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The spatial and temporal regulation of calcium signaling in neuronal growth cones is essential for axon guidance. In growth cones, the
endoplasmic reticulum (ER) is a significant source of calcium signals. However, it is not clear whether the ER is remodeled during motile
events to localize calcium signals in steering growth cones. The expression of the ER-calcium sensor, stromal interacting molecule 1
(STIM1) is necessary for growth cone steering toward the calcium-dependent guidance cue BDNF, with STIM1 functioning to sustain
calcium signals through store-operated calcium entry. However, STIM1 is also required for growth cone steering away from semaphorin-
3a, a guidance cue that does not activate ER-calcium release, suggesting multiple functions of STIM1 within growth cones (Mitchell et al.,
2012). STIML also interacts with microtubule plus-end binding proteins EB1/EB3 (Grigoriev et al., 2008). Here, we show that STIM1
associates with EB1/EB3 in growth cones and that STIM1 expression is critical for microtubule recruitment and subsequent ER remod-
eling to the motile side of steering growth cones. Furthermore, we extend our data in vivo, demonstrating that zSTIM1 is required for axon
guidance in actively navigating zebrafish motor neurons, regulating calcium signaling and filopodial formation. These data demonstrate
that, in response to multiple guidance cues, STIM1 couples microtubule organization and ER-derived calcium signals, thereby providing
a mechanism where STIM1-mediated ER remodeling, particularly in filopodia, regulates spatiotemporal calcium signals during axon
guidance.
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Defects in both axon guidance and endoplasmic reticulum (ER) function are implicated in a range of developmental disorders.
During neuronal circuit development, the spatial localization of calcium signals controls the growth cone cytoskeleton to direct
motility. We demonstrate a novel role for stromal interacting molecule 1 (STIM1) in regulating microtubule and subsequent ER
remodeling in navigating growth cones. We show that STIM1, an activator of store-operated calcium entry, regulates the dynamics
of microtubule-binding proteins EB1/EB3, coupling ER to microtubules, within filopodia, thereby steering growth cones. The
STIM1-microtubule-ER interaction provides a new model for spatial localization of calcium signals in navigating growth cones in
the nascent nervous system. j

fSigniﬁcance Statement

Introduction (Cohan et al., 1987; Gomez and Spitzer, 1999; Zheng, 2000; Wen
et al., 2004). How the spatial localization of calcium signals is

A key determinant of axon guidance is the precise regulation of
regulated to control the cytoskeleton, and therefore growth cone

growth cone motility by the second messenger molecule calcium
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motility, is not well understood. Calcium-dependent guidance
cues activate the release of calcium from the endoplasmic reticu-
lum (ER) through inositol triphosphate or ryanodine receptor
activation, and this mobilization of ER-calcium is key to the
transduction of filopodial calcium transients necessary for axon
guidance (Gu and Spitzer, 1995; Davenport et al., 1996; Gomez
and Spitzer, 2000; Ooashi et al., 2005; Tojima et al., 201 1; Mitchell
etal., 2012). The morphology and subcellular distribution of ER
are highly regulated and yet dynamic (Zhang and Hu, 2016; Wu
etal.,2017). While ER remodeling in motile growth cones has not
been previously described, it is probable that the spatial translo-
cation of ER and its ability to sustain spatially restricted calcium
signals are important in regulating growth cone motility (Daven-
port et al., 1996; Ooashi et al., 2005; Zhang and Forscher, 2009;
Mitchell et al., 2012). Understanding the molecular mechanisms
that regulate the spatial localization of ER-mediated calcium sig-
nals is vital, given that defects in calcium signaling and ER func-
tion are implicated in a range of neural developmental disorders,
spastic paraplegias, and neurodegeneration (Blackstone, 2012;
Beetz et al., 2013; Schmunk et al., 2015, 2017).

Stromal interacting molecule 1 (STIM1) is a calcium-sensing
protein located on the ER membrane. STIM1 regulates ER-
calcium concentration by interacting with Orai proteins at the
plasma membrane, to trigger calcium influx via store-operated
calcium entry (SOCE) (Roos et al., 2005; Feske et al., 2006; Luik et
al., 2006). STIM1 is required for growth cone steering in response
to BDNF, netrin-1, and semaphorin-3a (sema-3a) (Mitchell et
al., 2012; Shim et al., 2013). The requirement for STIM1 function
in BDNF and netrin-1-induced growth cone turning was pre-
dicted, given that turning toward both guidance cues requires
ER-calcium release (Li et al., 1999; Ming et al., 1999; Hong et al.,
2000). However, sema-3a-induced growth cone repulsion does
not require ER-mediated calcium signaling (Ming et al., 1999;
Togashi et al., 2008), raising the possibility that STIM1 regulates
more than SOCE and ER-calcium homeostasis in growth cones.
Significantly, in cell lines, STIM1 has also been shown to interact
with the microtubule cytoskeleton through end-binding proteins
1 and 3 (EB1 and EB3) (Grigoriev et al., 2008; Honnappa et al.,
2009; Asanov et al., 2013). The STIM1-EB interaction sequesters
STIMI1 to microtubules to prevent excessive activation of SOCE
(Chang et al., 2018) and is also thought to be important in local-
izing calcium signals in migrating endothelial cells (Tsai et al.,
2014). Hence, we hypothesized that, in a highly dynamic struc-
ture, such as the neuronal growth cone, a STIM1-EB interaction
could represent an important, novel mechanism for regulating
the localization and remodeling of ER membranes and sustaining
localized calcium signals.

We sought to determine whether the STIM1-EB interaction
regulates the spatial and temporal distribution of the ER and
cytoskeleton in steering growth cones. We report that STIM1
localizes with EB1/EB3 in filopodia and is required for microtu-
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bule recruitment to the motile side of turning growth cones, in-
cluding the protrusion of microtubule plus tips and associated ER
into filopodia. We also find that this requirement for STIM1
persists in vivo and is necessary for the guidance of pioneer spinal
motor neurons in developing zebrafish. Perturbing STIM1 func-
tion in vivo resulted in growth cones extending fewer filopodia
and exhibiting aberrant calcium transient activity at key naviga-
tional choice points. Our data demonstrate that STIM1 plays a
crucial role in regulating the spatial distribution of ER-calcium
signals and the cytoskeleton, thus controlling growth cone mo-
tility during axon guidance.

Materials and Methods

Animals. All animal procedures were conducted under the approval of
the University of Tasmania Animal Ethics Committee and the Macquarie
University Animal Ethics Committee, in accordance with the Australian
National Health and Medical Research Council Code of Practice for the
Care and Use of Animals for Scientific Purposes. Embryonic Sprague
Dawley rats (University of Tasmania, Hobart, Tasmania, Australia; and
Macquarie University, Macquarie Park, New South Wales, Australia)
and embryonic zebrafish (University of Tasmania, Australia) were used.
Zebrafish lines were Gal451”20t/UAS:rnCherry (Scott and Baier, 2009;
Heap et al., 2013) and Gal4*'**/UAS:GCaMP5G (Scott and Baier, 2009;
Thompson et al., 2016).

Primary DRG sensory neuron culture. Primary cultures from DRG sen-
sory neurons were prepared as previously described (Gasperini et al.,
2009; Mitchell et al., 2012). Briefly, thoracic DRG from E16-E18 Sprague
Dawley rat embryos were mechanically dissociated and plated at low
density onto poly-L-ornithine (1 mg/ml) and laminin (50 pug/ml)-coated
glass coverslips in sensory neuron media (SNM): DMEM F-12 medium
1:1, penicillin-streptomycin (100 wg/ml), N2 neural medium supple-
ment (1%v/v), FCS (5% v/v), and nerve growth factor (50 ng/ml). Cul-
tures were maintained at 37°C in 5% CO, humidified incubator for 4—6
h before imaging.

In vitro growth cone turning assay. Growth cone turning assays were
performed as previously described (Gasperini et al., 2009; Mitchell et al.,
2012). Guidance cues used were BDNF human (catalog #B3795, Sigma-
Aldrich) and sema-3a (catalog #1250-S3, R&D Systems).

Transfection and protein knockdown in vitro. Rat Neuron Nucleofec-
tion (catalog #VPG-1003, Lonza Walkersville) was used to transfect DRG
neurons. Neurons were transfected with plasmids and morpholinos
simultaneously. Morpholinos (Gene Tools) were STIM1-specific (5'-
GGGCAAGACGAGCGCACACATCCAT) or 5" mispaired control mor-
pholinos (5'-GGcCAAcACcAGCcACAGATCCAT). Plasmids included
the following: OptoSTIM1 (Addgene, plasmid #70160) (Kyung et al.,
2015), LOVSIK (Addgene, plasmid #31981) (Pham et al., 2011),
OptoSTIM1Cry2(D387A) (Addgene, plasmid #70159) (Kyung et al.,
2015), pclink-BiP-mCherry-KDEL (based on Zurek et al., 2011), EB3-
tdTomato (Addgene, plasmid #50708) (Merriam et al., 2013), and
ER-GCaMP6-150 (gift of Prof. Tim Ryan) (de Juan-Sanz et al., 2017).
EB3-YFP was transfected using nucleofection (Lonza Walkersville) or
with magnetic particles following the manufacturer’s instructions (Neu-
roMag; catalog #NM50200, Oz Biosciences) or subcloned into BamHI
and Nhel restriction sites of a second-generation lentiviral construct
containing the neuron-specific hSyn promoter. In Figure 5, where mor-
pholinos and siRNA were not cotransfected with a plasmid, they were
introduced in the dissociation step of culturing method (see primary
DRG sensory neuron culture). Cells were mechanically dissociated (be-
fore plating) in the presence of morpholino at 5 um in SNM, or Orail
siRNA 10 nm in SNM (catalog #304496, Alias: RGD1311873, Millenium
Science), as previously described (Mitchell et al., 2012). Knockdown of
protein expression was confirmed by immunocytochemistry.

Immunocytochemistry. Immunocytochemistry was performed as pre-
viously described (Mitchell et al., 2012). Briefly, DRG neuronal cultures
were fixed in ice-cold methanol (100%) at —20°C for 15 min and 4% PFA
in PBS at room temperature for 5 min, and then immunostained for
STIM1 (1:500 rabbit anti-STIM1, catalog #S6072; RRID:AB_1079008,
Sigma-Aldrich), B3-tubulin (1:1000 mouse anti-f3-tubulin, catalog
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#G7121; RRID:AB_430874, Promega), EB3 (1:500 rat anti-EB3 [KT36],
catalog #ab53360; RRID:AB_880026, Abcam), or drebrin (1:500 mouse
anti-Drebrin (MF26), catalog #ADI-NBA-110-E; RRID:AB_2039073,
Enzo Life Sciences) in blocking solution (5% FCS in PBS) overnight at
4°C. Following three 10 min PBS washes, primary antibodies were de-
tected using AlexaFluor-405/-488/-568/-647 secondary antibodies (1:
1000, Invitrogen) incubated for 1 h at room temperature. To assess
protein localization as growth cones initiated a turn, cells were rapidly
fixed after 12-15 min exposure to guidance cues and processed for
immunocytochemistry.

Pharmacology. Pharmacological reagents used were thapsigargin (cat-
alog #sc-24017A; CAS: 67526-95-8, Santa Cruz Biotechnology) 200 nmin
SNM (diluted from 1 mm stock in DMSO) for 10 min to deplete ER-
calcium before fixation and immunostaining; controls contained the
same concentration of DMSO in the media. The membrane-permeable
cyclic nucleotide Sp-cAMPS (20 um diluted in SNM, catalog #A003S;
CAS:71774-13-5, BioLog Life Science Institute) was bath-applied 30 min
before imaging.

Imaging. Super-resolution images were acquired using a 100/0.95 ob-
jective on a 3D-SIM microscope (OMX Blaze, DeltaVision) or on an
inverted microscope (Ti2, Nikon) equipped with an Andor SRRF-Stream
compatible iXon EMCCD camera. Processing of images was performed
using an SRRF-Stream algorithm (Andor) and MicroManager (National
Institutes of Health). Confocal images (growth cones and zebrafish lar-
vae) were acquired using an inverted microscope (TiE, Nikon) and a laser
confocal spinning disk (UltraView, PerkinElmer). Live cell imaging (all
growth cone turning, optogenetic, and real-time tracking of fluorescent
proteins and ER-GCaMP6 calcium imaging) was acquired using an in-
verted microscope (TiE, Nikon) equipped with a X100/0.95 or 40X
objective and an EMCCD camera (Photometrics). Images for EB-YFP
dash movement were acquired every 7 s for 12 min; phase images were
acquired every 30 s to minimize phototoxicity; hence, superimposed
phase and fluorescent images do not always align perfectly. Images were
acquired using NIS-Elements AR 4.00.12 software (Nikon).

Image analysis. Colocalized STIM1 and EB3 puncta were quantified in
the peripheral zone of growth cone by first defining the area of growth
cones (including filopodia), excluding the organelle-rich central zone. In
super-resolution experiments, the numbers of colocalized puncta, where
there was a yellow boundary between red and green puncta, illustrating
likely contact, were normalized to peripheral zone area (in wm?). To
quantitate the distribution or number of microtubules, using BIII-
immunocytochemistry or EB3-dash dynamics, maximum intensity im-
age projections were used to compare fluorescence on near and far sides
of the growth cones (normalized to area) with respect to the micropi-
pette. Only isolated microtubules protruding from the central zone into
the periphery were assessed. All values were normalized to area before
calculating near/far ratios. Microtubule trajectories/protrusions in ran-
domly extending and turning growth cones were quantified using EB3-
YFP. Images of EB-YFP-dash dynamics were acquired every 6 s for 12
min. EB3-YFP dash trajectories and velocities were measured using Man-
ual Tracking plugin in ImageJ (National Institutes of Health). Only
dashes that could be tracked for a minimum of three consecutive frames
were analyzed. Dash trajectories and displacements were calculated from
time-lapse movies of growth cones responding to a gradient of BDNF or
sema-3a, and were presented as polar plots, which depicted the final
position of EB3 dash from 3 growth cones per group. KDEL and ER-
GCaMP6 fluorescence and phase-contrast images were acquired sequen-
tially at 2 s intervals for 5 min (example shown in Movies 3, 4, 5, 6).
Average change in filopodial ER-Ca”* (AF/F,) was calculated by averag-
ing AF/F, values over 20 s in sections of filopodia containing KDEL
fluorescence. All image analysis was conducted using Image] (National
Institutes of Health) or NIS Elements (Nikon).

Light-induced activation of STIMI. Cells were imaged in imaging buf-
fer (SNM prepared with FluoroBrite DMEM, catalog #A1896701,
Thermo Fisher Scientific). Spatially restricted regions of growth cones
were stimulated with light (488 nm) using a digital mirror device (Migh-
tex). Turning angles were calculated with Image]J (National Institutes of
Health) as the change in axon trajectory measured between the initial and
final trajectories of the distal 10 wm of axons after a 12 min imaging
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period (2 s stimulations at 2 min and 7 min). Repulsion was defined as
the angle of axon turning to the opposite side of stimulation, or a negative
angle. Attraction was defined as the angle of turning toward the side of
stimulation, or a positive angle. No change in turning angle was inter-
preted as random growth.

Identification of zebrafish STIM1 (zSTIM1) and design of morpholino
oligonucleotides. zSTIM1 (GenelD: 556360) was identified from a library
of translated nucleotides using the tblastn tool (National Institutes of
Health), with the human STIM1 sequence as a reference sequence. The
zebrafish genome has two isoforms of STIM1: zSTIM1a and zSTIM1b.
We chose to focus on zSTIM1a because it contains the STIM1-EB bind-
ing motif. From this point on, zSTIM1 refers to zSTIMIa. Two
translation-blocking zSTIM1 morpholinos were used (#1: 5'-TCAC
CAATCCGCTGAACTCCATAGT; and #2: 5'-TCAAATCCTCGCGTA
GCCCGTCTCA, GeneTools) and a 5-misspaired control morpholino
(5'-TCtCgAATCgGCTcAACTCCTACT) as well as a p53 control (Gene
Tools). Morpholinos (1-2 nl, at 1 mm) were injected into the yolk, ex-
ploiting cytoplasmic streaming (Bill et al., 2009) in 1-4 cell embryos.

Dominant negative zSTIMI plasmid design. To generate dn-zSTIM1, a
GeneString was fabricated by GeneArt (Thermo Fisher Scientific). An
attB1-attB2 flanked dn-zSTIM1 construct was truncated at amino acid
residue 233, and the EF-hand mutation (D70A) was included in the
sequence, equivalent to the D76A previously described in human STIM1
(Liou et al., 2005; Huang et al., 2006). The Tol2 gateway system was used
as described previously (Kwan et al., 2007; Don et al., 2017). Briefly,
eGFP was linked at the N-terminal of zZSTIM1 between amino acid resi-
dues 23 and 24. The attB1-dn-zSTIM1-eGFP-attB2 flanked construct
was subcloned into pDONR-221 to make pME-dn-zSTIM1-eGFP using
a Multisite Gateway BP clonase reaction. A dn-zSTIM1-GFP injection
plasmid was made by combining P5E-3mnxI (Addgene, plasmid
#74632), pME-dn-zSTIM1-eGFP and p3E-pA with pDestTol2pA2 using
a Multisite Gateway Three-Fragment LR clonase reaction (Thermo
Fisher Scientific) (Kwan et al., 2007). A control GFP plasmid (CTRL-
GFP) was generated by replacing the pME-DN-zSTIM1-eGFP with a
PME-eGFP in the above reaction. Gal4*'%**/UAS:mCherry zebrafish em-
bryos were injected into the single cell at the 1-2 cell stage with 50 pg of
plasmid and 50 pg of transposase mRNA. Dechorionated embryos were
fixed at 24 hpf with 4% PFA in PBS for 4 h at room temperature.

Imaging and analysis of zebrafish spinal motor neuron axon pathfinding
in vivo. Axons of caudal primary (CaP) motor neurons were imaged in
control, or zZSTIM1 morphant Gal4*'%?*/UAS:mCherry embryos or dn-
zSTIM1-GFP or CTRL-GFP axons at 20 and 24 hpf. Embryos were anes-
thetized in MS-222 (0.004%, catalog #E10521 CAS: 886-86-2, Sigma
Aldrich) and immobilized in 1.5% agarose. Confocal stacks were ac-
quired using 0.5 wm increments with the 525 laser line and 568 emission
filter with an UltraView spinning disk confocal microscope (Perkin-
Elmer) equipped with a X20 objective and Volocity software (Perkin-
Elmer). Imaging was restricted to axons of CaP motor neurons located in
somites 6—10. Axon length was determined by tracing a line through the
z projection of each CaP axon from the point of exiting the spinal cord to
the distal tip of the axon. The number of filopodia were quantified by
counting projections that extended =10 um from the axon shaft in the
distal 20 wm of the CaP axon. To measure the angles of axon outgrowth,
brightfield images of the spinal cord, horizontal myoseptum, and ventral
notochord were used as fiducial marks. Angles of axon outgrowth were
measured at the exit point from the spinal cord, horizontal myoseptum,
and ventral notochord. Angles >90° denoted a rostral angle of out-
growth, whereas angles <90° denoted a caudal angle of outgrowth.
Quantification of CaP axon length, angles of axon outgrowth from inter-
mediate targets, and filopodial number was performed using Image]
(National Institutes of Health).

Primary zebrafish spinal motor neuron culture. Zebrafish spinal neuron
cultures were generated from control or zZSTIM1 morphant Gal4*%?%/
UAS:mCherry embryos. Spinal cords were isolated from embryos at
12-14 hpf and motor neurons isolated by chemical dissociation at room
temperature for 10 min (in mm: as follows: 115 NaCl, 2.5 KCl, 0.4 EDTA,
8 HEPES, 0.025% trypsin, pH 7.5), triturated and plated in culture me-
dium (Leibovitz L-15 medium supplemented with 2% FCS, Invitrogen),
penicillin/streptomycin (100 pg/ml), CNTF (10 ng/ml), bFGF (500 pg/
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ml), and in mu as follows: 1.25 p-glucose, 0.625 sodium pyruvate, 2.5
CaCl,, 4 HEPES, pH 7.5, onto glass coverslips coated with poly-L-
ornithine (1 mg/ml) and laminin (50 ng/ml). Cultures were incubated at
28°C for 4 h before all experiments.

Calcium imaging in primary motor neuron culture. Cells were loaded
with fura-2 AM (1 M, catalog #F1225, Invitrogen) for 10 min at room
temperature in calcium-replete imaging medium (Hanks buffered saline
solution, Invitrogen) supplemented with the following (in mm): 2.5
CaCl,, 1 MgCl,, 10 p-glucose, 15 HEPES. Fura2 images were captured
every 2 s for 25 min on an inverted microscope (TiE, Nikon), using a X40
Fluor-S oil-immersion objective equipped with DIC optics and NIS Ele-
ments 6D software (Nikon), with an attenuated illumination source
(33% transmission; Lambda DG-4, Sutter Instruments). Images were
acquired at 510 nm using an EMCCD digital camera (Evolve, Photomet-
rics), in ROIs defined by NIS Elements (Nikon). To measure SOCE in
cultured spinal neurons, cells were maintained in calcium-replete me-
dium for 2 min before incubating for 5 min in calcium-deplete imaging
media (Hanks buffered saline solution supplemented with the following
in mm: 1 MgCl,, 10 p-glucose, 15 HEPES, and 0.3 EGTA). At 7 min,
thapsigargin (5 um) was added and minimal intracellular calcium (R,,;,,)
was measured. At 17 min, calcium-replete imaging media was reintro-
duced. At 22 min, ionomycin (5 uM, catalog # 19657 CAS: 56092-81-0,
Sigma-Aldrich) was added to induce maximal intracellular calcium
(Rpay)- Intracellular calcium concentration was calculated in NIS ele-
ments using the following formula: [Ca**] = K g » (R = Ry )/(Rax —
R), where K g represents the known calcium binding constant of fura-2.
The magnitude of SOCE was calculated as the peak change in [Ca®"]
following the addition of extracellular calcium.

Imaging and analysis of calcium transients in zebrafish spinal motor
neurons during axon pathfinding in vivo. Control or zZSTIM1 morphant
Gal4*192% /U AS:GCaMP5G embryos were imaged at 16-18, 19-20, or
22-23 hpf. Embryos were paralyzed with a-bungarotoxin (2 uM, catalog
#ab120542; CAS: 11032-79-4, Abcam) and immobilized in 1.5% aga-
rose. Calcium imaging was performed using a Carl Zeiss LSM 510 con-
focal imaging system equipped with HeNe laser, a water-immersion 20X
W-PLAN achromatic lens, and 2.5X digital zoom. Images of CaP axons
(somites 6-9) were acquired every 0.2 s for 5 min. Calcium measure-
ments were made by defining the ROI denoting the distal axon at the
relevant structures (premyoseptum, postmyoseptum, or at the myosep-
tum) and were measured in Image] (National Institutes of Health). Raw
cumulative pixel intensities (fluorescence, F) were converted into
changes in fluorescence from baseline (AF/F,) and exported to MATLAB
(The MathWorks). To normalize data, minimum AF/F, was corrected to
0. Calcium events were identified as peaks >2 times the SD of baseline
noise, >10% of the maximum fluorescent signal, and lasting at least 0.5 s
(width at half-maxima). Calcium events were categorized as low-
frequency events (<7.5 events min ~'), high-frequency events (=7.5
events min '), or bursting events (=15 events min ') as previously
described (Plazas et al., 2013).

Zebrafish behavior. Zebrafish larvae display a coiling behavior in re-
sponse to tactile stimulation from 25 hpf that is dependent on normal
axon pathfinding by CaP motor neurons (Saint-Amant and Drapeau,
1998; Nozawa et al., 2017). To assess motor activity mediated by primary
motor neurons at 28 hpf, zZSTIMI- or control-morphant larvae were
placed in a 35 mm dish to acclimatize for at least 10 s. Larvae were
stimulated using a fine needle applied to the middle of the tail. For the
startle response at 52 hpf, larvae were placed into a 35 mm dish to accli-
matize for atleast 10 s. Larvae were stimulated using a fine needle applied
dorsally approximately three-fourths along the length of the tail. Be-
havior was recorded using an IR-1000 Infrared CCD monochrome
video camera (DAGE-MTI) on an SZX19 dissection microscope
(Olympus). Recordings were captured onto a 960H Standalone DVR
(Techview). A manual tracking plugin for ImageJ (National Institutes
of Health) was used to quantitate movement for 10 frames following
the first movement.

Experimental design and statistical analysis. All in vitro growth cone
turning experiments used DRGs from 10 to 15 rats, and experiments
were performed during 30—40 separate imaging sessions. Each experi-
mental session contained at least two positive (BDNF) or negative (SNM
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or vehicle) controls. No more than one growth cone was imaged from
each experimental dish. Operators were blinded to morpholino or siRNA
treatment groups. Normality of all experimental data was assessed using
D’Agostino—Pearson omnibus normality test or the Kolmogorov—Smir-
nov test for normality. Normally distributed data were analyzed using
unpaired ¢ tests with Welch’s correction. Non-normal data were analyzed
using Mann—Whitney U test or one-way ANOVA with Tukey’s correc-
tion for multiple comparisons. Analyses of colocalization, filopodia and
dash counts, and pixel intensity were performed using Student’s t test,
Fisher’s exact test, or one-way ANOVA with Tukey’s correction for mul-
tiple comparisons. Measures of ER protrusion into filopodia and num-
bers of filopodia-expressing KDEL were expressed as percentages, which
necessitated the use of a Kruskal-Wallis test. Length and number of CaP
axons were analyzed by Mann—Whitney U test. Cumulative frequency
distributions of CaP axon outgrowth angles were analyzed by Kolmogo-
rov—Smirnov test. Frequency and number of calcium events in vivo were
analyzed by two-way ANOVA with Holm-Sidak test for multiple com-
parisons. Zebrafish behavior data were analyzed using an unpaired  test
with Welch’s correction (52 hpf data) and Mann—Whitney U test (24 hpf
data). All scatter plots denote mean and SD. Exact p values are provided
in the figure legends. Replicate numbers (1) are included in figure leg-
ends. Statistical analyses were performed using Prism 6 (GraphPad Soft-
ware) or Igor Pro (Wavemetrics).

Results

Asymmetric activation of STIM1 is sufficient to induce
growth cone turning

Asymmetric mobilization of calcium from the ER is a crucial
determinant of growth cone motility in response to ER-calcium-
dependent guidance cues, such as BDNF (Li et al., 2005; Mitchell
et al., 2012). In contrast, cues, such as sema-3a, do not require
ER-calcium release or SOCE to elicit growth cone repulsion
(Song et al., 1998; Ming et al., 1999; Nishiyama et al., 2008;
Mitchell et al., 2012). Hence, it was intriguing to us that STIM1
expression is necessary for netrin-1 and BDNF-induced growth
cone attraction as well as sema-3a-induced growth cone repul-
sion (Mitchell et al., 2012; Shim et al., 2013). Given that STIM1
regulates growth cone motility in response to such diverse guid-
ance cues, we explored the possibility that asymmetric activation
of STIM1 is sufficient to steer growth cones.

To examine whether asymmetric activation of STIM1 is suffi-
cient to activate growth cone steering, primary cultured embry-
onic rat (E16-E18) sensory neurons were transfected with the
light-activatable STIM1 variants, OptoSTIM1 or LOVS1K (Pham et
al,, 2011; Kyung et al., 2015). OptoSTIM1 contains the cytosolic
domain of STIM1 fused to the light-sensitive protein Cry2 and
can activate SOCE, through the activation of endogenous Orail
(Kyung et al, 2015). Spatially restricted illumination of
OptoSTIM1-transfected growth cones resulted in significant
turning of growth cones toward the stimulated site (Fig. 1A-C).
This effect was not observed in growth cones expressing the light-
insensitive variant, OptoSTIM1(D387A), which resulted in ran-
dom growth (Fig. 1C). In addition to binding endogenous
Orai protein at the plasma membrane to activate SOCE, the
OptoSTIM1 construct retains a conserved sequence (SxIP motif
at aa 642—645) enabling STIM1 binding to the microtubule EB1/
EB3 (Honnappa et al., 2009). To explore whether growth cone
steering in response to STIMI activation requires interactions
with microtubules, we transfected growth cones with another
light-activated STIM1 variant, LOVSIK, a truncated STIM1 that
contains only an Orai-activating domain (Pham et al., 2011).
Significantly, growth cones transfected with LOVS1K showed
variable responses to asymmetric illumination (Fig. 1C) that were
not significantly different from those transfected with light-
insensitive OptoSTIM1(D387A) (Fig. 1C). Furthermore, when
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Figure 1. Activation of OptoSTIM1 is sufficient to steer growth cones. 4, B, Asymmetric
activation of OptoSTIM1 triggers growth cone turning toward the stimulated site. OptoSTIM1-
transfected growth cone (A) before and (B) after stimulation. Dotted rectangle represents area
illuminated. Image sequences were acquired for 12 min, with 2 s stimulations at 2 and 7 min.
Scale bar, 5 um. C, Growth cones transfected with OptoSTIM1 (n = 17) turned significantly
more than growth cones responding to vehicle (n = 7, ***p = 0.0002), or growth cones
transfected with OptoSTIM1-D387A (n = 9, ***p = 0.0002) or LOVS1K (n = 8, ***p =
0.0006) in response to asymmetric light stimulation. Positive angles correspond to motility
toward the stimulated side. Thapsigargin (thapsi) treatment abolished growth cone responses
to OptoSTIM1 activation (n = 11, ****p = 0.00003), although it had no effect on turning in
OptoSTIM1-D387A-transfected growth cones (n = 6, p = 0.448). Growth cones transfected
with OptoSTIM1 and treated with thapsigargin turned away from the site of light activation
compared with growth cones treated with OptoSTIM1-D387A (*p = 0.017) and OptoSTIM1-
D387A+thapsi (*p = 0.042). Growth cones transfected and/or treated with OptoSTIM1—
D387A, LOVSTK, or OptoSTIM1+thapsi were not significantly different from untransfected
growth cones (p = 0.477,p = 0.625,and p = 0.05971, respectively). Growth cones transfected
with LOVSTK did not turn significantly more than growth cones treated with OptoSTIM1-
D387A (p = 0.316), OptoSTIM1+thapsi (p = 0.128), or OptoSTIM1-D387A+thapsi (p =
0.36) (Mann—Whitney U test).

thapsigargin was bath-applied to deplete the ER of calcium, turn-
ing activated by OptoSTIM1 was abolished and showed a trend
toward repulsion. Thapsigargin treatment did not elicit any
change in direction of turning in growth cones stimulated with
the light-insensitive OptoSTIM1(D387A) (Fig. 1C). These data
show that asymmetric activation of STIM1 is sufficient to induce
growth cone turning and suggest that, in addition to activating
SOCE, other STIM1 functions, such as interactions with micro-
tubules, may also be important for the regulation of growth cone
steering.

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

Microtubule end binding proteins, EB1/EB3, localize to micro-
tubule plus-ends (Stepanova et al., 2003) to regulate the exten-
sion of microtubules into the periphery of growth cones (Geraldo
et al., 2008). The close association of ER and microtubules in the
growth cone periphery has been noted previously (Dailey and
Bridgman, 1991; Zhang and Forscher, 2009), although ER motil-
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ity during axon pathfinding and any potential underpinning of
calcium regulatory mechanisms remain unexplored. We sought
to examine whether the interaction of STIM1 with EB1, described
previously in HeLa cells as part of a tip-associated complex to
facilitate ER transport (Grigoriev et al., 2008), might be impor-
tant in motile growth cones.

To examine whether STIM1 and EB colocalize to microtu-
bules, we used super-resolution microscopy to visualize the en-
dogenous expression of these proteins in growth cones (Fig. 2).
As expected, EB3 puncta were localized to BIII-tubulin-labeled
microtubules, with EB3 labeling at the plus-ends of microtubules
(Fig. 2A). Furthermore, EB3 was detected at filopodial tips, high-
lighting the protrusion of microtubules into distal filopodia (Fig.
2 A, Ci,Cii, arrowheads). Similarly, STIM1 was found closely ap-
posed with EB3 along microtubules, including in distal filopodial
tips (Fig. 2A,Ci,Cii, arrowheads). This close association of
STIM1 with EB3 at microtubule plus-ends suggests that STIM1,
and therefore ER membranes, interact with EB3 proteins at grow-
ing microtubule tips.

STIM1-EB interactions are sensitive to ER-calcium concen-
tration (Ca*"g), with depletion of Ca*"y triggering dissocia-
tion of STIM1 from EB (Grigoriev et al., 2008; Asanov et al.,
2013), although this can be dependent on the cell context (Tsai et
al., 2014). Therefore, we asked whether depletion of Ca** . dis-
rupts STIM1-EB3 interactions at microtubule plus-ends in
growth cones. Following treatment of cultures with 200 nm thap-
sigargin to chronically deplete Ca* "z, we found that STIM1 and
EB3 colocalization was significantly decreased in growth cones
(compare Fig. 2A with Fig. 2B, and Fig. 2Ci,Cii with Fig. 2Ciii,
quantified in Fig. 2D), suggesting that, when Ca** ; is depleted,
STIM1 dissociates from EB3 in key areas of microtubule assembly
and filopodial protrusion. These data demonstrate that STIM1
and EB3 are closely associated at plus-ends of microtubules and
that this association is contingent on calcium-replete ER.

STIM1 is required for EB3 recruitment into filopodia

The close association of STIM1 and EB3 at microtubules suggests
that STIM1 is coupled, or tethered, to microtubules in growth
cones. We therefore reasoned that STIM1 could regulate micro-
tubule motility in growth cones. To examine this, we treated
DRG neurons with a control (STIM1-CTRL) or STIM1-specific
morpholino (STIM1-KD) to reduce STIM1 expression. To assess
knockdown, we measured STIMI1 immunoreactivity across
growth cones as integrated density (intensity/um?, arbitrary
units) and found a significant reduction in STIM1 expression
(mean 0.064 * 0.004 A.U; n = 26) compared with controls
(mean 0.19 = 0.1 A.U,; n = 21; p = 5.5E-06, Mann—Whitney U
test), which was consistent with our previous work (Gasperini et
al., 2009; Mitchell et al., 2012). We simultaneously transfected
neurons with a morpholino and EB3-YFP (Stepanova et al., 2003;
Geraldo et al., 2008) to visualize microtubule tip dynamics. EB3
dashes (or “comets”) demarcate microtubule plus-end polymer-
ization and can be used to define the trajectory and velocity of
microtubule growth (Stepanova et al., 2003). While EB3 dashes
were evident in STIM1-CTRL and STIM1-KD growth cones,
there was a clear difference in EB3 spatiotemporal dynamics
(compare Movie 1 with Movie 2). In STIM1-CTRL growth cones,
EB3 dashes were abundant in both central and peripheral do-
mains (Movie 1; Fig. 2E), whereas EB3 dashes were restricted
predominantly to the central domain in STIMI1-KD growth
cones (Movie 2; Fig. 2F). Examination of dash velocities
revealed that microtubules protruded more slowly after
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Figure2. STIM1 regulates microtubule tip dynamics at the periphery of sensory growth cones. A-C, Super-resolution images of growth cones in the absence or presence of the SERCA inhibitor,

thapsigargin (200 nm for 10 min) and immunostained for 3-IIl tubulin (cyan), STIM1 (red), or EB3 (green) protein. STIM1 colocalizes with EB3 proteins and microtubules with STIM1/EB3 puncta
detected on microtubules in filopodia (4, arrowheads in insets i and i shown in Gi and Ci, respectively). When growth cones were treated with thapsigargin (B), there was uncoupling of STIM1 and
EB3 puncta onmicrotubulesin the peripheral (transition) zone of growth cones (B, inset i shown in iii). D, Colocalization of STIM1/EB3 was greater in the periphery of growth conesin controls (n =
25) compared with growth cones treated with thapsigargin (n = 24, ****p = 8.9E-10, Mann—Whitney U test). Scale bars: 4, B, 5 um; C, 1 um. E, F, Microtubule tip dynamics were examined in
STIM1-CTRL and STIM1-KD growth cones transfected with EB3-YFP. Composite representation of EB3-YFP dash trajectories in (E) STIM1-CTRL and (F) STIM1-KD growth cones, pseudo-colored for
dash velocity (wm/s), comprising 5—7 dashes from each of 3 STIM1-CTRL and STIM1-KD growth cones (see also Movies 1, 2; Table 1). Heat map in E represents EB3-dash velocity. G, Total number
of filopodia in STIM1-CTRL was greater after EB3-YFP overexpression (n = 12) compared with STIM1-CTRL alone (n = 32, **p = 0.002) or STIM1-KD (n = 30, *p = 0.006) or STIM1-KD EB3-YFP
(n=17,*p = 0.0215). The number of filopodia was not significantly different between STIM1-CTRL growth cones and STIM1-KD (p = 0.621) or STIM1-KD EB3-YFP (p = 0.221), and there was
no difference between STIM1-KD and STIM1-KD EB3-YFP (p = 0.435, one-way ANOVA, Tukey’s multiple comparison test). H, The number of filopodia with EB3 dashes was reduced in STIM1-KD
(n = 17) compared with STIM1-CTRL growth cones (n = 12, **p = 0.0036, Student's t test). /, STIM1-CTRL and (J) STIM1-KD growth cones immunolabeled with drebrin (green) and STIM1 (red).
Arrowheads indicate significant drebrin expression at lamellipodial border. Scale bar, 5 m. K, Drebrin immunoreactivity was increased across whole growth cones after STIM1-KD (n = 25)
compared with STIM1-CTRL (n = 21, *p = 0.016, Mann—Whitney U test). L, Drebrin expression in filopodia was inversely correlated to STIM1 expression. The number of filopodia immunoreactive
for drebrin was increased after STIM1-KD (n = 25) compared with STIM1-CTRL (n = 21, *p = 0.0162, Student’s t test).

STIM1-KD treatment compared with STIM1-CTRL growth
cones (Fig. 2E, F; Table 1).

Given the importance of microtubule extension into filopodia
during growth cone steering (Tanaka and Kirschner, 1995; Dent
et al., 1999; Gallo and Letourneau, 1998, 1999), we next asked
whether STIM1 was required for EB3 dash recruitment to filop-
odia and whether filopodial number was altered by STIM1 ex-
pression. STIM1-CTRL and STIM1-KD growth cones had

comparable numbers of filopodia (Fig. 2G); and not unexpect-
edly, the number of filopodia in STIM1-CTRL growth cones
transfected with EB3-YFP was increased (Fig. 2G), most likely
through enhanced recruitment of +TIP effectors, such as drebrin
(Geraldo et al., 2008). Interestingly, the knockdown of STIM1
expression abolished this EB3-mediated increase in filopodia
number (Fig. 2G), highlighting the interplay between STIM1 and
EB3. We found that filopodia in STIM1-KD growth cones were
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Movie 1.  EB3-YFP illustrates dynamic microtubule tip movement
throughout a STIM1-CTRL growth cone. Time lapse sequence of ran-
domly extending, STIM1-CTRL growth cone transfected with EB3-YFP
(green dashes) to illustrate microtubule movement. EB3 dashes can be 333
observed moving from the center of the growth cone out to the periph- &
ery. Movies are shown in real time with seconds displayed. Scale bar,
5 um.

Movie2. EB3-YFPillustrates perturbed microtubule tip dynamics in
a STIM1-KD growth cone. Time lapse sequence of randomly extending,
STIM1-KD growth cone transfected with EB3-YFP (green dashes) to il-
lustrate microtubule movement. EB3 dashes appear to be restricted pre-
dominantly to the central domain in STIM1-KD growth cones. Movies
are shown in real time with seconds displayed. Scale bar, 5 m.

Table 1. STIM1 knockdown disrupts EB3 comet-like dash dynamics”

STIM1-CTRL STIM1-KD
Average dash number per frame® in growth cone ~ 0.031 = 0.0131  0.018 = 0.0130
Average dash velocity in growth cone 0.17 = 0.07 0.11 = 0.04*
Average distance” per dash (wm) in growth cone 1.07 = 0.36 0.71 £ 0.26**
Average track length (wem) in growth cone 9585 3.81 & 1.58%**
Average filopodial dash velocity 0.37 = 0.13 0.29 == 0.05%***

“Microtubule dynamics were examined by overexpressing EB3-YFP in STIM1-CTRL and STIM1-KD growth cones.
Dash velocity, distance, and track length in whole growth cone were analyzed in 6 dashes of STIM1-CTRL (54 in 9
separate growth cones) and STIM1-KD (36 in 6 separate growth cones) growth cones. Filopodial EB-dash velocity
was analyzed in single filopodia from STIM1-CTRL (12) and STIM1-KD (13) growth cones expressing EB3-YFP.

®Images acquired every 6 5. Number of dashes per frame were normalized to growth cone area.
Values are wm/s = SD.

Walue calculated from average of distance traveled by a single dash per frame.

*p = 0.000006; **p = 0.0000015; ***p = 0.0000013; ****p = 0.036.

less likely to contain EB3 dashes (Fig. 2H); and as described
above, when present, EB3 dashes protruded more slowly than
EB3 dashes in STIM1-CTRL growth cones (Fig. 2 E, F; Movies 1,
2; Table 1). These data suggest that STIM1 regulates EB3 dynam-
ics and hence microtubule extension into the periphery of growth
cones.

The persistence of filopodia in STIM1-KD growth cones, de-
spite the apparent disruption to EB3 dynamics, suggested that
compensatory mechanisms are activated to maintain filopodia.
We therefore asked whether the expression of drebrin, a regulator
of filopodial initiation (Geraldo et al., 2008), was altered in
STIM1-KD growth cones. We detected prominent drebrin ex-
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pression in the peripheral zone of STIM1-CTRL growth cones,
although not in all filopodia (Fig. 21, inset, K,L). In contrast,
significantly higher drebrin expression was observed in
STIM1-KD growth cones (Fig. 2], inset, K,L), especially at the
growth cone leading edge, along lamellipodial borders and in
filopodia (Fig. 2], inset and arrowhead, K, L). These data suggest
that a reduction of STIM1 expression causes drebrin to be up-
regulated to support growth cone motility.

STIM1 is required for ER remodeling into filopodia

STIM1-EB interactions at microtubule plus-ends suggest a po-
tential mechanism to facilitate remodeling of the ER in growth
cones, particularly into peripheral filopodia to localize calcium
signaling. To visualize the dynamics of ER and microtubule tips
in filopodia, we cotransfected neurons with BiP-mCherry-KDEL
to label ER membranes (Zurek et al., 2011) and EB3-YFP (Fig.
3A-F; Movies 3, 4, 5, 6). We observed significant protrusion of
EB3 signal with associated ER cargo, into filopodia of
STIM1-CTRL growth cones (Fig. 3 A, Ci,Cii,E; Movies 3, 4). In
STIM1-KD growth cones, there was no difference in the number
of filopodia containing ER (Fig. 3 B, Di,Dii,E; Movies 5, 6); how-
ever, in the STIM1-KD filopodia that did contain ER, the distance
that microtubules and associated ER protruded into the filopodia
was significantly reduced (Fig. 3F), demonstrating that ER trans-
locates more slowly when STIM1 expression is reduced (compare
Fig. 3Cii with Fig. 3Dii; Movies 4, 6; Table 1). These data are
striking, given that there is only a partial reduction of STIM1
expression, suggesting that a threshold level of STIM1 expression
is required for STIM1 to function effectively to regulate ER re-
modeling and protrusion into growth cone filopodia.

Because STIM1 is known to be crucial in regulating Ca*" ¢
levels, we next examined STIM1 regulation of Ca*" g within
filopodia. To report filopodial Ca*" ., we cotransfected neurons
with a genetically encoded Ca**py sensor, ER-GCaMP6 (de
Juan-Sanz et al., 2017) and EB3-tdTomato (Fig. 3G,H). In
STIM1-CTRL growth cones, the Ca** .y signal within filopodia
closely followed the EB3 signal (Fig. 3G). Notably, elevated
Ca** .y signals were evident at or near EB3 at the microtubule
tips in STIM1-CTRL filopodia (Fig. 3Gii, arrowheads), that may
indicate sites of ER refilling. Sites of reduced ER-GCaMP¥6 sig-
nals, possibly indicating areas of ER emptying, were also detected
in STIMI-CTRL filopodia (Fig. 3Gi, asterisks). In STIM1-KD
growth cones, the Ca®* ., signal within filopodia was dramati-
cally reduced; and focal Ca*"y intensities, potential sites of ER
filling, were rarely seen (Fig. 3Hi,Hii).

To further explore the potential for Ca* "y refilling and emp-
tying in filopodia, growth cones were cotransfected with both the
ER-GCaMP6 and the BiP-mCherry-KDEL plasmids (Fig. 3I-M;
Movies 7, 8). There was extensive overlap between the expression
patterns of the ER membranes and calcium signals in filopodia of
STIM1-CTRL growth cones (Fig. 3, Ki,Kii,M; Movie 7), which
was predicted given that both constructs use a KDEL localization
sequence. In STIM1-CTRL filopodia, we observed distinct re-
gions where the GCaMP6 and BiP-mCherry-KDEL signals over-
lapped, denoting Ca*"-replete ER (Fig. 3Kii), as well as regions
where BiP-mCherry-KDEL was observed alone, highlighting ar-
eas of Ca®" depletion (Fig. 3Kii). This pattern of Ca**y de-
pletion and refilling was observed in STIM1-CTRL filopodia as
alternating regions of BiP-mCherry-KDEL alone or colocalized
BiP-mCherry-KDEL and GCaMP6 signals (Fig. 3Ki,Kii). Signif-
icantly, in STIM1-KD filopodia, Ca**; was dramatically re-
duced, such that Ca** g, signals were barely detectable (Fig.
3], Li,Lii,M; Movie 8). The reduction of filopodial Ca*"y, after
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Figure3.  STIM1isrequired for microtubule-ER remodeling and calcium signals in filopodia. A—F, STIM1-CTRL and STIM1-KD neurons were cotransfected with BiP-mCherry-KDEL (ER membrane

marker) and EB3-YFP. Images of (A) STIM1-CTRL and (B) STIM1-KD growth cones expressing KDEL (red) and EB3 (green). Scale bar, 5 wm. Gi, Di, KDEL and EB3 localization in single filopodia
(outlined). Gii, Dii, Representative kymographs of KDEL (red) and EB3 (green) protrusion into STIM1-CTRL (€) and STIM1-KD (D) filopodia, displayed over 20 and 40s, respectively. Scale bars, 500 nm.
E, The percentage of filopodia with a KDEL signalin STIM1-CTRL filopodia (n = 7) was not significantly different from STIM1-KD filopodia (n = 12) (p = 0.0224, Kruskal-Wallis test). F, The distance
EB3 dashes with KDEL signals protruded into filopodia was significantly reduced in STIM1-KD compared with STIM1-CTRL filopodia (***p = 0.003, Kruskal-Wallis test, see Movies 3,4, 5, 6). G, H,
STIM1-CTRL (n = 12) and STIM1-KD (n = 16) sensory neurons were cotransfected with ER-GCaMP6 150 (Ca 2™ 4 reporter) and EB3-tdTomato. Gi, Hi, ER-GCaMP6 (green) and EB3 (red) in filopodia
(outlined). Gii, Hii, Representative kymographs of ER-GCaMP6 (green) and EB3 (red) protrusion into STIM1-CTRL (Gii) and STIM1-KD (Hii) filopodia, displayed over 20 and 40 s, respectively. Scale
bars, 500 nm. I-M, STIM1-CTRL and STIM1-KD sensory neurons were cotransfected with BiP-mCherry-KDEL and ER-GCaMP6. Images of (/) STIM1-CTRL and (/) STIM1-KD growth cones expressing
KDEL (red) and ER-GCaMP6 (green). Scale bar, 5 wm. Ki, Li, ER-GCaMP6 (green) and KDEL (red) in filopodia (outlined). Kii, Lii, Representative kymographs of ER-GCaMP6 (green) and KDEL (red) as
ER membrane extends into STIM1-CTRL(Kii) and STIM1-KD (Lii) filopodia, displayed over 20 and 40's, respectively. Scale bar, 500 nm. M, The filopodial ER-GCaMP6 signal, AF/F normalized to KDEL
signal, and averaged over 20 s was significantly reduced in STIM1-KD (n = 15) compared with STIM1-CTRL filopodia (n = 16, ****p = 0.00003, Student’s t test, see Movies 7, 8).
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Movie3. Microtubule tips lead ER remodeling into the periphery of a
STIM1-CTRL growth cone. Time lapse sequence of a randomly extend-
ing, STIM1-CTRL growth cone transfected with EB3-YFP (green) and rjg
BiP-mCherry-KDEL (red) to illustrate microtubule and ER movement, 35§
respectively. Significant protrusion of the EB3 signal with associated ER &%
cargo can be observed throughout the STIM1-CTRL growth cone and
along the full length of several filopodia. Movies are shown in real time with seconds displayed.
Scale bar, 5 wm.

filopodia. Tlme lapse sequence of STIM1-CTRL filopodia, transfected 17
with EB3-YFP (green) and BiP-mCherry-KDEL (red) to illustrate micro-
tubule and ER movement, respectively. Significant protrusion of the EB3
signal with associated ER cargo can be observed moving along almost &
the entire length of filopodia. Movies are shown in real time with sec-
onds displayed. Scale bar, 5 pm.

Movie5. Microtubule tips and ER remodeling are largely confined to
the central zone of a STIM1-KD growth cone. Time lapse sequence of 5
randomly extending, STIM1-KD growth cone transfected with EB3-YFP
(green) and BiP-mCherry-KDEL (red) to illustrate microtubule and ER
movement, respectively. Protrusion of the EB3 signal with associated ER &3
cargo appears largely confined to the central zone of the STIM1-KD
growth cone, with limited protrusion of microtubule tips and associated ER along the length of
the filopodia. Movies are shown in real time with seconds displayed. Scale bar, 5 wm.

STIM1 knockdown was highlighted by measuring total filopodial
Ca2+ER, normalized to the total KDEL signal over time. We ob-
served a significant decrease in Ca®" 5 in STIM1-KD compared
with the Ca®* . signals detected in STIM1-CTRL cells (Fig. 3M).
These data demonstrate a requirement for STIM1 in the protru-
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Movie6. STIM-KD reduced the protrusion of microtubule tips and ER
into filopodia. Time lapse sequence of STIM1-KD filopodia, transfected 2
with EB3-YFP (green) and BiP-mCherry-KDEL (red) to illustrate micro-
tubule and ER movement, respectively. There was limited protrusion of
the EB3 signal with associated ER cargo along the filopodia. Movies are
shown in real time with seconds displayed. Scale bar, 5 m.

Movie 7. Robust Ca*  signals throughout the ER in a STIM-CTRL  [E]¥
growth cone. Time lapse sequence of STIM1-CTRL growth cone, trans- F &

fected with ER-GCaMP6 (green) and BiP-mCherry-KDEL (red). There was
extensive overlap between the ER membranes and calcium signals
throughout the STIM1-CTRL growth cones. Furthermore, the (a*
signal fluctuated over time indicating the emptying and refilling of cal- -
cium stores. Movies are shown in real time with seconds displayed. Scale bar, 5 wm.

Movie8. (a”"  signals are reduced in the ERin a STIM-KD growth
cone. Time lapse sequence of STIM1-KD growth cone, transfected with :-
ER-GCaMP6 (green) and BiP-mCherry-KDEL (red). While some (a® ", 32
signal was detected, overlapping with the ER membranes, it was greatly &6
reduced after STIM1-KD. Movies are shown in real time with seconds
displayed. Scale bar, 5 m.

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

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

Growth cone steering is underpinned by the transduction of
guidance cues leading to asymmetric microtubule stabilization
and protrusion into peripheral areas of growth cones (William-
son et al., 1996; Buck and Zheng, 2002). We have previously
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shown that STIM1 is actively translocated
to the “turning” side of growth cones dur-
ing steering (Mitchell et al., 2012), but ex-
actly how this spatial reorganization is
regulated and the functional conse-
quences of STIMI1 translocation during
steering is not known. Significantly, EB
proteins promote microtubule extension
and protrusion in growth cones (Geraldo
et al., 2008), and our data demonstrate
that STIM1 regulates EB3 motility in the
peripheral domains of growth cones, in-
cluding filopodia. Therefore, we next
asked whether STIM1 is required for mi-
crotubule recruitment to the motile side
of actively steering growth cones.

We exposed STIM1-CTRL and STIM1-
KD growth cones to pulsatile micro-
gradients of the ER-calcium-dependent,
attractive guidance cue BDNF or the ER-
calcium-independent, repulsive guidance
cue sema-3a (Fig. 4) and measured EB3
dash motility in “near” and “far” regions
(illustrated in Fig. 4I, inset) of growth
cones as they turned toward or away from
guidance cues. The trajectories and veloc-
ities (color-coded, wm/s) of EB3 dashes
within isolated growth cones (Fig. 4A-D)
turning toward BDNF and away from
sema-3a suggest that reducing STIM1 ex-
pression slows EB3 dash velocity and dis-
rupts the localization of EB3 away from
the turning side of the growth cone. This
observation was borne out over multiple
growth cones, where analysis of EB3 dash
trajectories in STIMI1-CTRL growth
cones exposed to BDNF revealed that EB3
translocated to the motile or “near” side of
growth cones (Fig. 4A, E; Movie 9; quan-
tified in Fig. 4I). Crucially, reducing
STIMI expression not only abolished the
recruitment of EB3 to the “near” side of
growth cones exposed to BDNF, but
switched EB3 dash localization to the
“far” side (Fig. 4 B, F; Movie 10; quantified
in Fig. 4I). These findings are consistent
with a switch from attractive to repulsive
turning in STIM1-KD growth cones turn-
ing in response to BDNF (Mitchell et al.,
2012). When STIM1-CTRL growth cones
were exposed to sema-3a, they were re-
pelled and EB3 dashes again translocated
to the motile (in this case the “far” side) of
the growth cone (Fig. 4C,G; Movie 11;
quantified in Fig. 4I). However, when
STIM1-KD growth cones were exposed to
sema-3a, EB3 recruitment to the “far” side
was abolished and a random distribution
of EB3 dashes was observed (Fig. 4D, H;
Movie 12; quantified in Fig. 4I), consis-
tent with our previous data showing that
STIM1 reduction caused random steering
in response to sema-3a (Mitchell et al.,
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Figure4.  STIM1 regulates EB3-YFP recruitment to the motile side of turning growth cones. A-D, Maximum intensity projec-
tions of EB3 dash trajectories in representative STIM1-CTRL and STIM1-KD growth cones turning to (4,B) BDNF and (C,D) sema-3a
(gradient direction demarcated by arrow in top-left corner). EB3-labeled tracks quantified in time over 12 min (color-coded for
average velocity per dash, um/s). E-H, Polar plots depicting EB3 dash displacement and trajectories in STIM1-CTRL (n = 3; E,G)
and STIM1-KD (n = 6; F,H) growth cones turning in response to a gradient of (E,F) BDNF or (G,H) sema-3a. Positive angles
represent attraction and negative angles represent repulsion with respect to the initial trajectory of the growth cone. /, Near/far
ratio of all EB3-YFP dashes in STIM1-CTRL (n = 6) and STIM1-KD (n = 5) growth cones exposed to BONF or sema-3a gradients (n =
5STIM1-CTRLand n = 6 STIM1-KD). The final EB3 positions switched from near to far in growth cones turning in response to BDNF
after STIM1 knockdown (**p = 0.0033). The final EB3 positions switched from far to arandom distribution in growth cones turning
in response to sema-3a after STIM1 knockdown (***p = 0.0002, one-way ANOVA, Tukey’s multiple comparison test). Inset,
Schematic illustrating definition of near (N) and far (F) side of the growth cone with respect to the source of guidance cue (see
Movies 9, 10, 11, 12).J, Average turning angles of STIM1-CTRL and STIM1-KD growth cones exposed to BDNF or sema-3a gradients
for 12 min (datasets include all growth cones depicted in A~H). Turning angles switched from attraction to repulsion in growth
cones turning to BDNF after STIM1 knockdown (**p = 0.006), and from repulsion to random growth in response to sema-3a
(**p = 0.008, one-way ANOVA, Tukey’s multiple comparison test).
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Movie9.
growth cone turning toward a source of BDNF. Time lapse sequence ofa
STIM1-CTRL growth cone (phase image left), transfected with EB3-YFP
(green, right image), turning toward a source of BDNF (top left quad-
rant, out of FOV). As the growth cone orients toward the source of BDNF,
the microtubule tips also track toward the near side of the growth cone. T
Colored lines on fluorescent movies indicate tracks of individual EB3-YFP puncta. The BDNF
gradient begins at the start of the movie. Movies are shown in real time with seconds displayed.
Scale bar, 5 um.

o'o;go se;!:r‘
Movie 10.  Microtubule tips translocate to the far side of a STIM-KD  [=]::;
growth cone turning away from a source of BDNF. Time lapse sequence
of a STIM1-KD growth cone (phase image left), transfected with EB3-
YFP (green, right image), turning away from a source of BDNF (top left
quadrant, out of FOV). As the growth cone orients away from the source &3
of BDNF, the microtubule tips track toward the far side of the growth E
cone. Colored lines on fluorescent movies indicate tracks of individual EB3-YFP puncta. The
BDNF gradient begins at the start of the movie. Movies are shown in real time with seconds
displayed. Scale bar, 5 wm.

2012). The angle of growth cone turning in response to BDNF and
sema-3a is shown in Figure 4], and is consistent with that described
previously after STIM1 knockdown (Mitchell et al., 2012). These
data suggest that STIM1 regulates microtubule dynamics in re-
sponse to ER-calcium-dependent and -independent guidance cues
and that STIM1 is necessary for the asymmetric microtubule protru-
sion that directs growth cone motility in response to guidance cues in
vitro.

STIML1 is required for the spatial recruitment of microtubules
to the motile side of steering growth cones

As STIM1 was necessary for the recruitment of EB3 to the motile
side of steering growth cones, we sought to confirm that STIM1
does regulate microtubule recruitment. We first examined the
spatial distribution and number of microtubules in growth cones
during random growth (Fig. 5A-E). STIM1-KD growth cones
showed significantly fewer microtubules compared with STIM1-
CTRL growth cones (compare Fig. 5A, B, quantified in Fig. 5D).
Importantly, total BIII-tubulin expression across the entire
growth cone was unaffected by reduced STIM1 expression (Fig.
5E). Knockdown of Orail had no significant effect on microtu-
bule number in randomly extending growth cones (Fig. 5C-E),
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Movie11.  Microtubule tips translocate to the far side of a STIM-CTRL
growth cone turning away from a source of sema-3a. Time lapse se- B
quence of a STIM1-CTRL growth cone (phase image left), transfected E
with EB3-YFP (green, right image), turning away from a source of
sema-3a (top left quadrant, out of FOV). As the growth cone turns away 3
from the source of sema-3a, the microtubule tips track toward the far : .
side of the growth cone. Colored lines on fluorescent movies indicate tracks of individual EB3-
YFP puncta. The sema-3a gradient begins at the start of the movie. Movies are shown in real
time with seconds displayed. Scale bar, 5 pm.

Movie 12.
growth cone that fails to turn away from a source of sema-3a. Tlmelapse b
sequence of a STIM1-KD growth cone (phase image left), transfected .
with EB3-YFP (green, right image), that fails to turn in response to a
source of sema-3a (top left quadrant, out of FOV). The growth cone &3
grows randomly, despite the source of sema-3a; and similarly, the tra-
jectories of the microtubule tips are random, not biased to the near or far side of the growth
cone. Colored lines on fluorescent movies indicate tracks of individual EB3-YFP puncta. The
sema-3a gradient begins at the start of the movie. Movies are shown in real time with seconds
displayed. Scale bar, 5 m.

consistent with SOCE occurring downstream of STIMI-
microtubule interactions (Asanov et al., 2013; Changetal., 2018).

We next sought to confirm whether STIM1 facilitates the pref-
erential localization of microtubules to the motile side of steering
growth cones. STIM1-CTRL and STIM1-KD growth cones were
exposed to micro-gradients of BDNF or sema-3a for 15 min be-
fore being fixed and immunostained to detect BIII-tubulin. In
STIMI1-CTRL growth cones exposed to BDNF, the number of
microtubules was significantly biased toward the motile or “near”
side of the growth cone (Fig. 5F). Similarly, in STIM1-CTRL
growth cones exposed to sema-3a, microtubules occupied the
motile side of the growth cone; in this case, the “far” side (Fig.
5F). However, in STIM1-KD growth cones, the spatial recruit-
ment of microtubules to the “near” side was lost, such that in
response to BDNF, microtubules were located to the “far” side
and similarly, in response to sema-3a, microtubule recruitment
was abolished, consistent with random growth (Fig. 5F). These
data confirm the requirement of STIM1-EB3 interactions for mi-
crotubule recruitment to the motile side of steering growth cones,
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Figure 5.  STIM1is necessary for microtubule recruitment during growth cone steering. A—C, Images of () STIM1-CTRL, (B) STIM1-KD, and (€) Orai1-KD growth cones immunostained for B-Ill
tubulin (green) and STIM1 (red). Scale bar, 5 m. D, The number of microtubules (normalized to growth cone area) was reduced in STIM1-KD (n = 35) growth cones compared with STIM1-CTRL
(n = 46,**p = 0.006), but not different after Orai1-KD (n = 21, p = 0.46, one-way ANOVA, Tukey’s multiple comparison test). E, Total B-IIl tubulin immunoreactivity measured by integrated
density was not different between STIM1-CTRL, STIM1-KD (p = 0.991), or Orai1-KD growth cones ( p = 0.756, one-way ANOVA, Tukey’s multiple comparison test). F, Near/far ratio of microtubules
(normalized to growth cone area) in STIM1-CTRL and STIM1-KD growth cones exposed to BDNF or sema-3a gradients. The distribution of microtubules switched from near (STIM1-CTRL, n = 31) to
far (STIM1-KD, n = 17) in growth cones turning in response to BDNF (****p = 0.0001). The distribution of microtubules switched from far (STIM1-CTRL, n = 33) to random distribution (STIM1-KD,
n = 22) in growth cones turning in response to sema-3a (*p = 0.0322, Student’s t test). G, Growth cone turning in response to BDNF after STIM1-KD could not be restored by manipulating cAMP
signaling (all turning is compared with vehicle, random growth, n = 23). STIM1-CTRL growth cones turned toward a source of BONF (n = 24, ****p = 0.000005), while turning toward BDNF was
abolished by activation of PKA with bath application of Sp-cAMPs (n = 18, p = 0.49 from vehicle, **p = 0.0018 from STIM1-CTRL). STIM1-KD growth cones turned away from BDNF (n = 18, **p =
0.0028). However, bath application of Sp-cAMPs abolished all turning (n = 10, p = 0.576 from vehicle, p = 0.08 from STIM1-KD, Mann—Whitney U test). H, Growth cone turning in response to
sema-3a after STIM1-KD could be restored by activating cAMP signaling (all turning is compared with vehicle, random growth, n = 23). STIM1-CTRL growth cones turning away from a source of
sema-3a (n = 22, ****p = 0.000097) was abolished after PKA activation with Sp-cAMPs (n = 19, p = 0.09 from vehicle, **p = 0.0077 from STIM1-CTRL). STIM1-KD growth cones failed to turn
away from a source of sema-3a (n = 12, p = 0.56). However, this turning was rescued with bath application of Sp-cAMPs (n = 12, **p = 0.0073 from vehicle, **p = 0.0094 from STIM1-KD,
Mann—Whitney U test).

regardless of whether the guidance cue requires ER-calcium sig- ~ STIM1-KD growth cones by pharmacologically altering cAMP
nals. signaling using Sp-cAMPs (20 uMm) to activate protein kinase A

In addition to the regulation and localization of microtubules,
there is a further mechanism that could explain the loss of growth
cone steering in response to sema-3a after STIM1 knockdown.
STIMI is reported to interact with adenylate cyclase (Lefkimmia-
tisetal., 2009; Maiellaro etal., 2012), and it is well established that
the ratio of cAMP to cGMP is crucial for growth cone steering
(Mingetal., 1997; Song et al., 1997, 1998; Shelly et al., 2010; Nicol
etal.,2011; Akiyama et al., 2016). Therefore, we asked whether we
could restore growth cone steering away from sema-3a in

(PKA). We found that activation of PKA restored repulsive turn-
ing to sema-3a but failed to rescue BDNF steering in STIM1-KD
growth cones (Fig. 5G,H), suggesting that STIM1 regulation of
growth cone turning is upstream of cyclic nucleotide signaling in
response to sema-3a.

STIM1 is required for axon guidance in vivo
Our in vitro data predict that reducing STIM1 expression in vivo
alters calcium dynamics in pathfinding neurons, resulting in ab-
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STIM1 is required for axon pathfinding by zebrafish CaP motor neurons in vivo. A, Schematic illustrating the stereotypic axon pathfinding trajectory of CaP neurons from the zebrafish

spinal cord. B, €, Representative images of CaP axons from zSTIM1 control (zSTIM1-CTRL) and zSTIM1-morphant (zSTIM1-KD) Gal4*"2*'/UAS:mCherry embryos. B, Representative axon trajectories
from somites 6 —9in zSTIM1-CTRL or zSTIM1-KD larvae at 24 hpf. Arrows indicate distal tips of CaP axons. Scale bar, 10 m. € Individual zSTIM1-CTRL and zSTIM1-KD CaP axons at 20 hpf (inset) and
24 hpf. Scale bars: 20 hpf, 5 um; 24 hpf, 10 wm. D, Quantification of CaP axon length at 24 hpfin zSTIM1-CTRL (n = 32) and zSTIM1-KD (n = 77) embryos (****p = 3.78E-06, Mann—Whitney U
test). E, Representative examples of CaP neurons expressing control GFP or dn-zSTIM1-GFP at 24 hpf. Scale bar, 5 um. F, Tracings of axon trajectories of control GFP or dn-zSTIM1-GFP axons at 24
hpf. G, Quantification of CaP axon length at 24 hpf in GFP-CTRL (n = 7) and dn-zSTIM1-GFP axons (n = 6, *p = 0.022, unpaired t test with Welch’s correction). H-J, Cumulative frequency
distributions showing angles of outgrowth of zSTIM1-CTRL (closed circles) and zSTIM1 KD (open circles) CaP axons away from the (H) spinal cord (**p = 0.0092), (/) horizontal myoseptum
(****p = 7.06E-07), and (/) ventral notochord (***p = 0.0006, Kolmogorov—Smirnov test). K, L, Number of filopodia on the distal 20 .m of CaP axons at (K') 20 hpf (****p = 8.6E-07) and (L)

24 hpf (***p = 0.0007, Mann—Whitney U test).

errant axon guidance. To examine this directly, we used morpho-
linos as well as a dominant-negative approach to perturb zSTIM1
function during development and analyzed motor axon path-
finding in vivo. The morpholinos included two independent
translation-blocking zSTIM1 morpholinos, two control mor-
pholinos: a 5" mispaired and a p53 morpholino. We did not

observe any significant differences between the two specific
zSTIM1 morpholinos or between the control morpholinos,
across mortality, developmental defects, or axon length (data not
shown). Hence from herein, we refer to zSTIM1-control mor-
phant and zSTIM1-specific morphant animals as zZSTIM1-CTRL
and zSTIM1-KD, respectively. We reduced zZSTIM1 expression in
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Table 2. zSTIM1 is required for axon guidance in vivo

2STIMT-CTRL zSTIM1-KD
Position of CaP axon Horizontal myoseptum 0/32 4/78
distal tipat 24 hpf ~ Ventral notochord 2/32 25/78
Ventral muscle boundary 30/32 49/78
Position of CaP axon Ventral notochord 0/44 3/40
distal tipat 48 hpf  Ventral muscle boundary 0/44 4/40
Entered lateral surface of muscle  44/44 33/40

“ZSTIM1-CTRL and zSTIM1-KD CaP axons were visualized in Gal4*"%**/UAS:mCherry embryos, with axons scored on
the position of the most distal aspect of the axon at 24 or 48 hpf. The number of axons located at each position is
represented as a fraction of total number of CaP axons visualized (values represent the number of axons imaged in
27 2STIM1-KD and 12 zSTIM1-CTRL embryos).

Gal4*'?”/UAS:mCherry zebrafish embryos (Scott et al., 2007;
Heap et al., 2013), in which expression of mCherry in spinal
motor neurons (Wyart et al., 2009) enabled visualization of ex-
tending axons and filopodia (Fig. 6). We selected CaP motor
neurons for analysis because their axons exhibit highly stereo-
typic pathfinding trajectories as they exit the spinal cord and
project toward the ventral muscle via the horizontal myoseptum
and ventral notochord, in the absence of any other axons (Fig.
6A) (Myers et al., 1986; Eisen et al., 1989; Eisen, 1991; Plazas et al.,
2013). Consistent with these previous reports, CaP axons navi-
gated to ventral muscle by 24 hpfin zSTIM1-CTRL embryos (Fig.
6B, C; Table 2). However, in zZSTIM1-KD embryos, we found an
increase in the number CaP neurons that failed to extend to the
ventral muscle by 24 hpf (Fig. 6 B, C; Table 2). On closer exami-
nation, growth cones of zZSTIM1-KD axons appeared to pause or
stall at key intermediate targets, the horizontal myoseptum and
ventral notochord (Fig. 6C; Table 2). Consistent with such a stall-
ing phenotype, the length of CaP axons at 24 hpf was reduced in
zSTIM1-KD embryos compared with zSTIM1-CTRL embryos
(Fig. 6D). Interestingly, all control axons had navigated to the
lateral surface of the ventral muscle by 48 hpf, whereas a number
of zSTIM1-KD axons remained stalled at intermediate choice
points (Table 2), suggesting a requirement for STIM1 expression
for axon guidance in vivo.

To examine the cell-autonomous effect of perturbing zSTIM1
function on axon pathfinding, we overexpressed a GFP-tagged
dominant negative form of zSTIM1 (dn-zSTIM1-GFP) in which
zSTIMI was truncated at residue 233 and the calcium binding
residue within the EF-hand was mutated (D70A). The mutant
protein perturbs endogenous STIM1 function, preforming
puncta in absence of ER-calcium depletion, thereby failing to
induce calcium influx via SOCE (Liou et al., 2005). To restrict
dn-zSTIM1-GFP expression to motor neurons, we drove expres-
sion of dn-zSTIM1-GFP or GFP using the zebrafish motor neu-
ron promotor, mnx1/Hb9 (Arkhipova et al., 2012). Consistent
with zSTIM1 being necessary for axon pathfinding in vivo, axons
expressing the dn-zSTIM1-GFP were observed to exhibit a stall-
ing phenotype with reduced axon outgrowth, compared with
GFP-expressing controls (Fig. 6E-G). The dn-zSTIM1-GFP phe-
notype was very similar to that displayed by the zSTIM1-KD
axons (compare Fig. 6E-G with 6B-D).

Given that zSTIM1-KD CaP axons stalled at intermediate tar-
gets, we reasoned that these axons had failed to respond correctly
to guidance signals at these key choice points. This supposition
was supported by our observation that CaP axon length (Fig.
6B-G), and trajectories were altered at intermediate choice
points, notably the spinal cord (Fig. 6H ), horizontal myoseptum
(Fig. 6I), and ventral notochord (Fig. 6J) in zSTIM1-KD em-
bryos. Furthermore, filopodial protrusion was similarly per-
turbed when zSTIMI1 expression was reduced. Significantly,
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Table 3. zSTIM1 is required for evoked motor function in zebrafish embryos and
larvae’

ZSTIM1-CTRL 2STIM1-KD
Evoked coiling Percentage of embryos 99.6 == 0.4 59 *=3.97
response at 28 hpf displaying evoked coiling (p = 0.0097)
activity upon stimulation
Startle response Mean distance moved (mm) 5.826 = 3.97 3.920 = 2.97
at 52 hpf (p = 0.0044)

“The coiling response at 28 hpf is represented as the percentage of embryos that moved in response to tactile
stimulation. zSTIM1-CTRL (n = 242) and zSTIM1-KD (n = 183) embryos were tested over 5 separate experiments
from separate mating clutches. The startle response at 52 hpf was tested in zSTIM1-CTRL (n = 55) and zSTIM1-KD
(n = 63) larvae over 3 separate experiments from separate mating clutches. Behavior was performed at 22°C.
Statistical analysis was performed using the Mann—Whitney U test (28 hpf) and unpaired ¢ test with Welch’s
correction (52 hpf).

zSTIM1-KD CaP axons elaborated significantly fewer filopodia at
both 20 hpf (Fig. 6K) and 24 hpf (Fig. 6L). Consistent with our
data demonstrating that STIM1 is necessary for growth cone
steering in response to guidance cues in vitro, these results show
that perturbation of zZSTIM1 expression causes axons to exhibit
aberrant guidance at intermediate choice points during pathfind-
ing and suggest that zZSTIMI is necessary for axons to recognize
and respond correctly to axon guidance signals in vivo. Because
zSTIM1-KD axons and dn-zSTIM1-GEFP axons displayed defects
in axon pathfinding, we examined the effect of reducing STIM1
expression on motor function. As zZSTIM1-KD and dn-zSTIM1-
GFP axons displayed a stalled, or delayed phenotype at 24 hpf,
with most axons ultimately reaching their targets by 48 hpf (Table
2), motor function was assessed using the evoked motor response
at 28 and 52 hpf (Table 3). zZSTIM1-KD animals displayed both
coiling and startle reflex defects at both 28 and 52 hpf, suggesting
that defects in muscle innervation persist, even though most ax-
ons reach the muscle at 48 hpf.

Given the key role of zSTIMI in regulating calcium in navi-
gating axons in vitro, we asked whether the perturbed axon guid-
ance observed in zZSTIM1-KD animals is due to aberrant calcium
signaling in motor axons as they navigate in vivo. We first con-
firmed that zebrafish spinal motor neurons exhibit zSTIM1-
mediated SOCE, by performing calcium imaging in cultured
spinal motor neurons (Andersen, 2001; Chen et al., 2013). Cells
were treated with thapsigargin (5 uM), in the absence of extracel-
lular calcium, to deplete ER-calcium stores. The restoration of
calcium (2.5 mMm) to the extracellular medium triggered SOCE, as
shown by a significant increase in intracellular calcium in
zSTIM1-CTRL spinal motor neurons (Fig. 7A,B). In contrast,
neurons from zSTIM1-KD embryos showed a significantly re-
duced calcium influx when SOCE was evoked (Fig. 7A, B), con-
firming that zSTIM1 activates SOCE in zebrafish spinal motor
neurons and also confirming that the zSTIM1a morpholino ef-
fectively reduced zZSTIM1 function in zebrafish.

Calcium signaling is key to axon guidance at choice points in
vivo (Gomez and Spitzer, 1999; Plazas et al., 2013), so we next
examined the role of zSTIM1 in regulating calcium signaling in
CaP neurons as axons navigate intermediate choice points. We
imaged calcium dynamics in CaP axons of zZSTIM1-CTRL or
zSTIM1-KD Gal4*'??”/UAS:GCaMP5 embryos as axons navi-
gated the horizontal myoseptum (Fig. 7C-H). In zSTIM1-CTRL
embryos, the patterns of calcium activity were consistent with
previous studies, showing an increase in activity as axons navi-
gated the myoseptum and postmyoseptum (Fig. 7C,D) (Plazas et
al., 2013). Many CaP axons of zZSTIM1-KD embryos exhibited no
spiking during the imaging period (data not shown); and in cells
that did show activity, the frequency of calcium signals was sig-
nificantly reduced compared with control CaP axons at the my-
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Figure7.  STIM1isrequired for patterning of calcium eventsin navigating axons in vivo. A, B, fura-2 Ca>* imaging was used to measure SOCE in spinal motor neuronsisolated from zSTIM1 control
(zSTIM1-CTRL) and zSTIM1-morphant (zSTIM1-KD) embryos. SOCE was triggered in vitro by incubating neurons in 0 mm Ca>* mediawith 5 uu thapsigargin followed by the addition of 2.5 mu Ca 2™+
media. 4, Average fura-2 Ca® " traces of zSTIM1-CTRL (n = 28) and zSTIM1-KD (n = 42) spinal motor neurons. B, Quantification of SOCE magnitude, calculated as the change in [Ca®* Ti upon the
addition of 2.5 mm Ca** media, in zSTIM1-CTRL and zSTIM1-KD spinal motor neurons (****p = 0.00003, Student’s t test). C~H, Axonal calcium events were measured in CaP axons of zSTIM1-CTRL
and zSTIM1-KD Gal4s1020t/UAS:GCaMP5G embryos. €, Representative calcium responses from CaP axons of zSTIM1-CTRL or zSTIM1-KD located proximal to the horizontal myoseptum (premyo-
septum), at the horizontal myoseptum, or distal to the horizontal myoseptum (postmyoseptum). D, Frequency of calcium events quantified at each stage of axon outgrowth in zSTIM1-CTRL (n =
11axons from 7 embryos) and zSTIM1-KD embryos (n = 17 axons from 13 embryos). zZSTIM1-CTRL axons displayed an increase in frequency of calcium transients at the myoseptum (**p = 0.0035)
and postmyoseptum (*p = 0.0104) compared with the premyoseptum. In contrast in zSTIM1-KD axons, the change in frequency of calcium transients only increased at the postmyoseptum
compared with the premyoseptum (*p = 0.0403). Significantly, reduced STIM1 expression attenuated the frequency of calcium events at the myoseptum (*p = 0.0298) and postmyoseptum (*p =
0.0.0453), compared with zSTIM1-CTRL (two-way ANOVA with Holm—Sidak test for multiple comparisons). E, Representative traces illustrate low-frequency (<7.5 spikes:min "), high-frequency
(=7.5 spikes'min ~"), and bursting (=15 spikes:min ~") calcium events observed in CaP axons. F~H, Calcium events were quantified in CaP axons of zSTIM1-CTRL (Figure legend continues.)
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oseptum and postmyoseptum (Fig. 7C,D). Calcium spiking
activity was classified as low-frequency, high-frequency, or burst-
ing events (Fig. 7E) as described previously (Plazas et al., 2013).
Low-frequency events were the predominant pattern of calcium
activity in axons premyoseptum, and these were significantly at-
tenuated in zSTIM1-KD axons (Fig. 7F). Conversely, high-
frequency and bursting signals predominated in axons located at
the myoseptum (Fig. 7G) and postmyoseptum (Fig. 7H ), consis-
tent with navigation behavior described previously (Gomez and
Spitzer, 1999; Plazas et al., 2013). Significantly, zZSTIM1 axons
displayed significantly fewer bursting calcium signals at the my-
oseptum and post-myoseptum (Fig. 7G,H ). These data indicate
that attenuated bursting activity in zZSTIM1-KD embryos corre-
lates with excessive pausing or stalled axon guidance at choice
points and suggests that zSTIM1-mediated calcium signaling is
required to transduce environmental guidance cues into path-
finding decisions in vivo.

Discussion

Growth cone navigation relies on guidance cue activation of sig-
naling cascades that bias the localization of steering machinery,
such as microtubules and ER, to one side of the growth cone,
thereby converting random growth to attractive, or repulsive
turning. STIM1, a key regulator of SOCE, is required for growth
cone navigation in response to ER-calcium-dependent guidance
cues, such as BDNF and the ER-calcium-independent cue,
sema-3a (Mitchell et al., 2012). However, the mechanism by
which STIM1 regulates growth cone steering in response to such
heterogeneous guidance cues is unknown. Here, we reveal that, in
addition to SOCE, STIM1 plays a second, equally important
function in growth cones: regulating microtubule and ER remod-
eling to motile regions of navigating growth cones.

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

In eukaryotic cells, the close association of ER and microtubules
is regulated by polymerization-mediated tip attachment com-
plexes (Waterman-Storer and Salmon, 1998; Akhmanova and
Steinmetz, 2008) and microtubule-associated molecular motors
(Allan and Vale, 1991). However, the mechanisms that control
ER localization in highly motile structures, such as growth cones,
remain unclear. Electron microscopy studies have demonstrated
cross-bridging between microtubules and ER along microtubule
shafts in growth cones (Dailey and Bridgman, 1991), which could
represent STIM1-EB interactions. Several studies have examined
the role of STIM1-mediated SOCE in cell migration, but few have
examined the effect of STIM1-EB interactions on ER motility.
For example, in a recent study, Chang et al. (2018) demonstrated
that STIM1-EB interactions sequestered STIM1 at microtubules,
preventing STIM1 from prematurely moving to junctions of ER-
plasma membrane and activating excessive calcium influx. How-
ever, they did not examine the effect of the STIM1-EB interaction
on ER remodeling or cell motility (Changetal., 2018). In smooth
muscle and cancer cells, STIM1 expression and phosphorylation

<«

(Figure legend continued.) ~ and zSTIM1-KD. F, At the premyoseptum, low-frequency calcium
activity predominated and was significantly reduced in zZSTIM1-KD compared with zSTIM1-CTRL
(*p = 0.0238). G, At the myoseptum, bursting calcium activity was significantly reduced in
zSTIM1-KD compared with zSTIM1-CTRL (*p = 0.0212). H, At the postmyoseptum, bursting
calcium activity was significantly reduced in zSTIM1-KD compared with zSTIM1-CTRL (*p =
0.0477, two-way ANOVA with Holm—Sidak test for multiple comparisons). 4, The key applies to
graphsin B, €, F-H: closed circles represent zSTIM1-CTRL; open circles represent zSTIM1-KD.
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are necessary for cell migration and formation of focal adhesions
(Bisaillon et al., 2010; Chen et al., 2011; Casas-Rua et al., 2015).
STIM1-EB interactions are important for localizing calcium sig-
nals toward the leading edge of migrating cells, although the role
of STIMI in regulating ER remodeling was not examined (Tsai et
al., 2014). Here, we provide the first evidence that STIM 1 is required
for microtubule and ER remodeling into filopodia and suggest a
mechanism whereby STIM1-EB interactions tether ER to microtu-
bules to regulate the spatiotemporal localization of calcium release
machinery to motile areas of steering growth cones.

The guidance of primary motor axons in zebrafish is directed
by a number of guidance cues, including semaphorins and
myotome-derived cues (Beattie et al., 2000; Halloran et al., 2000;
Zeller et al., 2002; Schneider and Granato, 2006; Plazas et al.,
2013), with stalling at intermediate targets a common outcome
after guidance cue disruption. We found that reducing zSTIM1
expression in vivo perturbed calcium signaling in motor axons at
intermediate axon guidance choice points, with axons displaying
decreased filopodial number, axon stalling, and delayed exten-
sion. zZSTIM1 was required for SOCE in these axons, demonstrat-
ing that zSTIM1a plays an important role in calcium regulation in
zebrafish motor neurons, although we cannot rule out a function
for zSTIM1b. The changes we observed in calcium signaling at
multiple choice points in vivo, combined with our in vitro data
demonstrating that growth cones require STIM1 function to re-
spond to multiple guidance cues, supports the hypothesis that
STIM1 is necessary for axon guidance in vivo.

Growth cone filopodia are considered the “first responders”
of axon guidance (Tosney and Landmesser, 1985; Chien et al.,
1993; Davenport et al., 1993; Polinsky et al., 2000), transmitting
molecular guidance signals to the growth cone central domain
through receptor-mediated calcium transients (Gomez and Le-
tourneau, 1994; Goodhill and Urbach, 1999; Gomez et al., 2001).
STIMI1-mediated control of microtubules and ER remodeling
could subserve at least four crucial functions in growth cone
filopodia. First, the STIM1-EB interactions at microtubule plus-
ends enhanced ER recruitment into filopodia. Early studies pre-
dicted that filopodia containing ER, or with ER at the filopodial
base, might respond differently to external guidance cues than
those filopodia without associated ER (Davenport et al., 1996).
Consistent with this, reducing STIM1 expression perturbed axon
guidance in vitro and in vivo. Second, calcium transients initiated
at distal filopodia are amplified and sustained by calcium release
from the ER and subsequent SOCE (Gomez and Letourneau,
1994; Davenport et al., 1996; Shim et al., 2013). These calcium
signals could propagate proximally to areas of microtubule reor-
ganization in central areas of the growth cone, precipitating re-
modeling of microtubules and ER toward the motile side of
growth cones. Third, STIM1-mediated SOCE in filopodia would
favor the formation of ER-plasma membrane junctions, thought
to be important for growth cone consolidation and extension
(Davenport et al.,, 1996). Last, tubular ER is recognized as a
wholly interconnected and continuous membrane in eukaryotes
(Terasaki et al., 1994; Petersen et al., 2001; Wu et al., 2017). Such
a calcium-rich network of organelles would facilitate the conduc-
tion of calcium signals from filopodia throughout the growth
cone via ER micro-networks (Choi et al., 2006). For example,
ER-calcium depletion in peripheral areas of growth cones can be
signaled to the growth cone central domain directing further ER
remodeling and subsequent localization of instructive calcium
signals necessary for steering.
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longer turning in response to sema-3a, instead growing in a random direction (inset D).

STIM1 functions downstream of multiple guidance cues
during growth cone navigation

This study reveals dual functions for STIM 1 in growth cone steer-
ing in response to attractive and repulsive guidance cues (Fig. 8).
Our data support the well-described model of attractive guidance
cues, such as BDNF or netrin-1 activating calcium influx through
TRPC channels (Li et al., 2005; Wang and Poo, 2005; Gasperini et
al., 2009), triggering calcium release via inositol triphosphate or
ryanodine receptor activation on the ER membrane (for review,
see Tojima et al., 2011). This release of store calcium activates
STIMI and subsequent refilling of the ER via SOCE, which sus-
tains guidance cue-induced elevations in intracellular calcium
(Mitchell etal., 2012). Sustained asymmetric calcium signals activate
downstream CaMKII (Wen et al., 2004) and calcium-dependent
activation of membrane exocytosis via VAMP2 (Tojima et al., 2007),
biasing growth cone motility toward the source of guidance cue.

STIM1 mediates ER-microtubule remodeling into filopodia to localize Ca®™ signals in motile growth cones. Sche-
matic illustrating a model for STIM1-dependent ER remodeling into growth cone filopodia via direct interaction between STIM1
and EB proteins at microtubule plus-ends. STIM1 is a multifunctional protein in growth cones that acts as a microtubule-plus-end
tracking protein and an activator of SOCE to regulate (1) ER remodeling with polymerizing microtubules into the growth cone
periphery to localize FR-derived Ca** signals, and (2) fadilitate refilling of the ER Ca > store via SOCE to sustain compartmental-
ized Ca2* signaling in filopodia. 4, This model illustrates how STIM1 functions downstream of ER calcium-dependent guidance
cue BDNF to mediate growth cone turning towards the guidance cue (inset in A). B, When STIM1 expression is reduced, the
interaction between the ER and microtubules is lost and there is a reduced calcium signal, resulting in the growth cone turning
away from the source of BDNF (inset B). C, This model illustrates how STIM1 functions downstream of ER calcium-independent
guidance cue sema-3a to mediate growth cone turning away from the guidance cue (inset C). D, When STIM1 expression is
reduced, the loss of the microtubule organization reduces the supply of PTEN to the membrane and results in the growth cones no

tude, causing a switch from attraction to
repulsion (Mitchell et al., 2012), consistent
with calcineurin activation (Wen et al,,
2004). Here, we propose that the interaction
of STIM1 with microtubules is critical to
generate localized ER-mediated calcium
signals, biasing the steering machinery to-
ward the motile side of the growth cone (Fig.
8A,B).

Growth cone repulsion operates
through distinctly different mechanisms
to growth cone attraction (Tojima et al.,
2007; Henle et al., 2013; Akiyama et al.,
2016). sema-3a-induced repulsion re-
quires cyclic nucleotide-dependent exo-
cytosis, mediated by VAMP7 (Akiyama et
al.,, 2016), actin recruitment via mical
(Hung et al., 2010), and phosphatase and
tensin homolog, PTEN, activity (Henle et
al., 2013). How, then, does decreased
,?\ STIM1 expression perturb sema-3a-
induced repulsion? There are at least two

Non-directed
extension

F 2 points of intersection between sema-3a

and STIM1 signaling: cyclic nucleotides
and PTEN. First, STIM1 activates SOCE-
dependent cAMP signaling (Lefkimmiatis
et al., 2009). Given that sema-3a function
requires ¢cGMP signaling (Song et al,
1998) and there is reciprocal cross talk be-
tween cAMP and ¢cGMP (Shelly et al.,
ER 2010), a reduction of STIM1 expression
could disrupt the cAMP/cGMP ratio and
hence perturb growth cone repulsion.
Consistent with this, we could restore
sema-3a-induced repulsion in growth
cones with reduced STIM1 expression by
pharmacological manipulation of cAMP
signaling, suggesting that cyclic nucleo-
tide signaling is downstream of sema-3a-
mediated STIM1 signaling (Fig. 8C,D).
Second, sema-3a requires PTEN activa-
tion to trigger growth cone repulsion
(Henle et al., 2013). PTEN closely associ-
ates with microtubules and remodels
growth cone focal adhesions (Chadborn
etal., 2006; Henle et al., 2013). PTEN is thought to be sequestered
to microtubules; and upon sema-3a activation, PTEN is released
from dynamic microtubules in the growth cone periphery and tar-
geted to the plasma membrane. At the membrane, PTEN inhibits
activation of signaling lipid phosphatidylinositol (3,4,5)-
triphosphate while also decreasing the phosphorylation status of
GSK-3p, thereby decreasing assembly of the microtubule and actin
cytoskeleton (Zhou et al., 2004; Chadborn et al., 2006; Henle et al.,
2013). We therefore propose that microtubules are the key point of
convergence between sema-3a and STIM1 signaling pathways, with
STIM1-EB-mediated remodeling of microtubules representing a vi-
tal supply of PTEN to the membrane, necessary for growth cone
repulsion (Fig. 8C,D).
In conclusion, we demonstrate that STIM1 is required for
dynamic EB localization and the remodeling of microtubules and
ER in navigating growth cones. The observation that drebrin is
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upregulated in growth cones and filopodia when STIM1 is re-
duced, illustrates a complex interplay of compensatory signals
acting between the microtubule and actin cytoskeleton to control
growth cone motility. The fact that upregulation of drebrin at the
growth cone periphery was not sufficient to restore directed mi-
crotubule protrusion in STIM1-KD growth cones strongly sug-
gests that STIM1 is a principal regulator of instructional signals in
filopodia during motility and subsequent ER remodeling. In con-
clusion, these data demonstrate that, in addition to the activation
of SOCE, STIM1 regulates microtubule and ER remodeling,
which is a common mechanism activated by multiple guidance
cues and is vital in growth cone steering and axon guidance in
vivo.
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