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 55 

ABSTRACT  56 

The spatial and temporal regulation of calcium signalling in neuronal growth cones is 57 

essential for axon guidance. In growth cones, the endoplasmic reticulum (ER) is a 58 

significant source of calcium signals.  However, it is not clear whether the ER is 59 

remodelled during motile events to localize calcium signals in steering growth cones.  60 

The expression of the ER-calcium sensor, stromal interacting molecule 1 (STIM1) is 61 

necessary for growth cone steering towards the calcium-dependent guidance cue 62 

BDNF, with STIM1 functioning to sustain calcium signals through store-operated 63 

calcium entry (SOCE).  However, STIM1 is also required for growth cone steering away 64 

from sema-3a, a guidance cue that does not activate ER-calcium release, suggesting 65 

multiple functions of STIM1 within growth cones (Mitchell et al., 2012).  STIM1 also 66 

interacts with microtubule plus-end binding proteins EB1/3 (Grigoriev et al., 2008b). 67 

Here, we show that STIM1 associates with EB1/3 in growth cones and that STIM1 68 

expression is critical for microtubule recruitment and subsequent ER remodelling to the 69 
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motile side of steering growth cones.  Furthermore, we extend our data in vivo, 70 

demonstrating that zSTIM1 is required for axon guidance in actively navigating 71 

zebrafish motor neurons, regulating calcium signalling and filopodial formation. These 72 

data demonstrate that in response to multiple guidance cues, STIM1 couples 73 

microtubule organization and ER-derived calcium signals, thereby providing a 74 

mechanism where STIM1-mediated ER remodelling, particularly in filopodia, regulates 75 

spatiotemporal calcium signals during axon guidance. 76 

 77 

SIGNIFICANCE STATEMENT 78 

Defects in both axon guidance and endoplasmic reticulum (ER) function are implicated 79 

in a range of developmental disorders.  During neuronal circuit development, the 80 

spatial localization of calcium signals controls the growth cone cytoskeleton to direct 81 

motility. We demonstrate a novel role for stromal interacting molecule 1 (STIM1) in 82 

regulating microtubule and subsequent ER remodelling in navigating growth cones. We 83 

show that STIM1, an activator of store-operated calcium entry, regulates the dynamics 84 

of microtubule-binding proteins EB1/3, coupling ER to microtubules, within filopodia, 85 

thereby steering growth cones.  The STIM1-microtubule-ER interaction provides a new 86 

model for spatial localization of calcium signals in navigating growth cones in the 87 

nascent nervous system.  88 

 89 

INTRODUCTION 90 

A key determinant of axon guidance is the precise regulation of growth cone motility by 91 

the second messenger molecule calcium (Cohan et al., 1987; Gomez and Spitzer, 92 

1999; Wen et al., 2004; Zheng, 2000).  How the spatial localization of calcium signals 93 

is regulated to control the cytoskeleton and therefore growth cone motility, is not well 94 

understood.  Calcium-dependent guidance cues activate the release of calcium from 95 
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the endoplasmic reticulum (ER) through inositol triphosphate (IP3) or ryanodine 96 

receptor (RyR) activation and this mobilization of ER-calcium is key to the transduction 97 

of filopodial calcium transients necessary for axon guidance (Davenport et al., 1996; 98 

Gomez and Spitzer, 2000; Gu and Spitzer, 1995; Mitchell et al., 2012; Ooashi et al., 99 

2005; Tojima et al., 2011).  The morphology and sub-cellular distribution of ER is highly 100 

regulated and yet dynamic (Wu et al., 2017; Zhang and Hu, 2016). While ER 101 

remodelling in motile growth cones has not been previously described, it is probable 102 

that the spatial translocation of ER and its ability to sustain spatially-restricted calcium 103 

signals are important in regulating growth cone motility (Davenport et al., 1996; Zhang 104 

and Forscher, 2009; Mitchell et al., 2012; Ooashi et al., 2005).  Understanding the 105 

molecular mechanisms that regulate the spatial localization of ER-mediated calcium 106 

signals is vital, given that defects in calcium signalling and ER function are implicated 107 

in a range of neural developmental disorders, spastic paraplegias and 108 

neurodegeneration (Beetz et al., 2013; Blackstone, 2012; Schmunk et al., 2015; 2017).   109 

Stromal interacting molecule 1 (STIM1) is a calcium sensing protein located on the ER 110 

membrane.  STIM1 regulates ER-calcium concentration by interacting with Orai 111 

proteins at the plasma membrane, to trigger calcium influx via store operated calcium 112 

entry (SOCE)  (Feske et al., 2006; Luik et al., 2006; Roos et al., 2005).  STIM1 is 113 

required for growth cone steering in response to brain derived neurotrophic factor 114 

(BDNF), netrin-1 and semaphorin-3a (sema-3a) (Mitchell et al., 2012; Shim et al., 115 

2013).  The requirement for STIM1 function in BDNF and netrin-1 induced growth cone 116 

turning was predicted, given that turning towards both guidance cues requires ER-117 

calcium release (Hong et al., 2000; Li et al., 1999; Ming et al., 1999). However, sema-118 

3a induced growth cone repulsion does not require ER-mediated calcium signalling 119 

(Ming et al., 1999; Togashi et al., 2008), raising the possibility that STIM1 regulates 120 

more than SOCE and ER-calcium homeostasis in growth cones.  Significantly, in cell 121 

lines, STIM1 has also been shown to interact with the microtubule cytoskeleton through 122 
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end-binding proteins 1 and 3 (EB1 and EB3)  (Asanov et al., 2013; Grigoriev et al., 123 

2008a; Honnappa et al., 2009).  The STIM1-EB interaction sequesters STIM1 to 124 

microtubules to prevent excessive activation of SOCE (Chang et al., 2018) and is also 125 

thought to be important in localizing calcium signals in migrating endothelial cells (Tsai 126 

et al., 2014). Hence, we hypothesized that in a highly dynamic structure such as the 127 

neuronal growth cone, a STIM1-EB interaction could represent an important, novel 128 

mechanism for regulating the localization and remodelling of ER membranes and 129 

sustaining localized calcium signals. 130 

We sought to determine whether the STIM1-EB interaction regulates the spatial and 131 

temporal distribution of the ER and cytoskeleton in steering growth cones. We report 132 

that STIM1 localizes with EB1/3 in filopodia and is required for microtubule recruitment 133 

to the motile side of turning growth cones, including the protrusion of microtubule plus 134 

tips and associated ER into filopodia.  We also find that this requirement for STIM1 135 

persists in vivo and is necessary for the guidance of pioneer spinal motor neurons in 136 

developing zebrafish.  Perturbing STIM1 function in vivo resulted in growth cones 137 

extending fewer filopodia and exhibiting aberrant calcium transient activity at key 138 

navigational choice points.  Our data demonstrate that STIM1 plays a crucial role in 139 

regulating the spatial distribution of ER-calcium signals and the cytoskeleton thus 140 

controlling growth cone motility during axon guidance. 141 

 142 

MATERIALS AND METHODS 143 

Animals. All animal procedures were conducted under the approval of the University of 144 

Tasmania Animal Ethics Committee and the Macquarie University Animal Ethics 145 

Committee, in accordance with the Australian NHMRC Code of Practice for the Care 146 

and Use of Animals for Scientific Purposes. Embryonic Sprague Dawley rats 147 

(University of Tasmania and Macquarie University Australia) and embryonic zebrafish 148 
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(University of Tasmania, Australia) were used. Zebrafish lines were 149 

Gal4s1020t/UAS:mCherry (Heap et al., 2013; Scott and Baier, 2009)  and 150 

Gal4s1020t/UAS:GCaMP5G  (Scott and Baier, 2009; Thompson et al., 2016).  151 

 152 

Primary DRG sensory neuron culture. Primary cultures from dorsal root ganglia 153 

(DRG) sensory neurons were prepared as previously described (Gasperini et al., 2009; 154 

Mitchell et al., 2012). Briefly, thoracic DRG from E16–18 Sprague-Dawley rat embryos 155 

were mechanically dissociated and plated at low density onto poly-L-ornithine (1 156 

mg/ml) and laminin (50 μg/ml) coated glass coverslips in sensory neuron media (SNM; 157 

Dulbecco’s Modified Eagle’s Medium (DMEM) F-12 medium 1:1, Penicillin-158 

Streptomycin (100μg/ml), N2 neural medium supplement (1%v/v), fetal calf serum (5% 159 

v/v) and nerve growth factor (50ng/ml). Cultures were maintained at 37ºC in 5% CO2 160 

humidified incubator for 4–6 hr prior to imaging.   161 

 162 

In vitro growth cone turning assay. Growth cone turning assays were performed as 163 

previously described (Gasperini et al., 2009; Mitchell et al., 2012). Guidance cues used 164 

were brain-derived neurotrophic factor human (BDNF, Cat#B3795, Sigma-Aldrich) and 165 

semaphorin-3A (sema-3a, Cat#1250-S3, R&D Systems).  166 

 167 

Transfection and protein knock down in vitro. Rat Neuron Nucleofection, 168 

(Cat#VPG-1003, Lonza) was used to transfect DRG neurons.  Neurons were 169 

transfected with plasmids and morpholinos simultaneously. Morpholinos: (Gene Tools 170 

LLC) were STIM1-specific (5’-GGGCAAGACGAGCGCACACATCCAT) or 5’ mispaired 171 

control morpholinos (5’-GGcCAAcACcAGCcACAgATCCAT).  Plasmids: OptoSTIM1 172 

(Addgene plasmid #70160, Kyung et al., 2015), LOVS1K (Addgene plasmid #31981, 173 

Pham et al., 2011) and OptoSTIM1Cry2(D387A) (Addgene plasmid #70159, Kyung et 174 

al., 2015), pclink-BiP-mCherry-KDEL (based on Zurek et al., 2011), EB3-tdTomato 175 

(Addgene plasmid #50708, Merriam et al., 2013), ER-GCaMP6-150 (gift of Prof Tim 176 
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Ryan, de Juan-Sanz et al., 2017). EB3-YFP was transfected using nucleofection 177 

(Lonza) or with magnetic particles following manufacturer’s instructions (NeuroMag; 178 

Cat#NM50200, Oz Biosciences) or subcloned into BamHI and NheI restriction sites of 179 

a second-generation lentiviral construct containing the neuron-specific hSyn promoter.   180 

In Figure 5 where morpholinos and siRNA were not co-transfected with a plasmid, they 181 

were introduced in the dissociation step of culturing method (see primary DRG sensory 182 

neuron culture). Cells were mechanically dissociated (prior to plating) in the presence 183 

of morpholino at 5 μM in SNM, or Orai1 siRNA 10 nM in SNM, (Cat#304496, Alias: 184 

RGD1311873, Millenium Science), as previously described (Mitchell et al., 2012).  185 

Knockdown of protein expression was confirmed by immunocytochemistry. 186 

 187 

Immunocytochemistry. Immunocytochemistry was performed as previously described 188 

(Mitchell et al., 2012). Briefly, DRG neuronal cultures were fixed in ice-cold methanol 189 

(100%) at -20°C for 15 min and 4% paraformaldehyde in PBS at room temperature for 190 

5 min, and then immunostained for STIM1 (1:500 rabbit anti-STIM1, Cat#S6072; RRID: 191 

AB_1079008, Sigma-Aldrich), β3-tubulin (1:1000 mouse anti-β3-tubulin, Cat#G7121; 192 

RRID: AB_430874, Promega), EB3 (1:500 rat anti-EB3 [KT36], Cat#ab53360; RRID: 193 

AB_880026, Abcam) or drebrin (1:500 mouse anti-Drebrin (MF26), Cat#ADI-NBA-110-194 

E; RRID: AB_2039073, Enzo Life Sciences) in blocking solution (5% fetal calf serum in 195 

PBS) overnight at 4°C. Following three 10 min PBS washes, primary antibodies were 196 

detected using Alexa Fluor 405/488/568/647 secondary antibodies (1:1000, Invitrogen) 197 

incubated for 1 hr at room temperature.  To assess protein localisation as growth 198 

cones initiated a turn, cells were rapidly fixed after 12-15 min exposure to guidance 199 

cues and processed for immunocytochemistry. 200 

   201 

Pharmacology. Pharmacological reagents used were thapsigargin (Cat# sc-24017A; 202 

CAS: 67526-95-8, Santa Cruz Biotechnology) 200 nM in SNM (diluted from 1mM stock 203 

in DMSO) for 10 min to deplete ER-calcium prior to fixation and immunostaining; 204 
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Controls contained the same concentration of DMSO in the media. The membrane 205 

permeable cyclic nucleotide Sp-cAMPS (20 μM diluted in SNM, Cat#A003S; CAS: 206 

71774-13-5, BioLog Life Science Institute) was bath applied 30 min prior to imaging. 207 

  208 

Imaging. Super-resolution images were acquired using a 100/0.95 objective on a 3D-209 

SIM microscope (Deltavision, OMX, BLAZE) or on an inverted microscope (Ti2, Nikon) 210 

equipped with an Andor SRRF-Stream compatible iXon EMCCD camera.  Processing 211 

of images was performed using an Andor SRRF-Stream algorithm (Andor) and 212 

MicroManager (NIH).  Confocal images (growth cones and zebrafish larvae) were 213 

acquired using an inverted microscope (TiE, Nikon) and a laser confocal spinning disk 214 

(UltraView, Perkin-Elmer).   Live cell imaging (all growth cone turning, optogenetic, and 215 

real-time tracking of fluorescent proteins and ER-GCaMP6 calcium imaging) was 216 

acquired using an inverted microscope (TiE, Nikon) equipped with a x100/0.95 or 40x 217 

objective and an EMCCD camera (Photometrics).  Images for EB-YFP dash movement 218 

were acquired every 7 sec for 12 min, phase images were acquired every 30 sec to 219 

minimize phototoxicity, hence, superimposed phase and fluorescent images do not 220 

always align perfectly. Images were acquired using NIS-Elements AR 4.00.12 software 221 

(Nikon). 222 

 223 

Image analysis. Colocalised STIM1 and EB3 puncta were quantified in the peripheral 224 

zone of growth cone by first defining the area of growth cones (including filopodia) 225 

excluding the organelle-rich central zone.  In super resolution experiments, numbers of 226 

colocalised puncta, where there was a yellow boundary between red and green puncta, 227 

illustrating likely contact, were normalized to peripheral zone area (in μm2). To 228 

quantitate the distribution or number of microtubules, using ßIII-immunocytochemistry 229 

or EB3-dash dynamics, maximum intensity image projections, were used to compare 230 

fluorescence on near and far sides of the growth cones (normalised to area) with 231 

respect to the micropipette.  Only isolated microtubules protruding from the central 232 
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zone into the periphery were assessed.  All values were normalized to area prior to 233 

calculating near/far ratios. Microtubule trajectories/protrusions in randomly extending 234 

and turning growth cones were quantified using EB3-YFP. Images of EB-YFP-dash 235 

dynamics were acquired ever 6 sec for 12 min. EB3-YFP dash trajectories and 236 

velocities were measured using Manual Tracking plugin in ImageJ (NIH). Only dashes 237 

that could be tracked for a minimum of three consecutive frames were analysed. Dash 238 

trajectories and displacements were calculated from time-lapse movies of growth 239 

cones responding to a gradient of BDNF or sema-3a, and were presented as polar 240 

plots which depicted the final position of EB3 dash from 3 growth cones per group. 241 

KDEL and ER-GCaMP6 fluorescence and phase contrast images were acquired 242 

sequentially at 2 sec intervals for 5 min (example shown in movies 3-6). Average 243 

change in filopodial ER-Ca2+ ( F/F0) was calculated by averaging F/F0 values over 244 

20 sec in sections of filopodia containing KDEL fluorescence. All image analysis was 245 

conducted using ImageJ (NIH) or NIS Elements (Nikon).   246 

 247 

Light-induced activation of STIM1. Cells were imaged in imaging buffer (SNM 248 

prepared with FluoroBrite DMEM, Cat# A1896701, Thermo Fisher Scientific).  249 

Spatially-restricted regions of growth cones were stimulated with light (488nm) using a 250 

digital mirror device (Mightex). Turning angles were calculated with ImageJ (NIH) as 251 

the change in axon trajectory measured between the initial and final trajectories of the 252 

distal 10 μm of axons after a 12 min imaging period (2 sec stimulations at 2 min and 7 253 

min).  Repulsion was defined as the angle of axon turning to the opposite side of 254 

stimulation, or a negative angle.  Attraction was defined as the angle of turning towards 255 

the side of stimulation, or a positive angle.  No change in turning angle was interpreted 256 

as random growth.  257 

 258 

Identification of zebrafish STIM1 and design of morpholino oligonucleotides. 259 

Zebrafish STIM1 (zSTIM1, GeneID: 556360) was identified from a library of translated 260 
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nucleotides using the tblastn tool (NIH), using the human STIM1 sequence as a 261 

reference sequence. The Zebrafish genome has two isoforms of STIM1, zSTIM1a and 262 

zSTIM1b.  We chose to focus on zSTIM1a as it contains the STIM1-EB binding motif.  263 

From this point on, zSTIM1 refers to zSTIM1a.  Two translation-blocking zSTIM1 264 

morpholinos were used (#1: 5’-TCACCAATCCGCTGAACTCCATAGT and #2: 5’-265 

TCAAATCCTCGCGTAGCCCGTCTCA, GeneTools) and a 5-misspaired control 266 

morpholino (5’-TCtCgAATCgGCTcAACTCCTAcT) as well as a p53 control (Gene 267 

Tools).  Morpholinos (1-2 nl, at 1 mM) were injected into the yolk, exploiting 268 

cytoplasmic streaming (Bill et al., 2009) in 1-4 cell embryos.  269 

 270 

Dominant negative zSTIM1 plasmid design. To generate dn-zSTIM1, a GeneString 271 

was fabricated by GeneArt (Thermo Fisher).  An attB1-attB2 flanked dn-zSTIM1 272 

construct was truncated at amino acid residue 233 and the EF-hand mutation (D70A) 273 

was included in the sequence, equivalent to the D76A previously described in human 274 

STIM1 (Liou et al., 2005; Huang et al., 2006). The Tol2 gateway system was used as 275 

described previously (Kwan et al., 2007; Don et al., 2017).  Briefly, eGFP was linked at 276 

the N-terminal of zSTIM1 between amino acid residues 23 and 24. The attB1-dn-277 

zSTIM1-eGFP-attB2 flanked construct was subcloned into pDONR-221 to make pME-278 

dn-zSTIM1-eGFP using a Multisite Gateway® BP clonase reaction.  A dn-zSTIM1-GFP 279 

injection plasmid was made by combining P5E-3mnx1 (Addgene plasmid #74632), 280 

pME-dn-zSTIM1-eGFP and p3E-pA with pDestTol2pA2 using a Multisite Gateway® 281 

Three-Fragment LR clonase reaction (Thermo Fisher; Kwan et al., 2007). A control 282 

GFP plasmid (CTRL-GFP) was generated by replacing the pME-DN-zSTIM1-eGFP 283 

with a pME-eGFP in the above reaction. Gal4s1020t/UAS:mCherry zebrafish embryos 284 

were injected into the single cell at the 1-2 cell stage with 50pg of plasmid and 50pg of 285 

transposase mRNA. Dechorionated embryos were fixed at 24 hours post fertilization 286 

(hpf) with 4% paraformaldehyde in PBS for 4hr at room temperature. 287 

 288 
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Imaging and analysis of zebrafish spinal motor neuron axon pathfinding in vivo. 289 

Axons of caudal primary (CaP) motor neurons were imaged in control, or zSTIM1 290 

morphant Gal4s1020t/UAS:mCherry embryos or dn-zSTIM1-GFP or CTRL-GFP axons at 291 

20 and 24 hpf.  Embryos were anaesthetized in MS-222 (0.004%, Cat#E10521 CAS: 292 

886-86-2, Sigma Aldrich) and immobilized in 1.5% agarose.  Confocal stacks were 293 

acquired using 0.5 μm increments with the 525 laser line and 568 emission filter with 294 

an UltraView spinning disk confocal microscope (PerkinElmer) equipped with a x20 295 

objective and Volocity software (PerkinElmer). Imaging was restricted to axons of 296 

caudal primary motor neurons located in somites 6-10.  Axon length was determined 297 

by tracing a line through the z-projection of each CaP axon from the point of exiting the 298 

spinal cord to the distal tip of the axon.  The number of filopodia were quantified by 299 

counting projections that extended greater or equal to 10 μm from the axon shaft in the 300 

distal 20 μm of the CaP axon.  To measure the angles of axon outgrowth, brightfield 301 

images of the spinal cord, horizontal myoseptum and ventral notochord were used as 302 

fiducial marks.  Angles of axon outgrowth were measured at the exit point from the 303 

spinal cord, horizontal myoseptum and ventral notochord.  Angles greater than 90º 304 

denoted a rostral angle of outgrowth, while angles less than 90º denoted a caudal 305 

angle of outgrowth. Quantification of CaP axon length, angles of axon outgrowth from 306 

intermediate targets, filopodial number was performed using ImageJ (NIH). 307 

 308 

Primary zebrafish spinal motor neuron culture. Zebrafish spinal neuron cultures 309 

were generated from control or zSTIM1 morphant Gal4s1020t /UAS:mCherry embryos.  310 

Spinal cords were isolated from embryos at 12-14 hpf and motor neurons isolated by 311 

chemical dissociation at room temperature for 10 min (in mM: 115 NaCL, 2.5 KCl, 312 

0.4EDTA, 8 HEPES, 0.025% trypsin, pH 7.5), triturated and plated in culture medium 313 

(Leibovitz L-15 medium supplemented with 2% fetal calf serum (Invitrogen), 314 

penicillin/streptomycin (100μg/ml), ciliary neurotrophic factor (CNTF, 10 ng/mL), basic 315 

fibroblast growth factor (bFGF, 500 pg/mL), and in mM: 1.25 D-glucose, 0.625 sodium 316 
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pyruvate, 2.5 CaCl2, 4 HEPES, pH 7.5) onto glass coverslips coated with poly-L-317 

ornithine (1 mg/mL) and laminin (50 ng/mL).  Cultures were incubated at 28°C for 4 hr 318 

prior to all experiments.   319 

 320 

Calcium imaging in primary motor neuron culture. Cells were loaded with Fura-2 321 

AM (1 μM, Cat#F1225, Invitrogen) for 10 min at room temperature in calcium-replete 322 

imaging medium (Hanks Buffered Saline Solution, HBSS; Invitrogen) supplemented 323 

with (in mM) 2.5 CaCl2, 1 MgCl2, 10 D-glucose, 15 HEPES.  Fura2 images were 324 

captured every 2 sec for 25 min on an inverted microscope (TiE, Nikon), using a x40 325 

Fluor-S oil-immersion objective equipped with DIC optics and NIS Elements 6D 326 

software (Nikon), with an attenuated illumination source (33% transmission; Lambda 327 

DG-4, Sutter Instruments). Images were acquired at 510 nm using an EMCCD digital 328 

camera (Evolve, Photometrics), in regions of interest (ROI) defined by NIS Elements 329 

(Nikon).  To measure SOCE in cultured spinal neurons, cells were maintained in 330 

calcium-replete medium for 2 min before incubating for 5 min in calcium-deplete 331 

imaging media (HBSS supplemented with (in mM) 1 MgCl2, 10 D-glucose, 15 HEPES 332 

and 0.3 EGTA).  At 7 min, thapsigargin (5 μM) was added and minimal intracellular 333 

calcium (Rmin) was measured.  At 17 min, calcium-replete imaging media was 334 

reintroduced.  At 22 min, ionomycin (5 μM, Cat# I9657 CAS: 56092-81-0, Sigma-335 

Aldrich) was added to induce maximal intracellular calcium (Rmax).  Intracellular calcium 336 

concentration was calculated in NIS elements using the formula: [Ca2+] = Keff x (R-337 

Rmin)/(Rmax-R), where Keff represents the known calcium binding constant of Fura-2.  338 

The magnitude of SOCE was calculated as the peak change in [Ca2+] following the 339 

addition of extracellular calcium.   340 

 341 

Imaging and analysis of calcium transients in zebrafish spinal motor neurons 342 

during axon pathfinding in vivo. Control or zSTIM1 morphant Gal4s1020t 343 

/UAS:GCaMP5G embryos were imaged at 16-18, 19-20 or 22-23 hpf.  Embryos were 344 



 

 

14 

14 

paralyzed with α-bungarotoxin (2 μM, Cat#ab120542; CAS: 11032-79-4, Abcam) and 345 

immobilized in 1.5% agarose.  Calcium imaging was performed using a Zeiss LSM 510 346 

confocal imaging system equipped with HeNe laser, a water immersion 20x W-PLAN 347 

Achromatic lens and 2.5x digital zoom.  Images of CaP axons (somites 6-9) were 348 

acquired every 0.2 sec for 5 min.  Calcium measurements were made by defining the 349 

region of interest (ROI) denoting the distal axon at the relevant structures (pre-, post- 350 

or at the myoseptum) and were measured in ImageJ (NIH).  Raw cumulative pixel 351 

intensities (fluorescence, F) were converted into changes in fluorescence from baseline 352 

(ΔF/F0) and exported to MATLAB (MathWorks).  To normalize data, minimum ΔF/F0 353 

was corrected to 0.  Calcium events were identified as peaks greater than two times 354 

the standard deviation of baseline noise, greater than 10% of the maximum fluorescent 355 

signal, and lasting at least 0.5 sec (width at half maxima).  Calcium events were 356 

categorized as low frequency events (<7.5 events min-1), high frequency events (≥7.5 357 

events min-1), or bursting events (≥15 events min-1) as previously described (Plazas et 358 

al.,2013). 359 

 360 

Zebrafish behaviour.  Zebrafish larvae display a coiling behaviour in response to 361 

tactile stimulation from 25hpf that is dependent on normal axon pathfinding by caudal 362 

primary motor neurons (Saint-Amant and Drapaneu, 1998; Nozawa et al., 2017).  To 363 

assess motor activity mediated by primary motor neurons at 28 hpf, zSTIM1- or control-364 

morphant larvae were placed in a 35mm dish to acclimatise for at least 10s.  Larvae 365 

were stimulated using a fine needle applied to the middle of the tail.  For the startle 366 

response at 52 hpf, larvae were placed into a 35mm dish to acclimatise for at least 10s. 367 

Larvae were stimulated using a fine needle applied dorsally approximately three 368 

quarters along the length of the tail. Behaviour was recorded using an IR-1000 Infrared 369 

CCD monochrome video camera (DAGE-MTI, USA) on a SZX19 dissection 370 

microscope (Olympus, Japan). Recordings were captured onto a 960H Standalone 371 
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DVR (Techview, Australia). A manual tracking plugin for ImageJ (NIH) was used to 372 

quantitate movement for 10 frames following the first movement.  373 

 374 

Experimental design and statistical analysis. All in vitro growth cone turning 375 

experiments used dorsal root ganglia from 10-15 rats and experiments were carried out 376 

during 30-40 separate imaging sessions. Each experimental session contained at least 377 

two positive (BDNF) or negative (SNM or vehicle) controls. No more than one growth 378 

cone was imaged from each experimental dish. Operators were blinded to morpholino 379 

or siRNA treatment groups. Normality of all experimental data was assessed using 380 

D’Agostino-Pearson omnibus normality test or the Kolmogrov-Smirnov test for 381 

normality. Normally distributed data were analysed using unpaired t-tests with Welch’s 382 

correction.  Non-normal data were analysed using Mann–Whitney U-test or one-way 383 

ANOVA with Tukey’s correction for multiple comparisons. Analyses of colocalization, 384 

filopodia and dash counts, pixel intensity were performed using Student’s t-test, 385 

Fisher’s exact test, or one-way ANOVA with Tukey’s correction for multiple 386 

comparisons. Measures of ER protrusion into filopodia and numbers of filopodia 387 

expressing KDEL were expressed as percentages, which necessitated the use of a 388 

Kruskall-Wallace test.  Length and number of CaP axons were analyzed by Mann-389 

Whitney U-test. Cumulative frequency distributions of CaP axon outgrowth angles were 390 

analyzed by Kolmogorov-Smirnov test. Frequency and number of calcium events in 391 

vivo were analyzed by two-way ANOVA with Holm-Sidak test for multiple comparisons. 392 

Zebrafish behaviour data was analysed using an unpaired t-test with Welch’s 393 

correction (52hpf data) and Mann-Whitney U-test (24hpf data).  All scatter plots denote 394 

mean and standard deviation (SD). Exact p-values are provided in figure legends. 395 

Replicate numbers (n) are included in figure legends. Statistical analyses were 396 

performed using GraphPad Prism 6 (GraphPad Software Inc.) or Igor Pro 397 

(Wavemetrics). 398 
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 399 

RESULTS 400 

Asymmetric activation of STIM1 is sufficient to induce growth cone turning 401 

Asymmetric mobilization of calcium from the ER is a crucial determinant of growth cone 402 

motility in response to ER-calcium-dependent guidance cues such as BDNF (Mitchell 403 

et al., 2012; Yan et al., 2005).  In contrast, cues such as sema-3a do not require ER-404 

calcium release or store-operated calcium entry (SOCE) to elicit growth cone repulsion 405 

(Ming et al., 1999; Mitchell et al., 2012; Nishiyama et al., 2008; Song et al., 1998).  406 

Hence, it was intriguing to us that STIM1 expression is necessary for netrin-1 and 407 

BDNF-induced growth cone attraction as well as sema-3a-induced growth cone 408 

repulsion (Mitchell et al., 2012; Shim et al., 2013).  Given that STIM1 regulates growth 409 

cone motility in response to such diverse guidance cues, we explored the possibility 410 

that asymmetric activation of STIM1 is sufficient to steer growth cones. 411 

To examine whether asymmetric activation of STIM1 is sufficient to activate growth 412 

cone steering, primary cultured embryonic rat (E16-18) sensory neurons were 413 

transfected with the light-activatable STIM1 variants, OptoSTIM1 or LOVS1K (Kyung et 414 

al., 2015; Pham et al., 2011).  OptoSTIM1 contains the cytosolic domain of STIM1 415 

fused to the light-sensitive protein, Cry2 and can activate SOCE, through the activation 416 

of endogenous Orai1 (Kyung et al., 2015).  Spatially restricted illumination of 417 

OptoSTIM1-transfected growth cones resulted in significant turning of growth cones 418 

towards the stimulated site (Figures 1A-1C).  This effect was not observed in growth 419 

cones expressing the light-insensitive variant, OptoSTIM1(D387A), which resulted in 420 

random growth (Figure 1C).  In addition to binding endogenous Orai protein at the 421 

plasma membrane to activate SOCE, the OptoSTIM1 construct retains a conserved 422 

sequence (SxIP motif at aa 642-645) enabling STIM1 binding to the microtubule end-423 

binding proteins, EB1/3 (Honnappa et al., 2009).  To explore whether growth cone 424 
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steering in response to STIM1 activation requires interactions with microtubules, we 425 

transfected growth cones with another light-activated STIM1 variant, LOVS1K, a 426 

truncated STIM1 that contains only an Orai activating domain (Pham et al., 2011).  427 

Significantly, growth cones transfected with LOVS1K showed variable responses to 428 

asymmetric illumination (Figure 1C) that were not significantly different from those 429 

transfected with light insensitive OptoSTIM1(D387A) (Figure 1C). Furthermore, when 430 

thapsigargin was bath applied to deplete the ER of calcium, turning activated by 431 

OptoSTIM1 was abolished and showed a trend towards repulsion.  Thapsigargin 432 

treatment did not elicit any change in direction of turning in growth cones stimulated 433 

with the light insensitive OptoSTIM1(D387A) (Figure 1C). These data show that 434 

asymmetric activation of STIM1 is sufficient to induce growth cone turning and suggest 435 

that in addition to activating SOCE, other STIM1 functions, such as interactions with 436 

microtubules, may also be important for the regulation of growth cone steering. 437 

STIM1 and EB3 are localized to microtubule plus-ends in growth cones 438 

Microtubule end binding proteins, EB1/3, localise to microtubule plus-ends (Stepanova 439 

et al., 2003) to regulate the extension of microtubules into the periphery of growth 440 

cones (Geraldo et al., 2008).  The close association of ER and microtubules in the 441 

growth cone periphery has been noted previously (Dailey and Bridgman, 1991; Zhang 442 

and Forscher, 2009), although ER motility during axon pathfinding and any potential 443 

underpinning of calcium regulatory mechanisms remain unexplored.  We sought to 444 

examine whether the interaction of STIM1 with EB1, described previously in HeLa cells 445 

as part of a tip-associated complex to facilitate ER transport (Grigoriev et al., 2008a), 446 

might be important in motile growth cones.   447 

To examine whether STIM1 and EB co-localize to microtubules, we used super-448 

resolution microscopy to visualize the endogenous expression of these proteins in 449 

growth cones (Figure 2).  As expected, EB3 puncta were localized to βIII-tubulin 450 

labelled microtubules, with EB3 labelling at the plus-ends of microtubules (Figure 2A).  451 
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Furthermore, EB3 was detected at filopodial tips, highlighting the protrusion of 452 

microtubules into distal filopodia (Figure 2A and 2Ci, 2Cii, arrowheads).  Similarly, 453 

STIM1 was found closely apposed with EB3 along microtubules, including in distal 454 

filopodial tips (Figure 2A and 2Ci, 2Cii, arrowheads).  This close association of STIM1 455 

with EB3 at microtubule plus-ends suggests that STIM1 and therefore ER membranes, 456 

interact with EB3 proteins at growing microtubule tips.  457 

STIM1-EB interactions are sensitive to ER-calcium concentration (Ca2+
ER), with 458 

depletion of Ca2+
ER triggering dissociation of STIM1 from EB (Asanov et al., 2013; 459 

Grigoriev et al., 2008a), although this can be dependent on the cell-context (Tsai et al., 460 

2014). Therefore, we asked whether depletion of Ca2+
ER disrupts STIM1-EB3 461 

interactions at microtubule plus-ends in growth cones.  Following treatment of cultures 462 

with 200nM thapsigargin to chronically deplete Ca2+
ER, we found that STIM1 and EB3 463 

co-localization was significantly decreased in growth cones (compare Figures 2A with 464 

2B, and 2Ci, ii with 2Ciii, quantified in Figure 2D) suggesting that when Ca2+
ER is 465 

depleted, STIM1 dissociates from EB3 in key areas of microtubule assembly and 466 

filopodial protrusion.  These data demonstrate that STIM1 and EB3 are closely 467 

associated at microtubules plus-ends and that this association is contingent on 468 

calcium-replete ER.  469 

STIM1 is required for EB3 recruitment into filopodia 470 

The close association of STIM1 and EB3 at microtubules suggests that STIM1 is 471 

coupled, or tethered, to microtubules in growth cones.  We therefore reasoned that 472 

STIM1 could regulate microtubule motility in growth cones.  To examine this, we 473 

treated DRG neurons with a control (STIM1-CTRL), or STIM1-specific morpholino 474 

(STIM1-KD) to reduce STIM1 expression.  To assess knockdown, we measured STIM1 475 

immunoreactivity across growth cones as integrated density (intensity/μm2, arbitrary 476 

units) and found a significant reduction in STIM1 expression (mean 0.064AU 0.004 477 

SD; n=26) compared to controls (mean 0.19AU 0.1 SD; n=21; p=5.5E-06,Mann-478 
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Whitney U test) which was consistent with our previous work (Gasperini et al., 2009; 479 

Mitchell et al., 2012). We simultaneously transfected neurons with a morpholino and 480 

EB3-YFP (Geraldo et al., 2008; Stepanova et al., 2003) to visualize microtubule tip 481 

dynamics.  EB3 dashes (or “comets”) demarcate microtubule plus-end polymerization 482 

and can be used to define the trajectory and velocity of microtubule growth (Stepanova 483 

et al., 2003).  While EB3 dashes were evident in STIM1-CTRL and STIM1-KD growth 484 

cones, there was a clear difference in EB3 spatiotemporal dynamics (compare movies 485 

1 and 2).  In STIM1-CTRL growth cones, EB3 dashes were abundant in both central 486 

and peripheral domains (movie 1, Figure 2E), while EB3 dashes were restricted 487 

predominantly to the central domain in STIM1-KD growth cones (movie 2 and Figure 488 

2F).  Examination of dash velocities revealed that microtubules protruded more slowly 489 

after STIM1-KD treatment compared with STIM1-CTRL growth cones (Figure 2E, 2F 490 

and Table 1).   491 

Given the importance of microtubule extension into filopodia during growth cone 492 

steering (Dent et al., 1999; Gallo and Letourneau, 1999; 1998; Tanaka and Kirschner, 493 

1995), we next asked if STIM1 was required for EB3 dash recruitment to filopodia and 494 

whether filopodial number was altered by STIM1 expression.  STIM1-CTRL and 495 

STIM1-KD growth cones had comparable numbers of filopodia (Figure 2G) and not 496 

unexpectedly, the number of filopodia in STIM1-CTRL growth cones transfected with 497 

EB3-YFP was increased (Figure 2G), most likely through enhanced recruitment of +TIP 498 

effectors such as drebrin (Geraldo et al., 2008). Interestingly, the knockdown of STIM1 499 

expression abolished this EB3-mediated increase in filopodia number (Figure 2G), 500 

highlighting the interplay between STIM1 and EB3.  We found that filopodia in STIM1-501 

KD growth cones were less likely to contain EB3 dashes (Figure 2H) and as described 502 

above, when present, EB3 dashes protruded more slowly than EB3 dashes in STIM1-503 

CTRL growth cones (Figures 2E, 2F, movies 1 and 2, Table 1).  These data suggest 504 
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that STIM1 regulates EB3 dynamics and hence microtubule extension into the 505 

periphery of growth cones. 506 

The persistence of filopodia in STIM1-KD growth cones, despite the apparent 507 

disruption to EB3 dynamics, suggested that compensatory mechanisms are activated 508 

to maintain filopodia.  We therefore asked whether the expression of drebrin, a 509 

regulator of filopodial initiation (Geraldo et al., 2008), was altered in STIM1-KD growth 510 

cones.  We detected prominent drebrin expression in the peripheral zone of STIM1-511 

CTRL growth cones, although not in all filopodia (Figure 2I, inset, 2K and 2L).  In 512 

contrast, significantly higher drebrin expression was observed in STIM1-KD growth 513 

cones (Figure 2J, inset, 2K and 2L), especially at the growth cone leading edge, along 514 

lamellipodial borders and in filopodia (Figure 2J, inset and arrowhead, 2K and 2L).  515 

These data suggest that a reduction of STIM1 expression causes drebrin to be 516 

upregulated to support growth cone motility.  517 

STIM1 is required for ER remodelling into filopodia 518 

STIM1-EB interactions at microtubule plus-ends suggest a potential mechanism to 519 

facilitate remodelling of the ER in growth cones, particularly into peripheral filopodia to 520 

localize calcium signalling.  To visualize the dynamics of ER and microtubule tips in 521 

filopodia, we co-transfected neurons with BiP-mCherry-KDEL to label ER membranes 522 

(Zurek et al., 2010) and EB3-YFP (Figure 3A-F, movies 3-6).  We observed significant 523 

protrusion of EB3 signal with associated ER cargo, into filopodia of STIM1-CTRL 524 

growth cones (Figure 3A, 3Ci, 3Cii, 3E and movies 3 and 4).  In STIM1-KD growth 525 

cones, there was no difference in the number of filopodia containing ER (Figures 3B, 526 

3Di, 3Dii, 3E and movies 5 and 6), however, in the STIM1-KD filopodia that did contain 527 

ER, the distance that microtubules and associated ER protruded into the filopodia was 528 

significantly reduced (Figure 3F), demonstrating that ER translocates more slowly 529 

when STIM1 expression is reduced (compare Figures 3Cii and 3Dii; movies 4 and 6, 530 

Table 1).  These data are striking, given that there is only a partial reduction of STIM1 531 
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expression, suggesting that a threshold level of STIM1 expression is required for 532 

STIM1 to function effectively to regulate ER remodelling and protrusion into growth 533 

cone filopodia.  534 

Since STIM1 is known to be crucial in regulating Ca2+
ER levels, we next examined 535 

STIM1 regulation of Ca2+
ER within filopodia.  To report filopodial Ca2+

ER, we co-536 

transfected neurons with a genetically encoded Ca2+
ER sensor, ER-GCaMP6 (de Juan-537 

Sanz et al., 2017) and EB3-tdTomato (Figure 3G-3H).  In STIM1-CTRL growth cones, 538 

the Ca2+
ER signal within filopodia closely followed the EB3 signal (Figure 3G).  Notably, 539 

elevated Ca2+
ER signals were evident at or near EB3 at the microtubule tips in STIM1-540 

CTRL filopodia (Fig 3Gii, arrowheads), that may indicate sites of ER refilling.  Sites of 541 

reduced ER-GCaMP6 signals, possibly indicating areas of ER emptying, were also 542 

detected in STIM1-CTRL filopodia (Fig 3Gi, asterisks).  In STIM1-KD growth cones, the 543 

Ca2+
ER signal within filopodia was dramatically reduced and focal Ca2+

ER intensities, 544 

potential sites of ER filling, were rarely seen (Figure 3Hi and 3Hii). 545 

To further explore the potential for Ca2+
ER refilling and emptying in filopodia, growth 546 

cones were co-transfected with both the ER-GCaMP6 and the BiP-mCherry-KDEL 547 

plasmids (Figure 3I-M and movies 7 and 8).  There was extensive overlap between the 548 

expression patterns of the ER membranes and calcium signals in filopodia of STIM1-549 

CTRL growth cones (Figure 3I, 3Ki, 3Kii, 3M, movie 7), which was predicted given that 550 

both constructs utilize a KDEL localization sequence.  In STIM1-CTRL filopodia, we 551 

observed distinct regions where the GCaMP6 and BiP-mCherry-KDEL signals 552 

overlapped, denoting Ca2+-replete ER (Figure 3Kii), as well as regions where BiP-553 

mCherry-KDEL was observed alone, highlighting areas of Ca2+
ER depletion (Figure 554 

3Kii).  This pattern of Ca2+
ER depletion and refilling was observed in STIM1-CTRL 555 

filopodia as alternating regions of BiP-mCherry-KDEL alone or colocalized BiP-556 

mCherry-KDEL and GCaMP6 signals (Figure 3Ki and 3Kii). Significantly, in STIM1-KD 557 

filopodia, Ca2+
ER was dramatically reduced, such that Ca2+

ER signals were barely 558 
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detectable, (Figures 3J, 3Li, 3Lii, 3M and movie 8).  The reduction of filopodial Ca2+
ER 559 

after STIM1 knockdown was highlighted by measuring total filopodial Ca2+
ER, 560 

normalized to the total KDEL signal over time.  We observed a significant decrease in 561 

Ca2+
ER  in STIM1-KD compared to the Ca2+

ER signals detected in STIM1- CTRL cells 562 

(Figure 3M).  These data demonstrate a requirement for STIM1 in the protrusion of ER 563 

into the filopodia as well as the calcium content of the filopodial ER. 564 

STIM1 is required for recruitment of EB to the motile side of steering growth 565 

cones. 566 

Growth cone steering is underpinned by the transduction of guidance cues leading to 567 

asymmetric microtubule stabilization and protrusion into peripheral areas of growth 568 

cones (Buck and Zheng, 2002; Williamson et al., 1996).  We have previously shown 569 

that STIM1 is actively translocated to the “turning” side of growth cones during steering 570 

(Mitchell et al., 2012), but exactly how this spatial reorganization is regulated and the 571 

functional consequences of STIM1 translocation during steering is not known.  572 

Significantly, EB proteins promote microtubule extension and protrusion in growth 573 

cones (Geraldo, et al., 2008), and our data demonstrate that STIM1 regulates EB3 574 

motility in the peripheral domains of growth cones, including filopodia.  Therefore, we 575 

next asked whether STIM1 is required for microtubule recruitment to the motile side of 576 

actively steering growth cones. 577 

We exposed STIM1-CTRL and STIM1-KD growth cones to pulsatile micro-gradients of 578 

the ER-calcium-dependent, attractive guidance cue BDNF or the ER-calcium-579 

independent, repulsive guidance cue sema-3a (Figure 4) and measured EB3 dash 580 

motility in “near” and “far” regions (illustrated in Figure 4I inset) of growth cones as they 581 

turned towards or away from guidance cues.  The trajectories and velocities (color-582 

coded, μm/sec) of EB3 dashes within isolated growth cones (Figure 4A-4D) turning 583 

towards BDNF and away from sema-3a suggest that reducing STIM1 expression slows 584 

EB3 dash velocity and disrupts the localisation of EB3 away from the turning side of 585 
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the growth cone.  This observation was borne out over multiple growth cones, where 586 

analysis of EB3 dash trajectories in STIM1-CTRL growth cones exposed to BDNF 587 

revealed that EB3 translocated to the motile or “near” side of growth cones (Figure 4A, 588 

4E, movie 9 and quantified in 4I).  Crucially, reducing STIM1 expression not only 589 

abolished the recruitment of EB3 to the “near” side of growth cones exposed to BDNF, 590 

but switched EB3 dash localisation to the “far” side (Figure 4B, 4F, movie 10 and 591 

quantified in 4I).  These findings are consistent with a switch from attractive to 592 

repulsive turning in STIM1-KD growth cones turning in response to BDNF (Mitchell et 593 

al., 2012).  When STIM1-CTRL growth cones were exposed to sema-3a, they were 594 

repelled and EB3 dashes again translocated to the motile (in this case the “far” side) of 595 

the growth cone (Figure 4C, 4G, movie 11 and quantified in 4I).  However, when 596 

STIM1-KD growth cones were exposed to sema-3a, EB3 recruitment to the “far” side 597 

was abolished and a random distribution of EB3 dashes was observed (Figure 4D, 4H, 598 

movie 12 and quantified in 4I), consistent with our previous data showing that STIM1 599 

reduction caused random steering in response to sema-3a (Mitchell et al., 2012).  The 600 

angle of growth cone turning in response to BDNF and sema-3a is shown in Figure 4J, 601 

and is consistent with that described previously after STIM1 knockdown (Mitchell, et 602 

al., 2012).  These data suggest that STIM1 regulates microtubule dynamics in 603 

response to ER-calcium-dependent and -independent guidance cues and that STIM1 is 604 

necessary for the asymmetric microtubule protrusion that directs growth cone motility in 605 

response to guidance cues in vitro.   606 

STIM1 is required for the spatial recruitment of microtubules to the motile side of 607 

steering growth cones 608 

As STIM1 was necessary for the recruitment of EB3 to the motile side of steering 609 

growth cones, we sought to confirm that STIM1 does regulate microtubule recruitment.  610 

We first examined the spatial distribution and number of microtubules in growth cones 611 

during random growth (Figure 5A-E).  STIM1-KD growth cones showed significantly 612 
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fewer microtubules when compared with STIM1-CTRL growth cones (compare Figure 613 

5A and 5B, quantified in Figure 5D).  Importantly, total ßIII-tubulin expression across 614 

the entire growth cone was unaffected by reduced STIM1 expression (Figure 5E).  615 

Knockdown of Orai1 had no significant effect on microtubule number in randomly 616 

extending growth cones (Figures 5C, 5D and 5E), consistent with SOCE occurring 617 

downstream of STIM1-microtubule interactions (Asanov et al., 2013; Chang et al., 618 

2018). 619 

We next sought to confirm whether STIM1 facilitates the preferential localisation of 620 

microtubules to the motile side of steering growth cones.  STIM1-CTRL and STIM1-KD 621 

growth cones were exposed to micro-gradients of BDNF or sema-3a for 15 min before 622 

being fixed and immunostained to detect βIII-tubulin.  In STIM1-CTRL growth cones 623 

exposed to BDNF, the number of microtubules was significantly biased towards the 624 

motile or “near” side of the growth cone (Figure 5F).  Similarly, in STIM1-CTRL growth 625 

cones exposed to sema-3a, microtubules occupied the motile side of the growth cone; 626 

in this case, the “far” side (Figure 5F).  However, in STIM1-KD growth cones, the 627 

spatial recruitment of microtubules to the “near” side was lost, such that in response to 628 

BDNF, microtubules were located to the “far” side and similarly, in response to sema-629 

3a, microtubule recruitment was abolished, consistent with random growth (Figure 5F).  630 

These data confirm the requirement of STIM1-EB3 interactions for microtubule 631 

recruitment to the motile side of steering growth cones, irrespective of whether the 632 

guidance cue requires ER-calcium signals.  633 

In addition to the regulation and localization of microtubules, there is a further 634 

mechanism which could explain the loss of growth cone steering in response to sema-635 

3a after STIM1 knockdown.  STIM1 is reported to interact with adenylate cyclase 636 

(Lefkimmiatis et al., 2009; Maiellaro et al., 2012) and it is well established that the ratio 637 

of cAMP to cGMP is crucial for growth cone steering (Akiyama et al., 2016; Ming et al., 638 

1997; Nicol et al., 2011; Shelly et al., 2010; Song et al., 1998; 1997).  Therefore, we 639 
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asked whether we could restore growth cone steering away from sema-3a in STIM1-640 

KD growth cones by pharmacologically altering cAMP signalling using Sp-cAMPs 641 

(20μM) to activate protein kinase A (PKA).  We found that activation of PKA restored 642 

repulsive turning to sema-3a but failed to rescue BDNF steering in STIM1-KD growth 643 

cones (Figure 5G-H), suggesting that STIM1 regulation of growth cone turning is 644 

upstream of cyclic nucleotide signalling in response to sema-3a. 645 

STIM1 is required for axon guidance in vivo 646 

Our in vitro data predicts that reducing STIM1 expression in vivo alters calcium 647 

dynamics in pathfinding neurons, resulting in aberrant axon guidance.  To examine this 648 

directly, we used morpholinos as well as a dominant-negative approach to perturb 649 

zebrafish STIM1 (zSTIM1) function during development and analysed motor axon 650 

pathfinding in vivo. The morpholinos included two independent translation-blocking 651 

zSTIM1 morpholinos, two control morpholinos: a 5’ mispaired and a p53 morpholino.  652 

We did not observe any significant differences between the two specific zSTIM1 653 

morpholinos or between the control morpholinos, across mortality, developmental 654 

defects or axon length (data not shown).  Hence from herein, we refer to zSTIM1-655 

control morphant and zSTIM1-specific morphant animals as zSTIM1-CTRL and 656 

zSTIM1-KD respectively. We reduced zSTIM1 expression in Gal4s1020t/UAS:mCherry 657 

zebrafish embryos (Heap et al., 2013; Scott et al., 2007), in which expression of 658 

mCherry in spinal motor neurons (Wyart et al., 2009) enabled visualization of extending 659 

axons and filopodia (Figure 6).  We selected caudal primary (CaP) motor neurons for 660 

analysis because their axons exhibit highly stereotypic pathfinding trajectories as they 661 

exit the spinal cord and project towards the ventral muscle via the horizontal 662 

myoseptum and ventral notochord, in the absence of any other axons (Figure 6A), 663 

(Eisen, 1991; Eisen et al., 1989; Myers et al., 1986; Plazas et al., 2013).  Consistent 664 

with these previous reports, CaP axons navigated to ventral muscle by 24 hpf in 665 

zSTIM1-CTRL embryos (Figure 6B, 6C and Table 2).  However, in zSTIM1-KD 666 
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embryos, we found an increase in the number CaP neurons that failed to extend to the 667 

ventral muscle by 24 hpf (Figure 6B, 6C, Table 2).  On closer examination, growth 668 

cones of zSTIM1-KD axons appeared to pause or stall at key intermediate targets, the 669 

horizontal myoseptum and ventral notochord (Figure 6C, Table 2).  Consistent with 670 

such a stalling phenotype, the length of CaP axons at 24 hpf was reduced in zSTIM1-671 

KD embryos compared to zSTIM1-CTRL embryos (Figure 6D).  Interestingly, all control 672 

axons had navigated to the lateral surface of the ventral muscle by 48 hpf, whereas a 673 

number of zSTIM1-KD axons remained stalled at intermediate choice points (Table 2), 674 

suggesting a requirement for STIM1 expression for axon guidance in vivo.   675 

To examine the cell-autonomous effect of perturbing zSTIM1 function on axon 676 

pathfinding, we overexpressed a GFP-tagged dominant negative form of zSTIM1 (dn-677 

zSTIM1-GFP) in which zSTIM1 was truncated at residue 233 and the calcium binding 678 

residue within the EF-hand was mutated (D70A).  The mutant protein perturbs 679 

endogenous STIM1 function, pre-forming puncta in absence of ER-calcium depletion, 680 

thereby failing to induce calcium influx via SOCE (Liou et al., 2005).  To restrict dn-681 

zSTIM1-GFP expression to motor neurons, we drove expression of dn-zSTIM1-GFP or 682 

GFP using the zebrafish motor neuron promotor, mnx1/Hb9 (Arkhipova, et al, 2012).  683 

Consistent with zSTIM1 being necessary for axon pathfinding in vivo, axons expressing 684 

the dn-zSTIM1-GFP were observed to exhibit a stalling phenotype with reduced axon 685 

outgrowth, compared to GFP-expressing controls (Figure 6E-G).  The dn-zSTIM1-GFP 686 

phenotype was very similar to that displayed by the zSTIM1-KD axons (compare 687 

Figures 6E-G to 6B-D). 688 

Given that zSTIM1-KD CaP axons stalled at intermediate targets, we reasoned that 689 

these axons had failed to respond correctly to guidance signals at these key choice 690 

points.  This supposition was supported by our observation that CaP axon length 691 

(Figure 6B-6G) and trajectories were altered at intermediate choice points, notably the 692 

spinal cord (Figure 6H), horizontal myoseptum (Figure 6I) and ventral notochord 693 



 

 

27 

27 

(Figure 6J) in zSTIM1-KD embryos.  Furthermore, filopodial protrusion was similarly 694 

perturbed when zSTIM1 expression was reduced.  Significantly, zSTIM1-KD CaP 695 

axons elaborated significantly fewer filopodia at both 20 hpf (Figure 6K) and 24 hpf 696 

(Figure 6L).  Consistent with our data demonstrating that STIM1 is necessary for 697 

growth cone steering in response to guidance cues in vitro, these results show that 698 

perturbation of zSTIM1 expression causes axons to exhibit aberrant guidance at 699 

intermediate choice points during pathfinding and suggest that zSTIM1 is necessary for 700 

axons to recognize and respond correctly to axon guidance signals in vivo.  Because 701 

zSTIM1-KD axons and dn-zSTIM1-GFP axons displayed defects in axon pathfinding, 702 

we examined the effect of reducing STIM1 expression on motor function.  As zSTIM1-703 

KD and dn-zSTIM1-GFP axons displayed a stalled, or delayed phenotype at 24 hpf, 704 

with most axons ultimately reaching their targets by 48 hpf (Table 2), motor function 705 

was assessed using the evoked motor response at 28 hpf and 52 hpf (Table 3).  706 

zSTIM1-KD animals displayed both coiling and startle reflex defects at both 28 and 52 707 

hpf, suggesting that defects in muscle innervation persist, even though most axons 708 

reach the muscle at 48 hpf.   709 

Given the key role of zSTIM1 in regulating calcium in navigating axons in vitro, we 710 

asked whether the perturbed axon guidance observed in zSTIM1-KD animals is due to 711 

aberrant calcium signalling in motor axons as they navigate in vivo.  We first confirmed 712 

that zebrafish spinal motor neurons exhibit zSTIM1-mediated SOCE, by performing 713 

calcium imaging in cultured spinal motor neurons (Andersen, 2001; Chen et al., 2013).  714 

Cells were treated with thapsigargin (5μM), in the absence of extracellular calcium, to 715 

deplete ER-calcium stores.  The restoration of calcium (2.5mM) to the extracellular 716 

medium triggered SOCE, as shown by a significant increase in intracellular calcium in 717 

zSTIM1-CTRL spinal motor neurons (Figures 7A and 7B).  In contrast, neurons from 718 

zSTIM1-KD embryos showed a significantly reduced calcium influx when SOCE was 719 

evoked (Figures 7A-B), confirming that zSTIM1 activates SOCE in zebrafish spinal 720 
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motor neurons and also confirming that the zSTIM1a morpholino effectively reduced 721 

zSTIM1 function in zebrafish.   722 

Calcium signalling is key to axon guidance at choice points in vivo (Gomez and Spitzer, 723 

1999; Plazas et al., 2013), so we next examined the role of zSTIM1 in regulating 724 

calcium signalling in CaP neurons as axons navigate intermediate choice points.  We 725 

imaged calcium dynamics in CaP axons of zSTIM1-CTRL or zSTIM1-KD 726 

Gal4s1020t/UAS:GCaMP5 embryos as axons navigated the horizontal myoseptum 727 

(Figure 7C-7H).  In zSTIM1-CTRL embryos, the patterns of calcium activity were 728 

consistent with previous studies, showing an increase in activity as axons navigated 729 

the myoseptum  and post-myoseptum (Figures 7C and 7D) (Plazas et al., 2013).  Many 730 

CaP axons of zSTIM1-KD embryos exhibited no spiking during the imaging period 731 

(data not shown) and in cells that did show activity, the frequency of calcium signals 732 

was significantly reduced when compared to control CaP axons at the myoseptum and 733 

post-myoseptum (Figure 7C and 7D).  Calcium spiking activity was classified as low 734 

frequency, high frequency or bursting events (Figure 7E) as described previously 735 

(Plazas et al., 2013).  Low frequency events were the predominant pattern of calcium 736 

activity in axons pre-myoseptum and these were significantly attenuated in zSTIM1-KD 737 

axons (Figure 7F).  Conversely, high frequency and bursting signals predominated in 738 

axons located at the myoseptum (Figure 7G) and post-myoseptum (Figure 7H), 739 

consistent with navigation behaviour described previously (Gomez and Spitzer, 1999; 740 

Plazas et al., 2013).  Significantly, zSTIM1 axons displayed significantly fewer bursting 741 

calcium signals at the myoseptum and post-myoseptum (Figures 7G and 7H).  These 742 

data indicate that attenuated bursting activity in zSTIM1-KD embryos correlates with 743 

excessive pausing or stalled axon guidance at choice points and suggests that 744 

zSTIM1-mediated calcium signalling is required to transduce environmental guidance 745 

cues into pathfinding decisions in vivo. 746 

 747 
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DISCUSSION 748 

Growth cone navigation relies on guidance cue activation of signalling cascades that 749 

bias the localization of steering machinery, such as microtubules and ER, to one side 750 

of the growth cone, thereby converting random growth to attractive, or repulsive 751 

turning.  STIM1, a key regulator of SOCE, is required for growth cone navigation in 752 

response to ER-calcium-dependent guidance cues such as BDNF and the ER-calcium-753 

independent cue, sema-3a (Mitchell et al., 2012).  However, the mechanism by which 754 

STIM1 regulates growth cone steering in response to such heterogeneous guidance 755 

cues is unknown.  Here, we reveal that in addition to SOCE, STIM1 plays a second, 756 

equally important function in growth cones: regulating microtubule and ER remodelling 757 

to motile regions of navigating growth cones. 758 

STIM1-EB interactions regulate ER-microtubule association in steering growth 759 

cones 760 

In eukaryotic cells, the close association of ER and microtubules is regulated by 761 

polymerization-mediated tip attachment complexes (Akhmanova and Steinmetz, 2008; 762 

Waterman-Storer and Salmon, 1998) and microtubule-associated molecular motors 763 

(Allan and Vale, 1991).  However, the mechanisms that control ER localization in highly 764 

motile structures such as growth cones remain unclear.  Electron microscopy studies 765 

have demonstrated cross-bridging between microtubules and ER along microtubule 766 

shafts in growth cones (Dailey and Bridgman, 1991), which could represent STIM1-EB 767 

interactions.  Several studies have examined the role of STIM1-mediated SOCE in cell 768 

migration, but few have examined the effect of STIM1-EB interactions on ER motility.  769 

For example, in a recent study Chang et al., (2018) demonstrated that STIM1-EB 770 

interactions sequestered STIM1 at microtubules, preventing STIM1 from prematurely 771 

moving to junctions of ER-plasma membrane and activating excessive calcium influx.  772 

However, they did not examine the effect of the STIM1-EB interaction on ER 773 

remodelling or cell motility (Chang et al., 2018).  In smooth muscle and cancer cells, 774 
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STIM1 expression and phosphorylation are necessary for cell migration and formation 775 

of focal adhesions (Bisaillon et al., 2010; Casas-Rua et al., 2015; Chen et al., 2011).  776 

STIM1-EB interactions are important for localizing calcium signals towards the leading 777 

edge of migrating cells, although the role of STIM1 in regulating ER remodelling was 778 

not examined (Tsai et al., 2014).  Here, we provide the first evidence that STIM1 is 779 

required for microtubule and ER remodelling into filopodia and suggest a mechanism 780 

whereby STIM1-EB interactions tether ER to microtubules to regulate the 781 

spatiotemporal localization of calcium release machinery to motile areas of steering 782 

growth cones.  783 

The guidance of primary motor axons in zebrafish is directed by a number of guidance 784 

cues including semaphorins and myotome derived cues (Halloran et al., 2000; Zeller et 785 

al., 2002; Plazas et al., 2013; Schneider and Granato 2006; Beattie et al., 2000), with 786 

stalling at intermediate targets a common outcome after guidance cue disruption. We 787 

found that reducing zSTIM1 expression in vivo perturbed calcium signalling in motor 788 

axons at intermediate axon guidance choice points, with axons displaying decreased 789 

filopodial number, axon stalling and delayed extension.  zSTIM1 was required for store 790 

operated calcium entry in these axons, demonstrating that zSTIM1a plays an important 791 

role in calcium regulation in zebrafish motor neurons, although we cannot rule out a 792 

function for zSTIM1b.  The changes we observed in calcium signalling at multiple 793 

choice points in vivo, combined with our in vitro data demonstrating that growth cones 794 

require STIM1 function to respond to multiple guidance cues, supports the hypothesis 795 

that STIM1 is necessary for axon guidance in vivo.   796 

Growth cone filopodia are considered the “first responders” of axon guidance (Polinsky 797 

et al., 2000; Tosney and Landmesser, 1985), transmitting molecular guidance signals 798 

to the growth cone central domain through receptor-mediated calcium transients 799 

(Gomez and Letourneau, 1994; Gomez et al., 2001; Goodhill and Urbach, 1999).  800 

STIM1-mediated control of microtubules and ER remodelling could sub-serve at least 801 
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four crucial functions in growth cone filopodia.  Firstly, the STIM1-EB interactions at 802 

microtubule plus-ends enhanced ER recruitment into filopodia.  Early studies predicted 803 

that filopodia containing ER, or with ER at the filopodial base, might respond differently 804 

to external guidance cues than those filopodia without associated ER (Davenport et al., 805 

1996). Consistent with this, reducing STIM1 expression perturbed axon guidance in 806 

vitro and in vivo. Secondly, calcium transients initiated at distal filopodia, are amplified 807 

and sustained by calcium release from the ER and subsequent SOCE (Davenport et 808 

al., 1996; Gomez and Letourneau, 1994; Shim et al., 2013).  These calcium signals 809 

could propagate proximally to areas of microtubule reorganization in central areas of 810 

the growth cone, precipitating remodelling of microtubules and ER towards the motile 811 

side of growth cones.  Thirdly, STIM1-mediated SOCE in filopodia would favour the 812 

formation of ER-plasma membrane junctions, thought to be important for growth cone 813 

consolidation and extension (Davenport et al., 1996).  Lastly, tubular ER is recognized 814 

as a wholly interconnected and continuous membrane in eukaryotes (Petersen et al., 815 

2001; Terasaki et al., 1994; Wu et al., 2017).  Such a calcium-rich network of 816 

organelles would facilitate the conduction of calcium signals from filopodia throughout 817 

the growth cone via ER micro-networks (Choi et al., 2006).  For example, ER-calcium 818 

depletion in peripheral areas of growth cones can be signalled to the growth cone 819 

central domain directing further ER remodelling and subsequent localization of 820 

instructive calcium signals necessary for steering. 821 

STIM1 functions downstream of multiple guidance cues during growth cone 822 

navigation 823 

This study reveals dual functions for STIM1 in growth cone steering in response to 824 

attractive and repulsive guidance cues (Figure 8).  Our data supports the well 825 

described model of attractive guidance cues such as BDNF or netrin-1 activating 826 

calcium influx through TRPC channels (Gasperini et al., 2009; Wang and Poo, 2005; 827 

Yan et al., 2005), triggering calcium release via inositol triphosphate (IP3) or ryanodine 828 
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receptor activation on the ER membrane (reviewed in (Tojima et al., 2011).  This 829 

release of store calcium activates STIM1 and subsequent refilling of the ER via SOCE, 830 

which sustains guidance cue-induced elevations in intracellular calcium (Mitchell et al., 831 

2012).  Sustained asymmetric calcium signals activate downstream CaMKII (Wen et 832 

al., 2004) and calcium-dependent activation of membrane exocytosis via VAMP2 833 

(Tojima et al., 2007), biasing growth cone motility towards the source of guidance cue.  834 

Conversely, reduced STIM1 expression significantly attenuates calcium signal 835 

amplitude, causing a switch from attraction to repulsion (Mitchell et al., 2012), 836 

consistent with calcineurin activation (Wen et al., 2004).  Here, we propose that the 837 

interaction of STIM1 with microtubules is critical to generate localized ER-mediated 838 

calcium signals, biasing the steering machinery towards the motile side of the growth 839 

cone (Figure 8A-B).   840 

Growth cone repulsion operates through distinctly different mechanisms to growth cone 841 

attraction (Akiyama et al., 2016; Henle et al., 2013; Tojima et al., 2007).  Sema-3a-842 

induced repulsion requires cyclic nucleotide-dependent exocytosis, mediated by 843 

VAMP7 (Akiyama et al., 2016), actin recruitment via mical (Hung et al., 2010) and 844 

phosphatase and tensin homolog, PTEN, activity (Henle et al., 2013).  How then, does 845 

decreased STIM1 expression perturb sema-3a-induced repulsion?  There are at least 846 

two points of intersection between sema-3a and STIM1 signalling:  cyclic nucleotides 847 

and PTEN.  Firstly, STIM1 activates SOCE-dependent cAMP signalling (Lefkimmiatis 848 

et al., 2009).  Given sema-3a function requires cGMP signalling (Song et al., 1998) and 849 

there is reciprocal cross-talk between cAMP and cGMP (Shelly et al., 2010).  A 850 

reduction of STIM1 expression could disrupt the cAMP/cGMP ratio and hence perturb 851 

growth cone repulsion.  Consistent with this, we could restore sema-3a-induced 852 

repulsion in growth cones with reduced STIM1 expression by pharmacological 853 

manipulation of cAMP signalling, suggesting that cyclic nucleotide signalling is 854 

downstream of sema-3a-mediated STIM1 signalling (Figure 8C-D).   Secondly, sema-855 
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3a requires PTEN activation to trigger growth cone repulsion (Henle et al., 2013).  856 

PTEN closely associates with microtubules and remodels growth cone focal adhesions 857 

(Chadborn et al., 2006; Henle et al., 2013).  PTEN is thought to be sequestered to 858 

microtubules and upon sema-3a activation, PTEN is released from dynamic 859 

microtubules in the growth cone periphery and targeted to the plasma membrane.  At 860 

the membrane, PTEN inhibits activation of signalling lipid phosphatidylinositol (3,4,5)-861 

triphosphate (PIP3), while also decreasing the phosphorylation status of GSK-3ß, 862 

thereby decreasing assembly of the microtubule and actin cytoskeleton (Chadborn et 863 

al., 2006; Henle et al., 2013; Zhou et al., 2004). We therefore propose that 864 

microtubules are the key point of convergence between sema-3a and STIM1 signalling 865 

pathways, with STIM1-EB mediated remodelling of microtubules representing a vital 866 

supply of PTEN to the membrane, necessary for growth cone repulsion (Figure 8C-D). 867 

In conclusion, we demonstrate that STIM1 is required for dynamic EB localization and 868 

the remodelling of microtubules and ER in navigating growth cones.  The observation 869 

that drebrin is upregulated in growth cones and filopodia when STIM1 is reduced, 870 

illustrates a complex interplay of compensatory signals acting between the microtubule 871 

and actin cytoskeleton to control growth cone motility.  The fact that upregulation of 872 

drebrin at the growth cone periphery was not sufficient to restore directed microtubule 873 

protrusion in STIM1-KD growth cones strongly suggests that STIM1 is a principal 874 

regulator of instructional signals in filopodia during motility and subsequent ER 875 

remodelling.  In conclusion, these data demonstrate that in addition to the activation of 876 

SOCE, STIM1 regulates microtubule and ER remodelling, which is a common 877 

mechanism activated by multiple guidance cues and is vital in growth cone steering 878 

and axon guidance in vivo.  879 
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Figure legends 1177 

 1178 

Figure 1. Activation of OptoSTIM1 is sufficient to steer growth cones  1179 

(A-B) Asymmetric activation of OptoSTIM1 triggers growth cone turning towards the 1180 

stimulated site. OptoSTIM1-transfected growth cone (A) before and (B) after 1181 

stimulation (area illuminated indicated by dotted rectangle). Image sequences were 1182 

acquired for 12 min, with 2 sec stimulations at 2 and 7min. Scale bar: 5μm. (C) Growth 1183 

cones transfected with OptoSTIM1 (n=17) turned significantly more than growth cones 1184 

responding to vehicle (n=7, ***p=0.0002), or growth cones transfected with 1185 

OptoSTIM1-D387A (n=9, ***p=0.0002) or LOVS1K (n=8, ***p=0.0006) in response to 1186 

asymmetric light stimulation.  Positive angles correspond to motility towards the 1187 

stimulated side. Thapsigargin treatment abolished growth cone responses to 1188 

OptoSTIM1 activation (n=11, ****p=0.00003), although it had no effect on turning in 1189 

OptoSTIM1-D387A transfected growth cones (n=6 p=0.448).  Growth cones 1190 

transfected with OptoSTIM1 and treated with thapsigargin turned away from the site of 1191 

light activation compared to growth cones treated with OptoSTIM1-D387A (*p=0.017) 1192 

and OptoSTIM1-D387A+thapsi (*p=0.042). Growth cones transfected and/or treated 1193 

with OptoSTIM1-D387A, LOVS1K or OptoSTIM1+thapsi were not significantly different 1194 

to untransfected growth cones (p=0.477, p=0.625, p=0.0591 respectively). Growth 1195 

cones transfected with LOVS1K did not turn significantly more than growth cones 1196 

treated with OptoSTIM1-D387A (p=0.316), OptoSTIM1+thapsi (p=0.128), or 1197 

OptoSTIM1-D387A+thapsi (p=0.36) (Mann-Whitney U test). 1198 
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  1200 
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46 

Figure 2. STIM1 regulates microtubule tip dynamics at the periphery of sensory growth 1201 

cones. 1202 

(A-C) Super-resolution images of growth cones in the absence or presence of the 1203 

SERCA inhibitor, thapsigargin (200nM for 10min) and immunostained for β-III tubulin 1204 

(cyan), STIM1 (red) or EB3 (green) protein. STIM1 colocalizes with EB3 proteins and 1205 

microtubules with STIM1/EB3 puncta detected on microtubules in filopodia. (A, 1206 

arrowheads in insets i and ii shown in Ci and Cii respectively). When growth cones 1207 

were treated with thapsigargin (B), there was uncoupling of STIM1 and EB3 puncta on 1208 

microtubules in the peripheral (transition) zone of growth cones (B, inset iii shown in C 1209 

iii). (D) Colocalization of STIM1/EB3 was greater in the periphery of growth cones in 1210 

controls (n=25) compared to growth cones treated with thapsigargin (n=24****p=8.9E-1211 

10, Mann-Whitney U test). Scale bar for (A) and (B) is 5μm and 1μm for (C). (E-F) 1212 

Microtubule tip dynamics were examined in STIM1-CTRL and STIM1-KD growth cones 1213 

transfected with EB3-YFP. Composite representation of EB3-YFP dash trajectories in 1214 

(E) STIM1-CTRL and (F) STIM1-KD growth cones, pseudo-colored for dash velocity 1215 

(μm/sec), comprising 5-7 dashes from each of 3 STIM1-CTRL and STIM1-KD growth 1216 

cones (Also see movies 1, 2 and Table 1). Heat map in (E) represents EB3-dash 1217 

velocity. (G) Total number of filopodia in STIM1-CTRL were greater after EB3-YFP 1218 

overexpression (n=12) compared to STIM1-CTRL alone (n=32, **p=0.002) or STIM1-1219 

KD (n=30, *p=0.006) or STIM1-KD EB3-YFP (n=17, *p=0.0215). The number of 1220 

filopodia was not significantly different between STIM1-CTRL growth cones and 1221 

STIM1-KD (p=0.621) or STIM1-KD EB3-YFP (p=0.221), and there was no difference 1222 

between STIM1-KD and STIM1-KD EB3-YFP (p=0.435, one-way ANOVA, Tukey’s 1223 

multiple comparison test). (H) The number of filopodia with EB3 dashes was reduced in 1224 

STIM1-KD (n=17) compared to STIM1-CTRL growth cones (n=12, **p=0.0036, 1225 

Student’s t-test). (I) STIM1-CTRL and (J) STIM1-KD growth cones immunolabelled with 1226 

drebrin (green) and STIM1 (red). Arrowheads depict significant drebrin expression at 1227 

lamellipodial border. Scale bar is 5μm. (K) Drebrin immunoreactivity was increased 1228 



 

 

47 

47 

across whole growth cones after STIM1-KD (n=25) compared with STIM1-CTRL (n=21, 1229 

*p=0.016, Mann-Whitney U test). (L) Drebrin expression in filopodia was inversely 1230 

correlated to STIM1 expression. The number of filopodia immunoreactive for drebrin 1231 

was increased after STIM1-KD (n=25) compared to STIM1-CTRL (n=21, *p=0.0162, 1232 

Student’s t-test). 1233 

 1234 

 1235 

  1236 
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48 

Figure 3. STIM1 is required for microtubule-ER remodelling and calcium signals in 1237 

filopodia. 1238 

(A-F) STIM1-CTRL and STIM1-KD neurons were co-transfected with BiP-mCherry-1239 

KDEL (ER membrane marker) and EB3-YFP. Images of (A) STIM1-CTRL and (B) 1240 

STIM1-KD growth cones expressing KDEL (red) and EB3 (green). Scale bar: 5 μm. (Ci 1241 

and Di) KDEL and EB3 localization in single filopodia (outlined). (Cii and Dii): 1242 

Representative kymographs of KDEL (red) and EB3 (green) protrusion into STIM1-1243 

CTRL (C) and STIM1-KD (D) filopodia, displayed over 20 and 40sec respectively. 1244 

Scale bars: 500 nm. (E) The percentage of filopodia with a KDEL signal in STIM1-1245 

CTRL filopodia (n=7) was not significantly different to STIM1-KD filopodia (n=12) 1246 

(p=0.0224, Kruskall-Wallace test). (F) The distance EB3 dashes with KDEL signals 1247 

protruded into filopodia was significantly reduced in STIM1-KD compared to STIM1- 1248 

CTRL filopodia (***p=0.003, Kruskall-Wallace test, see Movies 3-6). (G-H) STIM1-1249 

CTRL (n=12) and STIM1-KD (n=16) sensory neurons were co-transfected with ER-1250 

GCaMP6-150 (Ca2+
ER reporter) and EB3-tdTomato. (Gi and Hi) ER-GCaMP6 (green) 1251 

and EB3 (red) in filopodia (outlined). (Gii and Hii) Representative kymographs of ER-1252 

GCaMP6 (green) and EB3 (red) protrusion into STIM1-CTRL (Gii) and STIM1-KD (Hii) 1253 

filopodia, displayed over 20 and 40 sec respectively. Scale bars: 500nm. (I-M) STIM1-1254 

CTRL and STIM1-KD sensory neurons were co-transfected with BiP-mCherry-KDEL 1255 

and ER-GCaMP6.  Images of (I) STIM1-CTRL and (J) STIM1-KD growth cones 1256 

expressing KDEL (red) and ER-GCaMP6 (green). Scale bar: 5 μm. (Ki and Li): ER-1257 

GCaMP6 (green) and KDEL (red) in filopodia (outlined). (Kii and Lii): Representative 1258 

kymographs of ER-GCaMP6 (green) and KDEL (red) as ER membrane extends into 1259 

STIM1-CTRL(Kii) and STIM1-KD (Lii) filopodia, displayed over 20 and 40 sec 1260 

respectively. Scale bar is 500nm. (M) The filopodial ER-GCaMP6 signal, F/F 1261 

normalized to KDEL signal, and averaged over 20 sec was significantly reduced in 1262 
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STIM1-KD (n=15) compared to STIM1-CTRL filopodia (n=16, ****p=0.00003, 1263 

Student’s t-test, see movies 7-8).  1264 
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Figure 4. STIM1 regulates EB3-YFP recruitment to the motile side of turning growth 1265 

cones. 1266 

(A-D) Maximum intensity projections of EB3 dash trajectories in representative STIM1-1267 

CTRL and STIM1-KD growth cones turning to (A, B) BDNF and (C, D) sema-3a 1268 

(gradient direction demarcated by arrow in top-left corner). EB3-labelled tracks 1269 

quantified in time over 12 min (color-coded for average velocity per dash, μm/sec). (E-1270 

H) Polar plots depicting EB3 dash displacement and trajectories in STIM1-CTRL (n=3, 1271 

E and G) and STIM1-KD (n=6, F and H) growth cones turning in response to a gradient 1272 

of (E-F) BDNF or (G-H) sema-3a. Positive angles denote attraction and negative 1273 

angles denote repulsion with respect to the initial trajectory of the growth cone. (I) 1274 

Near/far ratio of all EB3-YFP dashes in STIM1-CTRL (n=6) and STIM1-KD (n=5) 1275 

growth cones exposed to BDNF or sema-3a gradients (n=5 STIM1-CTRL and n=6 1276 

STIM1-KD). The final EB3 positions switched from near to far in growth cones turning 1277 

in response to BDNF after STIM1 knockdown (**p=0.0033). The final EB3 positions 1278 

switched from far to a random distribution in growth cones turning in response to sema-1279 

3a after STIM1 knockdown (***p=0.0002, one-way ANOVA, Tukey’s multiple 1280 

comparison test). Inset shows schematic illustrating definition of near (N) and far (F) 1281 

side of the growth cone with respect to the source of guidance cue (see movies 9-12). 1282 

(J) Average turning angles of STIM1-CTRL and STIM1-KD growth cones exposed to 1283 

BDNF or sema-3a gradients for 12 min (data sets include all growth cones depicted in 1284 

A-H). Turning angles switched from attraction to repulsion in growth cones turning to 1285 

BDNF after STIM1 knockdown (**p=0.006), and from repulsion to random growth in 1286 

response to sema-3a (**p=0.008, one-way ANOVA, Tukey’s multiple comparison test). 1287 
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Figure 5. STIM1 is necessary for microtubule recruitment during growth cone steering. 1292 

(A-C) Images of (A) STIM1-CTRL, (B) STIM1-KD and (C) Orai1-KD growth cones 1293 

immunostained for β-III tubulin (green) and STIM1 (red). Scale bar: 5 μm. (D) The 1294 

number of microtubules (normalized to growth cone area) was reduced in STIM1-KD 1295 

(n=35) growth cones compared to STIM1-CTRL (n=46, **p=0.006), but not different 1296 

after Orai1-KD (n=21, p=0.46, one-way ANOVA, Tukey’s multiple comparison test). (E) 1297 

Total β-III tubulin immunoreactivity measured by integrated density was not different 1298 

between STIM1-CTRL, STIM1-KD (p=0.991) or Orai1-KD growth cones (p=0.756, one-1299 

way ANOVA, Tukey’s multiple comparison test). (F) Near/far ratio of microtubules 1300 

(normalized to growth cone area) in STIM1-CTRL and STIM1-KD growth cones 1301 

exposed to BDNF or sema-3a gradients. The distribution of microtubules switched from 1302 

near (STIM1-CTRL, n=31) to far (STIM1-KD, n=17) in growth cones turning in 1303 

response to BDNF (****p=0.0001). The distribution of microtubules switched from far 1304 

(STIM1-CTRL, n=33) to random distribution (STIM1-KD, n=22) in growth cones turning 1305 

in response to sema-3a (*p=0.0322, Student’s t-test). (G) Growth cone turning in 1306 

response to BDNF after STIM1-KD could not be restored by manipulating cAMP 1307 

signalling (all turning is compared to vehicle, random growth, n=23). STIM1-CTRL 1308 

growth cones turned towards a source of BDNF (n=24, ****p=0.000005), while turning 1309 

towards BDNF was abolished by activation of PKA with bath application of Sp-cAMPs 1310 

to (n=18, p=0.49 from vehicle, **p=0.0018 from STIM1-CTRL). STIM1-KD growth 1311 

cones turned away from BDNF (n=18, **p=0.0028). However, bath application of Sp-1312 

cAMPs abolished all turning (n=10, p=0.576 from vehicle, p=0.08 from STIM1-KD, 1313 

Mann-Whitney U-test). (H) Growth cone turning in response to sema-3a after STIM1-1314 

KD could be restored by activating cAMP signalling (all turning is compared to vehicle, 1315 

random growth, n=23). STIM1-CTRL growth cones turning away from a source of 1316 

sema-3a (n=22, ****p=0.000097) was abolished after PKA activation with Sp-cAMPs 1317 

(n=19, p=0.09 from vehicle, **p=0.0077 from STIM1-CTRL). STIM1-KD growth cones 1318 

failed to turn away from a source of sema-3a (n=12, p=0.56). However, this turning 1319 
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was rescued with bath application of Sp-cAMPs (n=12, **p=0.0073 from vehicle, 1320 

**p=0.0094 from STIM1-KD, Mann-Whitney U-test). 1321 

 1322 

 1323 

 1324 

  1325 
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Figure 6: STIM1 is required for axon pathfinding by zebrafish caudal primary (CaP) 1326 

motor neurons in vivo. 1327 

(A) Schematic illustrating the stereotypic axon pathfinding trajectory of CaP neurons 1328 

from the zebrafish spinal cord. (B-C) Representative images of CaP axons from 1329 

zSTIM1 control (zSTIM1-CTRL) and zSTIM1-morphant (zSTIM1-KD) 1330 

Gal4s1020t/UAS:mCherry embryos.  (B) Representative axon trajectories from somites 6-1331 

9 in zSTIM1-CTRL or zSTIM1-KD larvae at 24hpf. Arrows depict distal tips of CaP 1332 

axons.  Scale bar denotes 10μm.  (C) Individual zSTIM1-CTRL and zSTIM1-KD CaP 1333 

axons at 20 hpf (inset) and 24 hpf. Scale bars denote 5 μm (20hpf) and 10 μm (24hpf), 1334 

respectively. (D) Quantification of CaP axon length at 24hpf in zSTIM1-CTRL (n=32) 1335 

and zSTIM1-KD (n=77) embryos (****p=3.78E-06, Mann-Whitney U-test). (E) 1336 

Representative examples of CaP neurons expressing control GFP or dn-zSTIM1-GFP 1337 

at 24hpf. Scale bar denotes 5 μm. (F) Tracings of axon trajectories of control GFP or 1338 

dn-zSTIM1-GFP axons at 24hpf. (G) Quantification of CaP axon length at 24hpf in 1339 

GFP-CTRL (n=7) and dn-zSTIM1-GFP axons (n=6, *p=0.022, unpaired T-test with 1340 

Welch’s correction).  (H-J) Cumulative frequency distributions showing angles of 1341 

outgrowth of zSTIM1-CTRL (closed circles) and zSTIM1 KD (open circles) CaP axons 1342 

away from the (H) spinal cord (**p=0.0092), (I) horizontal myoseptum (****p=7.06E-07) 1343 

and (J) ventral notochord (***p=0.0006, Kolmogorov-Smirnov test). (K-L) Number of 1344 

filopodia on the distal 20μm of CaP axons at (K) 20hpf (****p=8.6E-07) and (L) 24hpf 1345 

(***p=0.0007, Mann-Whitney U-test). 1346 

 1347 

  1348 
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Figure 7: STIM1 is required for patterning of calcium events in navigating axons in vivo 1349 

(A-B) Fura-2 Ca2+
 imaging was used to measure SOCE in spinal motor neurons 1350 

isolated from zSTIM1 control (zSTIM1-CTRL) and zSTIM1-morphant (zSTIM1-KD) 1351 

embryos. SOCE was triggered in vitro by incubating neurons in 0 mM Ca2+
  media with 1352 

5 μM thapsigargin followed by the addition of 2.5 mM Ca2+
  media. (A) Average Fura-2 1353 

Ca2+
 traces of zSTIM1-CTRL (n=28) and zSTIM1-KD (n=42) spinal motor neurons. (B) 1354 

Quantification of SOCE magnitude, calculated as the change in [Ca2+]i upon the 1355 

addition of 2.5 mM Ca2+
 media, in zSTIM1-CTRL and zSTIM1-KD spinal motor neurons 1356 

(****p=0.00003, Student’s t-test).  (C-H) Axonal calcium events were measured in CaP 1357 

axons of zSTIM1-CTRL and zSTIM1-KD Gal4s1020t/UAS:GCaMP5G embryos. (C) 1358 

Representative calcium responses from CaP axons of zSTIM1-CTRL or zSTIM1-KD 1359 

located proximal to the horizontal myoseptum (pre-myoseptum), at the horizontal 1360 

myoseptum, or distal to the horizontal myoseptum (post-myoseptum). (D) Frequency of 1361 

calcium events quantified at each stage of axon outgrowth in zSTIM1-CTRL (n=11 1362 

axons from 7 embryos) and zSTIM1-KD embryos (n=17 axons from 13 embryos). 1363 

zSTIM1-CTRL axons displayed an increase in frequency of calcium transients at the 1364 

myoseptum (**p=0.0035) and post-myoseptum (*p=0.0104) when compared to the pre-1365 

myoseptum. In contrast in zSTIM1-KD axons, the change in frequency of calcium 1366 

transients only increased at the post-myoseptum when compared to the pre-1367 

myoseptum (*p=0.0403). Significantly, reduced STIM1 expression attenuated the 1368 

frequency of calcium events at the myoseptum (*p=0.0298) and post myoseptum 1369 

(*p=0. 0.0453), compared to zSTIM1-CTRL (Two-way ANOVA with Holm-Sidak test for 1370 

multiple comparisons). (E) Representative traces illustrate low frequency (<7.5 1371 

spikes.min-1), high frequency (≥7.5 spikes min-1) and bursting (≥15 spikes.min-1) 1372 

calcium events observed in CaP axons. (F-H) Calcium events were quantified in CaP 1373 

axons of zSTIM1-CTRL and zSTIM1-KD. (F) At the pre-myoseptum low frequency 1374 

calcium activity predominated and was significantly reduced in zSTIM1-KD compared 1375 

to zSTIM1-CTRL (*p=0.0238). (G) At the myoseptum bursting calcium activity was 1376 
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significantly reduced in zSTIM1-KD compared to zSTIM1-CTRL (*p=0.0212). (H) At the 1377 

post-myoseptum bursting calcium activity was significantly reduced in zSTIM1-KD 1378 

compared to zSTIM1-CTRL (*p=0.0477, Two-way ANOVA with Holm-Sidak test for 1379 

multiple comparisons). The key shown in A applies to graphs in B, C, F, G and H: 1380 

zSTIM1-CTRL closed circles; zSTIM1-KD open circles. 1381 

 1382 

  1383 
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Figure 8: STIM1 mediates ER-microtubule remodelling into filopodia to localize Ca2+ 1384 

signals in motile growth cones. 1385 

Schematic illustrating a model for STIM1-dependent ER remodelling into growth cone 1386 

filopodia via direct interaction between STIM1 and EB proteins at microtubule plus-1387 

ends. STIM1 is a multifunctional protein in growth cones that acts as a microtubule-1388 

plus-end tracking protein and an activator of SOCE to regulate (1) ER remodelling with 1389 

polymerizing microtubules into the growth cone periphery to localize ER-derived Ca2+
 1390 

signals, and (2) facilitate refilling of the ER Ca2+
 store via SOCE to sustain 1391 

compartmentalized calcium signalling in filopodia. This model illustrates how STIM1 1392 

functions downstream of ER calcium-dependent and ER calcium-independent 1393 

guidance cues, such as BDNF and sema-3a respectively. 1394 

 1395 

 1396 

Table 1: STIM1 knockdown disrupts EB3 comet-like dash dynamics 1397 

Microtubule dynamics were examined by overexpressing EB3-YFP in STIM1-CTRL 1398 

and STIM1-KD growth cones.  Dash velocity, distance and track length in whole growth 1399 

cone were analyzed in 6 dashes of STIM1-CTRL (54 in 9 separate growth cones) and 1400 

STIM1-KD (36 in 6 separate growth cones) growth cones.  Filopodial EB-dash velocity 1401 

was analysed in single filopodia from STIM1-CTRL (12) and STIM1-KD (13) growth 1402 

cones expressing EB3-YFP.  a Images acquired every 6 seconds. Number of dashes 1403 

per frame, were normalized to growth cone area; b μm/sec ± SD; c Value calculated 1404 

from average of distance travelled by a single dash per frame. dp=0.000006; 1405 

ep=0.0000015; fp=0.0000013; gp=0.036  1406 
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Table 2: zSTIM1 is required for axon guidance in vivo. 1407 

zSTIM1-CTRL and zSTIM1-KD CaP axons were visualised in 1408 

Gal4s1020t/UAS:mCherry embryos, with axons scored on the position of the most 1409 

distal aspect of the axon at 24 or 48 hpf. The number of axons located at each position 1410 

is represented as a fraction of total number of CaP axons visualized (values represent 1411 

the number of axons imaged in 27 zSTIM1-KD and 12 zSTIM1-CTRL embryos). 1412 

 1413 

Table 3: zSTIM1 is required for evoked motor function in zebrafish embryos and larvae. 1414 

The coiling response at 28hpf is represented the percentage of embryos that moved in 1415 

response to tactile stimulation.  zSTIM1-CTRL (n=242) and zSTIM1-KD (n=183) 1416 

embryos were tested over 5 separate experiments from separate mating clutches.  The 1417 

startle response at 52hpf was tested in zSTIM1-CTRL (n=55) and zSTIM1-KD (n=63) 1418 

larvae over 3 separate experiments from separate mating clutches. Behavior was 1419 

performed at 22C and statistical analysis performed using the Mann-Whitney-U test 1420 

(28hpf) and unpaired t-test with Welch’s correction (52hpf). 1421 

 1422 

Movie 1: EB3-YFP illustrates dynamic microtubule tip movement throughout a STIM1-1423 

CTRL growth cone. 1424 

Time lapse sequence of randomly extending, STIM1-CTRL growth cone transfected 1425 

with EB3-YFP (green dashes) to illustrate microtubule movement.  EB3 dashes can be 1426 

observed moving from the centre of the growth cone out to the periphery.  Movies are 1427 

shown in real time with seconds displayed.  Scale bar is 5 μm.  A still from this movie is 1428 

shown in Preview Image Movie Still 1. 1429 

 1430 

 1431 

Movie 2: EB3-YFP illustrates perturbed microtubule tip dynamics in a STIM1-KD 1432 

growth cone. 1433 
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Time lapse sequence of randomly extending, STIM1-KD growth cone transfected with 1434 

EB3-YFP (green dashes) to illustrate microtubule movement.  EB3 dashes appear to 1435 

be restricted predominantly to the central domain in STIM1-KD growth cones.  Movies 1436 

are shown in real time with seconds displayed.  Scale bar is 5 μm.  A still from this 1437 

movie is shown in Preview Image Movie Still 2. 1438 

 1439 

 1440 

Movie 3: Microtubule tips lead ER remodelling into the periphery of a STIM1-CTRL 1441 

growth cone. 1442 

Time lapse sequence of a randomly extending, STIM1-CTRL growth cone transfected 1443 

with EB3-YFP (green) and BiP-mCherry-KDEL (red) to illustrate microtubule and ER 1444 

movement respectively.  Significant protrusion of the EB3 signal with associated ER 1445 

cargo can be observed throughout the STIM1-CTRL growth cone and along the full 1446 

length of several filopodia.  Movies are shown in real time with seconds displayed.  1447 

Scale bar is 5 μm.  A still from this movie is shown in Preview Image Movie Still 3. 1448 

 1449 

 1450 

Movie 4: Microtubule tips lead ER remodelling into STIM1-CTRL filopodia. 1451 

Time lapse sequence of STIM1-CTRL filopodia, transfected with EB3-YFP (green) and 1452 

BiP-mCherry-KDEL (red) to illustrate microtubule and ER movement respectively.  1453 

Significant protrusion of the EB3 signal with associated ER cargo can be observed 1454 

moving along almost the entire length of filopodia.  Movies are shown in real time with 1455 

seconds displayed.  Scale bar is 5 μm.  A still from this movie is shown in Preview 1456 

Image Movie Still 4. 1457 

 1458 

 1459 

Movie 5: Microtubule tips and ER remodelling are largely confined to the central zone 1460 

of a STIM1-KD growth cone. 1461 
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Time lapse sequence of randomly extending, STIM1-KD growth cone transfected with 1462 

EB3-YFP (green) and BiP-mCherry-KDEL (red) to illustrate microtubule and ER 1463 

movement respectively.  Protrusion of the EB3 signal with associated ER cargo 1464 

appears largely confined to the central zone of the STIM1-KD growth cone, with limited 1465 

protrusion of microtubule tips and associated ER along the length of the filopodia.  1466 

Movies are shown in real time with seconds displayed.  Scale bar is 5 μm.  A still from 1467 

this movie is shown in Preview Image Movie Still 5. 1468 

 1469 

 1470 

Movie 6: STIM-KD reduced the protrusion of microtubule tips and ER into filopodia. 1471 

Time lapse sequence of STIM1-KD filopodia, transfected with EB3-YFP (green) and 1472 

BiP-mCherry-KDEL (red) to illustrate microtubule and ER movement respectively.  1473 

There was limited protrusion of the EB3 signal with associated ER cargo along the 1474 

filopodia.  Movies are shown in real time with seconds displayed.  Scale bar is 5 μm.  A 1475 

still from this movie is shown in Preview Image Movie Still 6. 1476 

 1477 

 1478 

Movie 7: Robust Ca2+
ER signals throughout the ER in a STIM-CTRL growth cone. 1479 

Time lapse sequence of STIM1-CTRL growth cone, transfected with ER-GCaMP6 1480 

(green) and BiP-mCherry-KDEL (red).  There was extensive overlap between the ER 1481 

membranes and calcium signals throughout the STIM1-CTRL growth cones.  1482 

Furthermore, the Ca2+
ER signal fluctuated over time indicating the emptying and refilling 1483 

of calcium stores.  Movies are shown in real time with seconds displayed.  Scale bar is 1484 

5 μm.  A still from this movie is shown in Preview Image Movie Still 7. 1485 

 1486 

Movie 8: Ca2+
ER signals are reduced in the ER in a STIM-KD growth cone. 1487 

Time lapse sequence of STIM1-KD growth cone, transfected with ER-GCaMP6 (green) 1488 

and BiP-mCherry-KDEL (red).  While some Ca2+
ER signal was detected, overlapping 1489 
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with the ER membranes, it was greatly reduced after STIM1-KD.  Movies are shown in 1490 

real time with seconds displayed.  Scale bar is 5 μm.  A still from this movie is shown in 1491 

Preview Image Movie Still 8. 1492 

 1493 

Movie 9: Microtubule tips translocate to the near side of a STIM-CTRL growth cone 1494 

turning towards a source of BDNF. 1495 

Time lapse sequence of a STIM1-CTRL growth cone (phase image left), transfected 1496 

with EB3-YFP (green, right image), turning towards a source of BDNF (upper left 1497 

quadrant, out of field of view).  As the growth cone orients towards the source of 1498 

BDNF, the microtubule tips also track towards the near side of the growth cone.  1499 

Colored lines on fluorescent movies are tracks of individual EB3-YFP puncta.  The 1500 

BDNF gradient begins at the start of the movie.  Movies are shown in real time with 1501 

seconds displayed.  Scale bar is 5 μm.  A still from this movie is shown in Preview 1502 

Image Movie Still 9. 1503 

 1504 

 1505 

Movie 10: Microtubule tips translocate to the far side of a STIM-KD growth cone turning 1506 

away from a source of BDNF. 1507 

Time lapse sequence of a STIM1-KD growth cone (phase image left), transfected with 1508 

EB3-YFP (green, right image), turning away from a source of BDNF (upper left 1509 

quadrant, out of field of view).  As the growth cone orients away from the source of 1510 

BDNF, the microtubule tips track towards the far side of the growth cone.  Colored lines 1511 

on fluorescent movies are tracks of individual EB3-YFP puncta.  The BDNF gradient 1512 

begins at the start of the movie.  Movies are shown in real time with seconds displayed.  1513 

Scale bar is 5 μm.  A still from this movie is shown in Preview Image Movie Still 10. 1514 

 1515 

Movie 11: Microtubule tips translocate to the far side of a STIM-CTRL growth cone 1516 

turning away from a source of sema-3a. 1517 
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Time lapse sequence of a STIM1-CTRL growth cone (phase image left), transfected 1518 

with EB3-YFP (green, right image), turning away from a source of sema-3a (upper left 1519 

quadrant, out of field of view).  As the growth cone turns away from the source of 1520 

sema-3a, the microtubule tips track towards the far side of the growth cone.  Colored 1521 

lines on fluorescent movies are tracks of individual EB3-YFP puncta.  The sema-3a 1522 

gradient begins at the start of the movie.  Movies are shown in real time with seconds 1523 

displayed.  Scale bar is 5 μm.  A still from this movie is shown in Preview Image Movie 1524 

Still 11. 1525 

 1526 

Movie 12: Microtubule tips translocate to the far side of a STIM-KD growth cone that 1527 

fails to turn away from a source of sema-3a. 1528 

Time lapse sequence of a STIM1-KD growth cone (phase image left), transfected with 1529 

EB3-YFP (green, right image), that fails to turn in response to a source of sema-3a 1530 

(upper left quadrant, out of field of view).  The growth cone grows randomly, despite 1531 

the source of sema-3a, and similarly, the trajectories of the microtubule tips are 1532 

random, not biased to the near or far side of the growth cone.  Colored lines on 1533 

fluorescent movies are tracks of individual EB3-YFP puncta.  The sema-3a gradient 1534 

begins at the start of the movie.  Movies are shown in real time with seconds displayed.  1535 

Scale bar is 5 μm.  A still from this movie is shown in Preview Image Movie Still 12. 1536 

 1537 

 1538 

 1539 

Preview Image Movie Still 1. 1540 

Still image from Movie 1: Time lapse sequence of STIM1-CTRL growth cone 1541 

transfected with EB3-YFP, where green EB3 dashes are obvious throughout the 1542 

STIM1-CTRL growth cone.  1543 

 1544 

Preview Image Movie Still 2. 1545 
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Still image from Movie 2 which shows a time lapse sequence of STIM1-KD growth 1546 

cone transfected with EB3-YFP, where green EB3 dashes are appear restricted 1547 

towards the central zone of the STIM1-KD growth cone. 1548 

 1549 

Preview Image Movie Still 3. 1550 

Still image from Movie 3 which shows a time lapse sequence of a STIM1-CTRL growth 1551 

cone transfected with EB3-YFP (green) and BiP-KDEL-mCherry (red), illustrating 1552 

microtubule tip movement (green) with associated ER cargo (red) through-out a 1553 

STIM1-CTRL growth cone, including along multiple filopodia. 1554 

 1555 

Preview Image Movie Still 4. 1556 

Still image from Movie 4 which shows a time lapse sequence of a STIM1-CTRL 1557 

filopodium transfected with EB3-YFP and BiP-KDEL-mCherry, illustrating movement of 1558 

the EB3 signal and associated ER cargo along the length of filopodia. 1559 

 1560 

Preview Image Movie Still 5. 1561 

Still image from Movie 5 which shows a time lapse sequence of STIM1-KD growth 1562 

cone transfected with EB3-YFP and BiP-KDEL-mCherry, illustrating the microtubule 1563 

tips and ER largely confined to the central zone of the STIM1-KD growth cone. 1564 

 1565 

Preview Image Movie Still 6. 1566 

Still image from Movie 6 which shows a time lapse sequence of a STIM1-KD 1567 

filopodium transfected with EB3-YFP and BiP-KDEL-mCherry, illustrating that the 1568 

microtuble tips and ER do no protrude very far into STIM1-KD filopodia. 1569 

 1570 

Preview Image Movie Still 7. 1571 
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Still image from Movie 7 which shows a time lapse sequence of STIM1-CTRL growth 1572 

cone transfected with BiP-KDEL-mCherry and ER-GCaMP6-150, illustrating the 1573 

extensive overlap of the ER membrane (red) and Ca2+
ER signal (green). 1574 

 1575 

Preview Image Movie Still 8. 1576 

Still image from Movie 8 which shows a time lapse sequence of STIM1-KD growth 1577 

cone transfected with BiP-KDEL-mCherry and ER-GCaMP6-150, illustrating the 1578 

reduction in the Ca2+
ER signal in a STIM1-KD growth cone. 1579 

 1580 

Preview Image Movie Still 9. 1581 

Still image from Movie 9 which shows a time lapse sequence of STIM1-CTRL growth 1582 

cone transfected with EB3-YFP exposed to a micro-gradient of BDNF (pipet located 1583 

upper left quadrant and out of field of view).  As the growth cone orients towards the 1584 

source of BDNF, the microtubule tips move to the near side of the growth cone. 1585 

 1586 

 1587 

 1588 

Preview Image Movie Still 10. 1589 

Still image from Movie 10 which shows a time lapse sequence of STIM1-KD growth 1590 

cone transfected with EB3-YFP exposed to a micro-gradient of BDNF (pipet located 1591 

upper left quadrant and out of field of view).  As the growth cone orients away from the 1592 

source of BDNF, the microtubule tips track towards the far side of the growth cone.   1593 

 1594 

Preview Image Movie Still 11. 1595 

Still image from Movie 11 which shows a time lapse sequence of STIM1-CTRL growth 1596 

cone transfected with EB3-YFP exposed to a micro-gradient of sema-3a (pipet located 1597 

upper left quadrant and out of field of view).  As the growth cone turns away from the 1598 

source of sema-3a, the microtubule tips move to the far side of the growth cone. 1599 
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 1600 

Preview Image Movie Still 12. 1601 

Still image from Movie 12: Time lapse sequence of STIM1-KD growth cone transfected 1602 

with EB3-YFP exposed to a micro-gradient of sema-3a (pipet located upper left 1603 

quadrant and out of field of view).  The growth cone fails to turn away from the source 1604 

of sema-3a, and the microtubule tips move randomly. 1605 
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Table 1: STIM1 knockdown disrupts EB3 comet-like dash dynamics 

 STIM1-CTRL STIM1-KD 

Average dash number per framea in growth cone 0.031 0.0131 0.018 0.0130  

Average dash velocityb in growth cone 0.17 0.07  0.11 0.04d  

Average distancec per dash (μm) in growth cone 1.07 0.36  0.71 0.26e  

Average track length (μm) in growth cone 9 5.85  3.81 1.58f  

Average filopodial dash velocityb 0.37 0.13  0.29 0.05g  
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Table 2: zSTIM1 is required for axon guidance in vivo. 

 
 zSTIM1-CTRL zSTIM1-KD 

Position of CaP 

axon distal tip at 

24hpf 

Horizontal 

myoseptum 
0/32  4/78  

Ventral notochord 2/32  25/78  

ventral muscle 

boundary 
30/32  49/78  

Position of CaP 

axon distal tip at 

48hpf 

Ventral notochord 0/44  3/40  

ventral muscle 

boundary 
0/44  4/40  

Entered lateral 

surface of muscle 
44/44  33/40  
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Table 3: zSTIM1 is required for evoked motor function in zebrafish embryos and larvae. 

 
 zSTIM1-CTRL zSTIM1-KD 
Evoked Coiling 
response at 
28hpf  

Percent of embryos displaying 
evoked coiling activity upon 
stimulation 

99.6  0.4  59  3.97 
(p=0.0097) 

Startle 
response at 
52hpf 

mean distance moved (mm) 5.826  3.97  3.920 2.97 
(p=0.0044) 

 
 
 


