrodite,
519 but weaker; for example, there is only weak connectivity to RIR. There is scattered and
520  weak input from several male-specific neurons in the tail.

521 AVJ(L/R) (comm 9): Hermaphrodite The little chemical sensory input is from ADL,
522 AQR, PQR, FLP and URX (all 0,/aversive inputs?). Distinctive chemical input is from PVR
523 (comm 9) (discussed above and see below). An additional distinguishing feature is five
524 gap junctions to RIS (comm 4). GABAergic RIS appears to distribute a presumptively
525 inhibitory signal to sensory, inter, and motor neurons of comm 4 (see below).

526 Male Input from ADL and ADA are present as in the hermaphrodite, but
527  otherwise most sensory and interneuron inputs, including those from PVR, are absent.
528 Likewise, the large number, albeit weak, of gap junction connections present in the
529 hermaphrodite are also absent, including the connection to RIS. Thus AVJ may be
530  synaptically less active in the male, but the possibility of incomplete male reconstruction
531 should be kept in mind.

532 AVK(L/R) (comm 9): Hermaphrodite AVK is the primary target of sensory neuron
533 PDE (receiving 50% of PDE output by weight) and also receives input from AVM and PVM.
534 It is distinctive in receiving chemical input from RIS (comm 4), RIG (comm 4), and RMF
535 (comm 9). There is possible sensory input via gap junctions from DVA and AQR.
536 Distinctive output is weak chemical connectivity to three neuron classes of the head
537 motor system, SAA and RIM in comm 3 and RIV in comm 4, and to all of the sublateral
538 motor neurons except SAB. There is unique electrical connectivity to SMB. RIV, SAA, and
539  SMB are part of a turn circuit that inhibits reversals (26). Thus, it would seem one role of
540  AVKis to aggregate several diverse streams, both sensory and interneuronal, and connect
541 these to sublateral motor neurons and this turning circuit. AVK receives chemical input
542  from and is connected via gap junctions to the unstudied high-degree hub-and-spoke
543 neuron RIC.

544 Male Connections are the same as in the hermaphrodite, except that there is a
545 strong electrical connection to PVP, over some 53 serial sections, whereas in the
546 hermaphrodite there is a gap junction in just a single section. The function of this sexually
547  dimorphic connectivity is unknown. Chemical outputs and the remaining gap junction
548 connections are to the same set of neurons as in the hermaphrodite, but even weaker.

549 AVL (comm 9) Hermaphrodite AVL functions in defecation, where it is partially
550 redundant with DVB, which also runs part way in the ventral cord, in controlling the
551  defecation cycle (27). It has stimulatory GABAergic output onto the intestine and gap
552  junctions to several D-type (inhibitory) ventral cord motor neurons in the posterior.
553 Extensive input and output connectivity across the nervous system and nerve ring attests
554  to the integration of defecation behavior with other behaviors.

555 Male In the male, the functions of both AVL and DVB are diverted to the
556  copulatory circuits, consistent with the fact that the anal opening is now a cloaca that
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557 must also accommodate the expulsion of gametes (see Fig 6 of Cook et al (2))(28).
558 Chemical synapses onto the intestine are not present. The gap junctions to the D-type
559 inhibitory motor neurons are absent and instead there are 30 sections of gap junctions
560 onto PDB, a likely excitatory cholinergic AS-type motor neuron that has neuromuscular
561  junctions to dorsal body wall muscles in the posterior.

562 DVA (comm 9): Hermaphrodite DVA, like PVR, to which it is connected by gap
563  junctions, has chemical inputs from the family of proprioceptive neurons of all types
564  across the body and itself has a mechanosensory stretch response (1) (Figure 9). It has
565 chemical output across a spectrum of interneurons, command interneurons, sublateral
566 and ventral cord motor neurons. Its apparently important role in the nervous system is
567 reflected by high degree in both synaptic and peptidergic networks as discussed above.

568 Male: Chemical inputs are from the same set of proprioceptive neurons with the
569  exception that input from PHC is absent, possibly reflecting the diversion of PHC into the
570 copulatory circuits. Otherwise, circuitry is the same as in the hermaphrodite, with the
571 possible exception that chemical output onto ring interneuron RIR is far stronger in the
572 male reconstruction.

573 DVC (comm 9) and PVT (comm 9): Hermaphrodite DVC and PVT, connected by
574  gap junctions, have such similar connectivity that they may be considered in this respect
575  to be a neuron pair, even though they have unrelated lineal origins: both are embryonic,
576  but DVC is from the C blastomere while PVT is from ABp (see Supplementary File 8 to
577 compare the connectivity). The processes that each sends anteriorly from its posterior
578  cell body (DVC in the retrovesicular ganglion, PVT in the pre-anal ganglion) run together
579 through the ventral cord and remain in contact as both progress around the nerve ring.
580 Neither has significant sensory input but a sensory function for DVC has been
581 documented — a stretch receptor function that stimulates backwards locomotion
582 through chemical connections to AVA (29). They share chemical output to several
583 navigational interneurons, including, notably, RIG, with a single exception: DVC targets
584  AVA but PVT does not. Both neurons are so highly connected to other ventral cord
585 neurons by gap junctions, particularly PVP, that their influence must be considered
586  widespread. PVT, as noted above, is a hub of the neuropeptide communication network
587  (5).

588 Male The connections in the hermaphrodite are present in the male with, again,
589 the single exception that DVC does but PVT does not target AVA, so this difference is
590 unlikely to be a reconstruction artifact. DVC has scattered, weak chemical input from and
591 electrical connections to a number of male-specific neurons in the tail circuits that are not
592 shared by PVT, while PVT has some input from male-specific sensory neuron CEM in the
593 head not shared with DVC. Both neurons make gap junctions to male-specific sensory
594 neuron SPV, which is involved in ejaculation.

595 PVN(L/R) (comm 9): Hermaphrodite PVN is a high-degree neuron like the other
596  ventral cord neurons, but its interactions are so diverse (for example, interactions with
597  ventral cord motor neurons and body wall muscles mostly in the head but some also in
598 thetail) and so weak that it is difficult to discern a specific role. The exceptions are unique
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599 reciprocal chemical and electrical connections to BDU. As discussed above, BDU receives
600 chemical input from ALM, but an unknown function, possibly sensory or physiological, is
601  suggested by the presence of a process extending down the body next to the excretory
602  canal. Chemical input from BDU is greater than output to BDU, suggesting one role of
603 PVN may be to convey the BDU signal to the central network. Both BDU and PLN have
604  interactions with the sexual neurons HSN and VCn.

605 Male Connections to BDU are absent. As in the hermaphrodite, there are
606 interactions with sex-specific circuitry. There is significant chemical input from the rays:
607 164 sections almost exclusively from the B-type neurons in every ray except ray6. Output
608 is to the same ray B-type neurons and to the male-specific interneurons EF, PVV, PVX, and
609 PVY, and to AVB (including one 16 section gap junction between PVNL and AVBL). Thus
610 PVN is somewhat like AVF in collecting input from the rays and directing output to EFn
611 and AVB, but as noted above, the subset of input ray neurons is different and whereas
612 AVF connections to AVB are mostly in the head and to EFn in both head and tail, the PVN
613 synapses to EFn and AVB are all in the tail.

614 PVP(L/R) (comm 9): Hermaphrodite PVP has the highest gap junction degree of
615 any neuron in the nervous system. Among these gap junction connections, the most
616  notable are connections to the pair of sensory neurons with sensory endings facing the
617 coelomic cavity, AQR in the head (102 sections) and PQR in the tail (26 sections), and to
618  the neuron pair DVC (54 sections) and PVT (31 sections). There is little input via chemical
619  synapses. The main chemical output, in addition to connections to other central network
620 neurons, is to AVA, AVB, and PVC. AQR and PQR also target AVA, AVB, and PVC, thus
621 creating a triangular circuit including PVP. There is some presynaptic chemical
622  connectivity of PVP to RIG(L/R) (comm 4). DVC and PVT also target RIG, creating another
623 triangular circuit with PVP. This RIG connectivity is notable because RIG aggregates input
624  from several sensory neurons, including oxygen sensors and URX. URX, like AQR and PQR,
625 has sensory endings facing the coelomic cavity, but RIG has no input directly from AQR or
626 PQR. Conveying additional sensory input to RIG may be a role of PVP. PVP is involved in
627  regulating the pattern of locomotion, roaming versus dwelling (30). It appears to develop
628 hermaphrodite-specific branches that have wing-like sensory endings surrounding the
629  egg-laying apparatus at the vulva. PVP might thus play a role in regulating egg-laying or
630 locomotion during egg-laying (31).

631 Male There is no clear sexual dimorphism of the connectivity. The gap junctions
632 to AQR, PQR, DVC and PVT are present but not as strong as in the hermaphrodite.
633 Likewise there is chemical output to AVA and AVB (but not PVC) and to RIG, but all weaker
634  than in the hermaphrodite. There are no apparently significant interactions with the
635 male-specific tail circuits.

636 PVQ(L/R) (comm 10): Hermaphrodite The relatedness to AVF is noted above (and
637  see circuit diagrams in Fig 6 of Cook et al. (2)). PVQ is joined to AVF by gap junctions in
638  thetail and like AVF receives input from PHA. PVQ also receives input from PHC and there
639 is a weak electrical connection to PHB. A distinctive feature of PVQ is left right homologs
640  are strongly connected to each otherin the preanal ganglion by gap junctions. In the head
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641 PVQ is connected to two pheromone sensors: chemical input from ASJ and gap junctions
642 to both ASJ and ASK. In addition to reciprocal chemical output to ASJ and ASK, the main
643  outputisto AlA, aninterneuron targeted by many amphid sensory neurons, including ASK
644  but not ASJ. Thus there is a feedforward loop incorporating PVQ connecting ASK to AlA,
645 but connectivity from ASJ to AlA is solely via PVQ.

646 Male In the male head, as in the hermaphrodite, there is chemical input from AS)
647 and electrical connectivity to ASK and chemical output to AIA as well as to AVF. In the tail
648  there is chemical input from the EF class of male-specific interneurons and some weak
649 input from PHA and PHB. There is electrical connectivity to male-specific interneurons
650 CAO05 and CA06. In a major sexual dimorphism, there is a strong gap junction connection
651 to PHA (70 EM sections) that is absent in the hermaphrodite. This creates a one-neuron
652 electrical connection between PHA in the tail and pheromone sensor ASK in the head.

653 PVR (comm 9): Hermaphrodite The apparent role of PVR, a possible
654 mechanosensory neuron with extension into the tail whip, as a hub of a bodywide sensory
655 network, its connection to DVA and together with DVA its status as a hub neuron of the
656 neuropeptide connectome, and its output onto the pharyngeal regulatory interneuron
657 RIP, is described above (Figure 9). These properties appear to lend to PVR a significance
658 in the overall function of the nervous system that has been previously unrecognized.

659 Male Absence in the male reconstruction of a gap junction connection to ALNR,
660 which links the DVA/PVR network to the ALN/PLN network, needs to be confirmed, but
661 could be related to the fact that there is no tailspike in the male. Otherwise, connectivity
662 is the same as in the hermaphrodite, so this system is not sexually dimorphic.

663 PVT (comm9) See DVC.

664 Functions of ring interneurons

665

666 A number of neurons have been classified as ring interneurons because their
667  processes are contained entirely within the nerve ring (3). Some of these have properties
668  similar to the ventral cord neurons discussed above — they have high degrees, a large
669 number of gap junction connections, and are understudied. Like the ventral cord
670  neurons, several target muscles and so have been classified previously as motor neurons.
671 As noted above, several are distinguishing targets of the non-command ventral cord
672 interneurons. Below are deductions regarding functions of a subset of these neurons.

673 RIC(L/R) (comm 4) RIC, an octopaminergic neuron, is one of two ring
674  interneurons, along with RIR, that receives inputs from several sensory neurons and
675 targets many of the same neurons as those sensory neurons, creating triangular circuits
676  (Figure 12). Octopamine is expressed by RIC in the absence of food (32). Dopamine
677  signaling from one of the connected sensory neurons, CEP, suppresses expression in the
678 presence of food. This suggests that the regulatory role of RIC in the triangular circuits is
679 related to the response to food. RIC has no significant interaction with non-command
680  ventral cord interneurons.
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RIF(L/R) (comm _9): The
connectivity of RIF implicates it as a
nexus of sexual signals and somatic
signals  relevant  respectively to
reproduction and behavior. This has
been pointed out previously (2). Somatic
signaling comes through AIA. Sexual
signaling is from AVF in both sexes, HSN
in the hermaphrodite, and, in the male,
two classes of male-specific
interneurons, MCM and EF. RIF
expresses receptors for two sex-
promoting signals, PDF and nematocin,
and lies on a functional pathway
between sex pheromone and
reproductive behavior and physiology
(33-35).

RIG(L/R) (comm 4): RIG and
RMG are two high-degree neurons in
comm 4 that have an overall similar
pattern of connections. They receive
inputs from a large number of sensory
neurons, often by gap junctions, and
have output onto a spectrum of
downstream targets (Figure 13). Unlike
Figure 12 Two ring neurons, RIC (upper) and RIR RMG (see below), RIG has not been
(lower) lying on multiple triangular pathways  studied and has no documented function
between sensory neurons and their targets. presently, but the similarity to RMG
sruo  suggests this may be considered a hub-
710 and-spoke neuron. RIG and RMG are connected to each other and have multiple
711 connections to non-command ventral cord interneurons, implicating them in a
712  widespread role. Notably, RIG makes both chemical connections to and has gap junction
713 connections with AVK.

714 RIR (comm 3): RIR, an unstudied ring interneuron, is placed at the top of the
715 hierarchical network in layer 4 by the layering algorithm (2). Like the other neurons in
716  this group, it makes very few gap junctions, the exception being gap junctions to oxygen-
717 sensing BAG neurons. RIR connectivity resembles that of RIC (see above) in creating
718  triangular pathways involving sensory neurons and their targets (Figure 12). Its
719 presumptive regulatory role in these circuits is unknown. In interactions with the central
720 network of ventral cord non-command interneurons, RIR receives input from AVH and
721 has reciprocal interactions with DVA and PVP.

722 RIS (comm 4): RIS is GABAergic and hence presumptively inhibitory. It has only
723  scattered, weak chemical input from sensory neurons and interneurons across the
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network. Sensory input is
from proprioceptors SDQ and
FLP, but there is greater
output than input to CEP,
URY, and OLL. Chemical
output and gap junctions are
to the head motor system,
RIM, AVE, RMD, and SMD.
The most prominent
connection is gap junction
connectivity over 15 EM
sections to AVJ, which also
makes a weak chemical
connection to RIS. This AVl
connectivity would appear to
bring input from comm 9 to
an inhibitory signal within
comm 4 — CEP, URY, OLL,
AVE, RMD, and SMD are all in
comm 4. RIS is required for
‘%‘?ﬁ _ ?;g)elopmentally timed sleep
IINSIY QUERLVPE ™ Guaikva '
% RMG _ (comm _4):
\ RMG, the neuron with the
highest chemical outdegree,

has been studied in some
detail (37). RMG is the hub of
a “hub-and-spoke” circuit

that aggregates via gap
Figure 13 Hub-and-spoke neurons RIG (upper) and RMG junctions information from

(lower). The pattern of a large number of gap junction  cayeral sensors involved in
connections to sensory neurons and a spectrum of output regulating social behaviors
targets is similar for these two high degree neurons, but the (worm aggregation,
sets of cells involved are largely non-overlapping.

responses to oxygen and
pheromones) and has output
759 onto elements of the motor system, particularly in the head (Figure 13). RMG activity is
760  regulated by activity of the neuropeptide Y receptor homolog gene npr-1, revealing how
761  a set of connections is coordinately regulated by a neuropeptide. RMG is connected to
762 RIC (see above) and like RIC connects at multiple points to the network of non-command
763 ventral cord interneurons. It is classified in White et al. (3) as a motor neuron due to its
764 muscle connectivity.

765
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766 Discussion

767

768  Although an anatomical description of the synaptic connectivity of the C. elegans nervous
769 system has been available for nearly forty years, providing the basis for many genetic and
770  experimental investigations, the functions of many of the neurons remain poorly
771 documented or are unknown (3). A recently available updating and completing of the
772 connectome across the entire body, including all end organ connectivity, provides an
773  opportunity to query the functions of neurons (2). This approach was used previously to
774 assign functions to the male-specific set of neurons in the male tail that govern mating
775 behavior (22).

776 Not only does the connectome provide insight into the functions of individual
777 neurons, it also makes possible a perspective on overall nervous system architecture. One
778  characteristic that emerges is the significant role played by the end organs themselves.
779 End organs are simultaneously at the bottom and at the top of the hierarchical structure
780 — at the bottom they are important points of convergence for the many pathways from
781  sensoryinputs, and at the top, their output affects those inputs, creating a feedback loop.
782  The body wall musculature is considered here, but there are without doubt major effects
783  of other physiological and reproductive system functions. The body wall muscles are
784  connected by gap junctions so that their activity is affected by the activity of their
785 neighbors. Second, individual muscle cells are points of circuit convergence (Figure 2).
786  Third, connectivity has uncovered a bodywide system of mechanosensors converging on
787  two singleton interneurons (DVA and PVR) which then disperse their outputs widely
788  (Figure9). In addition to these, mechanosensors have additional targets beyond the well-
789 studied command interneurons that activate locomotion. The body surface thus emerges
790 asalarge and important receptive field with targets throughout the nervous system. The
791 output of this sensory system will be directly affected by the contractions of the body wall
792  muscles.

793 A second characteristic that emerges is the apparent importance of gap junction
794  connections, especially for certain classes of neurons (Figure 6). In the adult
795 hermaphrodite reconstruction of the non-pharyngeal nervous system, 21% of the
796  connections by number (number of edges in the graph) (1241/5808) and 19% of the
797  connectivity by weight (total weight of edges in EM serial sections) (6481/32421) are gap
798  junctions. (The very large amount of scored gap junction connectivity involving CAN,
799 exc_cell, hmc, and hyp is excluded from this calculation.) Gap junctions are difficult to
800  score in electron micrographs, calling into question the significance of these scored gap
801 junctions. The disproportionately large number of gap junctions scored among the
802 posterior circuits (Figure 8), for example, which has not been noted previously, raises the
803 possibility this is an artifact of the fixation, imaging, or scoring of the posterior EM series
804  as compared to the anterior ones. This possibility is mitigated by the fact that the
805 posterior series in the hermaphrodite, JSE, and male, N2Y, and the anterior series in the
806  hermaphrodite, N2U, were prepared and imaged by the same individual during the same
807 period (J. N. Thomson, MRC Cambridge laboratory). On side-by-side comparison, they
808  appearverysimilar. The most convincing evidence, however, comes from the consistency
809  of the gap junction connections in the connectome. For example, left/right homologs
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810 frequently create gap junctions to the same target or left/right homologous targets.
811 Many other, sometimes striking, examples may be noted. PVP makes consistent, strong,
812  gapjunction connections in the nerve ring to AQR and in the tail to the neuron considered
813 to be its equivalent, PQR, in both sexes. This result involves four separate animals and
814 EM series scored by two different individuals. Within the N2Y series, PVQL is joined to
815 PHAL and PVQR is joined to PHAR, but neither is joined as heavily to the many other
816 processes that they contact. The distribution among neurons is uneven, even though
817  their amount of neighbor contacts is similar (Figure 6). Where a contactome is available
818 from volumetric tracings, there is no correlation between the amount of contact and the
819 number of gap junctions, as might be expected for a fixation or staining artifact (this
820 laboratory, unpublished). Finally, in behaving animals, the activities of neuron pairs
821  connected by gap junctions in the EM-based connectome is more highly correlated than
822 the activities of pairs connected by chemical synapses (38, 39). Thus, despite the
823 uncertainty often felt in confidently identifying them in electron micrographs, scored gap
824  junctions in C. elegans connectomes appear to be reliable.

825 An important feature of overall nervous system architecture is the way multiple
826  information streams are brought together for computing output — multisensory
827  integration. The number of sensory inputs far exceeds the number of possible outputs.
828  Strikingly, in C. elegans, more than half of the neurons in the somatic nervous system of
829 the hermaphrodite (53% percent, 149/280) have demonstrated or possible sensory
830  function. Included in this number are several neurons classified as interneurons or motor
831 neurons, but which also have a sensory function. The most important of these are the
832  ventral cord motor neurons, which have stretch-sensitive dendritic extensions (40). Three
833  classes (twelve neurons) that run laterally making neuromuscular junctions, SAA, SMB,
834 and SMD, express genes for known stretch receptors (41). Also are included DVC, PVR,
835 BDU(L/R), and PVP(L/R). Two members of the “UR” set, URA (motor neuron) and URB
836 (interneuron) are also included: “UR” stands for “unknown receptor” because these
837 neurons have apparent dendritic extensions towards the nose similar to many other
838 sensory neurons, including URX and URY (J. White, personal communication).
839 Considering computation for locomotion and posture, in a massive process of
840  convergence, information originating from these sensors is aggregated to specify a single
841  scalar quantity in each muscle cell, the muscle tension generated.

842 The connectome reveals that multisensory integration occurs throughout the
843 network. The dispersed nature of the information processing is reflected in most
844 interneurons having outdegrees equal to, and in some cases even greater than, their
845 indegrees. Perhaps surprisingly, many information streams are brought together at the
846  very last step, where each muscle cell combines inputs from an average of ten neurons.
847 For just one modality, chemosensation, some 7% of the genes in the genome are putative
848  chemoreceptors of the seven-transmembrane G-protein-coupled receptor class (1280
849  genes) (42). Apparently, the concentration of each of over 1000 compounds is evaluated
850 and compared to the concentrations of all the others as input relevant to decision-
851 making. The far larger number of chemoreceptor proteins than chemosensory neurons,
852 as well as the polymodal capacities of some neurons (for example the nociceptive ASH
853 neuron is polymodal for osmo-, mechano-, electro-, photo- and odorsensation) means
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854  much of the integration of incoming sensory information inevitably occurs within the
855 sensory neurons themselves. Immediately downstream, circuit mechanisms have been
856  studied that involve connections between sensory neurons, connections of sensory
857 neurons to dedicated interneurons (such as the amphid interneurons AIA, AIB, AlZ and
858  AlY, and the hub interneuron RMG), and showing how these interactions may be affected
859 by neuromodulators (43). But the connectivity reveals convergence occurs throughout
860  the network right down to single muscle cells.

861 Among the new findings, a previously unrecognized locus of information
862 processing appears to be a network of high degree neurons running in the ventral cord
863 and connected widely throughout the nervous system (Figure 7). Remarkably, these
864  neurons are among the most heavily electrically coupled and some are hubs in the extra-
865  synaptic, peptidergic communication network. They are among the least studied neurons
866 in the nervous system. The nerve ring neuropil has always been considered the nematode
867  “brain.” John White has pointed out it closely resembles a somatotopic brain region,
868 where sensory/motor connections are arrayed physically in congruence with motor
869  output (personal communication). The balance of information processing between that
870  which occurs in the nerve ring and that which occurs outside it within the central network
871  of ventral cord neurons and elsewhere remains to be seen (Figure 8). The large amount
872  of sexual dimorphism in the ventral cord group may reflect a central role.

873 Along with the function of the ventral cord neurons, previously unrecognized
874  significant functions of several additional neurons are revealed by connectivity. These
875 include the eight neurons with processes extending into the tailspike of the
876 hermaphrodite, ALNL/R, PLNL/R, PHCL/R, PVR and AVG. While the function of the
877  tailspike or whip has never been studied and a proprioceptive function for these neurons
878 remains speculative, connectivity suggests important circuit functions for five of them. As
879 mentioned above, PVR, together with another ventral cord neuron DVA, to which it is
880  connected, appears to function as an integrating interneuron of a sensory system whose
881 receptive field is the body surface (Figure 8). ALN and PLN target the sublateral motor
882 neurons and contribute 20% of the chemical input to SAA, a class of four neurons also
883 with lateral processes making neuromuscular junctions similar to the sublateral motor
884  neurons (but unlike the other sublaterals, has significant chemical output onto AVA)
885 (Figure 9). ALN and PLN have been implicated in oxygen sensation and receive sensory
886 input from phasmid neurons, but it seems likely they have additional sensitivities. In the
887  hermaphrodite reconstruction, there is a significant gap junction connection between
888 PVR and ALNR.

889 An unexpected finding was the near identity of connectivity of DVC and PVT.
890  Curiously, this seeming oddity of pairing a cell descended from embryonic blastomere
891  AB.p (PVT) with one descended from the C blastomere (DVC) is shared with the pair DVA
892 PVR — DVA is descended from AB.p while PVR is descended from C. PVR and DVC are
893 lineal first cousins and the only neurons produced by the C lineage (which otherwise
894  generates hypodermal and muscle cells). PVT shares properties with another singleton,
895  AVG, in expressing UNC-6/netrin and having a guidepost role in development and
896 maintenance of the ventral cord (25, 44). The finding of similar or related synaptic
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897 connections of pairs of neurons, like PVR and DVA, and DVC and PVT, suggests
898 investigation of the phenotypes of the double ablations.

899 While the extensive connectivity of the ventral cord neurons indicates they may
900 influence many neural pathways, their unique or distinctive connections suggest circuit-
901 specific roles. Noteworthy among these are the robust gap junction connections of PVP
902 to the pseudocoelom sensors AQR and PQR and the ventral neuron pair DVC and PVT.
903 PVP, DVC and PVT target RIG, which receives direct input from the other pseudocoelom
904  sensor URX. This might be a pathway aggregating multiple sensory inputs from the body,
905 including from possible additional sensory modalities of DVC and PVT. What this would
906 have to do with a function of PVP in regulating locomotion during egg laying is unclear
907 and illustrates the potentially widespread roles of extensively and electrically coupled
908 neurons such as PVP. Additional examples of suggested pathways and specific
909 interneuron functions are the connections of ASJ and ASK to PVQ, ADL to AVJ, PDE to AVK,
910 andBDU, a gap junction target of touch neurons, to PVN. All these relationships and many
911  others indicated by the connectivity suggest directions for future research.

912

913 Materials and Methods

914  The analysis is based on the data of Cook et al., (2). The cytoscape files that are the basis
915 of the figures in that paper are available at WormWiring.org. Connectivity diagrams were
916  prepared from these files employing the network analytical features of Cytoscape.
917 Indegree and outdegree values were determined from the Excel file adjacency matrices
918  of Cook et al. (2) Graph analysis for community detection and betweenness centrality
919  was carried out with a MATLAB package prepared by Adam Bloniarz and available at
920 WormWiring.org.

921

922 Supporting Information

923 Supplementary files are submitted separately.
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