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Abstract

In the polarity/protrusion model of growth cone repulsion from UNC-6/Netrin, UNC-6 first
polarizes the VD growth cone via the UNC-5 receptor, and then regulates protrusion
asymmetrically across the growth cone based on this polarity. Through the UNC-
40/DCC receptor, UNC-6 stimulates protrusion dorsally, and through UNC-5 inhibits
protrusion ventrally and laterally, resulting in net dorsal growth. Previous studies
showed that UNC-5 inhibits growth cone protrusion via the flavin monooxygenases and
potential destabilization of F-actin, and via UNC-33/CRMP and restriction of microtubule
+ end entry into the growth cone. To explore the role of vesicle fusion in growth cone
protrusion, we analyzed tom-1/tomosyn mutants. Tomosyn normally occludes formation
of the SNARE complex by interacting with and inhibiting Syntaxin and thus preventing
vesicle fusion. VD growth cones of tom-1 null mutants were similar to wild-type.
However, tom-1 null mutants suppressed the effects of constitutively-activated
MYR::UNC-5, which alone causes small growth cones with little protrusion. This
suggests that TOM-1 is normally required for the inhibitory effects of MYR::UNC-5 on
growth cone protrusion. tom-1 encodes long and short isoforms, and results here
indicate that tom-1S is required downstream of UNC-5 to inhibit protrusion, whereas the
tom-1L has a pro-protrusive role. unc-64/Syntaxin mutants displayed reduced growth
cone protrusion, suggesting that TOM-1 inhibits growth cone protrusion by inhibiting
UNC-64/Syntaxin, similar to its role in neurotransmission. TOM-1L, TOM-1S, and UNC-
64/Syntaxin were all required for VD growth cone polarity of protrusion, indicating that
regulated vesicle fusion is required for the establishment and/or maintenance of VD
growth cone polarity. These studies show that, in addition to effects on actin and
microtubules, UNC-5 might inhibit VD growth cone protrusion by inhibiting growth cone
vesicle fusion and thus the ability of growth cones to add plasma membrane necessary

for protrusive growth.
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Introduction

The guided extensions of axons and dendrites play a crucial role in the
development of neural circuit and networks. Growth cones present at the growing tip of
the neurite guide the outgrowth of the neurite. Growth cones are dynamic structures that
consist of a branched actin lamellipodial body and filopodial consisting of F-actin
bundles (GALLO AND LETOURNEAU 1999; GALLO AND LETOURNEAU 2004; ZHOU AND COHAN
2004; PAK et al. 2008; LOWERY AND VAN VACTOR 2009). Extracellular guidance cues are
detected by growth cones via receptors present on the plasma membrane which
orchestrate a series of intracellular events that guide the growth cone in the proper
direction (TESSIER-LAVIGNE AND GOODMAN 1996; GALLO AND LETOURNEAU 1999; GALLO
AND LETOURNEAU 2004; LOWERY AND VAN VACTOR 2009), including actin cytoskeletal
dynamics, microtubule delivery of vesicles and cytoskeletal regulators, and addition of
plasma membrane via exocytosis.

In C. elegans and vertebrates, UNC-6/Netrin is a bifunctional, conserved,
secreted laminin like guidance cue, which directs the dorsal-ventral axon guidance by
utilizing its receptors UNC-40/DCC and UNC-5 (HEDGECOCK et al. 1990; IsHII et al.
1992; CHAN et al. 1996; NORRIS AND LUNDQUIST 2011). The VD motor neuron cell bodies
reside in the ventral nerve cord and send processes anteriorly in the VNC, which then
turn dorsally and migrate to the dorsal nerve cord, forming an axon commissure. The
dorsal commissural growth of the VD growth cone is dependent upon UNC-6/Netrin in
the ventral nerve cord (i.e. VD growth cones migrate away from UNC-6/Netrin,
classically called repulsion) (WADSWORTH et al. 1996; WADSWORTH 2002; NORRIS AND
LUNDQuIST 2011). As the VD growth cone migrates dorsally, it extends dynamic
filopodial protrusions biased to the dorsal direction of growth (KNOBEL et al. 1999;
NORRIS AND LUNDQUIST 2011).

Classically, it was thought that UNC-6/Netrin forms a ventral-to-dorsal gradient
that growth cones dynamically sense (TESSIER-LAVIGNE AND GOODMAN 1996; BOYER AND
GuPTON 2018). Growth up (attraction) or down (repulsion) the gradient involved the
UNC-40/DCC receptor and UNC-5 respectively. Recent studies in vertebrate spinal cord

suggest that gradients are not involved and that Netrinl acts in a short-range,
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70  haptotactic mechanism in spinal cord commissural guidance (DoMiNICI et al. 2017,

71 VARADARAJAN AND BUTLER 2017; YAMAUCHI et al. 2017; MORALES 2018).

72 In C. elegans, in vivo imaging studies of VD growth cones in wild-type and unc-6
73 signaling mutants also do not support the gradient model. Instead, they indicate that

74  UNC-6/Netrin first polarizes the growth cone via the UNC-5 receptor, and then regulates
75  growth cone protrusion based upon this polarity (NORRIS AND LUNDQUIST 2011; NORRIS
76  etal. 2014; GUJAR et al. 2018). UNC-5 inhibits protrusion ventrally, and UNC-40

77  stimulates protrusion dorsally, resulting in net dorsal growth. Thus, both UNC-5 and

78  UNC-40 receptors act in the same growth cone in growth away from UNC-6/Netrin by
79  balancing protrusion across the growth cone. This polarity/protrusion model is a new

80 paradigm in which to understand UNC-6/Netrin in axon guidance. The statistically

81 oriented asymmetric localization (SOAL) model involving UNC-40 acts similarly in

82  growth cone growth toward UNC-6/Netrin (KULKARNI et al. 2013; YANG et al. 2014;

83 LIMERICK et al. 2017).

84 Central to the polarity/protrusion model is that finding that UNC-5 polarizes the
85 growth cone and then inhibits growth cone lamellipodial and filopodial protrusion based
86  on this polarity. UNC-40 stimulates protrusion at the dorsal growing tip, and UNC-5

87 inhibits protrusion ventrally and laterally (NORRIS AND LUNDQUIST 2011; NORRIS et al.

88 2014; GUJAR et al. 2018). Previous studies indicate that UNC-5 inhibits VD growth cone
89  protrusion through two mechanisms. The flavin monooxygenases (FMOs) act

90 downstream of UNC-5 to inhibit protrusion, possible by destabilizing F-actin similar to
91 the FMO protein MICAL (GUJAR et al. 2017). UNC-33/CRMP acts downstream of UNC-5
92  and inhibits protrusion by restricting microtubule + end entry into the growth cone

93 (GuJaRr et al. 2018). Microtubules are pro-protrusive in the VD growth cones (GUJAR et
94 al. 2018; GUJAR et al. 2019), possibly by delivering vesicles and cytoskeletal regulators
95 such as Arp2/3 and Enabled (NoRRIs et al. 2009).

96 Here a potential third pathway downstream of UNC-5 in inhibiting protrusion is

97 explored, involving regulation of vesicle exocytosis and addition of plasma membrane to
98 the growth cone. Vesicle exocytosis is required for growth cone membrane extensions
99 Dby fusion of plasmalemmal precursor vesicles at the plasma membrane of growth cones

100 and is closely tied to cytoskeletal dynamics (FUTERMAN AND BANKER 1996; HAUSOTT AND
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101  KLIMASCHEWSKI 2016; Nozumi AND IGARASHI 2018), and a balance of endocytosis and
102  exocytosis is involved in growth cone guidance (ToJiMA et al. 2014; TOJIMA AND

103  KamiGucHI 2015). The axon guidance cue reelin controls fusion of VAMP7-positive

104  vesicles in regenerating dorsal root ganglion neurons (JAUSORO AND MARZOLO 2021).
105 Furthermore, synaptic-like vesicles in the growth cone are required for pioneer axon
106  navigation in zebrafish (NICHOLS AND SMITH 2019). In C. elegans, the RAB-3 GTP

107 exchange factor AEX-3 controls pioneer axon guidance (BHAT AND HUTTER 2016).

108  Studies on rat cultured hippocampal neurons suggest that exocytosis is restricted to the
109 distal, dynamic region of growth cones which leads to the membrane addition and

110  extension (SAKISAKA et al. 2004).

111 Tomosyn was identified as a Syntaxin-interacting molecule that was shown to
112  inhibit interaction of the T-SNARE Syntaxin with the V-SNARE Synaptobrevin, thus

113 blocking formation of the SNARE complex and preventing vesicle fusion (FuJiTA et al.
114  1998). Tomosyn has been well-characterized in inhibition of synaptic vesicle fusion and
115 dense core vesicle fusion in the nervous system (FuJITA et al. 1998; HATSUZAWA et al.
116  2003; WIDBERG et al. 2003; PoBBATI et al. 2004; MCEWEN et al. 2006; TAKAMORI et al.
117  2006; GLADYCHEVA et al. 2007), including C. elegans (DvyBBs et al. 2005; GRACHEVA et
118 al. 2006; MCEWEN et al. 2006; GRACHEVA et al. 2010; BURDINA et al. 2011). Tomosyn
119 also regulates growth cone morphology in cultured rat hippocampal neurons. Vesicle
120 fusion is inhibited in the proximal “palm” of the growth cone due to the action of

121  Tomosyn in this region (SAKISAKA et al. 2004). When growth cones undergo collapse,
122 Tomosyn relocalizes around the perimeter of the growth cone (SAKISAKA et al. 2004).
123 In this work, the role of TOM-1 is explored in VD growth cone morphology and
124  interaction with UNC-5 in inhibiting VD growth cone protrusion. While complete loss of
125 TOM-1 had little effect on VD growth cone morphology, it did suppress growth cone
126  inhibition of protrusion driven by activated MYR::UNC-5. This suggests that TOM-1 is
127  required for MYR::UNC-5 to inhibit growth cone protrusion and that TOM-1 might act
128 downstream of UNC-5 in this process. tom-1 encodes long and short isoforms. The long
129  isoforms contain the N-terminal WD40 repeats and the C-terminal R-SNARE domain
130 that interacts with Syntaxin, and the short isoform only encodes the C-terminal R-

131 SNARE domain and lacks the WD40 repeats. A mutation that eliminates only the long
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132  isoforms but not the short isoform resulted in small, less-protrusive VD growth cones.
133  Furthermore, tom-1L mutation suppressed the excess VD growth cone protrusion

134  observed in unc-5 loss-of-function mutants. These results suggest that the TOM-1L and
135 TOM-1S isoforms have opposing functions, with TOM-1S acting in an anti-protrusive
136 manner and TOM-1L acting pro-protrusive. Mutation of tom-1S without affecting tom-1L
137 resembled the complete loss of tom-1 (no effect on VD growth cone alone but

138 suppressed myr::unc-5). Furthermore, transgenic expression of tom-1S resulted in

139 reduced VD growth cone protrusion. Taken together, these data suggest that in VD

140  growth cones, tom-1S is the active isoform in inhibiting growth cone protrusion and

141  possibly vesicle fusion, whereas tom-1L has a pro-protrusive role. Finally, a

142  hypomorphic unc-64/Syntaxin mutant had small, less protrusive VD growth cones and
143  suppressed the excess protrusion of unc-5 loss-of-function mutants. In sum, these

144  results are consistent with a model wherein UNC-5 engages TOM-1S to inhibit vesicle
145  fusion and thus inhibit growth cone protrusion. Additionally, tom-1L, tom-1S, and unc-
146  64/Syntaxin were each required for VD growth cone polarity of protrusion, suggesting
147  that regulated vesicle fusion is necessary to establish and/or maintain VD growth cone
148  polarity.

149
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150 Results
151 tom-1 encodes long and short isoforms
152 The C. elegans genome encode a single Tomosyn gene, tom-1, which was

153 identified in a forward genetic screen for enhancers of acetylcholine secretion (DYBBS et
154  al. 2005). TOM-1 is an ortholog of mammalian Tomosyn and shares a significant

155  sequence similarity with mammalian Tomosyn-1 and Tomosyn-2 (GRACHEVA et al.

156  2006). Through alternative 5’ end usage and alternative splicing, tom-1 produces

157  multiple isoforms. Long isoforms include tom-1A (Figure 1A). A short isoform is encoded
158 by tom-1B (Figure 1A), produced by alternative 5’ exon located in an intron of tom-1A.
159 RNA-seq on three independent replicates of mixed-stage wild-type animals revealed
160 that the tom-1B 5’ exon and splice occurred in 8/137, 9/151 and 4/109, or ~5%, of

161  splicing events involving this intron (Figure 1B). This is likely to be an underestimate
162  due to the location of this small exon at the 5’ end on the transcript and not being

163 completely represented during RNA-seq library construction. Long isoforms of tom-1
164  encode conserved WD40 repeats in the N-terminus, and a conserved R-SNARE-like
165 domain at the C-terminus, through which Tomosyn interacts with the SNARE complex
166  (Figure 1A) (GRACHEVA et al. 2006). The short tom-1B isoform lacks the N-terminal

167 WDA40 repeats and encodes only the C-terminal R-SNARE domain.

168 tom-1(0k2437) is a 2391 bp deletion that removed 3’ exons predicted to affect all
169 isoforms of tom-1 (Figure 1A), and tom-1(nu468) introduces a premature stop codon at
170  tryptophan at 212 (DvBBs et al. 2005) and is predicted to affect only the long isoforms
171  and not the tom-1B short isoform (Figure 1A).

172

173  TOM-1regulates VD growth cone protrusion and polarity

174 In the early L2 larval stage, the axons of the VD neurons begin their ventral-to-
175 dorsal commissural growth, with a visible growth cone at the tip of the extending

176  commissural VD axons (Figure 1C and D). DD axons extend earlier, in late

177  embryogenesis. tom-1(nu468) and tom-1(ok2437) mutants both displayed low levels of
178 VD/DD axon guidance defects (Figure 2 B, C, D; Figure 3A).

179 Growth cone morphology of VD axons in tom-1 mutants was analyzed as

180 previously described (NORRIS AND LUNDQUIST 2011; NORRIS et al. 2014; MAHADIK AND
181  LuNDQuisT 2022). Wild-type VD growth cones displayed an average area of 4.6um?
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182  (Figure 4A and D), and filopodial protrusions with an average length of 0.9um (Figure
183 4B and D). VD growth cones are polarized, with filopodial protrusions biased to the

184  dorsal aspect of the growth cone, the direction of growth (Figure 4C and D). tom-

185  1(ok2437) null mutants displayed a slight but not statistically significant increase in VD
186 growth cone area and filopodial length (Figure 4 A, B, and E). The long isoform-specific
187 tom-1(nu468) mutant VD growth cones displayed significantly reduced growth cone
188 area and filopodial length (Figure 4 A, B, and F). These results suggest that tom-1 long
189 isoforms might have a pro-protrusive role in the growth cone.

190 Dorsal polarity of growth cone protrusion was significantly reduced in both tom-
191  1(ok2437) and tom-1(nu468) mutants (Figure 4C-F). These data suggest that both long
192 and short TOM-1 isoforms are required for growth cone polarity of filopodial protrusion.
193  That the long isoform-specific tom-1(nu468) mutants displayed reduced growth cone
194  area and shorter filopodial protrusions and the null tom-1(ok2437) mutants did not

195  suggest that the long and short isoforms of TOM-1 might have distinct roles in

196 regulation of VD growth cone morphology.

197

198

199 TOM-1 short is required for the effects of activated MYR::UNC-5 on VD growth
200 cone morphology

201 Previous work showed that UNC-6/Netrin signaling regulates VD growth cone
202  protrusion, including growth cone area, filopodial length, and polarity (NORRIS AND

203  LunDQuIsT 2011; NoRRIS et al. 2014; GUJAR et al. 2017). The UNC-6/Netrin receptor
204 UNC-5 normally inhibits growth cone protrusion. Constitutively-active MYR::UNC-5

205 expression in VD growth cones results in small growth cones with few and shortened
206 filopodial protrusions (Figure 5A, B, and D). UNC-5 can act as a heterodimer with the
207  UNC-6/Netrin receptor UNC-40, and constitutively-activated MYR::UNC-40 also results
208 in reduced growth cone protrusion (Figure 5A, B, and G) (GITAI et al. 2003; NORRIS AND
209  LUNDQUIST 2011; NORRIS et al. 2014; GUJAR et al. 2017).

210 The tom-1(0k2437) null mutation significantly suppressed the effects of myr::unc-
211 5 (Figure 5A, B, and E). tom-1(0k2437); myr::unc-5 growth cones were larger with

212  longer filopodia compared to myr::unc-5 alone. In contrast, tom-1(0k2437) had no effect
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213  on growth cone area or filopodial reduction caused by myr::unc-40 (Figure 5A, B, and
214 H). While loss of tom-1 alone caused no VD growth cone phenotype, a role of TOM-1 in
215 inhibiting growth cone protrusion was revealed in these studies using the myr::unc-5
216  sensitized background. These results are consistent with TOM-1 acting downstream of
217  UNCS-5 to inhibit growth cone protrusion. As myr::unc-40 was unaffected, TOM-1 might
218 act specifically downstream of UNC-5 and not UNC-5::UNC-40 heterodimers.

219

220 TOM-1is required for inhibition of growth cone protrusion by MYR::UNC-5

221 tom-1(nu468), which affects only the tom-1 long isoforms and not the short tom-
222 1B isoform, did not suppress the inhibition of growth cone area and filopodial length
223  caused by myr::unc-5 or myr::unc-40 (Figure 5 A, B, F, and I). This suggests that the
224  TOM-1 long isoforms are not required to inhibit growth cone protrusion. Alone, tom-
225 1(nu468) mutants displayed reduced VD growth cone protrusion (Figure 4), suggesting
226  a pro-protrusive role of the long isoforms. Thus, TOM-1 short and long isoform might
227  have opposing roles, with TOM-1 short normally inhibiting protrusion and TOM-1 long
228 normally stimulating protrusion. These data also suggests that the inhibitory function of
229  short isoform of TOM-1 does not require long isoform.

230 Neither tom-1(0k2437) or tom-1(nu468) modified growth cone polarity of

231  myr::unc-5 or myr::unc-40 (Figure 5C), consistent with both tom-1 mutants alone

232  affecting polarity of protrusion (Figure 4C).

233 tom-1; myr::unc-5 double mutants showed a synergistic increase in the VD/DD
234  axon guidance defects but tom-1; myr::unc-40 double mutants did not (Figure 2, E, F,
235 G, H) (Figure 3), consistent with TOM-1 specifically interacting with UNC-5. It is noted
236  that despite restoration of MYR::UNC-5 growth cone protrusion by tom-1(ok2437), axon
237  guidance defects were increased. This suggests that growth cone protrusion is not the
238  only aspect of growth cone dynamics during axon guidance affected by these

239  molecules.

240

241 TOM-1long isoforms are required for excess growth cone protrusion in unc-5

242  loss-of-function mutants
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243 UNC-5 has been previously shown to inhibit VD growth cone protrusion (NORRIS
244 AND LUNDQUIST 2011; NORRIS et al. 2014). As previously reported, unc-5(e791) strong
245 loss-of-function mutants displayed increased growth cone area and filopodial length
246  (Figure 6A, B, and G). unc-5(ev480) and unc-5(e152) are hypomorphic alleles that

247  retain some UNC-5 function (MERz et al. 2001; KILLEEN et al. 2002; MAHADIK AND

248  LuNDQuiIsT 2022). However, unc-5(ev480) and unc-5(el152) displayed VD growth cone
249  morphology similar to the unc-5(e791) null (Figure 6A, B, D, G). VD growth cones of
250 unc-5 mutants also lack the dorsal bias of growth cone protrusions (Figure 6C). unc-
251 5(e791) mutants displayed a nearly complete failure of VD/DD axons to reach the dorsal
252 nerve cord, unc-5(ev480) and unc-5(e152) displayed weaker axon guidance defects
253  due to their hypomorphic nature (Figure 3).

254 VD growth cones of double mutants of the tom-1(0k2437) null allele and the unc-
255  5(e791) null allele could not be scored because none emerged from the ventral nerve
256  cord. There was a resulting complete failure of and VD or DD axons extending out of
257  the ventral nerve cord (Figure 2 M and N). VD growth cones of tom-1(0k2437) with

258  hypomorphic unc-5(e152) and unc-5(ev480) were apparent, and they resembled the
259  growth cones of unc-5 hypomorphs alone, with increased growth cone area and

260 filopodial length compared to wild-type (Figure 6 A, B, E). Also, synergistic

261 enhancement of VD/DD axon guidance defects compared to unc-5(ev480, e152) alone
262  were observed (Figure 2 1 and J, and Figure 3). Thus, tom-1(0k2437) did not alter the
263  growth cone phenotypes of unc-5 hypomorphs, and in fact enhanced VD/DD axon

264  guidance defects.

265 In contrast, the long isoform specific tom-1(nu468) mutant significantly

266  suppressed growth cone area and filopodial length of all unc-5 mutants (Figure 6 A, B,
267 F, H). Despite suppressing excessive growth cone protrusion, there was a synergistic
268 enhancement in VD/DD axon guidance defects of these double mutants (Figure 2 K, L)
269  (Figure 3).

270 VD growth cones in all tom-1; unc-5 mutants in which they were apparent were
271  unpolarized similar to all of the single mutants alone (Figure 6C).

272 These studies indicate that the TOM-1 long isoforms were in part necessary for

273  excessive growth cone protrusion in unc-5 mutants, consistent with a pro-protrusive role
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274  of the TOM-1 long isoforms. This, combined with tom-1 null suppression of activated
275 MYR:UNC-5, suggest that the TOM-1 long and short isoforms have opposing roles in
276  regulating growth cone protrusion, with TOM-1 long isoforms being pro-protrusive and
277  TOM-1 short inhibiting protrusion.

278

279 A tom-1B short isoform-specific mutant resembles the tom-1 null

280 The tom-1B short isoform is produced by an alternative 5’ exon located in an

281 intronic region of the long isoform (Figure 1A). We used Cas9 genome editing to

282  precisely delete the intron contain the tom-1B 5’ exon, effectively fusing together exons
283 18 and 19 without affecting coding capacity of these exons (Figure 1). This tom-1(Iq176)
284  allele is predicted to encode all of the long isoforms.

285 tom-1(Iq176) did not affect the growth cone area and filopodial length compared
286 to wild-type (Figure 7 A, B, D, and E), but did display growth cone polarity defects

287  (Figure 7C). tom-1(lg176) suppressed the inhibition of growth cone area and filopodial
288 length caused by myr::unc-5 (Figure 7 A, B, F, and G), but did not suppress the

289  excessive growth cone protrusion hypomorphic unc-5(ev480 and e152) mutants (Figure
290 7 A, B, H, and ). No VD growth cones were apparent in tom-1(Ig176); unc-5(e791) null
291  double mutants. All double mutants with tom-1(Ig176), unc-5 hypomorphs, and

292  myr::unc-5 displayed slightly increased VD/DD axon guidance defects, in some cases
293  significant (Figure 3). Furthermore, VD growth cone polarity in double mutants

294  resembled each single mutant alone, which all had unpolarized growth cones (Figure
295 7C).

296 In sum, tom-1(lg176) resembled the tom-1(0k2437) null mutant in all respects,
297  including loss of growth cone polarity, suppression of growth cone inhibition by activated
298  myr::unc-5, and failure to suppress excess growth cone protrusion in unc-5 hypomorpic
299 mutants. This indicates that the TOM-1 long isoforms alone cannot supply full TOM-1
300 function and is consistent with long and short isoforms having opposing roles (long are
301 pro-protrusive; short is anti-protrusive).

302

303 Transgenic expression of the TOM-1B short isoform inhibited VD growth cone

304  protrusion
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305 The genomic region of the tom-1B short isoform was placed under the control of
306 the unc-25 promoter expressed in the VD/DD neurons. Transgenic expression of this
307  construct in a wild-type background resulted in reduced VD growth cone area and

308 filopodial length (Figure 8 A, B, and F). Transgenic expression of tom-1B also abolished
309 VD growth cone polarity of protrusion. Similar results were seen in the tom-1(0k2437)
310 background (Figure 5 A, B, G). These data indicate that the TOM-1B short isoform

311 inhibits growth cone protrusion, consistent with the loss of function studies of tom-

312  1(lg176). These data also indicate that tom-1B can act cell-autonomously to inhibit

313 growth cone protrusion.

314

315 unc-64/syntaxin regulates growth cone protrusion and genetically interacts with
316  unc-5

317 Tomosyn inhibits vesicle fusion by interacting with the T-SNARE Syntaxin via the
318 Tomosyn C-terminal R-SNARE domain, preventing syntaxin interaction with the vesicle
319 SNARE VAMP (FuJiTA et al. 1998; Rizo AND ROSENMUND 2008). unc-64 encodes for the
320 C. elegans homolog of Syntaxin (SAIFEE et al. 1998). Complete loss of unc-64 is lethal,
321  but the hypomorphic unc-64(md130) allele is viable and displays slightly uncoordinated
322  locomotion (METz et al. 2007).

323 unc-64(md130) mutants displayed VD growth cones with reduced area and

324  filopodial length compared to wild-type (Figure 9 A, B, and D). Furthermore, unc-

325 64(md130) growth cones were unpolarized (Figure 9C). Finally, unc-64(md130)

326  suppressed excessive growth cone protrusion in unc-5 null and hypomorphic mutants
327  (Figure 9 A, B, E, and F). unc-64(md130) displayed weak axon guidance defects alone,
328  but double mutants of unc-64; unc-5 displayed a synergistic enhancement in VD/DD
329  axon guidance (Figure 3).

330 These data indicate that UNC-64/Syntaxin is required for VD/DD growth cone
331  protrusion, including growth cone area and filopodial length. They also suggest that in
332 unc-5 mutants, UNC-64/Syntaxin is overactive, resulting in excess growth cone

333  protrusion.

334
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335 Discussion

336 Previous studies have shown that in the polarity/protrusion model of growth cone
337  outgrowth, UNC-6/Netrin inhibits VD growth cone lamellipodial and filopodial protrusion
338 viathe UNC-5 receptor. UNC-6 also polarizes the VD growth cone via UNC-5, biasing
339 filopodial protrusion to the dorsal direction of outgrowth. By inhibiting protrusion ventrally
340 and stimulating protrusion dorsally (via the UNC-40 receptor), UNC-6 directs dorsal

341  migration of the VD growth cone. Previous studies showed that UNC-5 inhibits growth
342  cone protrusion using flavin monooxygenases (FMOSs), which might oxidize and

343 destabilize F-actin similar to MICAL. UNC-5 also inhibits protrusion by restricting entry
344  of microtubule + ends into growth cones, which have a pro-protrusive effect. Results
345  here suggest that UNC-5 inhibits protrusion via a third pathway involving UNC-

346  64/Syntaxin and the Syntaxin inhibitor TOM-1/Tomosyn (Figure 10). UNC-64/Syntaxin
347  was required for growth cone protrusion, and TOM-1/Tomosyn was an inhibitor of

348  growth cone protrusion. Given the known roles of Syntaxin and Tomosyn in regulating
349  vesicle fusion, these results are consistent with the idea that UNC-5 prevents vesicle
350 fusion in the growth cone through TOM-1 inhibition of UNC-64/Syntaxin-mediated

351 vesicle fusion. Prevention of vesicle fusion would restrict plasma membrane expansion
352 and possibly delivery of pro-protrusive molecules (e.g. Arp2/3) and thus inhibit growth
353 cone protrusion. unc-64 and tom-1 mutant VD growth cones were also unpolarized,

354 indicating that regulation of vesicle fusion is required for establishing and/or maintaining
355  growth cone polarity.

356 Vesicle exocytosis is essential for controlling growth cone membrane dynamics
357 and extensions by the fusion of plasmalemmal precursor vesicle at the plasma

358 membrane of growth cones (FUTERMAN AND BANKER 1996). Studies on rat cultured

359  hippocampal neurons suggest that exocytosis is restricted to the peripheral region of
360 growth cones which leads to the membrane addition and extension, do the action of
361 Tomosyn in the growth cone “palm” (SAKISAKA et al. 2004). In vivo results presented
362 here are consistent with the idea that TOM-1 restricts vesicle fusion in the growth cone.
363

364 tom-1 encodes long and short isoforms with distinct functions
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365 The C. elegans genome contains one Tomosyn gene, tom-1, which encodes N-terminal
366 WDA4O0 repeats and a C-terminal R-SNARE domain, similar to Tomosyn in other species.
367 tom-1 produced multiple isoforms, including a series of long isoforms containing the
368 WDA4O0 repeats and the R-SNARE domain, and a short isoform containing only the R-
369 SNARE domain, produced by an alternative 5 exon. Genetic results here indicate that
370 the long isoforms have pro-protrusive roles in the growth cone, whereas the short

371 isoform inhibits protrusion. The short-isoform-specific tom-1(lg176) mutant resembled
372  the tom-1 null, suggesting that the long isoforms cannot provide TOM-1 function in the
373 absence of the short isoform. These data suggest that the TOM-1 short isoform is

374  important for inhibiting growth cone protrusion, possibly through interaction with UNC-
375 64/Syntaxin. Transgenic expression of TOM-1 short resulted in smaller growth cones
376  with shorter filopodia, consist with this model. The long isoforms might have pro-

377  protrusive roles independent of the short isoform. Alternately, the long isoforms might
378  regulate the short isoform and inhibit its function (Figure 10).

379

380 TOM-1 short isoform acts downstream of UNC-5 to inhibit the growth cone

381 protrusion

382 Previous work showed that the UNC-6/Netrin receptors UNC-40 and UNC-5

383 regulate growth cone protrusion. UNC-40 stimulates protrusion whereas UNC-5 inhibits
384  protrusion, and asymmetric distribution of protrusive activity across the growth cone
385 results in directed growth cone migration away from UNC-6/Netrin (the

386  Polarity/Protrusion model) (GUJAR et al. 2018). We also showed that UNC-5 inhibits
387  protrusion via the FMOs by possible actin destabilization (GUJAR et al. 2017), and by
388 preventing MT entry via UNC-33/CRMP (GUJAR et al. 2017; GUJAR et al. 2019).

389 Here we show that the TOM-1 short isoform is required for UNC-5 to inhibit VD
390 growth cone protrusion. The tom-1(0k2437) null and the short-isoform-specific tom-
391 1(lg176) both suppressed the inhibitory effect of MYR::UNC-5 on VD growth cone

392 protrusion. While neither mutant alone had significantly increased growth protrusion
393 expected of an inhibitory molecule, the effects might be masked by the other pathways
394  downstream of UNC-5 (FMOs and UNC-33/CRMP). MYR::UNC-5 is a sensitized

395 genetic background that revealed the effects on tom-1 mutants on the VD growth cone.
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396 tom-1(ok2437) and tom-1(lg176) did not suppress the inhibitory effects on MYR::UNC-
397 40, suggesting that TOM-1 might act specifically downstream of UNC-5 homodimers
398 and not UNC-5:UNC-40 heterodimers. Finally, tom-1(0k2437) and tom-1(lq176) did not
399 affect the large, overly protrusive growth cones of unc-5 loss-of-function mutants,

400 consistent with a role in inhibiting protrusion.

401

402 TOM-1long isoforms have a pro-protrusive role in the VD growth cone

403 In contrast to the tom-1(0k2437) null and tom-1(lg176) short isoform specific
404  mutant, the long isoform-specific mutant tom-1(nu468) displayed VD growth cones with
405 reduced area and filopodial length. tom-1(nu468) was required for the large, overly

406  protrusive growth cones in unc-5 null mutants, and did not suppress MYR::UNC-5.

407  Together, these data indicate that TOM-1 long isoforms have a pro-protrusive role in the
408 growth cone, the opposite of TOM-1 short. The TOM-1 long isoforms were required for
409  excess protrusion in unc-5 mutants, suggesting that in the absence of UNC-5, the TOM-
410 1 long isoforms are overactive.

411 Previous neurophysiological studies indicate that the TOM-1 long isoforms are
412  inhibitory to neurosecretion (DyBBs et al. 2005; GRACHEVA et al. 2006; MCEWEN et al.
413  2006; GRACHEVA et al. 2010; BURDINA et al. 2011). Expression of the R-SNARE domain
414  alone was insufficient to restore inhibition of synaptic transmission (BURDINA et al.

415 2011), whereas experiments here show that expression of the TOM-1 short isoform

416 inhibited VD growth cone protrusion. Possibly, the function of the long and short

417 isoforms in vesicle fusion are cell- and context-specific. Indeed, in cultured superior

418 cervical ganglion neurons, Tomosyn RNAI inhibited the evoked response (BABA et al.
419  2005), the opposite of what is expected of an inhibitor of vesicle fusion. In the VD

420 growth cone, TOM-1 long might act as a true “friend to Syntaxin”, possibly inhibiting the
421  function of TOM-1 short. It is also possible that TOM-1 long isoforms have a Syntaxin-
422  independent stimulatory effect on growth cone protrusion.

423

424  TOM-1long and short isoforms are both required for VD growth cone polarity and
425 VD/DD axon guidance
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426 All tom-1 mutants analyzed here displayed loss of dorsally-polarized filopodial
427  protrusions on the growth cone. Transgenic expression of the TOM-1 short also resulted
428 in VD growth cone polarity defects. This indicates that both TOM-1L and TOM-1S are
429  required to establish and/or maintain VD growth cone polarity in a complex and likely
430 dynamic manner. No genetic interaction analyzed here modified the polarity defect, so it
431 is impossible to say if TOM-1 acts downstream of UNC-5 in growth cone polarity.

432 All tom-1 alleles displayed weak but significant VD/DD axon guidance defects,
433 and all of them synergistically enhanced the VD/DD axon guidance defects in double
434  mutant combinations with unc-5. This suggests that both isoforms of tom-1 are

435 necessary to maintain proper axon guidance and again supports the hypothesis that
436 TOM-1 acts downstream of UNC-5 signaling.

437

438 UNC-64/Syntaxin is required for robust VD growth cone protrusion and polarity
439 Tomosyn is very well characterized as an inhibitor of vesicle fusion by blocking
440 interaction of Syntaxin with the V-SNARE Synaptobrevin, including C. elegans TOM-1 in
441  neurosecretion (DYBBS et al. 2005; GRACHEVA et al. 2006; MCEWEN et al. 2006;

442  GRACHEVA et al. 2010; BURDINA et al. 2011). It is possible that the effects of TOM-1 in
443  growth cone protrusion are independent of vesicle fusion. However, hypomorphic unc-
444 64/Syntaxin mutans displayed reduced VD growth cone area, shorter filopodial

445  protrusions, and a loss of polarity of filopodial protrusions. This is similar to the long-
446  isoform-specific tom-1(nu468) mutant and is consistent with a role of UNC-64/Syntaxin
447  in promoting growth cone protrusion and polarity. This strongly indicates that vesicle
448  fusion is required for robust VD growth cone protrusion, filopodial protrusion, and

449  polarity of filopodial protrusion. The effects of TOM-1 on these processes are thus likely

450 to be mediated through regulation of vesicle fusion.

451
452  The UNC-6/Netrin UNC-5 inhibits VD growth cone protrusion via TOM-1/Tomosyn
453 In cultured rat hippocampal neurons, Tomosyn prevents vesicle fusion at the

454  “palm” of the growth cone, directing vesicle fusion to the extending growth cone tip
455  (SAKISAKA et al. 2004). Evidence is presented here in vivo in C. elegans that TOM-

456  1/Tomosyn might act similarly in the VD growth cone. Tom-1/Tomosyn might be active
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457  at the base of the VD growth cone, preventing ventral and lateral vesicle fusion and thus
458  preventing ventral and lateral growth cone protrusion. We show that TOM-1 acts

459  downstream of the UNC-6/Netrin receptor UNC-5 to inhibit protrusion. As UNC-5 also
460 polarizes the growth cone, the activity of TOM-1 ventrally and laterally might be

461 controlled by UNC-5. TOM-1 is also required to establish and/or maintain growth cone
462  polarity of protrusion, suggesting the role of vesicle fusion in this process as well. In

463  cultured rat hippocampal neurons, upon growth cone collapse, Tomosyn extends

464  throughout the growth cone. This situation might be analogous to constitutively-active
465 MYR:UNC-5, which might constitutively recruit TOM-1 throughout the entire growth

466  cone, leading to inhibited protrusion. These results advance understanding of the role of
467  UNC-6/Netrin receptor UNC-5 in growth cone morphology during outgrowth. They show
468 that, in addition to the two pathways involving F-actin and microtubule + end entry,

469  UNC-5 inhibits protrusion by preventing vesicle fusion in the growth cone using TOM-
470  1/Tomosyn.
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471  Materials and Methods

472  Genetic Methods

473 Experiments were performed at 20°C using standard C. elegans techniques

474  (BRENNER 1974). Mutations were used LGI: tom-1(0k2437, nu468, 1g176), wrdSi23 ;

475  LGII: juls76 [Punc-25::gfp]; LGII: unc-64(md130); LGIV: unc-5(e791, ev480 and, e152),
476  The presence of mutations was confirmed by phenotype and sequencing. Chromosomal
477  locations not determined: 1qIs296[Punc-25::myr::unc-5::gfp]; Iqls128[Punc-25::myr::unc-
478  40:gfp]; 191s383 [Punc-25::tom-1short::gfp].

479

480 Transgene construction

481 Punc-25::tom-1 short was made by amplifying the entire genomic region of the
482 tom-1B short isoform by PCR, and placing this behind the unc-25 promoter. The tom-1B
483  coding region was sequenced to ensure no errors had been introduced by PCR. The
484  sequence of this plasmid is available upon request.

485

486 Cas9 genome editing to generate tom-1B(Ig176)

487 CRISPR-Cas9 genome editing was used to precisely delete the entire intron 18
488 of tom-1A, between exon 18 and 19 (Figure 1). This removes the first exon of the tom-
489 1B short isoform, which resides in intron 18, and leaves the coding potential of tom-1
490 long isoforms unchanged. Synthetic guide RNAs were directed at the 5’ and 3’ ends of
491 the intron:

492 sgRNAL against tom-1 short: 5 CATCAATTTCCACAGAATGT 3’

493 sgRNA2 against tom-1 short: 5 TTACATGGCAAGTCAAACAG 3

494 A mix of sgRNASs, a single stranded oligonucleotide repair template, and Cas9 enzyme
495 was injected into the gonads of N2 animals, along with the dpy-10(cn64) co-CRISPR
496 reagents (EL MouriDI et al. 2017). Deletion of tom-1 intron 18 was confirmed by PCR
497  and sequencing. A single-stranded oligodeoxynucleotide was used as a repair template,
498  which recoded the sgRNA region to maintain the same coding potential. The recoded

499  sequence of Ig176 is:
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500 TTGAGAATTCTTCAAACTTCTACGATTTTCCCACACTCCGTCGAGATCGACGACCCA
501 CTCTGCCAAAAGACCGCCTTCTCCGACCATGGACTCGGAGTCTATATGGCCTCCC
502 AAACAGAGGTAAGATACTTTGTTTTATCATGAAAGTTA

503 The mutation was named tom-1(lq176). Genome editing reagents were produced by
504 InVivo Biosystems (Eugene, OR, USA).

505

506 RNA-seq and analysis

507 Total RNA was isolated from three independent isolates of mixed-stage animals of the
508 strain LE6194 (SSM1, SSM2, and SSM3) as previously described (TAMAYO et al. 2013).
509 The LE6194 genotype is wrdSi23 I; juls76 Il and is wild-type for the tom-1 gene.

510 Stranded poly-A RNA-seq libraries were constructed using the NEBNext® Ultra™ Il
511 Directional RNA Library Prep Kit for lllumina and subjected to paired-end 150 cycle
512 sequencing on a Nextseg550. Reads were aligned to the C. elegans genome using
513  HISAT2 with default settings (version 2.1.0) (Kim et al. 2019). The resulting BAM files
514  were analyzed in the Integrated Genome Viewer (ROBINSON et al. 2011;

515 THORVALDSDOTTIR et al. 2012) from which the Sashimi plot for SSM1 in Figure 1B was
516 generated. The following numbers of paired reads for each sample mapped to the

517 genome: SSM1, 46,067,340, SSM2, 52,240,104, SSM3, 55,063,010. Sequences are
518 available in the Sequence Read Archive, BioProject number PRINA847250.

519

520

521 Quantification of axon guidance defects

522 VD/DD neurons were visualized with Punc-25::gfp transgene, juls76 (JIN et al.
523  1999), which is expressed in GABAergic motor neurons including 13VDs and 6DDs.
524  Axon guidance defects were scored as previously described (MAHADIK AND LUNDQUIST
525 2022). In wild type, an average of 16 of the 19 commissures of VD/DD axons are

526  distinguishable, as axons can be present in a fascicle and thus cannot be resolved. A
527  total of 100 animals were scored (1600 total commissural processes). Total axon

528 guidance defects were calculated by counting all the axons which failed to reach the

529 dorsal nerve cord, wandered at an angle of 45° or greater, crossed over other
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530 processes, and displayed ectopic branching. Significance difference between two

531 genotypes was determined by using Fisher’'s exact test.

532

533 Growth cone imaging and quantification

534 VD growth cones were imaged as previously described (NORRIS AND LUNDQUIST
535 2011; NoRRis et al. 2014; GUJAR et al. 2017; GUJAR et al. 2018; GUJAR et al. 2019;

536 MAHADIK AND LUNDQuUIST 2022). L1 larval animals were harvested 16-hour post-hatching
537 at 20°C and placed on a 2% agarose pad with 5mM sodium azide in M9 buffer. Some
538 genotypes were slower to develop than others so the 16-hour timepoint was adjusted
539 for each genotype. Growth cones were imaged with Qimaging Retiga EXi camera on a
540 Leica DM5500 microscope at 100x magnififcation. Projections less than 0.5um in width
541  were scored as filopodia. Growth cone area and filopodial length were quantified using
542 ImageJ software. Quantification was done as described previously (NORRIS AND

543  LUNDQUIST 2011; NORRIS et al. 2014; GUJAR et al. 2017; GUJAR et al. 2018; GUJAR et al.
544  2019; MAHADIK AND LUNDQUIST 2022). Significance of difference between two genotypes
545  was determined by two-sided t-test with unequal variance.

546 Polarity of growth filopodial protrusions was determined as previously described
547  (NORRIS AND LUNDQUIST 2011; NORRIS et al. 2014; GUJAR et al. 2017; GUJAR et al. 2018;
548 GUJAR et al. 2019; MAHADIK AND LUNDQUIST 2022). Growth cone images were divided
549 into two halves, dorsal and ventral, with respect to the ventral nerve cord. The number
550 of filopodia in each half was counted. The proportion of dorsal filipodia was determined
551 by the number of dorsal filopodia divided by total number of filopodia. Significance of
552  difference between two genotypes was determined by Fisher's exact test.

553
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568 Figure Legends

569 Figure 1.tom-1 gene structure and VD growth cones.

570 (A) The tom-1 gene structure is shown (from Wormbase WS284). tom-1A is

571 representative of the long isoforms, and tom-1B is the short isoform. Regions encoding
572 the WD40 repeats, and the SNARE domain are indicated by blue boxes. Alleles and
573 location of their molecular lesions producing multiple isoforms. tom-1(nu468) results in a
574  premature stop codon predicted to affect all long isoforms but not tom-1B short. tom-
575  1(ok2437) is a 2391-bp deletion that removes all of exons 17 to 23 and is predicted to
576 affect all isoforms of tom-1. tom-1(lg176) is a precise deletion of intron 18 of tom-1A,
577 leaving the coding potential for tom-1A unchanged but deleting the first exon of tom-1B.
578 (B) A Sashimi plot from the Integrated Genome Viewer of splice junctions in RNA-seq
579 reads of tom-1. RNA-seq was conducted on mixed stage N2 animals, reads aligned

580 using HISATZ2, and analyzed with the Integrated Genome Viewer. Gene structure is

581  below in blue, and splice junctions with their abundance in the RNA-seq reads is

582 indicated. The dashed box shows splices at intron 18, of which 8/137 include the tom-
583 1B first exon. (C) Diagram of an early L2 larva of C. elegans hermaphrodite highlighting
584  the structure and position of the DD motor neurons and axons (black), and VD7 and
585 VD8 (green). Dorsal is up, and anterior is left. A growth cone is represented on the VD8
586 axon as it extends dorsally. (D) A fluorescent micrograph of an early L2 animals with
587 unc-25::gfp expression in the VD and DD neurons. Dorsal is up, and anterior is left. An
588 arrowhead indicates a DD commissural axon, and an arrow points to a VD growth cone
589 as it extends dorsally. CB, cell body; DNC, dorsal nerve cord; VNC, ventral nerve cord.
590 Scale bar represents 5um.

591

592  Figure 2. VD/DD axon guidance defects. Shown are fluorescent micrographs of the
593  Punc-25::gfp transgene juls76 expressed in the VD/DD neurons of L4 animals. Dorsal is
594  up and anterior left. The approximate lateral midline is indicated with a dotted white line,
595 and the dorsal nerve cord by a dashed white line. White arrows indicate axon guidance
596 defects in each genotype. Scale bar in (A) represents 10um. Genotypes are indicated in
597  each figure panel.

598
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Fig 3. Quantification of VD/DD axon guidance defects. Total axon guidance defects
were quantified as described in Materials and Methods. Genotypes are listed on the X
axis, and total axon guidance defects on the Y axis. Error bars represents 2x standard
error of proportion. Significance of difference was determined using Fisher’s exact test.
Single asterisks (*) indicate significance compared to wild-type; double asterisks (**)
indicate significance of single mutants alone to the predicted additive effect of double

mutants calculated by the formula p1 + p2 — (p1p2). ns= not significant.

Figure 4. Growth cone analysis in tom-1 mutants. At least 50 growth cones were
scored in each genotype. (A, B) Quantification of VD growth cone area and filopodial
length (see Materials and Methods). In the graph, each point represents a measurement
of a single growth cone or filopodium. (A) Area of growth cone, in um?. (B) Filopodial
length, in um. Error bars indicate standard error of the mean. Two-sided t-tests with
unequal variance were used to determine the significance between wild-type and
mutants. n = number of growth cones. Single asterisks (*) indicate significance at p <
0.05. Double asterisks (**) indicate significance at p < 0.001. C) A graph showing the
percent of dorsally directed filopodial protrusions in VD growth cones of different
genotypes (see Materials and Methods). The X-axis is set at 50%, such that bars
extending above the X-axis represents above 50%, and bars that extends below
represents below 50%. In wild-type, a majority of filopodia (78%) extended from the
dorsal half of the growth cone. Significance between wild-type and mutants was
determined by Fisher’s exact test. Error bar represents 2x standard error of proportion.
n = number of growth cones. Single asterisks (*) indicates the significant p < 0.05
double asterisks (**) indicate significant p < 0.001. (D-F) Fluorescence micrographs of
wild-type and mutant VD growth cones expressing Punc-25::gfp. (D, E, F). Arrows point
to filopodial protrusions. Dorsal is up; anterior is left. The scale bar in (D) represents

S5um.

Figure 5. Growth cone analysis of tom-1 with myr::unc-5 and myr::unc-40 .
A, B) Quantification of VD growth cone area and filopodial length as described in Figure

4. Measures of significance shown on previous figures are not indicated here. The lines
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630 indicate genotypes analyzed for significance. C) A graph showing the percent of

631 dorsally-directed filopodial protrusions in VD growth cones of different genotypes as
632 described in Figure 4. myr::unc-5 and myr::unc-40 significantly perturbed growth cone
633  polarity (lines), but no tom-1 double mutant showed any significant difference

634  (brackets). (D-I) Fluorescence micrographs of mutant VD growth cones of indicated

635 genotypes expressing Punc-25::gfp. Arrows point to filopodial protrusions. Dorsal is up;
636 anterior is left. The scale bar in (D) represents 5um.

637

638 Figure 6. Growth cone analysis of unc-5 and tom-1 double mutants.

639 A, B) Quantification of VD growth cone area and filopodial length as described in Figure
640 4. Measures of significance shown on previous figures are not indicated here. Lines
641 indicate significance of comparisons between genotypes. C) A graph showing the

642 percent of dorsally-directed filopodial protrusions as described in Figure 4. unc-5

643 mutants significantly perturbed growth cone polarity (lines), but no tom-1 double mutant
644  showed any significant difference (brackets). (D-H) Fluorescence micrographs of mutant
645 VD growth cones of indicated genotypes expressing Punc-25::gfp. Arrows point to

646 filopodial protrusions. Dorsal is up; anterior is left. The scale bar in (D) represents 5um.
647

648 Figure 7.tom-1(lq176) growth cone quantification.

649 (A, B) Quantification of VD growth cone area and filopodial length as described in

650 Figure 4. Comparisons of significance indicated on previous figures are not shown here.
651 Lines indicate significance of comparisons between genotypes. C) A graph showing the
652 percent of dorsally-directed filopodial protrusions as described in Figure 4. tom-1(lq176)
653  mutants significantly perturbed growth cone polarity (lines), but no unc-5 double mutant
654 showed any significant difference (brackets). (D-I) Fluorescence micrographs of mutant
655 VD growth cones of indicated genotypes expressing Punc-25::gfp. Arrows point to

656 filopodial protrusions. Dorsal is up; anterior is left. The scale bar in (D) represents 5um.
657

658 Figure 8. Growth cone analysis of transgenic expression of tom-1 short.

659 (A, B) Quantification of VD growth cone area and filopodial length as described in

660 Figure 4. Comparisons of significance indicated on previous figures are not shown here.
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661 Lines indicate significance of comparisons between genotypes. C) A graph showing the
662 percent of dorsally-directed filopodial protrusions as described in Figure 4. (D-)

663  Fluorescence micrographs of mutant VD growth cones of indicated genotypes. The gfp
664 fluorescence is from the Punc-25::tom-1S::gfp transgene. Arrows point to filopodial

665 protrusions. Dorsal is up; anterior is left. The scale bar in (D) represents 5um.

666

667 Figure 9. Growth cone analysis in unc-64 and unc-5 mutants. (A, B) Quantification
668 of VD growth cone area and filopodial length as described in Figure 4. (C) A graph

669  showing the percent of dorsally- directed filopodial protrusions in VD growth cones of
670 different genotypes as described in Figure 4. (D-F) Fluorescence micrographs of mutant
671 VD growth cones expressing Punc-25::gfp. Arrows point to filopodial protrusions. Dorsal
672 is up; anterior is left. The scale bar in (D) represents 5um.

673

674  Figure 10. Genetic model of TOM-1 inhibiting growth cone protrusions by

675 preventing vesicle fusion.

676 Previous studies indicate that UNC-5 homodimers and UNC-5:UNC-40

677 heterodimers inhibit growth cone protrusion through the flavin monooxygenases (FMOS)
678 and possible F-actin destabilization, and via UNC-33/CRMP and restriction of

679  microtubule + end entry into growth cones. Studies here delineate a third pathway

680 through which UNC-5 inhibits protrusion involving TOM-1/Tomosyn and the inhibition of
681 vesicle fusion mediated by UNC-64/Syntaxin. Our results indicate that a short isoform of
682 TOM-1 containing only the V-SNARE domain is the active isoform in inhibiting

683  protrusion and possible interaction with UNC-64/Syntaxin. TOM-1 long isoforms might
684 actin opposition to TOM-1 short and act in pro-protrusive manner. This might be a

685 direct effect on protrusion, or possibly an auto-inhibitory effect on TOM-1 short.

686

687

688
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