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A Perimotor Framework Reveals Functional Segmentation in
the Motoneuronal Network Controlling Locomotion in
Caenorhabditis elegans

Gal Haspel and Michael J. 0’Donovan

Laboratory of Neural Control, Section on Developmental Neurobiology, National Institute of Neurological Disorders and Stroke, National Institutes of
Health, Bethesda, Maryland 20892

The neuronal connectivity dataset of the nematode Caenorhabditis elegans attracts wide attention from computational neuroscientists
and experimentalists. However, the dataset is incomplete. The ventral and dorsal nerve cords of a single nematode were reconstructed
halfway along the body and the posterior data are missing, leaving 21 of 75 motoneurons of the locomotor network with partial or no
connectivity data. Using a new framework for network analysis, the perimotor space, we identified rules of connectivity that allowed us to
approximate the missing data by extrapolation. Motoneurons were mapped into perimotor space in which each motoneuron is located
according to the muscle cells it innervates. In this framework, a pattern of iterative connections emerges which includes most (0.90) of the
connections. We identified a repeating unit consisting of 12 motoneurons and 12 muscle cells. The cell bodies of the motoneurons of such
aunit are not necessarily anatomical neighbors and there is no obvious anatomical segmentation. A connectivity model, composed of six
repeating units, is a description of the network that is both simplified (modular and without noniterative connections) and more
complete (includes the posterior part) than the original dataset. The perimotor framework of observed connectivity and the segmented
connectivity model give insights and advance the study of the neuronal infrastructure underlying locomotion in C. elegans. Furthermore,

we suggest that the tools used herein may be useful to interpret, simplify, and represent connectivity data of other motor systems.

Introduction

The only organism-wide neuronal wiring diagram published to
date is that of the nematode Caenorhabditis elegans (White et al.,
1986). In the 25 years since its publication, it has attracted wide
attention from both computational and experimental neurosci-
entists (Watts and Strogatz, 1998; Morita et al., 2001; Milo et al.,
2002; Sporns and Kotter, 2004; Gray et al., 2005; Chalasani et al.,
2007; Bassett et al., 2010; Qian et al., 2011; Varier and Kaiser,
2011). The original dataset was acquired and reconstructed from
electron micrographs (White et al., 1986) and recently proofed
and annotated (Chen et al., 2006; Varshney et al., 2011). The
complete wiring dataset includes 6393 chemical synapses, and
890 gap junctions and 1410 neuromuscular junctions of an adult
nematode (White et al., 1986; Altun and Hall, 2008a; Varshney et
al., 2011). However, the reconstruction focused on the head and
tail ganglia and was assembled from partial reconstructions of
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several different adult animals: one for the nose and the nerve
ring, one for nerve ring and anterior cords, one for tail, and one
(male) for the posterior nerve cords (White et al., 1986; Varshney
etal., 2011) (D. Hall, personal communication). Hence, the an-
terior portion of the ventral and dorsal nerve cords that contain
the locomotor motoneurons was only reconstructed in a single
hermaphrodite nematode. Moreover, the nerve cords were re-
constructed only halfway along the body, and the data posterior
to the vulva are incomplete. The sparse data for the posterior
parts of the nerve cords are from a male nematode, and it is
unclear how much the neuroanatomy varies between the sexes.
Currently, connectivity data are partial or missing for 39 of 302
neurons, including 21 of the 75 locomotor motoneurons. Most
publications that discuss the connectivity dataset ignore this fact,
and those that mention it do it only briefly.

C. elegans propels itself by the coordinated contraction of
muscle cells arranged in four quadrants along the body and neck
(Altun and Hall, 2008b). In adult hermaphrodites, 75 of these
muscle cells are innervated by 75 motoneurons that have been
morphologically separated into eight distinct classes (White et al.,
1976, 1986; Chen et al., 2006; Altun and Hall, 2008b). Four classes
innervate ventral muscles (12-VA, 11-VB, 6-VC, 13-VD), and
four innervate dorsal muscles (11-AS, 9-DA, 7-DB, 6-DD). Most
published graphic depictions of the locomotor network (and the
complete nervous system) (White et al., 1986; Chalfie and White,
1988; Von Stetina et al., 2006; Sengupta and Samuel, 2009) do not
include a depiction of the anterior—posterior (AP) axis, which is
crucial for the production of undulatory locomotion. Models
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Table 1. Muscle cell and motoneuron anatomical and perimotor locations
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Table 1. Continued

Muscle Anatomical and Anatomical Perimotor ~ Muscle Anatomical and Anatomical Perimotor
cell perimotor location Motoneuron location location cell perimotor location Motoneuron location location
MDLO5 0.15 ASO1 0.25 0.16 MVR17 0.64 VD02 0.26 0.21
MDRO05 0.15 AS02 0.29 0.19 MVL20 0.67 VD03 031 0.28
MDLO8 0.16 AS03 0.35 0.27 MVR20 0.67 VD04 0.36 0.32
MDR08 0.18 AS04 0.40 0.36 MVL19 0.73 VD05 0.42 0.39
MDLO7 0.21 AS05 0.47 0.40 MVR19 0.73 VD06 0.47 0.44
MDRO7 0.21 AS06 0.51 0.45 MVL21 0.77 VDO7 0.52 0.51
MDL10 0.25 AS07 0.57 0.49 MVR22 0.77 VD08 0.59 0.54
MDR10 0.25 AS08 0.62 0.58 MvL22 0.81 VD09 0.64 0.62
MDLO9 0.29 AS09 0.68 0.66 MVR21 0.81 VD10 0.69 0.66
MDR09 0.29 AS10 0.73 0.70 MVL23 0.84 VD11 0.74 0.70
MDL12 033 AST1 0.79 0.83 MVR23 0.84 VD12 0.79 0.75
MDR12 0.33 DAO1 0.25 0.17 MVR24 0.89 VD13 0.80 0.82
MDL11 038 DA02 030 0.23 MDL/MDR, Left/right dorsal muscle; MVL/MVR, left/right ventral muscle; AS, DA, DB, DD, VA, VB, VC, VD, motoneu-
MDR11 0.38 DA03 0.37 0.29 rons. Columns 2 and 4 are from supplemental material in the study by Chen et al. (2006).
MDL14 0.42 DA04 0.45 0.38
MDR14 0.42 DA05 0.54 0.45
MDL13 047 DAOG 0.65 042 that incorporate an AP axis (Niebur and Erdés, 1991, 1993;
MDR13 047 DA07 0.73 0.60 Bryden and Cohen, 2004, 2008; Karbowski et al., 2008) have sim-
mgk}g g; gﬁgg ggg gg? plified the network by focusing on forward locomotion, using the
MDLT5 055 DBOT 0.24 0.19 same number of motoneurons from each class and omitting mo-
MDR15 0.55 DBO2 0.21 031 toneuron classes such as AS.
MDL18 0.6 DB03 0.30 0.40 To address the missing data for motoneurons posterior to the
MDR18 0.6 DB04 039 0.47 vulva, we developed a method for representing motoneuronal
MDL17 0.64 DBO5 0.51 0.60 connectivity according to the muscles innervated. This method
MDR17 0.64 DBO6 0.62 0.68 allowed us to group connections according to their function and
MDL20 0.68 DB07 0.72 0.81 revealed an unexpected segmented modularity in the organiza-
MDR20 0.68 bDO1 0.24 0.3 tion of the locomotor network. Using this formulation, we could
mgk}g g;i ggg§ gig gi ; then estimate the missing connections by extrapolation.
MDL22 0.79 DDO4 0.58 0.51 Materials and Methods
mggf 329 gggg ggg gg;‘ The datu.set. We obtained the anatomical connectivity data from a pub-
MDR21 08 VAOT 03 019 hc.ly available s.01.1rce, WormAtlas (Altun and Hall, 2008a). We alsg (?b—
MDL24 0.85 VAO2 027 01 tam.ed connectivity daFa for the C. elegans. rpale neth)rk (Male Wiring
MDR24 0.85 VA3 031 026 Project, Albert Einstein Cc).llfege of Medlcme, website: http://worms.
MDL23 0.89 VAOA 037 032 aecorr}.yu.edu/PHP/malefwmn&pro;ect.php), but these datz_i are not
MDR23 0.89 VAOS 043 037 yet suitable for our analysis because most of th.e r}euromuscular junctions
MVROS 014 VAO6 0.50 042 are not sPec1f1cally traced. to the muscle' qf origin (S. Emmons, personal
MVLOS 015 VAOT 0.5 0.49 C(?mmunlcatlop). The existing connectivity dataset for the hermaphro-
MVRO8 017 VAS 0.60 051 dite C. elegans is formatted as a table w1.th the following columns: source
MVL08 018 VAQO 0.6 057 neuron, target neuron,.type of connec'tlon, and the number F)f anatomi-
MVL07 02 VAT0 071 0.62 cally observed connections. It has an inherent redu.ndancy in t.he sense
MVRO7 02 VAT 077 0.70 that each gap )upctlorll (rparked EJ in the dataset) is noted twice, once
MVLT0 022 VA2 0.80 082 from eacb direction. Slmllarly', chemical synapses are noted at least once
MVR10 0.2 VBOT 021 019 as outgoing (marked S for a simple synapse or markeq Sp where.a pre-
MVLO9 027 VBO2 019 0.25 synaptic and more Fhan one postsynaptic cells comprise a dyadlc syn-
MVR09 027 VBO3 028 034 ap'se.) and once for incoming (R for simple a.nd Rp'for dyadic). In the
MVLT2 029 VBOA 032 037 original datfiset, the tqtal number of s.ynapses is c.0n51ste.nt but the r.1um—
MVR12 0.29 VBOS 038 042 b.er of dyadic versus simple synapses is not consistent (i.e., the designa-
ML 0.35 VBO6 0.45 051 tion S and Sp add up to the reqprocal R apd Rp, but S 4063 not equal R
MVRT1 035 VBO7 050 0.54 and Sp does not equal Rp). As will bc_e explal.ned below, it is not important
MVL14 039 VBO8 057 0.64 for our purposes whether a synapse is dyadlc.. Hence, we first verified that
MVR14 039 VB09 061 0.6 the total numbq of synapses is indeed consistent and then kept only the
MVL13 044 VB10 067 070 record of outgoing synapses (S and Sp) between motoneurons and all
MVRT3 044 VBT 072 082 synapses (R, S, Rp, and Sp) to and from non-motoneurons (sensory
MVLT6 048 veot 033 0.25 neurons and interneurons). The number.of gap junctions is Perfectly
MVRI6 048 Vo2 038 033 rec1procat.ed among neurons, anq we con51de1_‘ed each gap junction only
MVLTS 0.54 VCo3 046 042 once.‘A single self gap junction is 1nc1ude(.:1 in Fhe dataset (VA08). As
MVR15 0.54 VCos 053 051 explained above, this gap junction was described in a male nematode and
ML 06 V05 055 0.59 was excluded from this study. . .
MVR1S 06 VC06 062 0.68 Analysis. The analysis program was coded in MATLAB (version
MVL17 0.64 VDo1 0.25 016 R2007b; MathWorks) and is available at Matlabceptral.com or upon
Table continued  F€quest: The program uses the MATLAB statistics toolbox and a

MATLAB function “randpermfull” coded by the user “Jos” and avail-
able from MATLAB Central.
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Table 2. Of iterated connections that are characteristic of each motoneuron class
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Gap junctions
Neuromuscular  Chemical synapses to other Chemical synapses from sensoryand  with sensory and
Motoneuron class junctions motoneurons Gap junctions with other motoneurons interneurons interneurons
AS 4 dorsal DA, DD, VD DA, VA (posterior”) AVA, AVB, AVD, AVE AVA
DA 6 dorsal DB, DD, VD (1 posterior, 1 anterior) AS (posterior), VA (anterior) AVA, AVD, AVE HSNR, PVCL, SABVL AVA
DB 6 dorsal AS, DD, VD (1 posterior, 1 anterior) DB (1 posterior,” 1 anterior), VB (anterior”) ~ DVA, PVC, PVR AVB
DD 6 dorsal VD DD (1 posterior,” 1 anterior?), VD RID, VC01-03
D 4ventral VA, VB DD, VA, VD (1 posterior, 1 anterior), AVEL, PVNR, VC01-03 PVPR
VB (02, 03, 05, 06) 4ventral DD, VA, VD VB (1 posterior,” 1 anterior”) PVC AVB
VB* (01,04, 07) 4ventral 2DD (1 posterior, 1anterior), VA, VD VB (posterior), DB” PVC AVB
VA (02,04, 06,07,08)  4ventral DD, VA (posterior), VB, VD AS (anterior”) AVA, AVB, AVD, AVE AVA, SABD
VA* (01,03, 05) 4 ventral 2 DD (1 posterior, 1anterior), VD AS (anterior“), DA (posterior) AVA, AVD, AVE AVA, SABD

Motoneuron partners are at the same perimotor bin location unless mentioned anterior or posterior. Connections are from both left and right interneurons unless mentioned. Underlined are strong connections (2—10). Underlined and bold

are stronger (>10). VA and VB classes each has two subclasses marked with or without an asterisk.
“Three muscle lengths distance anterior or posterior.

Motoneuron class VC. Neuromuscular data were not available for the
VC class of motoneurons. We referred to the original EM micrographs
and notebooks of White et al. (1986), which cover the neuromuscular
junctions of VCO01, VC02, and VC03. We found that their neuromuscular
junctions overlap and are sparser and cover more muscle cells than other
ventral motoneurons. All three innervate ventral muscle cells 10, 9, 12,
11, and 14; VCO01 and VC02 also innervate muscle cell 7, and only VCO01
innervates muscle 8 (for muscle cell location, see Table 1 and Fig. 1a) (D.
Hall and B. Chen, personal communication). The more posterior VC04
and VCO5 innervate only vulva muscles while VC06 was not recon-
structed. While it might be possible to find iterative connections for
VC01-VCO03 over the anterior portion, it will be impossible to extrapo-
late toward the posterior portion. We did not further analyze VC mo-
toneurons and only their input to other motoneurons (mainly chemical
synapses to DD and VD) is included in this model.

Iterativity index. To quantify the iterativity of connections, we devised
an algorithm that describes each connection in relative terms along the
perimotor AP axis and identifies connections that are present in multiple
motoneurons of a given class. A single connection in each line of the
published connectivity dataset is characterized by four values: source
neuron X, target neuron Y, type of connection, and number found in EM
micrographs. If X was a motoneuron, these data were extracted and kept
for further analysis. If the target neuron Y was also a motoneuron or a
muscle cell, the perimotor distance was calculated between the synaptic
partners and was included in the name of the connection. To ensure that
similar connections had similar designations, we expressed the perimo-
tor distance in units of muscle bins that are 0.06 of the full-length
perimotor space (see Results). Hence, for example, a chemical synapse
from ASO1 to VDO1 that innervated directly opposing muscle cells (see
Fig. 2b) was named “VD_S+00” (“VD” is the partner, “S” is for chemical
synapse, and “+00” for the perimotor distance; see Fig. 4) and similarly
was named a chemical synapse from AS06 to VDO06. By definition, the
perimotor distance is positive if the partner is posterior to the motoneu-
ron. For example, a gap junction from ASO1 to VB03, which innervates
posterior muscle cells (see Fig. 2a), was named “VA_E+02” [“VA” is
the partner, “E” is for gap (electrical) junction, and “+02” for two muscle
bins, or three muscle lengths, posterior; see Fig. 4]. If the same name (in
these examples, “VD_S+00” or “VA_E+02”) was given to a number of
connections above the iterativity threshold (s), they were considered
iterative.

To quantify the fraction of iterative connections present in the data-
base, we defined an I index (I;,) as follows:

_ E(SYH{>s} + Gl=y)

I
2(Syn + GJ)

>

where Syn and GJ are the total number of synapses and gap junctions,
respectively, made to or from the specific motoneuron or class while
Syn,-; and GJ -, are the synapses and gap junctions that iterate more

than the iterativity threshold. The iterativity index (I;,), therefore, repre-
sents the fraction of connections that iterate above a set threshold, among
all connections made to and from a particular motoneuron class.

Determination of bin width for iterativity analysis. To determine itera-
tivity of connection, we needed to evaluate their similarity to each other.
To that end, we divided the continuous perimotor AP axis into discrete
bins. However, the most suitable bin width was not known a priori. To
identify the minimal bin width that would capture the majority of iter-
ated connections at the best spatial resolution we plotted the iterativity
index I, for each class of motoneuron for different bin widths. We first
calculated the mean distance occupied by a single muscle cell along the
single-unit AP axis (defined as 0.0 to 1.0 from head to tail). The most
anterior muscle cell is located at 0.15 (see Fig. 1a, “05”) and the most
posterior, 0.85 (“23”), with 19 muscle cells spanning the AP axis. The
average normalized length of a muscle cell is therefore the following:
(0.85 — 0.15)/19 = 0.04. Plotted along bin width from one-half to three
muscle lengths, I, was indeed sensitive to the spatial resolution used to
calculate of the distance in perimotor space. I, averaged among the
classes remained almost constant as bin width was reduced from 0.12 (3
muscle lengths) to 0.06 (1.5 muscle lengths) but rapidly declined for bin
widths <0.06. The values of average I;, were 0.90 * 0.007 (mean * SD)
for a bin width of 0.06 or bigger, 0.85 for a bin width of 0.04 (one muscle
length), and 0.72 when bin width was 0.02. At bin widths <0.06, fewer
types of iterative connections were present but the types of connections
were not qualitatively different. We therefore used a bin width of 0.06 for
further analysis.

Muscle rank as an alternative mapping method. The muscle cells are not
perfectly uniformly distributed along the AP axis and are slightly more
packed in the neck area than more posteriorly. We tested ranking the
muscle cells as an alternative method to muscle length for mapping them
in perimotor space. We ranked the muscle cells from anterior to poste-
rior, making sure that opposing ventral and dorsal muscles have the same
rank and used the rank instead of the location to calculate the functional
location of each motoneuron. This is practically equivalent to measuring
the body in muscle lengths that slightly increase along the body. The
values of the iterativity indices (I;;,) were 0.86 of all connections (0.85,
0.91, 0.81, 0.74, 0.91, 0.86, and 0.85 for AS, DA, DB, DD, VA, VB, and
VD, respectively). Because these values are lower than those calculated
using muscle length, we concluded that the ranking method misses some
iterated connections that the muscle length formulation captures, and
therefore used muscle length in the subsequent analysis.

Statistical evaluation of the iterativity index for individual motoneurons.
We tested whether the level of iterativity observed in the connectivity
dataset could arise at random. We performed a randomization test in
which the resampled test networks were generated by shuffling the sec-
ond column (the synaptic “target”) of the connectivity dataset. The test
networks retain the same number and types of connections for each
motoneuron but randomize the targets of the connections. Hence, each
observed value of I, is compared with a population of values obtained
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Figure1.

Remapping the locomotion motoneurons and muscle cellsin perimotor space. a, Each dorsal (top) or ventral (bottom) muscle cellis mapped in perimotor space atits anatomical AP location. Right and left paired

musdle cells are presented for each location. Each motoneuronis mapped in perimotor space at the weighted average of AP locations of the muscle cells it innervates. The location of motoneuron dasses along the dorsoventral
axis s arbitrary and meant to facilitate visualization of connections and their relationships. b, The perimotor location (empty circles) might not correspond to the anatomical location (tip of branches) of the cell body of each
motoneuron. Notice that some motoneurons (e.g., DAO6) move almost one-fifth of the length of the nematode anteriorly, while others move less, posteriorly, or not atall.

from the replicated test networks. The statistical significance of the dif-
ference between the actual and generated I;, indices can be then quanti-
fied using the standard nonparametric randomization test p value as
follows:

1+ #{Igen >Iobs}

L
where #{I,., > I} indicates the number of generated I;; values that are
bigger than the observed value, and Nr is the number of generated net-
works. With only one animal sampled, it is not possible to compare the
variability among our generated networks with the variability between
real networks. This will only become possible when the networks of
multiple nematodes have been reconstructed. We chose to use 500 shuf-
fled networks (Nr = 500) by plotting the p values calculated for VD01-
VD07 along values of Nr from 50 to 1000. The probability calculated for

VDO1 was the most variable (p = 0.06 at Nr = 50) but together with the
other motoneurons of its class converged toward the limit of the test
[1/(Nr + 1)] and reached p < 0.01 by Nr = 500. Descriptive statistics are
in the form (mean * SE, SD), unless otherwise stated.

Cluster analysis. We used hierarchical clustering (MATLAB Statistics
Toolbox function: linkage) to evaluate whether some of the classes of mo-
toneurons can be further subdivided. We computed the Euclidean distance
between pairs of objects in the matrix that represent each motoneuron in a
class and the connections it makes (presented as color maps in Fig. 4) and
creates an agglomerative hierarchical cluster tree from the distances in the
matrix. We then constructed clusters from the tree. We set a limit of two
clusters using the “distance” criterion. The function finds the smallest height
at which a horizontal cut through the tree leaves two or one clusters. Classes
that formed two distinct clusters were considered to have two subclasses
(marked with asterisks in Figs. 6 and 7 and Table 2).
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Figure 2.

Remapping connections among motoneurons in perimotor space. All electrical (round ends) (a) and chemical (arrows) (b) synapses among motoneurons in the dataset are depicted in

perimotor space. As in Figure 1, the motoneuron position along the AP axis is determined by the innervated muscle cells and the dorsoventral axis is arbitrary to facilitate visualization. More
specifically, iterating connections are parallel to each other in this diagram. Motoneuron classes and their outgoing chemical synapses are color-coded (AS, yellow/black; DA and VA, red, DB and VB,

green; DD and VD, blue), while those with partial or no connectivity information are left colorless.

Results

Remapping of muscle and motoneurons in perimotor space
We defined a “perimotor space” in which elements of the net-
work (motoneurons and muscle cells) are positioned by their
function during locomotion. The conventional indexing of C.
elegans muscle cells does not describe their location because it is
derived from cellular lineage. Hence, the order of dorsal muscle
cellsis as follows: 2, 1,4, 3,6,5,8,7,10,9,12, 11, 14, 13, 16, 15, 18,
17, 20, 19, 22, 21, 24, and 23 (Fig. 1a). The two dorsal and two
ventral quadrants of muscle cells are laterally symmetric in position
and innervation. In an undulating animal such as the nematode, the
function of a muscle is determined by its location on the anterior—
posterior (AP) (head-to-tail) and transverse axes (in the nematode,
this axis indicates whether a muscle is dorsally or ventrally located).
We mapped muscle cells in perimotor space (Fig. 1a, Table 1) so that
PM,,, their perimotor position is their anatomical midpoint between
anterior and posterior extremities of the sarcomere region (Dixon
and Roy, 2005), projected onto the AP axis [data file NeuronFixed-
Points.xls from the study by Chen et al. (2006)]. For example, dorsal
muscle cell 10 (PM,, = 0.25) is between muscle cells 07 (PM,, =
0.21) and 09 (PM,, = 0.29).

It follows that the function of a motoneuron is determined by
the collective functions of the muscles it innervates. We defined
the position of each motoneuron in perimotor space (PM,,y)
as the mean of the perimotor positions of the muscle cells it
innervates, weighted by the anatomical size (number observed)
of each neuromuscular junction as follows:

" (PM, X NMJ,)
"o NMJ,

PMMN =

>

where PM,,\ is the calculated perimotor position of the mo-
toneuron, N is the number of innervated muscle cells, PM,, is the
perimotor position of an innervated muscle cell, and NM]J,, is the
anatomical size of the neuromuscular junction. We chose this
formulation to reflect the functional action of a motoneuron
rather than simply the mean of the perimotor position of the
innervated muscle cells. For example, the motoneuron AS01 (Fig.
la, top left) is positioned at 0.155 in perimotor space because it
innervates dorsal muscle cells MDO5 (AP position, 0.15; NM]J
size, 3.25) and MDO08 (AP position, 0.16; NM]J size, 3.25). The
muscle cells send arms that originate perpendicularly from the
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middle third of each muscle fiber and connect to motoneurons
that have a region of neuromuscular junction at that location on
the ventral or dorsal nerve cord (Dixon and Roy, 2005; Altun and
Hall, 2008b). We hence accepted the assumption made by Chen
etal. (2006) that each muscle cell is postsynaptic to all motoneu-
rons that have a neuromuscular junction along its middle third
and used their designation of neuromuscular junctions. The
muscle cells are arranged as almost symmetric left—right pairs.
Because of the designation method and the left—right symmetry of
the muscle cells, each muscle cell assumed to be innervated on the
right is always also assumed to be innervated on the left. Hence,
we only included this information once and used the right muscle
cell of each pair. It is important to note that the location of a
motoneuron in perimotor space does not necessarily correspond
to the actual anatomical location of its soma (Fig. 1b, Table 1;
soma location data from WormAtlas/NeuronType.csv and B.
Chen, personal communication). In the most extreme example,
DAO06 is more anterior than DAOQ5 in perimotor space.

The perimotor distance (PD,,) is defined as the difference
between the perimotor positions (PM, and PM,) of the mo-
toneurons x and y. All interconnections among motoneurons in
the dataset, comprising 119 gap junctions and 1119 chemical
synapses, are mapped in perimotor space in Figure 2, a and b,
respectively. Sensory and interneurons are not mapped in per-
imotor space because they do not innervate muscle. Connections
to and from those neurons (1658 gap junctions and 5275 chem-
ical synapses) are used in the analysis described below but for
reasons of clarity are not shown in Figure 1. In this diagram, the
dorsal muscle cells and motoneurons are on top, while their ven-
tral counterparts are on the bottom. Only one of the two laterally
symmetric quadrants is presented for the dorsal and only one for
the ventral sides. The distribution of motoneuron classes along the
vertical axis is arbitrary and meant to facilitate visualization of the
connections. The perimotor framework allows direct functional in-
terpretation of the diagram. Thus, motoneurons and muscle cells
that are positioned at the same AP position (PD,,, = 0), for example,
AS02, DBO1, and dorsal muscle cell 08 are all in the same perimotor
position. A positive perimotor distance (PD,,, > 0) indicates that the
second motoneuron (for example, DD02) innervates muscle cells
that are posterior to those innervated by the first motoneuron (for
example, AS03).

Four main observations arise from this novel description of
the motoneuronal connectivity dataset: (1) Most connections are
local in the perimotor space (98% are made within a PD < 0.25;
see Fig. 3). The exceptions are gap junctions within motoneurons
of the DA and the DB classes, with the largest PD 0f 0.295. (2) The
sparse data for motoneuron connectivity posterior to the mid-
point (location of the vulva marked by a “V” at 0.54 in Fig. 2) are
qualitatively different from the anterior data. As explained above,
electron micrographs of this region in a hermaphrodite nema-
tode were not taken, and these data are partial and from a male
nematode (White et al., 1986; Chen et al., 2006; Varshney et al.,
2011) (D. Hall, personal communication). (3) The connectivity
of the most anterior motoneurons differs from the other mo-
toneurons. This may be due to an edge effect, their different
morphology (White et al., 1976, 1986), or both. (4) Using the
perimotor formulation, we found that many connections iterate.
By “iterate,” we mean that motoneurons of the same class make
connections with neurons of a similar class at similar perimotor
distances. For example, ASO1 is presynaptic to VD01, and AS02 is
presynaptic to VD02, and so on for all ASs and VDs. Similarly,
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Figure3.  Distribution of perimotor distances. The PD for each chemical synapse (blue bars)
and gap junction (red bars) in the dataset was calculated as the difference between the position
in perimotor space (PM,y,,) of the partners. The bins of the histogram are 0.04, which correlate
to the mean estimated length of a muscle cell (see Materials and Methods). Most (98%) con-
nections are local (PD << 0.25). More specifically, 84% of chemical synapses (blue bars) are to
motoneurons that innervate the same muscle cell or an adjacent neighbor, and 82% of gap
junction (red bars) are to motoneurons thatinnervate the same muscle cell or up to three muscle
cell lengths in either direction.

DDO01 makes a gap junction onto DD02, which in turn makes a
similar connection to DDO03.

Iterative connections in the dataset

When the iterativity threshold was two (two or more similar
connections defined as iterating), 0.9 of the total connections
were included (iterativity indices I;, = 0.90, 0.90, 0.89, 0.91, 0.93,
0.90,and 0.88 for AS, DA, DB, DD, VA, VB, and VD, respectively;
Fig. 4). Thus, the great majority of connections made by each
class of motoneuron occur more than once. If we restrict the
analysis to connections that iterate three or more times, then 82%
of the connections are included (I,, = 0.81, 0.86, 0.72, 0.85, 0.90,
0.76, and 0.82 for AS, DA, DB, DD, VA, VB, and VD, respec-
tively). We did not examine connections that iterate four or more
times because this would have exceeded the number of recon-
structed DD motoneurons and therefore excluded them from the
analysis.

Anterior—posterior distribution of iterativity among
individual motoneurons

We next calculated the I, for each individual motoneuron (Fig. 5,
solid blue dots), in contrast to the previous analysis, which was
performed on each class of motoneuron. For an individual mo-
toneuron, [, is the fraction of connections that iterate among all
its connections. We found that at an iterativity threshold of two,
the I,, was >0.7 for most motoneurons (39 of 41) from the neck to
the vulva (mean = SE, 0.9 = 0.02; SD, 0.12). The two outliers
(range, 0.44—0.62) are located in the neck area (0.16—0.19 on the
perimotor AP axis).

To establish whether these iterativity indices could be gener-
ated by random connectivity, we generated and analyzed multi-
ple test networks by shuffling the second column (the synaptic
“target”) of the original dataset. The test networks retained the
same number and type of connections for each motoneuron but
randomized the synaptic targets. We generated 500 randomized
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Analysis of iterative connections. Iterativity analysis of the synaptic connections of each class of motoneuron (named at top left corner of each panel) is represented as a color map and a bar graph.

Color maps (black, 0 connections; red, lowest value, to white, highest value) are arranged such that individual numbered motoneurons within the class are columns, while rows represent types of iterative
connections. The numbers in each box represent the number of anatomical connections made by the source motoneuron represented by the column (e.g., VA1) to the iterative connection represented by the row.
The iterativity threshold is set to two. That is, a connection is iterative if two or more members of the source class make synaptic connections to neurons of the same perimotor distance and class. The structure of
connection names (e.g., “VD_S-1"; a chemical synapse to a VD motoneuron anterior to the source motoneuron) are described in the main text. The bars to the right of each panel represent the average number
of synapses made by each cellin the source class onto the target motoneuron (below blue horizontal line) or input from another neuron (above line). Connection descriptions to the right of the bar graphs are
simplified and motoneuron names are color-coded (e.g., “AVA” means chemical synapse from the intereuron AVA; “AVA’" means gap junctions from same). Iterativity index for each class is indicated next to
class name (e.g., 0.93 for VA). Numbers with asterisks represent subclasses within VA and VB as described in the main text and Figure 6.

networks and calculated the I;, indices for each individual mo-
toneuron (Fig. 5, open red circles). The average I, for this ran-
domized population was 0.42 * 0.01, SD = 0.09, and each value
was significantly smaller than the actual I;, of each motoneuron
(p < 0.05 for VD01 and VBO01; p < 0.01 for all other motoneu-
rons). We conclude that the occurrence of iterating connections
is significantly different from that of random networks. The gap
in connectivity data of the posterior portion of the locomotor
network could be filled, without further assumptions, by iterating
each of these connections among the motoneuron in their calcu-
lated perimotor locations. To address more general rules of orga-
nization, we chose to pursue the hypothesis that the occurrence of
iterating connections reflects the existence of a core set of muscle
cells and motoneurons together with their interconnections that
repeats along the AP axis.

Motoneurons stereotypic of each class compose a repeating
segment

The existence of iterated connections that are characteristic of
each motoneuron class (Table 2, Fig. 4) allowed us to construct
stereotypical motoneurons representing each class (Fig. 6). This
analysis revealed that every stereotypical motoneuron innervates
two or three muscle cells and is connected by up to three chemical
synapses and two or three gap junctions with other motoneurons.
Excitatory motoneurons make their strongest chemical synapses
to the opposing inhibitory motoneuron or motoneurons (VD,
DD). Excitatory motoneurons also receive chemical synapses
from interneurons while inhibitory motoneurons receive mostly
synapses from the three anterior VC motoneurons. Motoneu-
rons of the classes DB, DD, VB, and VD have gap junctions with
an anterior and a posterior member of their class. Five classes (AS,
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Figure 5.

Distribution of iterativity along AP axis and statistical validation. The iterativity index (/;,) of each individual motoneuron in the dataset (solid blue dots) is plotted along the AP axis

(0.0-1.0) together with the distribution of the same quantity in 500 generated networks (open red circles) in which the target neurons were randomly shuffled. The dataset values are higher and
significantly different from the generated population (*p << 0.05; **p << 0.01). We decided to use 500 scrambled networks by plotting (inset) the value of p for each VD motoneuron (VD01 to VDO07)
against the number of generated networks (Nr) from 50 to 1000. The value of p varies at low Nr but converges to the limit of the statistical test [1/(Nr + 1); thick gray line] by Nr = 500.
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Stereotypic motoneurons. a, The iterating connections for each class of motoneurons are shown as black arrows (chemical, directional, synapses) or purple double lines (bidirectional

gap junctions). b, Cluster analysis was used to investigate whether the five more numerous classes (AS, DA, VA, VB, and VD) could be subdivided further. Of those, VB and VA (presented) could be
further divided: VBO1, VB04, and VBO7 (VB*) and similarly VA01, VA03, and VA5 (VA*) have slightly different connectivity than their counterparts. These motoneurons are indicated by asterisk here

and in Figures 3 and 6.

DA, VA, VB, and VD) have almost twice as many members as the
other three (DB, DD, and VC). We examined whether these five
classes could be further divided into subclasses. For this purpose,
we used hierarchical clustering on the set of iterating connections
of each class and determined that VA and VB indeed segregate
into subclasses with subtle differences, while DA, VD, and AS do

not (Fig. 6b). The same subclasses are evident whether the itera-
tivity threshold was two or three.

We next constructed a wiring diagram of a minimal circuit
containing at least one member of each class and the muscle fiber
they innervate. To ensure that the complement of motoneurons
in this minimal circuit reflected those of the whole population,



Haspel and 0'Donovan e Connectivity Model, C. elegans Locomotion Network

a

J. Neurosci., October 12,2011 - 31(41):14611-14623 * 14619

also connect each AS to a VA in a more

J

Ve D
!:
AS, A:

posterior segment. (3) A pair of AS mo-
toneurons innervates a pair of VD mo-
toneurons that inhibit the opposing
ventral muscles. (4) Each DA receives
chemical synapses from an AS that in-
nervates the same dorsal muscle cells
and innervates two VD motoneurons

Anterior

—

b

Posterior

[

that innervate the opposing ventral
muscle cells. (5) Chemical synapses

4‘
> © connect each DB to the two VD mo-

toneurons that innervate the opposing
ventral muscle cells and posterior DD
Vel motoneurons. Each DB also has a gap
junction with an anterior VB. (6) Each
VD motoneuron innervates two muscle
cells and the VB and VA motoneurons
that innervate them.

Connectivity model

=
AS AS \
°\@

O&k

By repeating and interconnecting this
minimal perimotor segment six times
along an AP axis, we could construct a
connectivity model of the full motoneu-
ronal network (Fig. 8a). Three segments
can be demarcated within the span of the
observed connectivity dataset (Fig. 8b,c),
supporting the repeating unit hypothesis.
These segments in the original dataset are

® similar to the equivalent segments in the

e connectivity model but also include some
noniterating connections (Fig. 9). We set

-8 o8N out to compare the segmentation of the
model with that of the dataset. A com-

® 0 @ monly used measure of the balance be-
Anterior — tween lqcal and remote connect.i(?ns is
modularity. We followed the definition of

N~ D modularity (Q) provided by Newman
and Girvan (2004). To calculate Q, neu-

Figure7. A segment composed of stereotypic motoneurons. Twelve stereotypic motoneurons [iterativity threshold of 2 (@) or  rons and muscle cells were considered as

3 (b)] and six muscle cells compose a segment. Each segment contains all iterating neuromuscular junctions (arrows to muscle
cells), chemical synapses (arrows, colored as source and thickness proportionate to number of synapses in the data set), and gap
junctions (purple double lines, size proportionate to number of gap junctions in the data set). Inputs from sensory and interneurons
are included in the model but not presented. To facilitate visualization, some motoneurons are not at their perimotor location

within the segment.

we used a single DD and DB motoneuron and pairs of the re-
maining motoneurons (AS, DA, VB, VA). Therefore, the perimo-
tor model segment includes 12 muscle cells and 12 motoneurons:
six dorsal muscle cells co-innervated by two AS, two DA, and one
of each DB and DD motoneurons and six opposing ventral mus-
cle cells, innervated by two of each VA, VB, and VD motoneu-
rons. The model segment includes all interconnectivity among
the motoneurons, the connections to the anterior and posterior
segments and the input from sensory and interneurons (Fig. 7,
not presenting the latter).

This framework provided novel insights into the network
organization that would be difficult to obtain with alternative
representations. For example, (1) gap junctions connect every
DB, VB, DD, and VD to their anterior and posterior neighbors
of the same class. In contrast to previously published results
(Sengupta and Samuel, 2009), other motoneuron classes (AS,
VA, and DA) are not chained in this fashion. (2) Gap junctions

vertices and synapses and gap junctions as
edges. Modularity was defined (Newman
and Girvan, 2004) as the fraction of the
edges in the network that connect vertices
of the same community (segment) minus
the expected value of the same quantity in
a network with the same community (segmental) divisions but
random connections between the vertices.
We defined Q as follows:

E, vy = 1
Ew + Eb (Vw + Vb - 1)’

Q:

where Q is the modularity measure, E,, and E, are the number of
edges within and between modules, respectively, and V, and V,,
are the number of vertices in the same or in other modules, re-
spectively. Modularity values for networks with strong community
structure typically fall in a range of ~0.3 to 0.7 (Newman and Gir-
van, 2004). In our model, each segment contains 30 local synapses
and 7 gap junctions. Each segment (except from the posterior and
anterior-most segments) also shares 16 gap junctions with other
segments, sends 4 synapses to, and receives an equal number of
synapses from the neighboring segments. Hence, each segment
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Perimotor segments in dataset and connectivity model. a, Six segments can be interconnected along an AP axis to produce a complete connectivity model of the locomotion network

(threshold of two is presented). b, ¢, When motoneurons, muscle cells, neuromuscular junctions (b), and interneuronal connections (c) are presented in perimotor framework, three segments
emerge from the partial dataset. Small gaps were inserted between the segments to facilitate visualization of the segments (compare with Figs. 1 and 2). The complete motoneuronal system is

expected to span six segments (empty frames).

includes 37 (30 + 7) edges among motoneurons and 20 (4 + 16)
edges connect adjacent segments (Fig. 7). In a randomly con-
nected network, each pair of vertices (neurons) has an equal
chance of connecting. We excluded the possibility of self-
connecting because it does not appear in the data. Hence, the
ratio between possible intrasegmental partners (11) and total

possible partners (71) can be used as the expected fraction of the
edges in the network that connect vertices of the same commu-
nity. This gives calculated Q values of 0.53 = (37*6/(37%6 +
20*5) — 11/71) when iterativity threshold (s) was set to two.
When iterativity threshold was set to three, Q was 0.58 = (21*6/
(21%6 + 9*5) — 11/71). Because the existing connectivity data-



Haspel and 0'Donovan e Connectivity Model, C. elegans Locomotion Network

J. Neurosci., October 12,2011 - 31(41):14611-14623 * 14621

AS (o1i02 (03 04 05 (06 (07 08 09 (10 11
DA o7 (08 09
DB 05 ‘06 o7 \
‘ \ o—o
DD Gap junction
. \ | & 06 (1, 2-10)
‘ \
VD ; B & o ; - , A2
@@ Be B8 B won e L1
' . synapse
\ (1, 210, >10)
VB 0839 10 1"
VA 09 (10 11 12
0 0.2 0.4 v 06 0.8 1

Figure 9.

The noniterating connections among motoneurons. Seven electrical (round ends) and 11 chemical (arrows) synapses among motoneurons in the dataset are not iterating (compare

with Fig. 2 and Table 2). Connections among and with the motoneurons with partial or no connectivity data were omitted as they were not included in the analysis.

set spans only the anterior half of the nerve cord, we identified
only three segments in the connectivity dataset (Fig. 8b,c). We
then followed the same procedure to calculate modularity and
calculated a Q value of 0.37. This measure of modularity is an
underestimate because the additional segments provide tar-
gets for the randomized network that are included in the de-
nominator of Q equation. When additional three segments are
included with the same mean number of connections and mo-
toneurons the value of Q is 0.48. These relatively high Q values
support the hypothesis of a repeating core set of muscle cells
and motoneurons. The complete connectivity database of C.
elegans was previously calculated to have a Q of 0.66 (Kashtan
and Alon, 2005; corrected Q,, of 0.52). For our and for for-
merly published calculation of modularity, edges were consid-
ered undirected and unweighted.

Discussion

Perimotor space

Many studies equate the location of a neuron to the anatomical
location of'its cell body (Ahn et al., 2006; Chen et al., 2006; Kaiser
and Hilgetag, 2006; Varier and Kaiser, 2011). In fact, for most
neurons with extensive dendritic trees, the location of the cell
body provides little information about the function of the neu-
ron. Our goal in the present work was to find a mapping or
transformation that would facilitate the identification of patterns
of connectivity. We reasoned that functionally related groups of
motoneurons would be defined by the muscles they innervate.
Because the muscles are arrayed approximately linearly along the
AP axis of the nematode, it seemed reasonable to array the mo-
toneurons along this axis. By expressing the position of other
motoneurons relatively, according to this scheme, we were able to
group connections according to their function. These coordi-
nates chart a new framework, the perimotor space. It is important
to realize that the mapping of function onto a linear array corre-
sponding to muscle location is one of many ways to order and
segregate functionally related connections. Unlike the nematode,
where the location of a muscle defines its function, in jointed
limbs the relationship between the location of a muscle and its
mechanical action is more complex. However, an analogous ap-
proach to the mapping used here would be to map the position of

motoneurons in perimotor space along a normalized temporal or
phase axis according to the activity of the motoneurons during a
single cycle of locomotion (Yakovenko et al., 2002). The concept
of perimotor space we used here shares some similarities with
myotopic neuronal maps described for the motoneuron den-
drites of Drosophila larvae (Landgraf et al., 2003; Dixit et al.,
2008). However, we find perimotor space more useful because it
incorporates the function of the muscles and hence allows direct
behavioral interpretation of the model. Furthermore, perimotor
mapping can provide the functional meaning and interpretability
of network structure when coupled with network analysis using
graph theory (Bullmore and Sporns, 2009) for existing and novel
wiring datasets. In such analysis, nodes that are directly involved
in locomotion (motoneurons or specific areas of the CNS) will be
fixed in perimotor space. One system that might benefit from this
type of analysis is a single segment of the mammalian spinal cord.

The perimotor description of the motoneuronal network of C.
elegans (Fig. 2) has revealed a hitherto-undescribed modularity in
the synaptic connections of motoneurons. Furthermore, it sup-
ports some existing hypothesis while generating new ones. For
example, two motoneuron classes, AS and DA, were known to be
morphologically similar except for the presence of a long, non-
synapsing dorsal neurite directed anteriorly in DA but not AS
motoneurons (White et al., 1976). In the present work, we have
shown that they also have different synaptic connections and
hence are likely to serve different roles in the locomotor circuit.
Specifically, each DA makes neuromuscular junctions to three
muscles and synaptic connections to two VD motoneurons,
while each AS innervates two muscle cells and only one VD. AS
motoneurons have gap junctions with VA motoneurons in a pos-
terior location and to an anterior DA, while DA motoneurons
have gap junctions with VA motoneurons that innervate the op-
posing muscle cells (Fig. 7). In addition, AS motoneurons are
innervated by both AVA and AVB interneurons and therefore
might be activated during both forward and backward locomo-
tion, while DA are innervated by AVA, AVD, and AVE (Chalfie et
al., 1985; White et al., 1986; present study) and are activated
during backward but not forward locomotion (Haspel et al.,
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2010) and are necessary for backward locomotion (Chalfie et al.,
1985).

Iterative connections

Once we generated the motoneuronal network in perimotor
space, we were able to detect iterative patterns within the connec-
tions. Most connections made by motoneurons of the same class
are with neurons of a similar class at similar perimotor distances.
This iterativity is not apparent when only the anatomical loca-
tions of the neurons are considered. Some of the connections that
iterate are anatomically scarce and were not considered impor-
tant before. For example, each AS motoneuron has a single gap
junction to a VA motoneuron that innervates ventral muscle cells
posterior to those innervated by the former.

Two previously used assumptions are crucial for our analysis
to be valid and meaningful. First, the single individual organism
from which data were gathered should have stereotypical connec-
tivity for the species, sex, and developmental stage. Second, the
pattern of connectivity of the posterior half should be similar to
that of the anterior half. If, following the acquisition of new con-
nectivity data, either assumption is proven wrong, the wiring
diagram of a segment may have to be altered. However, the va-
lidity of the method of analysis will still hold and new data can be
easily incorporated to produce a more refined model of a seg-
mental wiring diagram. In addition, as described above, we ad-
opted assumptions regarding the neuromuscular innervations
previously made by Chen et al. (2006).

A periodically repeated sublineage was reported for five classes
of motoneurons (VA, VB, VC, VD, and AS) (White et al., 1976),
which we suspected might underlie the perimotor iterativity.
However, when we compared the cellular lineage (Sulston et al.,
1983; http://www.wormbase.org/db/searches/pedigree) to the
perimotor and anatomical locations (Fig. 1b), we found that the
cellular lineage is closely related to the location of the cell bodies
along the ventral cord but not to the function of the motoneuron
or its perimotor location.

The analysis of iterative connectivity emphasizes connections
based on their similarity among modules and eliminates connec-
tions that iterate below an arbitrary threshold (we used the most
conservative threshold of two connections). It can be applied to
many segmental networks. Furthermore, it could be modified to
accommodate other modular networks (in which modules are
similar to each other), for example, the connectivity within and
among cortical columns. In this case, the analysis will have to be
modified to include a second dimension.

Perimotor segmentation and the connectivity model

Segmentation is very prevalent among undulatory motor systems
(Puhl and Mesce, 2010) such as leech and lamprey. Moreover,
undulatory propagation was recently suggested to underlie activ-
ity in the mammalian spinal cord during motor behavior (Cuellar
etal., 2009). The study of the relatively small motoneuronal net-
work underlying undulatory locomotion in C. elegans as a seg-
mented network might reveal fundamental principles shared
with these more complex systems. Segmentation of the motoneu-
ronal network was suggested for another nematode species, As-
caris lumbricoides (Stretton et al., 1978; Davis and Stretton, 1996),
in which six segments contain 11 motoneurons each. The seg-
mentation was based on the anatomical location of the commis-
sures along the body and soma location of the motoneurons.
However, the pattern of commissures along C. elegans body is
different and does not suggest a repeating unit, and the adult C.
elegans has not been considered to be segmented (Minelli and
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Fusco, 2004). By keeping only connections that iterate in the same
class of motoneurons, we defined the stereotypical motoneuron of
each class. We then assembled a perimotor segment, which we iter-
ated six times to produce the connectivity model. Most of the chem-
ical synapses (27 of 33) in this model are within segments, while most
of the gap junctions (14 of 20) are between segments. Gap junctions
have been suggested before to be important for the coordination of
motor output (Kiehn and Tresch, 2002). There are several important
ways in which this connectivity model differs from formerly pub-
lished models. Mainly, it is completely based on the currently avail-
able neuroanatomical dataset. We did not arbitrarily choose only
motoneurons and connections that fit a specific hypothesis of their
role in locomotion. Rather, the connectivity model includes all mo-
toneuron classes and iterating connections. The VC class of mo-
toneurons is included as input to other motoneurons as explained in
Materials and Methods.

Advances in automation and novel neuroanatomical tools are
generating a growing number of connectivity datasets (Micheva
and Smith, 2007; Lu et al., 2009; Katz et al., 2010). The represen-
tation of such datasets is a crucial step toward gaining insight into
the principles that underlie neuronal connectivity. Published
representations have commonly used parameters of connectivity
derived from the data itself to localize nodes in dimensionless
space (such as clustering and attraction/repulsion algorithms) or
along axes of such parameters (such as eigenvalues, adjacency, or
hierarchy). These representations emphasize specific features of
the network but do not reflect the function of the network. The
perimotor representation we introduce is based on the function
of muscle and the pattern of motoneuronal innervation. We have
used it to discover and extend rules of connectivity in the data
available for the anterior portion of C. elegans locomotion net-
work and construct a novel, segmented, connectivity model. The
perimotor space is not limited to this network but can be gener-
alized and extended to connect graph theory analysis with net-
work function in other networks.
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