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Abstract

A fundamental design principle of nervous systems is the grouping of neuronal contacts
into layers within nerve bundles. The layered arrangement of neurites requires
nanoscale precision in their placement within bundles, and this precision, which can not
be exclusively explained by simple tip-directed outgrowth dynamics, underpins synaptic
specificity and circuit architecture. Here we implement novel imaging methods and deep
learning approaches to document the specific placement of single neurites during the
assembly of the C. elegans nerve ring. We uncover a zippering mechanism that controls
precise placement of neurites onto specific layer subdomains. Nanoscale precision in
neurite placement is orchestrated via temporally-regulated expression of specific Ig
adhesion molecules, such as SYG-1. Ig adhesion molecules act as instructive signals,
defining sublaminar regions and guiding neurite zippering onto target neurons. Our
study reveals novel developmental mechanisms that coordinate neurite placement and

synaptic specificity within layered brain structures.
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Introduction

In brains, neurites are segregated away from the cell bodies into synapse-rich
regions termed neuropils: dense structures of nerve cell extensions which commingle to
form functional circuits (Maynard, 1962). Neuropils are units of functional organization
within brains, and within the precisely arranged architecture of the neuropil, placement
of neurites into specific neighborhoods is a major determinant of synaptic specificity and
circuit connectivity (Maynard, 1962; Schiurmann, 2016; Soiza-Reilly & Commons, 2014;
Xu et al., 2020; Zheng et al., 2018). Proper functional connectivity therefore depends on
design principles that guide placement of neurites, at nanoscale precision, within
neuropils.

A fundamental design principle of neuropil organization is the segregation of
neurites into laminae and sublaminae, and this laminar organization principle is
conserved and observed in neuropils of both vertebrate and invertebrates (Gabriel et
al., 2012; Millard & Pecot, 2018; Sanes & Zipursky, 2010). The laminar structural
organization is key to the assembly and functional segregation of specific circuits
(Gabriel et al., 2012; Kolodkin & Hiesinger, 2017; Millard & Pecot, 2018; Nevin et al.,
2008). For example, in the inner plexiform layer (IPL) of the vertebrate retina, synaptic
connections conveying different types of visual information spatially segregate onto
distinct sublayers. Placement of neurites with similar functions into specific sublayers
restricts synaptic partner choice, driving synaptic specificity (Robles et al., 2013).
Therefore, the co-segregation of neurons with similar response properties into specific

layers gives rise to topographic maps in which structural principles underpin functional
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principles in the precise assembly, and segregation, of distinct circuits (Clandinin &
Feldheim, 2009).

Within the layered organization of neuropils, subsets of neurons are capable of
specifically projecting onto multiple layers, enabling integration of information across
laminar circuits. For example, glycinergic and GABAergic amacrine cells in the IPL of
the retina, and the periventricular projection neurons in the zebrafish tectal neuropil,
extend single neurites that link multiple sublayers within their respective neuropils
(Demb & Singer, 2012; Kolb, 1995; Kunzevitzky et al., 2013; Robles et al., 2011; Strettoi
et al.,, 1992; Taylor & Smith, 2012). Their precise placement, and the distribution of
synapses within neurite regions, underlies their functional roles as integrators of
information across the modular and layered circuit architecture (Robles et al., 2011;
Strettoi et al., 1992; Taylor & Smith, 2012). How the precise placement of these
multilayer-spanning neurites is specified during development, particularly in the context
of the assembling neuropil, is not understood.

Molecular genetic studies have revealed roles for cell adhesion molecules
(CAMs) and guidance factors in neuronal targeting onto specific layers of the brain. For
example, studies in both the mouse and fly visual systems have revealed important
roles for IgSF proteins, such as the Sidekick, Dscam and Contactin molecules, in
targeting neurons to distinct layers or sublaminae (Sanes & Zipursky, 2020; Tan et al.,
2015; Yamagata & Sanes, 2008, 2012). These studies indicate that the expression
levels, the timing of expression and the co-expression of specific CAMs influence layer-
specific targeting of neurites within neuropils (Petrovic & Hummel, 2008a; Poskanzer et

al., 2003; Schwabe et al., 2014). These observations also reveal that our current


https://doi.org/10.1101/2020.08.28.271437
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.28.271437; this version posted August 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

96 mechanistic frameworks of axon guidance and cell-cell interactions are insufficient to
97 provide a conceptual understanding of how nanoscale organization within neuropils
98 emerges during development. In particular, how single cells make simultaneous and
99  coordinated use of these molecular cues to achieve precise placement, resulting in
100  synaptic specificity within layered neuropils, is poorly understood.

101 The C. elegans nerve ring is a crowded neuropil tens of micrometers thick in
102 which neuronal processes have to discriminate between targets to assemble functional
103  circuits that underpin specific behaviors (Ware et al., 1975; White et al., 1986). We
104  recently demonstrated that the C. elegans nerve ring neuropil is a layered structure,
105  with layers (called “strata”) that functionally segregate sensory information and motor
106  outputs (Moyle et al., 2020). A subset of highly interconnected neurons, which form part
107  of a group called ‘rich-club neurons’, serve as hubs that link functionally distinct strata,
108  analogous to amacrine cells in the inner plexiform layer of the vertebrate retina (Marc et
109 al., 2014; Moyle et al., 2020; Towlson et al., 2013). The precise placement of these rich-
110 club neurons along distinct nerve ring strata, and the specific segregation of their
111  synaptic inputs and outputs between these strata, are important for supporting the
112 structure and function of the nematode brain (Gray et al., 2005; Moyle et al., 2020;
113 Wakabayashi et al., 2004).

114 To determine how neuronal processes are precisely placed onto specific layers
115  during development, and the implications of this placement for synaptic connectivity, we
116 examined the AIB interneurons, a pair of “rich-club neurons” that integrate sensory and
117  motor information across nerve ring strata (Chalasani et al., 2007; Kang & Avery, 2009;

118 Moyle et al., 2020; Sabrin et al., 2019; Towlson et al., 2013). Each AIB neuron projects
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119 a single neurite, and segments of that single neurite are placed along distinct and
120  specific layers in the C. elegans nerve ring. The nanoscale precision of AIB neurite
121  placement informs the specificity of AIB synaptic sites in the dense neuropil structure of
122 the nerve ring.

123 We labeled the AIB neurons for visualization in vivo and implemented novel
124 imaging methods and deep learning approaches to yield high-resolution images of AlB
125  during embryonic development. We discovered that placement of the AIB neurite
126  depends on coordinated zippering mechanisms that align segments of the AIB neurite
127  onto specific sublayers. Through forward and reverse genetic screens we uncovered
128  molecular factors important for placement of the AIB neurite. We identified roles for the
129 IgCAM syg-1 in zippering a segment of the AIB neurite onto a layer boundary. We
130 determined that syg-1 expression is layer specific, and temporally controlled to coincide
131  with AIB neurite outgrowth and zippering onto the correct sublayer. Expression of SYG-
132 1 is sufficient to specify AIB neurite placement, and ectopic expression of just the SYG-
133 1 ectodomain results in segments of the AIB neurite being incorrectly positioned at the
134  ectopic SYG-1-expressing layers. Our findings uncover a novel zippering mechanism
135  which acts in vivo to place neurites along specific layers of the nerve ring neuropil. This
136 mechanism is based on a temporally-coordinated expression of IgCAMs at specific
137  layer subdomains. The developmental processes uncovered in this in vivo study might
138 represent conserved mechanisms that enable placement of neurites, and en passant
139  synaptic specificity, in layered neuropil structures.

140

141
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142  Results

143

144  The AIB neurites are placed along distinct strata in the C. elegans nerve

145  ring neuropil

146  To characterize the precise placement and synaptic distribution of the AIB neurites in
147 the context of the nerve ring neuropil strata, we examined available connectome
148  datasets generated across the larval developmental stages of C. elegans(White et al.,
149  1986; Witvliet et al., 2020). Synapses in AIB, like in most nerve ring neurons, are
150 formed en passant, or along the length of its single neurite. AIB displays polarity in the
151  distribution of its synaptic specializations: postsynaptic specializations are enriched in
152  the proximal neurite (near the cell body), while presynaptic specializations are enriched
153 in the distal neurite (Fig. 1a-c). Examination of the connectomes revealed that the
154  synaptic polarity of AIB is stereotyped, established by the L1 stage and preserved

155  throughout development (Witvliet et al., 2020)(https://nemanode.org/).

156 Segments of the AIB single neurite reside along distinct strata of the nerve ring
157  (Supplementary Fig. 1a). The AIB proximal neurite, which is enriched in postsynaptic
158 specializations, forms contacts with neighboring amphid sensory neurons in a sub-
159  bundle coincident with S3/S4 sublaminar region, hereafter termed ‘AlB proximal
160  neighborhood’. The AIB distal neurite, which is enriched in presynaptic specializations,
161 contacts neighboring motor interneurons in a sub-bundle coincident with S2/S3
162  sublaminar region, hereafter termed ‘AIB distal neighborhood’. In the distal
163  neighborhood, the highest number of AIB contacts are formed with the neurites of motor

164  neuron RIM (Supplementary Fig. 1b,c), a major fasciculation partner and postsynaptic
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165 partner of AIB, located at the S2/S3 sublaminar region (Supplementary Fig. 1b). In the
166  proximal neighborhood, AIB receives synaptic inputs from sensory neurons in the S3/4
167  sublaminar region (Supplementary Fig. 1b,d). Therefore, placement of the AIB neurite
168  onto these distinct neighborhoods links sensory information (from the S3/4 sublaminar
169  region) to motor neuron outputs (in the S2/S3 sublaminar region) in the nerve ring
170  neuropil. This design principle of the AIB neurite is present in early larval stages and
171  preserved upto adulthood (Supplementary Fig. 1b)(Witvliet et al., 2020).

172 The AIB neurite segments reach the proximal and distal neighborhoods via a
173 shift of the neurite along the anteroposterior axis, precisely at the dorsal mid-line of the
174  nerve ring (herein refered to as the “chiasm”, as the shift results in a cross-over of the
175 two AIB neurites; indicated by arrowheads in Fig.1a-g, Supplementary Fig. 1e-j).
176 Remarkably, the shift of the AIB neurite is precisely the width of the S3 strata, enabling
177 it to bridge the S3/4 and S2/3 sublaminae with the positioning of its neurite segments
178  (Supplementary Fig. 1). Network analyses on the contacts of AIBL and AIBR with other
179 neurons across the available connectomes revealed similarity in number and
180  distribution of AIB contacts across development (pairwise cosine similarity index S,
181 ranges from 0.62-0.97, S>0.5 representing a positive correlation between datasets,
182  Supplementary Fig. 2a-c also see Methods). This is indicative of a developmental
183 program that establishes contact profiles for AIB during embryogenesis, and is
184  allosterically maintained during post-embryonic growth (Fan et al., 2020). We also found
185 that AIBL and AIBR have high betweenness centrality (a standard property for rich-club
186  neurons (Towlson et al., 2013)) in an L1 (first larval stage after embryogenesis) and an

187  adult connectome dataset (Witvliet et al., 2020), suggesting that AIB functions as a rich
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188 club neuron at early as well as later postembryonic developmental stages
189  (Supplementary Fig. 2d). Moreover, examination of AIB in the connectome of the
190 nematode Pristionchus pacificus, which is separated from C. elegans by 100 million
191 years of evolutionary time, revealed similar design principles in morphology and
192  placement of the AIB neurite (Hong et al., 2019). Therefore AIB morphology, position
193 and polarity are conserved features of the architecture of the nematode brain,
194  established during embryonic development and are uniquely designed to integrate and
195 relay information across functional modules of the nerve ring. The developmental
196 programs that govern these design principles, enabling nanoscale precision in the
197 placement of the AIB neurite onto specific neighborhoods and the segregation of
198  synaptic specializations, are not understood.

199

200 In vivo visualization of AIB synaptic distribution and placement in the nerve
201  ring neuropil

202 To examine the developmental programs of AIB, we developed cellular and
203  subcellular fluorescent labels for imaging of AlB, its neighborhoods and its synapses in
204  vivo in embryonic stages and postembryonic larval stages. The synaptic distribution that
205 we observed by fluorescent labeling was consistent with the EM connectomic
206 characterizations: presynaptic proteins RAB-3 and CLA-1 localized exclusively to the
207  distal segment of the neurite, while postsynaptic protein GLR-1 localized primarily to the
208 proximal neurite segment (Fig. 1d,e; Polarity index, Pl = 0.92 for RAB-3 and 0.24 for
209  GLR-1, where PI1>0.5 represents a distal localization and PI1<0.5 represents a proximal

210 localization). These markers also enable visualization of the chiasm that result in the
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211  separation of the two AIB neurite segments onto distinct neighborhoods along the
212 antero-posterior axis of the worm (Fig. 1f-1, Supplementary Fig. 1g,h). We found that the
213 chiasm is stereotyped and similar in length across L4 stage animals, as measured from
214  confocal micrographs (mean length = 2.97+0.22 um, number of neurons measured, n
215  =22), and electron micrographs (dorsal midline shift length in AIBL and AIBR in electron
216  micrographs of an L4 stage animal, JSH, are 3.01 um and 3.16 um respectively).

217 To visualize the AIB neurite in the context of the proximal and distal
218 neighborhoods, we co-labeled neurons that extensively contact (fasciculate) with AIB in
219  the proximal and distal neighborhoods: motor neuron RIM for the distal neighborhood
220 and sensory neurons AWC and ASE for the proximal neighborhood (Supplementary
221  Fig. 1c,d). Consistent with the EM connectomic studies, these representative
222 neighborhood markers overlap with the expected neighborhoods (Fig. 1f-m). Our
223 findings are consistent with and extend previous studies, demonstrating that the AlIB
224 unique morphology emerges early in development, is stereotyped across animals and is
225  conserved throughout evolution (Hong et al., 2019; White et al., 1983). Our examination
226  of AIB in the context of electron micrographs from connectomic studies and in vivo
227 imaging reveal that the AIB neurite is designed, by its position and distribution of
228 synapses, to occupy distinct neighborhoods and integrate information across strata of
229  the nerve ring.

230

231

232
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233 Modular developmental programs underlie precise placement and synaptic
234  polarity of the AIB neurites

235 To understand the cellular and molecular mechanisms underpinning the precise
236  placement of the AIB neurites in the context of the nerve ring neuropil, and how their
237  placement relates to synaptic polarity, we performed unbiased forward genetic screens
238 and candidate screens in postembryonic larval stage animals. Our screens uncovered
239  mutants with defects in AIB neurite outgrowth and placement: a novel mutant allele of
240  transcription factor daf-16/FOXO (0la337) (Supplementary Table 1), lesions in genes
241 encoding cytoskeletal regulators (unc-33 and zyg-8) and lesions in axon guidance
242 genes (vab-1, unc-6 and sax-3). These mutants result in defects in AIB neurite
243  placement in the context of the neighborhoods by affecting AlIB outgrowth and/or nerve
244  ring neighborhood development (Fig. 2; Supplementary Fig. 3), (Christensen et al.,
245  2011; Grossman et al., 2013; Yoshimura et al., 2008; Zallen et al., 1999)). Interestingly,
246 inspection of AIB subcellular distribution of pre- and postsynaptic specializations in
247 these mutant backgrounds revealed that when AIB morphology and the nerve ring
248 neighborhoods are affected, the AIB neurites still exhibit a polarized distribution of pre-
249  and postsynaptic proteins (Fig. 2). For instance, even in cases in which the distal AlB
250  neurite segment was largely absent, the neurite retained the polarized distribution of pre
251  and postsynaptic proteins, with presynaptic components accumulating specifically in the
252  distal segment, or tip, of the truncated neurite and not in the proximal neurite (Fig. 2e-l).
253  The retainment of synaptic polarity even in extreme cases of neurite outgrowth or

254  neighborhood placement defects suggests modularity between the developmental
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255 processes dictating neurite placement and the polarized distribution of pre- and
256  postsynaptic specializations in the context of the proximal and distal neurite segments.
257 Our genetic findings suggest that synaptic specificity in AIB requires the correct
258 deployment of two modular developmental programs: polarized placement of pre- and
259  postsynaptic specializations along the neurite, and the placement of the neurite onto the
260 correct strata. To specifically understand the mechanisms that regulate placement of
261 the AIB neurite onto the correct strata, we focused our analyses on mutants with
262  nanoscale defects in the placement of the AIB neurite within specific neighborhoods.

263

264 The IgCAM SYG-1 is required for precise placement of the AIB distal
265 neurite in the nerve ring

266 From our screens we discovered that loss-of-function mutant alleles of the Ig
267  superfamily CAM gene syg-17 result in significant defects in placement of the AIB neurite
268 in the nerve ring. In wild type animals, we observed overlap between the AIB distal
269 neurite, and its distal neighborhood partner, RIM (Fig. 3a-d), consistent with electron
270  microscopy characterizations of AIB and RIM fasciculation (Supplementary Fig. 1b). In
271  contrast, in syg-1 mutants the AIB neurites are frequently detached or separated from
272 the RIM neurites (Fig. 3e-h). 70.7% of syg-1(ky652) animals and 62.5% of syg-
273  1(0k3640) animals (as compared to 0% of wild type animals) show regions of AIB-RIM
274  detachment, i.e., failure of the AIB and RIM neurites to fasciculate along their entire
275 length in the distal neighborhood. Cosmid C54A10, containing the syg-71 genomic
276  region, rescued the distal neurite placement defects in syg-7(ky652) (in 87.5% of

277  animals with the rescuing construct, the AIB and RIM neurites show complete overlap
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278 asin wild type animals) (Fig. 3i-l). In the syg-1(ky652) animals that exhibit defects in AlB
279  neurite placement with respect to RIM, we calculated the percentage of AIB-RIM neurite
280 contact length that exhibits detachment or separation, and found the average percent
281 detachment to be 21.49+4% of total contact length in syg-1(ky652) mutant animals (Fig.
282  1m, also see Methods). The AIB chiasm is also significantly reduced in length in syg-1
283  mutants (Supplementary Fig. 4a), and the distal neurite is not positioned at a uniform
284  distance from the proximal AIB neurite (Fig. 1n), consistent with a placement defect of
285 the AIB distal neurite onto the distal neighborhood . We note that in the syg-1(ky652)
286  mutant animals, the cell body position of AlIB, AIB’s neurite length and placement of the
287  AIB proximal neurite segment are unaffected (Supplementary Fig. 4b,c), suggesting that
288  syg-1 specifically regulates the placement of the distal neurite segment in the distal
289  neighborhood. Our findings indicate that correct placement of the AIB proximal neurite
290  and the distal neurite are genetically separable. Importantly, our findings indicate that Ig
291  superfamily cell adhesion molecule SYG-1 is necessary for nanoscale placement of the
292  AIB neurite to the distal nerve ring neighborhood.

293 SYG-1 and its orthologs (Rst and Kirre in Drosophila and Kirrel1/2/3 in mammals)
294  are multipurpose adhesion molecules which function in a wide variety of developmental
295  contexts, including synapse formation in the C. elegans egg-laying circuit, muscle cell
296 fusion, eye patterning and olfactory axon convergence in Drosophila, and formation of
297 the kidney filtration barrier in mammals (S. Bao & Cagan, 2005; Garg et al., 2007; Kim
298 etal., 2015; Serizawa et al., 2006; Shen & Bargmann, 2003; ztokatli et al., 2012). Given
299  SYG-1’s known role in synaptogenesis in C. elegans, we examined the distribution of

300 synaptic sites along the AIB distal neurite in syg-1 mutants. We noted reduction in RAB-
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301 3 signal in regions of the AIB distal neurite, but specifically for areas lacking RIM
302 contacts (Supplementary Fig. 4g-p). We hypothesized that SYG-1 could mediate
303 synaptogenesis in AIB, and that synapses might then help place AIB in the distal
304 neighborhood. To test this hypothesis we identified, from our forward and reverse
305 genetic screens, additional lesions resulting in synaptogenesis defects in AlB, including
306 a novel allele of syd-2(ola341) (Supplementary Table 1), and cla-1(0k560) (Barstead et
307 al., 2012; Xuan et al., 2017; Zhen & Jin, 1999). We observed that while syd-2 and cla-1
308 mutants result in an abnormal distribution of presynaptic specializations in AIB
309 (Supplementary Fig. 4g-t), they do not display phenotypes in AIB neurite placement
310 within the distal neighborhood (Supplementary Fig. 4u). Our findings indicate that
311  molecules that affect synaptogenesis do not necessarily result in fasciulation defects for
312 AIB. Together, our findings suggest that SYG-1 plays a role in mediating neurite
313  placement specifically onto the distal neighborhood via fasciculation.

314

315 RIM neurons express SYG-1 and regulate AIB neurite placement

316 To understand how syg-1 regulates the precise placement of the AIB neurite in its
317 distal neighborhood, we next investigated where the syg-1 gene is expressed. We
318 achieved this by co-expressing an AIB reporter and a transcriptional reporter of syg-1
319 (Schwarz et al., 2009) and examining its expression in the nerve ring of wild type
320 animals. We observed robust expression of the syg-1 transcriptional reporter in a
321 banded pattern in the nerve ring neuropil, with specific enrichment in the AIB proximal
322 and distal neighborhoods (Fig. 4a-d). By quantifying the ratio of mean intensities of the

323  syg-1 reporter in the proximal and distal neighborhoods, we found that on average, syg-
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324 1 expression levels were 3.37 times (S.E.M. = 0.12) higher in the distal neighborhood
325 relative to the proximal neighborhood (Fig. 4i). We then tested whether RIM, the primary
326 distal neighborhood fasciculaton partner of AIB, expresses syg-71. Indeed, co-
327 localization studies revealed syg-1 reporter expression in RIM, but not in AIB, consistent
328  with previous observations (Schwarz et al., 2009) (Fig. 4a-h). Therefore, neurons in the
329  AIB distal nerve ring neighborhood, including RIM, express SYG-1.

330 As syg-1 mutant animals exhibit defects in AIB neurite placement in the distal
331 neighborhood, and as SYG-1 is expressed in RIM, we hypothesized that the RIM
332 neurons might regulate placement of the AIB distal neurite onto the distal neighborhood.
333  Via promoter screening and a systematic lineage tracing and cell identification pipeline
334 (Z. Bao et al.,, 2006; Boyle et al., 2006; Duncan et al., 2019; Murray et al., 2006;
335 Santella et al., 2014), we identified two promoters expressed in the RIM neurons prior to
336 embryonic growth and placement of the AIB distal neurite (which occurs approximately
337 520-570 m.p.f. — see next section and Fig. 5). The promoters identified were inx-19p
338  (expressed in RIM starting ~370 m.p.f (minutes post fertilization)) and tdc-1p (expressed
339 in RIM starting ~445 m.pf) (see Methods, Supplementary Fig. 5),
340  http://[promoters.wormguides.org). We then used these early promoters to drive an in-
341  vivo split caspase ablation system (Chelur & Chalfie, 2007) to successfully eliminate the
342  RIM neurons during embryogenesis (Supplementary Fig. 5d-g). Consistent with our
343  hypothesis, we observed that ablation of RIM results in defects in placement of the AIB
344  distal neurite to the distal neighborhood. These defects in RIM-ablated animals
345 phenocopy the defects seen for the syg-1 mutants. 80.6% and 51.5% of animals had

346  defects in AIB distal neurite placement in RIM-ablated animals (using two strategies-
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347 see Supplementary figure 5 and Methods), compared to 3.1% in a wild type population;
348 Fig. 4j-q). These observations demonstrate that SYG-1-expressing RIM neurons are
349  necessary for the precise placement of the AIB neurite in the distal neighborhood.

350

351 The AIB neurite is positioned in the distal neighborhood during embryonic
352 development via a novel zippering mechanism

353 To understand how the RIM neurons contribute to placement of the AIB distal
354 neurite segment, we examined the placement of the AIB and RIM neurites during
355 embryogenesis. Imaging AIB and RIM in embryos required integration of subtractive
356 labeling strategies for sparse labeling and in vivo tracking of the AIB neurites
357 (Supplementary Fig. 6; Armenti et al., 2014a). It also required isotropic imaging via the
358 use of dual-view light-sheet microscopy (diSPIM) (Kumar et al., 2014; Wu et al., 2013)
359 and the development of a triple-view confocal microscope combined with a deep-
360 learning framework for enhanced resolution ((Weigert et al., 2018; Wu et al., 2016),see
361 details in Methods). Our high resolution and continuous imaging approaches in embryos
362 revealed that the stereotypic placement of the AIB neurite involves (a) an initial phase of
363 tip-directed outgrowth, and (b) relocation of part of the growing neurite to the distal
364 neighborhood by a ‘zippering’ mechanism, as further described below.

365 (a) Initial tip-directed outgrowth: We observed that the cell bodies of the bilaterally
366  symmetric AlIB neurons display outgrowth of a neurite that enters the nerve ring ~ 400
367 m.p.f. The two AIB neurites then circumnavigate the nerve ring at opposite sides of the
368  neuropil—with AIBL growing dorsally on the left side of the nerve ring, and AIBR also

369  projecting dorsally, but at the right side of the ring (Fig. 5a,b). They grow along the
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370  proximal neighborhood, fasciculating with the axons of amphid sensory neurons (from
371  which they later receive synaptic inputs) (Supplementary Fig. 6d). The simultaneous
372 outgrowth of the AIBL and AIBR neurons results in their neurites meeting at the dorsal
373  midline of the nerve ring at approximately 460 m.p.f. The AIB outgrowth continues past
374  their meeting point at the dorsal midline, and each AIB grows along each other, still
375  along the proximal neighborhood, at 480 m.p.f. (Fig. 5c).

376  (b) Relocation to the distal neighborhood: We observed that around 500 m.p.f., the
377 segment of each AIB neurite that has grown past the midline (ie, segment that will
378 constitute the future distal neurite) starts separating from its lateral counterpart (the
379  other AIB), starting from the growing tip (Fig. 5d-f, Supplementary Fig. 6e-g). The exit of
380 the tip from the proximal neighborhood takes place as it extends straight, instead of
381 following the ventral turn of the nerve ring, likely due to a loss of adhesion to proximal
382  neighborhood neurons (Supplementary Fig. 6h,i). The growing tip then encounters the
383 distal neighborhood (marked by RIM) at approximately 520 m.p.f. (Fig. 5h). Following
384 this, the entire shaft of the future distal neurite relocates to the distal neighborhood,
385 starting from the tip, and progressively ‘zippering’ towards the midline (Fig. 5i,j). At 510
386 minutes, 8% of the relocating distal neurite overlaps with RIM and the distal
387 neighborhood. This overlap increases to 60% at around 535 mins and 96% at around
388 560 mins, demonstrating progressive overlap over time, analogous to the fastening of a
389  zipper (see Methods). The separation or ‘unzippering’ from the proximal neighborhood
390 and ‘zippering’ onto the distal neighborhood leads to repositioning of the entire distal

391 neurite of AIB to a new neighborhood (Fig. 5j-n).
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392 To investigate if placement of the AIB distal neurite by zippering has implications
393  for synaptic protein distribution, we imaged presynaptic protein RAB-3 localization in the
394  AIB distal neurite during the time when it is repositioned by zippering (520-570 m). We
395 discovered that presynaptic proteins populate the neurite starting from the tip,
396 progressively towards the dorsal midline in the same spatial pattern as AIB-RIM
397  zippering-mediated contact (Supplementary Fig. 7). This suggests that the zippering
398 mechanism might influence the spatiotemporal pattern of synaptic protein distribution in
399 AIB upon contact with postsynaptic RIM. These findings are consistent with the
400 observation in syg-1(ky652) that partial contact between AIB and RIM results in altered
401  distribution of synaptic proteins to the sites of RIM contact.

402 Altogether, we discovered that the AIB neurite is positioned by a combination of
403  tip-directed growth in the proximal neighborhood, circumferential exit of the distal
404  neurite from the proximal neighborhood and its subsequent relocation and zippering to
405 the distal neighborhood. The phenomenon of zippering of neurite shafts as a
406 mechanism of fasciculation had been previously described in the context of dense
407  primary neuron cultures (Barry et al., 2010; Smit et al., 2017; Voyiadijis et al., 2011) but
408  whether this occurs in developmental contexts in vivo is unknown. We demonstrate that
409 the distal segment of the AIB neurite is placed in the correct neighborhood via a
410  zippering mechanism onto a specific sublayer of the nerve ring.

411

412

413
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414 Increase of local expression of SYG-1 at the distal neighborhood correlates

415  with zippering of the distal AIB neurite onto its neighborhood

416 To understand how SYG-1 coordinates the developmental sequence of events that
417 place the AIB neurite in specific neighborhoods, we examined the spatiotemporal
418 dynamics of expression of the syg-1 transcriptional reporter during embryogenesis. By
419  long-term imaging using light sheet microscopy (diSPIM) we discovered that the syg-1
420  promoter exhibits dynamic changes in spatial expression within nerve ring sublayers
421  during the different events that occur to sequentially and precisely place the AIB neurite.
422 Similar to postembryonic animals, in embryos prior to hatching (~780 m.p.f.), the
423  syg-1 reporter is expressed in both proximal and distal AIB neighborhoods, with
424 enrichment in the distal neighborhood (Fig. 6a-d). To investigate how this expression
425  pattern emerges during development, we imaged the dynamics of expression of the
426  syg-1 promoter throughout the developmental period during which the AIB neurites are
427  placed in the neighborhoods (400- 570 m.p.f.) (Fig. 5a-j). We observed:

428 1. Prior to 470 m.p.f., expression of the syg-7 reporter in the nerve ring is primarily
429  restricted to a single band corresponding to the AIB proximal neighborhood (Fig. 6e,i,i’).
430  This coincides with periods of outgrowth by the AIBs in the proximal neighborhood.

431 2. Over the next two hours of embryogenesis (470-590 m.p.f.), a pair of neurons (one
432 on each side of the nerve ring) robustly expressing syg-1 grow into, and are placed in,
433  the distal neighborhood (Fig. 6f,j,j’). Through colocalization studies we identified these
434  pair of neurons to correspond to RIMs (Supplementary Fig. 8a-c). As RIMs grow into the
435  distal neighborhood, we also observe the onset of syg-1 expression in other distal

436 neighborhood neurons (Fig. 6f-h). Therefore, during this period (470-590 m.p.f.) syg-1
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437  expression levels increase in the distal neighborhood due to (a) ingrowth of the syg-7-
438 expressing RIM neurons into the neighborhood and (b) onset of syg-7 expression in
439  other neurons in the neighborhood. This increase in syg-71 expression in the distal
440 neighborhood is accompanied by a progressive decrease in syg-1 levels in the proximal
441 neighborhood (Fig. 6j-1). Mean intensities of the syg-7 reporter in the distal
442  neighborhood relative to the proximal neighborhood increases by 2-2.4 times (between
443  470-600 m.p.f; Supplementary Fig. 8d,e).

444 These observations indicate that dynamic changes in relative levels of syg-1
445  between specific nerve ring neighborhoods might underlie the specific placement of the
446  single AIB neurite across these neighborhoods. Altogether we provide evidence of
447  layered expression of an IgCAM in two specific nerve ring neighborhoods, observe that
448  the expression dynamically switches between these neighborhoods and describe how
449  these dynamic changes correlate with the nanoscale precise placement of a single
450  neurite (AIB) across these neighborhoods.

451

452  Ectopic syg-1 expression is sufficient to alter placement of the AIB distal
453  neurite

454 To investigate if syg-1 is instructive for the placement of the AIB distal neurite in
455  the nerve ring, we ectopically increased syg-1 levels of expression in the proximal
456  neighborhood. Through promoter screening and lineage-based cell identification, we
457  determined that during embryogenesis, promoters of the nphp-4 and mgl-1b genes are
458  primarily expressed in neurons of the proximal neighborhood

459  (http://promoters.wormguides.org.) (Z. Bao et al., 2006; Boyle et al., 2006; Duncan et
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460 al., 2019). Many of the neurons in which these promoters are expressed are
461  fasciculation partners of AIB in the proximal neighborhood. We used these promoters to
462  drive ectopic expression of a syg-7 cDNA in the proximal neighborhood in the syg-
463  1(ky652) mutant background. Unlike in wild type and syg-1 mutants (Fig. 7a-f,
464  Supplementary Fig. 9a,b), in the animals with ectopic syg-1 expression, we observed a
465  gain-of-function phenotype in which the AIB distal neurite remains partially positioned in
466 the proximal neighborhood through postembryonic larval stages (Fig. 7g-,
467  Supplementary Fig. 9c). Therefore ectopic expression of syg-71 in neurons of the
468  proximal neighborhood is sufficient to misposition the AIB distal neurite segment. When
469  we ectopically expressed a syg-1 cDNA lacking the intracellular domains, we observed
470  similar gain-of-function effects, indicating that SYG-1's extracellular Ig domains are
471  sufficient in this context (Supplementary Fig. 9d). These observations suggest that
472  SYG-1 is instructive in the placement of the AIB distal neurite into specific
473  neighborhoods, and that its spatiotemporally regulated expression in banded patterns in
474  the nerve ring is important for placement of specific neurites onto distinct neuropil
475  layers.

476

477  SYG-1 is required for layer-specific placement of rich-club neuron AVE

478 We next examined if syg-1 is also important for placement of other neurites in the
479  layers in which it is highly expressed. We focused on the rich-club AVE neurons, the
480  neurites of which are also placed in two distinct neighborhoods, different from the AIB
481 neighborhoods and separated by a posterior-anterior chiasm at the dorsal midline. (Fig.

482  8a-c)(Moyle et al., 2020; Sabrin et al., 2019; Towlson et al., 2013; White et al., 1986).
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483  Reconstructions from electron micrographs reveal that the AVE neurons have a
484  morphology similar to AIB, however its neurite is more anteriorly placed (by one
485  stratum) with respect to AIB (Moyle et al., 2020). Therefore the proximal neurite of AVE
486  occupies the S2/S3 neighborhood occupied by the AIB distal neurite. Since syg-1
487  expression is enriched in this “AIB distal/AVE proximal” neighborhood, we tested, by
488  examining AVE neurite placement relative to the RIM neurons, if placement of the AVE
489  neurite in this neighborhood is also affected in syg-71(ky652) mutants.

490 Although AVE and RIM are not synaptic partners, they form non-synaptic
491 contacts with each other along their neurites, as indicated by EM connectome data
492  (White et al., 1986; Witvliet et al., 2020). When we fluorescently labeled RIM and AVE in
493  wildtype animals, we observed that the proximal AVE neurite runs along the RIM
494  neurite, consistent with the EM studies (Fig. 8d,e,e’). By contrast, in syg-1 mutants the
495  AVE proximal neurite is frequently detached from RIM (seen in 50% of syg-1(ky652)
496  mutants versus 9.1% in wild type (Fig. 8f,g,g’,h). The dorsal midline shift of AVE is also
497  affected in syg-1 mutant animals (mean length = 2.73 um in syg-1(ky652) and 3.99 um
498 in wild type animals; Fig. 8i). Together with the AIB studies, these observations are
499  consistent with syg-7 expression in a S2/S3 sublayer resulting in nanoscale placement
500  of both the AIB and AVE neurites into that neighborhood.

501 In the previous sections we demonstrated that RIM has robust syg-7 expression
502  during nerve ring development and throughout postembryonic stages. So we next
503 investigated if RIM acts as a guidepost, positioning AVE onto the S2/S3 neighborhood
504 to facilitate formation of AVE synapses onto correct partners. We observed that

505 caspase-mediated ablation of the RIM neurons results in partial defects in the
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506 placement of the AVE proximal neurite (37.03% of RIM-ablated animals had defects in
507 AVE neurite placement, compared to 6.37% in wild type animals) (Fig. 8j,k). Our
508 observations suggest that layer-specific expression of syg-71 regulates nanoscale
509 precision in placement of the AVE neurites in the AVE proximal neighborhood.
510 Together, our studies uncover spatiotemporal dynamics of expression of an adhesion
511  molecule between nerve ring neighborhoods, and its regulation of a novel zippering
512 mechanism for positioning neurites onto these specific neuropil strata.

513

514 Discussion

515 Nanoscale placement of rich-club interneuron AIB results in the wiring of modular
516 circuits across distinct layers of the neuropil. Neuropil layers are a conserved
517  organizational principle present in evolutionarily diverse brain regions, ranging from the
518 C. elegans nerve ring to the Drosophila lamina and the inner plexiform layer of the
519 mammalian retina (Moyle et al., 2020; Robles et al., 2011; Tan et al., 2015). Precise
520  placement of neuronal processes and their synapses, particularly for neurons spanning
521 across multiple layers, underpin brain topographic maps, and their functional and
522 structural principles (Clandinin & Feldheim, 2009). We find that in the layered nematode
523  nerve ring, ‘“rich-club” interneuron AIB facilitates network connectivity between the
524  modular S2, S3 and S4 layers, and that its precise placement and synaptic distribution
525 in the context of the neuropil is tightly linked to its functional properties as a rich-club
526  informational hub across layers. The conserved and stereotyped design principles
527 observed for AlB, both by EM analyses and in vivo, are reminiscent of those seen for

528 cellular motifs in the inner plexiform layer of the vertebrate retina. For example, All
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529  amacrine cells, which distribute their neurites and synapses across distinct, but specific
530 sublaminae, receive inputs from rod bipolar axon terminals (in lower sublamina b) and
531 produce outputs onto ganglion cell dendrites (in sublamina a)(Kolb, 1995; Strettoi et al.,
532 1992). Our forward genetic screens in AlIB reveal that the developmental processes
533 dictating neurite placement, and those instructing polarized distribution of pre- and
534  postsynaptic specializations across laminae, are genetically separable. Therefore in
535 AIB, the correct emergence of conserved design principles requires the modular
536  deployment of two developmental programs: polarized placement of pre- and
537  postsynaptic specializations along the neurite, and the nanoscale placement of the
538 neurite onto the correct neighborghood of the neuropil.

539 A novel zippering mechanism governs precise AlIB placement onto specific
540 neighborhoods in the neuropil. The correct development of the neuropil structure
541 requires that 181 neurites, which form synapses en passant or along the length of their
542  axon, are precisely placed onto neighborhoods within layers. Our current mechanistic
543  frameworks of neurodevelopment are insufficient to explain how single cells make
544  simultaneous and coordinated use of similar molecular cues to achieve precise
545  placement onto specific neighborhoods within the layered neuropil. By combining light
546 sheet microscopy, a new triple-view confocal microscope and machine learning
547  approaches, we are able to resolve these developmental events for the AIB neurons of
548 C. elegans, and uncover an in vivo mechanism that places neurites onto layers via
549  zippering. Zippering has been observed and characterized in tissue culture cells, and
550 has been hypothesized to be a mechanism that could instruct neurites switching tracts

551  within bundles or fascicles (Honig et al., 1998; Smit et al., 2017). Evidence for the in
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552 vivo existence of this mechanism, or its importance in development, has been lacking.
553  We now demonstrate that zippering occurs in vivo in embryos, and that it is important
554  for placing neurites within specific neuropil neighborhoods during development.

555 Spatiotemporally-regulated expression of IJCAM protein SYG-1 in specific nerve
556  ring neighborhoods guide placement of AIB neurites. Our genetic studies, embryonic
557 expression studies and imaging analyses reveal that expression of this IgCAM in
558 specific nerve ring neighborhoods is dynamic, coincides with AIB developmental
559 decisions, and is necessary, non-autonomously, for AlIB neurite placement onto specific
560 layers. Our findings are consistent with studies in the Drosophila medulla, which
561 determined that expression of DIP family of IJCAMs are restricted to specific layers or
562 layer boundaries, regulated during pupal development and probably necessary for
563 matching neuronal pairs within medullar layers (Tan et al.,, 2015). Moreover,
564  spatiotemporal dynamics of adhesion molecule expression encodes layer specificity in
565 the lamina of the Drosophila visual system, e.g., it was found that expression of the
566  adhesion molecule Cadherin-N renders neurons competent to layer-specific targeting in
567 a temporally segregated manner (Petrovic & Hummel, 2008). Our observations extend
568 these findings, now demonstrating that the spatiotemporal regulation of SYG-1 in
569  specific C. elegans nerve ring neighborhoods is tightly coordinated with the sequential
570  cellular decisions of AIB during the placement of its neurite segments onto specific
571  layers within the neuropil.

572 SYG-1 expression is sufficient to instruct misplacement of AIB onto ectopic
573  neighborhoods. Expression of the syg-1 gene, first at the S3/S4 nerve ring

574 neighborhood and later at the S2/S3 neighborhood coincides with the AIB outgrowth
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575  dynamics through these neighborhoods. Mis-expression of SYG-1 is sufficient to result
576  in the retention of segments of the AIB neurite onto the incorrect layer, indicative of a
577  role for SYG-1 in instructing zippering and placement of AIB onto the proper neuropil
578 layer. The 1g-CAM SYG-1 is conserved across evolution, and its orthologs (Rst and
579  Kirre in Drosophila and Kirrel1/2/3 in mammals) play important roles as adhesion
580 molecules in varying developmental contexts (S. Bao & Cagan, 2005; Garg et al., 2007;
581 Kim et al., 2015; Serizawa et al., 2006; Shen & Bargmann, 2003; ztokatli et al., 2012).
582  We note that while in the C. elegans egg-laying circuit, SYG-1 is known to interact with
583 its partner (SYG-2) to regulate synapse formation, in the context of the nerve ring, these
584  molecules appear to primarily mediate fasciculation. A loss-of-function mutant allele of
585  syg-2 exhibits similar defects in AIB distal neurite placement (Supplementary Fig. 4d-f).
586 A loss of function mutant in syg-2 has been previously shown to result in defasciculation
587 defects of the HSNL axon (Shen et al., 2004), and while not characterized in this study,
588  we hypothesize that similar mechanisms might underpin syg-2 roles at the nerve ring.
589 Importantly, our findings suggest that SYG-1 role in neurite placement in nerve ring
590 neighborhoods is analogous to the role for mammalian orthologs Kirrel 2 and Kirrel3,
591  which are involved in axon sorting in the olfactory system, possibly via regulation of
592  axon fasciculation.

593 Zippering mechanisms via affinity-mediated adhesion might help instruct
594  neighborhood coherence while preserving ‘fluid’, or transient interactions among
595 neurites within neuropil structures. Our analyses of contact profiles for individual
596 neurons in the nerve ring neuropil reveal that most interactions between neuropil

597  neurites are brief, resulting in a ‘tangled’ structure with variable contact profiles across
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598 connectomes (Moyle et al., 2020). Yet, neuropils, including the C. elegans nerve ring,
599 retain structural design features that underlie functional relationships among neurons,
600 and circuit specificity. How does the system solve this tension of flexibility and
601  stereotypicity? We speculate that dynamic expression of adhesion molecules, such as
602 SYG-1, and zippering mechanisms, might help preserve the tissue organization in the
603  tangled context of neuropils by creating affinity relationships of relative strengths. These
604  relationships could result in the separation of neuropil clusters, similar to observations in
605 developing embryos in which cell types expressing compatible cell adhesion molecules
606  were observed to phase separate onto clusters based on affinity relationships (Foty &
607  Steinberg, 2005, 2013; Steinberg, 1962). Our observations of the expression of SYG-1
608  simultaneously coordinating, not only AIB development, but also laminar placement of
609 rich club neuron AVE, suggest a layer-specific molecular signature that influences co-
610 segregation of neighboring neurites via affinity profiles. We hypothesize that in
611  neuropils, these layer-specific molecular signatures mark specific domains that enable
612 placement of neurites via flexible, differential cell-adhesion mediated zippering
613  mechanisms.

614

615 Methods

616

617 C. elegans strains

618 C. elegans strains were raised at 20°C using OP50 Escherichia coli seeded on

619 NGM plates. N2 Bristol is the wild-type reference strain used. We received the NC1750
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620 strain from the Caenorhabditis Genetics Center (CGC). Transgenic strains used in this
621  study are available upon request.

622

623  Molecular biology and Transgenic lines

624 We used Gibson Assembly (New England Biolabs) or the Gateway system
625 (Invitrogen) to make plasmids used for generating transgenic C. elegans strains.
626  Detailed cloning information or plasmid maps will be provided upon request. Transgenic
627  strains were generated via microinjection with the construct of interest at 5-100 ng/uL by
628 standard techniques (Mello & Fire, 1995). Co-injection markers unc-122p: GFP or unc-
629  122p: RFP were used.

630 We generated the syg-1 transcriptional reporter (Fig. 4a-h, Fig.6, Supplementary
631 Fig. 8) by fusing membrane-targeted PH:GFP to a 3.5 kb syg-1 promoter region as
632  described (Schwarz et al., 2009).

633

634 SNP mapping and Whole-Genome Sequencing

635 We isolated mutant allele daf-16(ola337) and syd-2(ola341) from a visual forward
636 genetic screen in an integrated wild type transgenic strain (olals67) with AIB labeled
637  with cytoplasmic mCherry and AIB presynaptic sites labeled with GFP: RAB-3. Ethyl
638 methanesulfonate (EMS) mutagenesis was performed and animals were screened for
639 defects in placement of the AIB neurite, and defects in AIB presynaptic site distribution.
640 We screened F2 progeny on a Leica DM 5000 B compound microscope with an HCX

641  PL APO 63x/1.40-0.60 oil objective.
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642 The novel lesions 0/a337 and ola341 were out-crossed six times to wild type (N2)
643 animals and still retained a defect in AIB distal neurite placement and AIB presynaptic
644  protein distribution, respectively. We then used single-nucleotide polymorphism (SNP)

645 mapping as described (Davis et al., 2005) to map the 0/a337 and ola341 lesions.

646 We then performed whole-genome sequencing on 0/a337 and ola341 (along with
647 4 other mutants from the screen) at the Yale Center for Genome Analysis (YCGA), as
648  previously described (Sarin et al., 2008). We analyzed the results using the Galaxy

649  platform, with http://usegalaxy.org/cloudmap (Minevich et al., 2012) using the EMS

650 variant density mapping workflow. Lesion information from mutants is listed in
651  Supplementary Table 1.
652

653 Confocal imaging of C. elegans larvae and image processing

654 We used an UltraView VoX spinning disc confocal microscope with a 60x CFI
655 Plan Apo VC, NA 1.4, oil objective on a NikonTi-E stand (PerkinElmer) with a
656 Hammamatsu C9100-50 camera. We imaged the following fluorescently tagged fusion
657  proteins, eGFP, GFP, PH:GFP (membrane-tethered), RFP, mTagBFP1 and mCherry at
658 405, 488 or 561 nm excitation wavelength. We anesthetized C. elegans at room
659 temperature in 10mM levamisole (Sigma) under glass coverslips and mounted them on

660  glass slides for imaging.

661 We used the Volocity image acquisition software (Improvision by Perkin Elmer)
662 and processed our images using Fiji(Schindelin et al., 2012). Image processing included
663  maximum intensity projection, 3D projection, rotation, cropping, brightness/contrast, line

664 segment straightening, and pseudo coloring. All quantifications from confocal images
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665 were conducted on maximal projections of the raw data. The simple neurite tracer Fiji
666  plugin and a MATLAB code were used to validate estimation of minimum perpendicular
667 distance between neurites. Pseudocoloring of AIBL and AIBR was performed in Fiji.
668  Pixels corresponding to the neurite of either AIBL/R were identified and the rest of the
669 pixels in the image were cleared. This was done for both neurons of the pair and the

670 resulting images were merged.

671

672 Embryo labeling, imaging and image processing

673 For labeling of neurites and subcellular structures in embryos, we used
674 membrane tethered PH:GFP. A subtractive labeling strategy was employed for AlB
675 embryo labeling (Supplementary Fig. 6a). Briefly, we generated a strain containing unc-
676  42p::ZF1::PH::GFP and lim-4p::SL2::ZIF-1, which degraded GFP in the sublateral
677 neurons, leaving GFP expression only in the AIB and/or ASH neurons. (Armenti et al.,
678 2014b). Onset of twitching was used as a reference to time developmental events.
679  Embryonic twitching is stereotyped and starts at 430 minutes post fertilization (m.p.f) for
680  our imaging conditions.

681 Embryonic imaging was performed via dual-view inverted light sheet microscopy
682  (diSPIM) (Kumar et al., 2014; Wu et al., 2013) and a combined triple-view line scanning
683  confocal/DL for denoising, as described below.

684

685 Triple-view line-scanning confocal/DL

686 We developed a triple-view microscope that can sequentially capture three

687 specimen views, each acquired using line-scanning confocal microscopy. Multiview
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688  registration and deconvolution can be used to fuse the 3 views (Wu et al., 2013),
689 improving spatial resolution. Much of the hardware for this system is similar to the
690 previously published triple-view system (Wu et al., 2016), i.e., we used two 0.8 NA
691  water immersion objectives for the top views and a 1.2 NA water immersion lens placed
692 beneath the coverslip for the bottom view. To increase acquisition speed and reduce
693  photobleaching, we applied a deep-learning framework (Weigert et al., 2018) to predict
694  the triple-view result when only using data acquired from the bottom view. The training
695 datasets were established from 50 embryos (anesthetized with 0.3% sodium azide) in
696 the post-twitching stage, in which the ground truth data were the deconvolved triple view
697 confocal images, and the input data were the raw single view confocal images resulting
698  in improved resolution (270nm X 250 nm X 335nm).

699

700 Cell lineaging

701 Cell lineaging was performed using StarryNite/AceTree (Z. Bao et al., 2006;
702  Boyle et al.,, 2006; Murray et al., 2006). Light sheet microscopy and lineaging were
703  integrated to uncover cell identities in pre-twitching embryos (Duncan et al., 2019).

704  Lineaging information for promoters is available at http://promoters.wormguides.org.

705  Our integrated imaging and lineaging approaches enabled us to identify a promoter
706  region of inx-19 which is expressed in the RIM neurons prior to RIM neurite outgrowth
707  (~370 m.p.f.) and in additional neurons in later embryonic stages. The inx-19p was one
708  of the promoters used for embryonic ablation of RIM (described in the next section).

709 In addition our integrated imaging and lineaging approach also enabled us to identify

710  two promoters with expression primarily in the AIB proximal neighborhoods (nphp-4p
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711 and mgl-1bp). 4/4 neuron classes that were identified to have nphp4p expression, are in
712 the AIB proximal neighborhood (ADL/R,ASGL/R,ASHL/R,ASJL/R) and 2/3 neuron
713  classes that were identified to have mgl-1bp expression are in the AIB proximal

714 neighborhood (AIAL/R, ADFR) (http://promoters.wormguides.org).

715

716  Caspase-mediated ablation of RIM neurons

717 The RIM neurons were ablated using a split-caspase ablation system (Chelur &
718  Chalfie, 2007). We generated one set of transgenic strains with co-expression of the
719  p12 or p17 subunit of human Caspase-3, both expressed under inx-19p (termed
720  ablation strategy 1), and another set of ablation strains with co-expression of the p12
721  subunit expressed under inx-19p and p17 under tdc-71p (termed ablation strategy 2)
722 (Supplementary Fig. 5). L3 larvae from the RIM-ablated populations were imaged on the

723 spinning-disk confocal microscope (described earlier).

724

725 Rendering of neurites and contacts in the EM datasets

726 From available EM datasets (C. Brittin et al., 2018; Cook et al., 2019; White et
727  al., 1986; Witvliet et al., 2020) we rendered the segmentations of neuron boundaries in
728 2D using TrakEM2 in Fiji. TrakEM2 segmentations were volumetrically rendered by
729 using the 3D viewer plugin in  Fiji (Imaged2; downloaded from

730  https://imagej.net/Fiji#Downloads) and saved as object files (.obj), or by using the 3d

731  viewer in CytoSHOW (Duncan et al., 2019), an open source image analysis software.

732 CytoSHOW can be downloaded from http://www.cytoshow.org/ as described.
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733 To generate 3D mappings of inter-neurite membrane contact, the entire
734  collection of 76,046 segmented neuron membrane boundaries from the JSH TEM
735 datasets (C. Brittin et al., 2018; C. A. Brittin et al., 2020; White et al., 1986) were
736  imported from TrakEM2 format into CytoSHOW as 2D cell-name-labelled and uniquely
737  color-coded regions of interest (ROIs). To test for membrane juxtaposition, we dilated
738 each individual cell-specific ROl by 9 pixels (40.5 nm) and tested for overlap
739  with neighboring undilated ROIls from the same EM slice. A collection of 289,012
740  regions of test-overlap were recorded as new ROlIs, each bearing the color code of the
741 dilated test ROI and labeled with both cell-names from the pair of test-overlapped
742  ROls. These "contact patch" ROIls were then grouped by cell-pair-name and rendered
743  via a marching cubes algorithm to yield 3D isosurfaces saved in .obj files. Each of the
744 8852 rendered .obj files represents all patches of close adjacency between a given pair
745  of neurons, color-coded and labeled by cell-pair name. Selected .obj files were co-
746  displayed in a CytoSHOW3D viewer window to produce views presented in Figures.

747

748  Cosine similarity analysis for comparing AIB contacts across connectomes

749 We performed cosine similarity analysis (Han et al., 2012) on AIB contacts in
750  available connectome datasets (C. Brittin et al., 2018; Cook et al., 2019; Witvliet et al.,
751  2020). For each available adjacency dataset(C. Brittin et al., 2018; Moyle et al., 2020;
752 Witvliet et al., 2020), we extracted vectors comprising of number of AIB contacts with
753 neurons common to all the datasets. We then performed cosine similarity analysis on

754  these vectors using the formula:
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ic1 A By

755
VI AT VIR, B

756  where A and B are the two vectors under consideration with the symbol “” denoting the
757 i-th entry of each vector. The similarity values were plotted as a heat map for AIBL and
758  AIBR using Prism. For the datasets L1_Ohr, L1_5hr, L1_8hr, L2_23hr, L3_27hr, L4 _JSH
759 and Adult_N2U, the neuron-neuron contacts in the EM sections corresponding to the

760  nerve ring were used.
761
762  Betweenness centrality analysis

763 We analyzed betweenness centrality for two of the available connectomes of
764  different developmental stages (L1 and adult) (Witvliet et al., 2020). By treating
765  individual components (mostly neurons) of a connectome as the vertices of a graph, we
766  use the following definition of Betweenness Centrality for a vertex v,

At (V)

767 BC(v) = Z i
St

S,t:S#t+v

768  Here A, (v) denotes the number of shortest paths between the vertices s and t, that
769 include vertex v, whereas A,; denotes the total number of shortest paths between the
770  vertices s and t. We finally divide BC(v) by (N —1)(N —2)/2 to normalize it to lie
771  between 0 and 1. For our implementation we use the Brain Connectivity Toolbox
772  (Rubinov & Sporns, 2010) of MATLAB2020, in particular, the function
773  “betweenness_bin.m” in which we input the binary connection matrix corresponding to

774  the L1 and adult connectomes (Witvliet et al., 2020). We made a Prism box plot (10 to
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775 90 percentile) of betweenness centrality values of all components in each of the two

776  connectomes and highlighted the betweenness centrality values for AIBL and AIBR.

777

778 Image representation, quantification and statistical analysis

779  Representation of AIB and AVE from confocal images — Since we observed that the
780  proximal and distal neurites of AIBL and AIBR completely align and overlap
781  (Supplementary Fig. 1k-m) in confocal image stacks where the worms are oriented on
782  their side, for representation purposes we have used the upper 50% of z-slices in
783  confocal image stacks to make maximum intensity projections. This shows the proximal
784  neurite of AIBL in the context of the distal of AIBR (which has the same anterior-
785  posterior position as the distal neurite of AIBL) (Supplementary Fig. 2k-m), or vice

786  versa. We used the same procedure for AVEL and AVER.

787  Quantification of penetrance of mutant phenotypes — The percentage of mutant or
788  ablation animals exhibiting a normal AIB distal neurite trajectory was determined by
789  visualizing and scoring under the Leica compound microscope described. Animals in
790  which distal neurites of both AIBL or AIBR were placed at a uniform distance from the
791  proximal neurites were scored as having normal AlIB distal neurite trajectory. The same
792 scoring protocol was followed for determining percentage of animals having normal AVE

793  distal neurite trajectory.

794  Quantification of minimum perpendicular distance between neurites — Minimum
795  perpendicular distances between neurites were measured by manually creating a

796  straight line selection (on Fiji) between the neurites (perpendicular to one of the
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797  neurites) in the region where the gap between them is estimated to be the smallest. The
798  measurements were done on maximum intensity projections of raw confocal image
799  stacks where the worms are oriented on their side (z-stacks acquired along left right

800 axis of the worm, producing a lateral view of the neurons).

801 Quantification of percent detachment between neurites — The percent detachment
802 for defasciculated neurites (AIB and RIM or AVE and RIM) is calculated by the formula
803 % detachment = detached length (Lq) x 100 /total length (Lt) (also shown in Fig. 3m). L4
804 s calculated by making a freehand line selection along the detached region of the RIM
805 neurite and measuring its length and L: is calculated by making a freehand selection
806 along the RIM neurite for the entire length over which it contacts AIB or AVE, and
807 measuring the length of the selection. All the measurements were performed on
808  maximum intensity projections of confocal image stacks where the worms are oriented
809 on their side (z-stacks acquired along left right axis of the worm, producing a lateral

810  view of the neurons).

811 Quantification of relative (distal) enrichment of syg-1 reporter expression in
812 neighborhoods - Relative (distal) enrichment of syg-1 reporter expression is
813  calculated using the formula (also shown in Fig. 4i), Relative enrichment (syg-1p) =
814 mean distal neighborhood intensity (lsg)/mean proximal neighborhood intensity (lp).
815 These measurements were done in transgenic animals co-expressing the AIB reporter
816  and the syg-1 transcriptional reporter. For calculation of |, a freehand line selection was
817  made (using Fiji) along the band of syg-1 expression along the AIB proximal neurite (as
818  visualized with the AIB marker) and mean intensity along the selection is calculated.

819  Same was done for calculation of l4 except along the AIB distal neurite. The ratios of Iq
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820 and I, were plotted as relative (distal) enrichment values. These values were calculated
821 from maximum intensity projections of confocal image stacks where the worms are
822  oriented on their side (z-stacks acquired along left right axis of the worm, producing a
823 lateral view of the neurons). l4/l, was calculated from the side of the animal closer to the

824  objective, consistently across images to avoid differences due to depth artifacts.

825 Quantification of the dorsal midline shift (chiasm) length of AIB and AVE - The
826  dorsal midline shift (chiasm) lengths of AIB and AVE were calculated by making 3D
827  maximum intensity projections of confocal z-stacks and orienting the neuron pair to a
828  dorsal-ventral view. A straight line selection is made along the posterior-anterior shift of

829  each neuron and its length measured using Fiji.

830 Quantification of distal neurite length of AIB — The length of the distal neurite of AIB
831 was measured by drawing a freehand line along the region of the neurite past the
832  proximal neurite in maximum intensity projections of confocal image stacks where the
833 worms are oriented on their side (z-stacks acquired along left right axis of the worm,

834  producing a lateral view of the neurons).

835 Quantification of the relative position of the AIB neurite during embryogenesis —
836  The distances of the unzippering and zippering forks from the dorsal midline in Fig. 5l
837 and 5m are calculated from deconvolved maximum intensity projections of diSPIM
838 images where the neurons are oriented in an axial view. These distances are lengths

839 along the AIB neurite from the unzippering/zippering forks to the dorsal midline.

840 The distance of the zippering fork from the midline is subtracted from the total

841 length of the neurite at each timepoint to obtain the length of overlap between AIB and
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842 RIM. The fraction of the length of AIB-RIM overlap to the total AIB neurite length
843  multipled by 100, yields a percentage overlap value at every timepoint. The reported
844  values of percent overlap are averages across the three independent embryo datasets
845 used for the Fig. 5m plot. These measurements are performed with CytoSHOW. We
846  performed the same steps as with the confocal images to pseudocolor the neurites for

847  representation.

848  Quantification of the angle of exit of the developing AIB distal neurite and ventral
849  turn of nerve ring in embryos — The angle of exit of the developing AIB distal neurite
850 is measured as the angle between straight line tangents drawn along the separating
851 distal segment of AIBL and the proximal neurite of AIBR and vice versa. These
852  measurements are performed on deconvolved maximum intensity projections of diSPIM
853  images where the neurons are oriented in an axial view. The angle of ventral turn of the
854 nerve ring is measured as the angle between straight line tangents drawn along
855 segments of the nerve ring on either side of the ventral bend of the nerve ring (see

856  Supplementary Fig. 6h,i). These measurements are performed with CytoSHOW.

857 Imaging and representation of synaptic protein RAB-3 in AIB in embryos — Time-
858 lapse imaging of presynaptic protein RAB-3 in AIB in embryos was performed using
859  diSPIM. To visualize the distribution of RAB-3 along the neurite we straightened the
860 distal neurite of each AIB neuron from maximum intensity projections where the AIB

861 neurons are oriented in the axial view.

862

863
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864  Statistical analyses

865  Statistical analyses were conducted with PRISM 7 software. For each case, the chosen
866  statistical test is described in the figure legend and “n” values are reported. Briefly, for
867  continuous data, comparisons between two groups were determined by the Student’s t
868  test. Error bars were reported as standard errors of the mean (SEM). For categorical

869 data, groups were compared with Fisher's exact test. The p values for significant

870  differences are reported in the figure legend.

871
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891

892 Figure Legends

893

894  Figure 1. Design principles of AIB neurite placement and synaptic positions

895 enable it to link two neighborhoods in the nerve ring

896

897 (@) Schematic of an adult/larval C. elegans showing an AIB neuron (cyan) and its
898  proximal (orange) and distal (magenta) neighborhoods. The AIB neurite has a proximal
899  neurite segment (orange arrow), a posterior-anterior shift (black arrowhead, herein also
900 referred to as chiasm) at the dorsal midline (dashed straight line) and a distal neurite
901 segment (magenta arrow; on the other side of the worm, AIB cyan color muted in the
902 distal segment to reflect the position behind the pharynx, which is in gray). The region
903  occupied by the nerve ring neuropil is depicted in light brown. Note that this schematic
904 only shows one neuron of the AIB pair (AIBR and AIBL, for right and left, respectively,
905 see Supplementary Fig. 1e-j for both AIBs). Cell body is marked with an asterisk.

906  (b,c) Volumetric reconstruction of AIBR from the JSH electron microscopy connectome
907 dataset (White et al., 1986) in lateral (b) and axial (c) views. Postsynaptic (red) and
908 presynaptic (yellow) regions of the neurite, based on connectivity maps of AIBR, are

909 indicated. Note that the postsynaptic and presynaptic regions coincide with the proximal
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910 and distal segment of the neurites, in (a). Arrowhead points to the chiasm (formed by
911 the posterior-anterior shift at the dorsal midline). Scale bar =1 um

912 (d,e) Representative confocal image showing lateral (d) and axial (e) view of an AlB
913 neuron with postsynaptic sites (red, labeled by GLR-1:GFP) and presynaptic sites
914  (yellow, labeled by mCh:RAB-3). Cell-specific expression of GLR-1 and RAB-3 was

915 achieved by using a bashed inx-1 promoter (http://promoters.wormguides.org) (Altun et

916 al., 2008). Arrowhead points to the chiasm. Cell body is marked with an asterisk. Scale
917  bar =10 um, also applies to (e).

918 (f,g) Schematic of AIB (corresponding to the dashed box region in (a) and also images
919 in (b-e)), showing lateral (f) and axial (g) views of an AIB neuron (cyan) in the context of
920 the proximal (orange) and distal (magenta) neighborhoods in the nerve ring (light
921  brown). Dashed line represents the dorsal midline.

922  (h,i) Representative confocal image from a wild type L4 animal showing an AIB neuron
923  labeled with cytoplasmic mCherry (cyan) in lateral (h) and axial (i) views. Scale bar = 10
924  um, also applies to (i-m).

925  (j,k) Representative confocal image from a wild type L4 animal showing an AIB
926 interneuron labeled with cytoplasmic mCherry (cyan); and RIM motor neuron labeled
927  with cytoplasmic GFP (magenta) in lateral (j) and axial (k) views. RIM-specific labeling
928 was achieved by a cex-1 promoter (Piggott et al., 2011)

929  (http://promoters.wormguides.org). Note the colocalization of the AIB distal neurite with

930 the distal neighborhood marker RIM. The orange and magenta arrows indicate the
931 positions of the proximal and distal neighborhoods along the anterior-posterior axis.

932  Arrowhead indicates the chiasm.
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933  (I-m) As (j,k), but with AIB (cyan) and AWC and ASE sensory neurons (orange). AWC
934 and ASE labeling was achieved by a ceh-36 promoter (Lanjuin et al., 2003; Walton et

935 al., 2015) (http://promoters.wormguides.org). Note the colocalization of the AIB proximal

936  neurite with the proximal neighborhood markers AWC and ASE.

937

938 Figure 2. Polarized distribution of synaptic proteins in the AIB neurite, and AIB
939 neurite neighborhood placement in the neuropil, are genetically separable

940

941 (a-d) Representative confocal image (a-c) and schematic (d) of AIB expressing
942  cytoplasmic mCherry (a) and GFP:RAB-3 (b) in wild type L4 animals for simultaneous
943  visualization of neurite morphology and distribution of presynaptic sites. Merged image
944  (c). Cell body is marked with an asterisk. Scale bar = 10 um, applies to panels (a-k).

945  (e-l) As (a-d) but in the genetic background of a novel daf-16 mutant allele, 0/la337 ((e-h;
946  see also Supplementary Table 1) and in unc-33(e204) mutants (i-1). Note GFP:RAB-3
947  polarized distribution to the distal parts of the neurite even in animals displaying severe
948 axon truncation, or displaying morphology and placement defects of the AIB neurite in
949  the context of the neuropil neighborhoods (also see Supplementary Fig. 3).

950

951 Figure 3. SYG-1 is required for precise placement of the AIB distal neurite to the
952 distal, RIM-containing neighborhood

953

954 (a-d) Representative confocal images of AIB (a) and RIM (b) neurons in a wild type

955 animal (L4 stage), and the merged image (c). The dashed box represents the region of
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956 contact between the AIB and RIM neurites, magnified in (d). RIM is the main
957  postsynaptic partner for AIB (White et al., 1986) and co-localizes extensively with AlB
958 distal neurite (Arrow in (d) and Supplementary Fig. 1b,c). Scale bar = 10 um in (a)
959 applies to (e-g) and (i-k). Scale bar =1 um in (d) applies to (h) and (l). Cell bodies are
960  marked with an asterisk.

961 (e-h) As (a-d) but in the syg-1(ky652) mutant background. Note the gap between the
962  AIB distal neurite and the RIM neurites (h), indicating loss of contact between the AlB
963 and RIM neurites due to defective placement of the AIB distal neurite in the RIM (distal)
964  neighborhood.

965 (i-l) As (a-d) and (e-h) but for a syg-1(ky652) mutant animal expressing a rescuing
966  cosmid (C54A10) containing the genomic region of wild type syg-1.

967 (m) Schematic and scatter plot of quantifications of the loss of contacts between the AlB
968 and RIM neurites. The extent of detachment of the AIB distal neurites from RIM, and
969 hence its deviation from the RIM neighborhood, was quantified using the indicated
970 formula (see also Methods). The cyan and magenta neurites in the schematic represent
971 the AIB distal neurite and the RIM neurites, respectively, as in the images. Scatter plot
972  depicts % detachment values for wild type (n=41), syg-1(ky652) mutant (n=39) and
973  cosmid rescue animals (n=16). Error bars indicate standard error of the mean (S.E.M.).
974  ***p<0.0001 by unpaired Student’s t-test between WT and syg-1(ky652), and between
975  syg-1(ky652), and syg-1(ky652) rescued with syg-7 containing cosmid (C54A10)
976  (called syg-1 rescue in graph).

977 (n) Schematic and scatter plot of quantification of minimum perpendicular distance

978  between the AIB proximal and distal neurites. Schematic indicates AIB (cyan) and RIM
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979  (magenta) neurons in the context of the nerve ring (light brown) in WT and syg-
980  1(ky652). Double-headed arrows indicate perpendicular distance between the AIB
981 proximal and distal neurites in WT and syg-1(ky652), respectively. Scatter plot depicts
982  minimum perpendicular distance values for wild type (n=19), syg-1(ky652) mutant
983 (n=29) and cosmid rescue animals (n=12) (see Methods). Error bars indicate standard
984  error of the mean (S.E.M.). ****p<0.0001 by unpaired Student’s t-test between WT and
985 syg-1(ky652), and between syg-1(ky652) and syg-1(ky652) rescued with syg-1
986  containing cosmid (C54A10) (called syg-1 rescue in graph).

987

988 Figure 4. The SYG-1-expressing RIM neurons regulate AIB distal neurite position
989

990 (a-d) Representative confocal image of a wild type L3 animal co-expressing (a) a
991 membrane-targeted syg-71 transcriptional reporter (see Methods) and (b) cytoplasmic
992  mCherry driven by the AlB-specific promoter (inx-1p). (c) is a merge image of (a) and
993  (b). Since the syg-1 reporter is membrane-targeted, it labels cell body outlines and
994  neurites (a,c). The dashed box or inset in (c) represents the region of contact between
995  AIB and neurites expressing the syg-1 reporter, magnified in (d). Note that the syg-1
996  reporter shows two bands of expression in the nerve ring (a and c) which coincide with
997 the proximal and distal AIB neurites (b) and neighborhoods (orange and magenta
998 arrows). Note also that there is no membrane outline corresponding to the AIB cell body
999 (a, we drew a dashed siluette of the AIB cell body position as determined in (b)),

1000  consistent with the syg-1 reporter not being expressed in AIB. Asterisk indicates cell


https://doi.org/10.1101/2020.08.28.271437
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.28.271437; this version posted August 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

1001  body. Scale bar in (a) = 10 um, also applies to (b-c) and (e-g). Scale bar in (d) = 1 um,
1002  also applies to (h).

1003  (e-h) As (a-d), but with mTagBFP1 driven by RIM-specific promoter, cex-1p. Note the
1004 RIM neurite colocalizes with the anterior band of syg-1 expression, coincident with the
1005 AIB distal neighborhood (magenta arrow). The white arrowhead in (e-g) and semi-
1006  transparent magenta outline in (e) indicates colocalization of the RIM cell body with the
1007  syg-1 reporter.

1008 (i) Schematic (left) and scatter plot quantification (right) of the expression pattern of the
1009  syg-1 reporter at the two AIB neighborhoods. The mean intensities of the syg-1 reporter
1010 in the two neighborhoods were calculated, and the ratios of the mean distal
1011  neighborhood intensity (l4) to the mean proximal neighborhood intensity (I,) were plotted
1012  as the ‘Relative enrichment’, as shown in schematic and explained in Methods.

1013  (j-o) Confocal images showing AIB (labeled with cytoplasmic mCherry; (j,m)) and RIM
1014  (labeled with PH:GFP; (k,n)) and merged images (l,0) for wild type animals (j-I) and
1015 animals in which RIM was genetically ablated (m-0). RIM ablation was achieved using
1016  Strategy 2, explained in Supplementary Fig. 5 and below. Scale bar = 10 um, also
1017  applies to (k-0).

1018  (p) Quantification of the penetrance of the AIB neurite placement defect as the
1019  percentage of animals with normal AIB distal neurite trajectory. Strategy 1 and Strategy
1020 2 refer to split caspase ablations (Chelur & Chalfie, 2007) using two different
1021  combinations of promoters expressed in RIM. In Strategy 1, expression of both caspase
1022  fragments was driven by an inx-19 gene promoter. In Strategy 2, expression of one

1023  caspase fragment was driven by inx-19p and the other fragment by a tdc-1 gene
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1024  promoter ((Alkema et al., 2005); Supplementary Fig. 5 and

1025  http://promoters.wormguides.orq)). tdc-1p drives expression of caspases in RIM later in

1026  embryonic development as compared to inx-19p (data not shown), resulting in later
1027  ablations of RIM, and weaker phenotype. ****p<0.0001 by Fisher’s exact test between
1028  WT and RIM-ablated populations.

1029  (q) Quantification of the expressivity of the AIB neurite placement defect by measuring
1030  the minimum perpendicular distances between the AIB proximal and distal neurites (see
1031  Fig. 3n) in WT (n=28) and RIM-ablated populations (n=10 for strategy 1 and n=14 for
1032  strategy 2).****p<0.0001 by unpaired Student’s t-test between WT and each of the RIM-
1033  ablated populations. Error bars indicate standard error of the mean (S.E.M.).

1034

1035 Figure 5. The AIB neurite repositions onto the distal neighborhood via a zippering
1036 mechanism

1037

1038 (@) Schematic of axial view of the AIB neuron pair - AIBL (cyan) and AIBR (yellow) in
1039 the context of the nerve ring (light brown) and the pharynx (grey), with distal and
1040  proximal neighborhood labeled (see Fig. 1).

1041  (b-f) Time-lapse showing initial placement of AIBL and AIBR in the proximal
1042  neighborhood and their subsequent separation from this neighborhood. Images are
1043 deconvolved diSPIM maximum intensity projections obtained from developing embryos.
1044  Neurons were individually pseudocolored to distinguish them (see Methods). The
1045 dashed boxes represent the dorsal half of the nerve ring and are magnified in (b’-f’).

1046  (b’-f’) are schematic diagrams representing the images in (b-f). Dashed vertical lines
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1047  represent the dorsal midline. Note in (b,b’,b”), the AIBL and AIBR neurites approaching
1048  the dorsal midline in the proximal neighborhood, see schematic in (a). In (c,c’,c”), AIBL
1049 and AIBR have met at the dorsal midline and continue growing along each other, past
1050 the midline. The latter part of the neurite, past the midline, becomes the future distal
1051  neurite. (d,d’,d”) shows the tip of the AIBL future distal neurite moving away from the
1052  proximal neighborhood and its counterpart, AIBR. The arrowhead indicates the point of
1053  separation of the AIBL distal neurite and the AIBR proximal neurite. (e,e’,e”) shows
1054  further separation of the two neurites and by (f,f,f’), they have completely separated.
1055 The arrowheads in (e,e’e”) and (f,ff’) also indicate the junction between the separating
1056  AIBL distal neurite and the AIBR proximal neurite. Scale bar = 10 um for (b-f) and 2 um
1057  for (b’-f'). All times are in m.p.f. (minutes post fertilization). A similar sequence of events
1058 is visualized at higher spatial resolution in Supplementary Fig. 6 using triple-view line
1059  scanning confocal microscopy.

1060  (g) Schematic of one AIB neuron (cyan) in the context of distal neighborhood marker
1061  RIM (magenta), the nerve ring (light brown) and the pharynx (grey).

1062  (h-j) Time-lapse showing placement of the AIB neurite (cyan) relative to the distal
1063  neighborhood marked by RIM (magenta). As in (b-f), images are deconvolved diSPIM
1064  maximum intensity projections and the neurons were pseudocolored. The dashed boxes
1065 represent the dorsal half of the nerve ring and are magnified in (h’-j’). Dashed line
1066 indicates dorsal midline (where the dorsal shift, or chiasm, in the adult is positioned,
1067 see Fig. 1). (h”-j”) are schematic diagrams representing the images in (h-j). Note in
1068  (h,h’,n”), the tip of the AIB neurite encounters the growing RIM neurite (green

1069 arrowhead in (h’); black arrowhead in (h”). In (i,i’,i”’), the AIB distal neurite has partially
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1070  aligned along the RIM neurites. The green arrowhead now indicates point of initial
1071  encounter of the two neurites (same as in (h’) and the white arrowhead (in i’) indicates
1072 the zippering event bringing the AIB and RIM neurons together in the distal
1073  neighborhood (as black arrowhead in i’). In (j,j’,j”) the two neurites have zippered up to
1074  the dorsal midline as indicated by the white arrowhead (j’) and black arrowhead (j”).
1075  Arrow in (i’) indicates direction of zippering. Scale bar = 10 um for (h-j) and 2 um for (h’-
1076  j’). All times are in m.p.f. (minutes post fertilization).

1077 (k) Confocal micrograph of a postembryonic L4 animal in axial view showing the
1078  relationship of AIB-RIM as in (j). The same image as Fig. 1(k) was used as it allows
1079  visualization of one AIB of the pair due to mosaic array expression. Scale bar = 10 um.
1080  The region in the dashed box represents dorsal part of the nerve ring, magnified in (k’).
1081  Scale barin (k') =2 um.

1082  (I,m) The white arrowheads in d’ and i’, which correspond to the points at which the
1083  neurites are separating or joining, are defined as the unzippering fork and zippering fork
1084  respectively. The distances of these points, from the dorsal midline, are quantified in (l)
1085 and (m) for different developmental stages in synchronized embryos as indicated in the
1086  timepoints on the x-axis (x5 mins). Error bars represent standard error of the mean
1087  (S.E.M.), n=51in (I) and n=3 in (m).

1088  (n) Schematic highlights the three steps by which the AIB distal neurite is repositioned
1089  to a new neighborhood — (i) encounter with the new neighborhood; (ii) partial zippering
1090 and (iii) complete zippering onto the distal neighborhood (marked by RIM). The term
1091  “unzippering” is used to refer to the concomitant AIB detachment from the proximal

1092  neighborhood as it is placed to the distal neighborhood via zippering.
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1093

1094  Figure 6. Spatiotemporal regulation of syg-1 expression during embryogenesis
1095 correlates with AIB placement in the distal neighborhood

1096

1097 (a) Schematic of the axial view of the AIB neurons (cyan) with the proximal (orange
1098  arrows and dashed line) and distal (magenta arrow and dashed line) neighborhoods.
1099  (b-d) Deconvolved diSPIM image of a late stage embryo (~1 hr prior to hatching, or 780
1100  m.p.f.) showing colocalization of the syg-71 reporter with the AIB proximal and distal
1101  neurites (and neighborhoods). This expression pattern of syg-1 at this late embryonic
1102  stage is similar to that observed in postembryonic larvae (Fig. 4a-h). Scale bar = 10 um,
1103  applies in (b-d).

1104 (e-h) Time-lapse images of syg-1 reporter expression in earlier embryonic stages (450-
1105 630 m.p.f.). Images are deconvolved diSPIM maximum intensity projections. The
1106  dashed boxes represent the dorsal half of the nerve ring and are magnified in (i-l). (i’-I’)
1107 are schematic diagrams representing the images in (i-). In (e,i,i’) syg-1 expression is
1108  primarily visible in a single band containing amphid neurites, and therefore coincident
1109  with the AIB proximal neighborhood. The magenta dashed line and magenta arrows
1110  point to the distal neighborhood and the orange arrow, to the proximal neighborhood.
1111 (f,),j’) show onset of weak syg-71 expression in a second neuropil band (white arrow in
1112 (j)) and ingrowth of syg-71-expressing RIM neurites along this band (white arrowhead,
1113 see also Supplementary Fig. 8) onto the distal neighborhood. syg-7 expression
1114 increases in the distal neighborhood and decreases in the proximal neighborhood as

1115  embryonic development progresses, and coincident with AIB developmental events that


https://doi.org/10.1101/2020.08.28.271437
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.28.271437; this version posted August 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

1116  enable its transition from the proximal to the distal neighborhood (j-I), (Fig. 5a-j). Scale
1117  bar=10 um in (e-h) and 1 um in (i-I).

1118

1119  Figure 7. Ectopic syg-1 expression is sufficient to redirect placement of the AIB
1120 distal neurite to ectopic neighborhoods

1121

1122 (@) Schematic of lateral view of a wild type AIB neuron (cyan) in the context of the
1123 proximal (orange) and distal (magenta) neighborhoods, and the nerve ring (light brown).
1124  SYG-1 endogenous expression higher in the distal neighborhood represented by yellow
1125  arrowhead.

1126  (b-c) Confocal image of a wild type L4 animal with AIB (labeled with cytoplasmic
1127  mCherry and pseudocolored in cyan) and the proximal neighborhood neurons AWC and
1128 ASE (labeled with cytoplasmic GFP and pseudocolored in orange). The dashed box
1129  represents the region of contact between AIB and the proximal neighborhood neurons,
1130  magnified in (c). Scale bar = 10 um in (b) (also applies to (e) and (h)) and 1 um in (c),
1131  (also applied to (f) and (i). Cell body is marked with an asterisk.

1132 (d-f) As (a-c) but in the syg-1(ky652) lof (loss of function) mutant background. Note that
1133 the distal neurite is positioned away from the proximal neighborhood, as in wild type,
1134  although these animals display deffects in fasciculation with the distal neighborhood
1135 (see Fig. 3).

1136  (g-i) As (a-c) and (d-f) but with ectopic overexpression of syg-7 cDNA in the proximal
1137  neighborhood neurons and in the syg-1(ky652) mutant background. In the schematic

1138  (g), expression of SYG-1 in the proximal neighborhood (achieved using nphp-4p, also
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1139 see Supplementary Fig. 9c,d) is represented by yellow arrowhead. Note that the AIB
1140  distal neurite is now partially positioned in the proximal neighborhood in which syg-1
1141  cDNA was ectopically expressed (h,i).

1142 (j) Schematic (left) and scatter plot quantification (right) of minimum perpendicular
1143  distances (dmin, indicated by black double-headed arrow) between the AIB distal neurite
1144  and proximal neighborhood neurons in WT (n=11), syg-1(ky652) (n=12), and two syg-
1145  1(ky652) populations with WT syg-1 cDNA overexpressed in two different sets of
1146  proximal neighborhood neurons via the use of nphp-4p and mgl-1bp (n=12 and 10
1147  respectively). The nphp-4p and mgl-1bp promoters are expressed primarily in proximal

1148  neighborhood neurons during embryogenesis (http://promoters.wormguides.orq).

1149  **p<0.01 by unpaired Student’s t-test between syg-1(ky652) and animals with ectopic
1150  proximal WT syg-1 expression. Error bars indicate standard error of the mean (S.E.M.).
1151

1152  Figure 8. SYG-1 dictates layer-specific placement of rich club interneuron AVE
1153

1154  (a,b) Schematic of the lateral and axial views of command interneuron AVE (green) in
1155 the context of its neighborhoods: proximal (magenta) and distal (yellow), with the nerve
1156  ring (light brown) and pharynx (grey). Black arrowhead in (a) indicate a posterior-
1157  anterior chiasm. The magenta and yellow arrows indicate the positions of the AVE
1158 proximal and AVE distal neighborhoods, respectively. Note that while the design
1159  principles of AVE are similar to those of rich-club interneuron AIB, their positions in the
1160 nerve ring, and the strata they connect, are different (see (c), compare to

1161  Supplementary Fig. 1a for AIB).
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1162  (c) Volumetric reconstruction of the AVE neuron (green) in the context of the nerve ring
1163  strata S2 (purple) and S3 (orange). Note the placement of the AVE proximal neurite
1164  along the border of S2 and S3, and the AVE distal neurite at the anterior boundary of S2
1165 (the anterior boundary abuts S1, not shown here). The dashed lines indicate the layer
1166  borders. Scale bar =1 um.

1167 (d) Confocal image of an L4 animal with AVE and RIM co-labeled. The magenta and
1168  yellow arrows indicate the positions of the AVE proximal and AVE distal neighborhoods,
1169 respectively. White arrowhead indicates AVE chiasm, corresponding to its anterior shift.
1170  Dashed box shows region of contact of the AVE and RIM neurites, magnified in (e). (e’)
1171 is a schematic of the image in (e). Note the region of contact between the AVE proximal
1172 neurite and the RIM neurites (e,e’), in the context of AVE, in the AVE proximal
1173 neighborhood (as compared to RIM position in AIB distal neighborhood). Scale bar
1174  corresponds to 10 um in (d) and 1 um in (e). Scale bars in (d) and (e) apply to (f) and
1175  (g) respectively. Cell bodies are marked with an asterisk.

1176  (f,9,9’) As (d,e,e’) but in syg-1(ky652) mutant background. Note the gap between the
1177  AVE proximal neurite and the RIM neurites (f,g,g’) and defect in the dorsal midline shift.
1178  (h) Scatter plot showing quantification of the loss of contacts between the AVE and RIM
1179  neurites. The extent of detachment of the AVE proximal neurites from RIM, and hence
1180 its deviation from the RIM neighborhood, was quantified using the indicated formula in
1181 Fig. 3m (also see Methods). Scatter plot depicts % detachment values for wild type
1182 (n=22) and syg-1(ky652) (n=16). Error bars indicate standard error of the mean

1183  (S.E.M.). **p<0.01 by unpaired Student’s t-test between WT and syg-1(ky652).
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1184 (i) Quantification of length of the posterior-anterior shift, quantified for each AVE neurite,
1185  for WT(n=32) and syg-1(ky652) mutants (n=40) and displayed as a scatter plot. Error
1186  bars indicate standard error of the mean (S.E.M.). ***p<0.001 by unpaired Student’s t-
1187  test between WT and syg-1(ky652).

1188  (j) Confocal image of an AVE neuron in L3 animals with RIM neurons ablated using
1189  ablation strategy 2 (Supplementary Fig. 5 and Methods). Note altered placement of the
1190 AVE proximal neurite with respect to the proximal neighborhood (indicated by the
1191  magenta dashed line and the magenta arrow). Scale bar = 10 um.

1192 (k) The percentage of animals having altered AVE distal neurite trajectory are plotted for
1193  WT (n=31) and RIM ablated populations (n=27). *p<0.1 by Fisher’s exact test between
1194  WT and the RIM-ablated population.

1195
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