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SUMMARY

During axon guidance, growth cones navigate toward
attractivecuesby insertingnewmembraneon thecue
side. This process depends on Ca2+ release from
endoplasmic reticulum (ER) Ca2+ channels, but the
Ca2+ sensor and effector governing this asymmetric
vesicle export remain unknown. We identified a
protein complex that controls asymmetric ER Ca2+-
dependent membrane vesicle export. The Ca2+-
dependent motor protein myosin Va (MyoVa) tethers
membrane vesicles to the ER via a common bind-
ing site on the two major ER Ca2+ channels,
inositol 1,4,5-trisphosphate and ryanodine receptors.
In response to attractive cues, micromolar Ca2+ from
ER channels triggers MyoVa-channel dissociation
and the movement of freed vesicles to the cue side,
enabling growth cone turning. MyoVa-Ca2+ channel
interactions are required for proper long-range axon
growth in developing spinal cord in vivo. These find-
ings reveal a peri-ER membrane export pathway for
Ca2+-dependent attraction in axon guidance.

INTRODUCTION

In neurons, membrane export is tightly regulated by Ca2+ to

enable the precise spatial and temporal control of membrane

vesicle biogenesis, storage, transport, and exocytosis at target

membranes. The canonical Ca2+-dependent synaptic vesicle

release mechanism involves the fusion of docked synaptic ves-

icles with the neuronal plasma membrane after Ca2+ diffusion

through voltage-gated Ca2+ channels (Parekh, 2008). In this sys-

tem, specificity is achieved by the colocalization of a Ca2+ sensor

synaptotagmin, the vesicle docking and priming machinery, and

Ca2+ channels (Eggermann et al., 2011). However, for neurons

that undergo long-distance axon migration guided by external

cues, the synaptic vesicle release machinery is not well posi-

tioned to process membrane vesicles for fusion, nor does the

presynaptic terminal allow control of the direction of vesicle
Ce
This is an open access article und
targeting to the plasma membrane, because active zone release

sites are non-mobile. Thus, a mobile Ca2+-dependent vesicle

export pathway for asymmetric axon guidance and constituent

proteins that regulate asymmetric membrane export in growth

cones remain unknown.

Insight into an uncharacterized Ca2+-dependent vesicle export

system for polarized cell migrationmight involve the growth cone

endoplasmic reticulum (ER). The axon navigation machinery

involves the translation of extracellular cues into directional

migration toward their cellular targets (Huber et al., 2003; Tess-

ier-Lavigne and Goodman, 1996). Such guidance cues attract

or repel an axon by elevating cytosolic Ca2+ concentrations

asymmetrically on the side of the growth cone facing higher con-

centrations of the cues (Gomez and Zheng, 2006; Henley and

Poo, 2004; Henley et al., 2004; Tojima et al., 2011). Growth

cone turning direction depends critically on the source of Ca2+:

Ca2+ release from the ER guides attraction whereas Ca2+ influx

from the extracellular space induces repulsion if unaccompanied

by Ca2+ release from the ER (Tojima et al., 2011). Downstream of

these Ca2+ signals, asymmetric membrane trafficking mediates

growth cone turning. AttractiveCa2+ signals from the ER facilitate

centrifugal transport and exocytosis of vesicle-associated

membrane protein 2 (VAMP2)-positive vesicles on the side of

the growth cone with elevated Ca2+ (Akiyama and Kamiguchi,

2010; Tojima et al., 2007). However, the key molecule in growth

cones that serves as a peri-ER sensor and effector for local

Ca2+ signals that regulate asymmetric membrane vesicle export

remains unknown.

Two types of ER-derived Ca2+ signals are known to mediate

growth cone attraction (Akiyama et al., 2009; Ooashi et al.,

2005): Ca2+-induced Ca2+ release (CICR) through the ryanodine

receptor type 3 (RyR3) and inositol 1,4,5-trisphosphate (IP3)-

induced Ca2+ release (IICR) through the IP3 receptor (IP3R).

Both CICR and IICR promote centrifugal exocytic transport of

VAMP2-positive vesicles for attractive growth cone turning, sug-

gesting that the steering machinery can be triggered by eleva-

tions in cytosolic Ca2+ concentration from the ER. If RyR3

and IP3R activate a common Ca2+ sensor that responds to

Ca2+ microdomains arising from CICR and IICR on the ER, this

could provide a long-sought explanation for how growth cones

can discriminate between Ca2+ signaling for attractive and
ll Reports 15, 1329–1344, May 10, 2016 ª 2016 The Authors 1329
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repulsive cues. Such amechanism could be relevant tomany cell

types with membrane dynamics driven by ER Ca2+. In this study,

we sought to identify a Ca2+ sensor/effector that associates with

the RyR3 and IP3R and, in response to ER-derived Ca2+, triggers

asymmetric membrane export for growth cone attraction. We

demonstrate a molecular mechanism for sensing ER Ca2+ and

triggering directed membrane transport in response to external

cues and show its in vivo significance for axon growth or

guidance.

RESULTS

Ca2+-Sensitive Binding of Myosin Va to ER Ca2+

Channels
We employed focal laser-induced photolysis (FLIP) of caged

compounds to generate attractive or repulsive guidance signals

in chick dorsal root ganglion (DRG) growth cones. Because the

turning direction of growth cones after photolysis of caged Ca2+

depends on the occurrence of CICR, Ca2+-elicited attraction

can be converted to repulsion by pre-treating growth cones

with a high dose of ryanodine that blocks RyR3 in DRG neurons

(Ooashi et al., 2005). Also, photolysis of caged IP3 induces

growth cone attraction via generating IICR (Akiyama et al.,

2009). We examined the effects of Ca2+ chelators on FLIP-

induced growth cone turning and showed that BAPTA, but not

EGTA, blocked attractive turning responses to CICR and IICR

(Figure S1). By contrast, EGTA negated Ca2+-elicited repulsion

of growth cones (Figure S1F; ryanodine). This differential sensi-

tivity to Ca2+ chelators suggested that CICR and IICR activate a

Ca2+ sensor in close proximity to RyR3 and IP3R, respectively.

Both CICR and IICR induce growth cone attraction via centrifu-

gal transport of membrane vesicles (Akiyama and Kamiguchi,

2010; Tojima et al., 2007); therefore, we examined the primary
Figure 1. Identification of MyoVa as an RIHCR-Interacting Protein

(A) Schematic representation of RyR3 and IP3R1 highlighting the channel pore an

regions (MIRs); RyR- and IP3R-homology (RIH); RIH associated (RIH_assoc); io

highlighted in red).

(B) RIHCR amino acid sequences in RyR and IP3R subtypes ofMusmusculus (Mm

(Ce). Identical conserved residues, conserved substitutions, and semi-conserve

Numbers indicate the positions of rightmost amino acids.

(C) Silver staining of purified GST proteins separated by SDS-PAGE. The RIHCR s

GST proteins. The arrows denote higher-molecular-weight complexes that beca

replaced by alanine (GST-RIHCRC/A).

(D) Identification of RIHCR-interacting proteins. Glutathione beads coatedwith GS

(�) mouse brain lysates (input) in the absence (�DTT) or presence (+DTT) of the r

SDS-PAGE and visualized by silver staining. The arrows denote RIHCR-interacti

(mTOR); myosin Va (MyoVa); and proteasome-associated protein ECM29 hom

identified. The arrowhead denotes GST or GST-RIHCR retained by the beads.

(E) RyR3 immunoblots of RyR3+/+ or RyR3�/� brain microsomal fractions. b-tubu

(F) MyoVa immunoblots of MyoVa+/+, MyoVa+/�, or MyoVa�/� spinal cord extrac

(G and H) Immunoprecipitation (IP) with control IgG, anti-RyR3 (G), and anti-IP3R

(I) RyR3 immunoprecipitation in the presence of increasing concentrations of C

indicated antibodies.

(J) Quantification of MyoVa co-immunoprecipitation with RyR3. Immunoblot inten

plotted against Ca2+ concentrations (n = 4). The value in the absence of Ca2+ wa

(K) RyR3 immunoprecipitates prepared in the presence of divalent cations were

(L) Schematic representation of EGFP-fused MyoVa and its fragments consisting

(M) Identification of MyoVa binding site to RIHCR. Lysates of HEK293T cells

Complexes recovered from glutathione beads were analyzed by EGFP immunoblo

See also Figure S1.
structures of RyR3 and IP3R for a homologous sequence that

could comprise a common binding site for a Ca2+ effector

that drives attractive steering. These Ca2+ channels possess

several homologous regions with low sequence identities

(Ponting, 2000) as well as a highly homologous region (approx-

imately 60% amino acid identities) consisting of 30 amino acids

near the channel pore, which we termed the ‘‘RyR and IP3R

highly conserved region (RIHCR)’’ (Figure 1A). RIHCR is highly

conserved across a wide range of species and subtypes of

RyR and IP3R (Figure 1B). Among the three RyR isoforms,

only RyR3 is detectable in DRG neurons (Lokuta et al., 2002)

and can mediate attractive guidance (Ooashi et al., 2005); there-

fore, in this study, we used the RIHCR sequence derived from

RyR3.

To search for RIHCR-binding proteins, we conducted gluta-

thione S-transferase (GST) pull-down assays using a GST-fused

RIHCR peptide. Because GST-RIHCR can form multimers

through a disulfide bond involving C3761 in RIHCR (Figure 1C),

the assays were performed in the absence or presence of DTT

(Figure 1D). Under both conditions,mass spectrometry identified

three proteins that interacted with RIHCR, among which we

selected myosin Va (MyoVa) as it participates in membrane

transport (Hammer and Sellers, 2011). We generated specific

antibodies against RyR3 and MyoVa (Figures 1E and 1F) and

showed that, in mouse brain extracts, MyoVa co-immunoprecip-

itates with RyR3 (Figure 1G) and IP3R type 1 (IP3R1) (Figure 1H).

We examined the Ca2+ dependence of binding and showed that

Ca2+ concentrations over 2 mM reduced MyoVa co-immunopre-

cipitation with RyR3 (Figures 1I and 1J) whereas other divalent

cations had no detectable effect even at 100 mM (Figure 1K).

High Ca2+ did not reduce MyoVa in the supernatant (Figure 1I),

excluding the possibility of MyoVa degradation by Ca2+-depen-

dent proteases. These data show that Ca2+ disrupts MyoVa
d multiple homologous domains: protein mannosyltransferase, IP3R and RyR

n transport (Ion_Trans); and RyR and IP3R highly conserved region (RIHCR,

),Gallus gallus (Gg),Drosophilamelanogaster (Dm), andCaenorhabditis elegans

d substitutions are marked with asterisks, semicolons, and dots, respectively.

equence was derived frommouse RyR3. The arrowhead denotes monomers of

me undetectable or diminished when the cysteine residue 3761 in RIHCR was

T or GST-RIHCR (derived frommouse RyR3) were incubated with (+) or without

educing agent DTT. Cellular proteins retained by the beads were separated by

ng proteins identified by mass spectrometry: mammalian target of rapamycin

olog. The sequence coverage of MyoVa was 25% with 49 distinct peptides

lin as a loading control is shown.

ts.

1 (H) antibodies, followed by blotting with the indicated antibodies.

a2+. The immunoprecipitates and supernatants (IP sup) were blotted with the

sities of MyoVa normalized to those of RyR3 in RyR3 immunoprecipitates were

s arbitrarily presented as 1. *p < 0.05 versus zero Ca2+.

blotted with the indicated antibodies.

of a motor domain (Motor), IQ motifs (IQs), or coiled-coil regions (CC).

expressing EGFP-fused proteins were incubated with GST or GST-RIHCR.

tting and Coomassie brilliant blue (CBB) staining for detection of GST proteins.
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binding to RyR3, suggesting that MyoVa is a candidate sensor

for ER Ca2+ from RyR and IP3R channels.

MyoVa is a homodimer with each monomer consisting of

multiple domains: the N-terminal motor head interacting with

filamentous actin (head); the neck containing six IQ motifs in

tandem (neck); the proximal/medial tail containing coiled-coil

regions for dimerization (P-tail and M-tail); and the C-terminal

globular tail that binds cargos such as synaptic vesicles (G-tail;

Figure 1L; Espreafico et al., 1992). To identify the region of

MyoVa that binds to RyR3, we performed GST pull-down assays

with lysates of HEK293T cells expressing EGFP-fused MyoVa

fragments. These assays indicated that only the MyoVa neck

region interactedwith GST-RIHCR (Figures 1L and 1M). Because

the myosin neck region is not known to associate with motor

cargo or cytoskeleton, these data suggest that MyoVa can

bind to the RyR3 via the neck region without direct interference

of MyoVa’s association with cargos or filamentous actin.

MyoVa Is Necessary for Ca2+-Induced Growth Cone
Guidance
The secondary structure of RIHCR was predicted to be mainly a

helices, suggesting that its hydrophilic residues are exposed

to the external space and can mediate MyoVa interaction with

RIHCR. We therefore synthesized GST-fused RIHCR peptides

with each conserved hydrophilic residue replaced by alanine

(Figure S2A) and examined their binding to MyoVa. GST pull-

down assays revealed that RIHCR interaction with MyoVa was

marginally attenuated by E3762A or D3767A and abolished by

E3762A and D3767A double mutations (ED/AA) (Figure S2B).

Also, the ED/AA mutation negated RIHCR binding to MyoVa

neck domain (Figure S2C). Consistent with our hypothesis that

RIHCR in RyR3 mediates RyR3 interaction with MyoVa, exoge-

nously applied RIHCR peptide, but not a scrambled sequence

(RIHCRscr) or RIHCRwith the ED/AAmutation (RIHCRED/AA), dis-

rupted MyoVa co-immunoprecipitation with RyR3 (Figure 2A).

We then injected these peptides into DRG neurons to test

whether attractive growth cone turning requires theMyoVa inter-

actionwith ERCa2+ channels.Growth cone attraction inducedby

FLIP of caged Ca2+ was converted to repulsion in neurons pre-

loaded with RIHCR, but not RIHCRscr or RIHCRED/AA (Figures

2B–2D). This conversion was not attributable to impaired Ca2+

release from the ER because RIHCR loading did not inhibit

CICR that accompanied FLIP-induced Ca2+ elevations (Fig-

ure S3). These results suggest that, if MyoVa stays dissociated

from ER Ca2+ channels, then CICR in attractive Ca2+ signals

cannot activate the steering machinery for attraction whereas

other Ca2+ components remain active in triggering repulsive

turning. RIHCR loading also blocked growth cone attraction

induced by FLIP of caged IP3 (Figures S4A–S4C). The peptide

loading had no detectable effect on axon growth: the length of

RIHCR-loaded axons (105.1 ± 2.7 mm; n = 99) and RIHCRED/AA-

loaded axons (108.5 ± 3.7 mm; n = 110) was indistinguishable

from that of unloaded axons (102.2 ± 2.7 mm; n = 108).

We further examined the involvement of MyoVa in growth

cone attraction using DRG neurons derived from mice with a

spontaneous null mutation of MyoVa (also known as ‘‘dilute le-

thal’’; Mercer et al., 1991). The loss of MyoVa expression con-

verted attraction to repulsion in assays of growth cone turning
1332 Cell Reports 15, 1329–1344, May 10, 2016
induced by FLIP of caged Ca2+ (Figures 2E–2G) and of caged

IP3 (Figures S4D–S4F). There was no significant difference in

axon growth between MyoVa+/+ (111.7 ± 4.1 mm; n = 105)

and MyoVa�/� neurons (107.2 ± 4.7 mm; n = 101). To test

whether MyoVa also participates in physiological cue-mediated

axon guidance, we assessed growth cone responses to an

extracellular gradient of myelin-associated glycoprotein (MAG)

(Henley et al., 2004) because MAG-induced attraction depends

on CICR through RyR (Tojima et al., 2014). As expected, MAG

gradients attracted MyoVa+/+ axons but repelled MyoVa�/�

axons (Figures 2H–2J). Collectively, our results indicate that

MyoVa expression and its interaction with ER Ca2+ channels

is a prerequisite for CICR and IICR to induce growth cone

attraction.

MyoVa Is Necessary for Ca2+-InducedMembrane Export
CICR or IICR on one side of the growth cone causes attractive

turning via centrifugal transport of membrane vesicles, which

carry VAMP2 and can be labeled with the fluorescent lipophilic

probe FM1-43 (Akiyama and Kamiguchi, 2010; Tojima et al.,

2007). We therefore tested whether MyoVa association with

ER Ca2+ channels participates in CICR/IICR-induced trans-

port of FM1-43-labeled (Figures 3A–3C and S7) and VAMP2-

positive (Figures 3D and 3E) vesicles. To visualize intracel-

lular VAMP2-positive vesicles, we transfected neurons with a

construct containing improved ratiometric pHluorin (iR-pHluorin)

fused to the luminal end of VAMP2 (VAMP2-iR-pHluorin)

because iR-pHluorin is practically nonfluorescent at extracellular

pH (�7.4) but can emit fluorescence below the intravesicular

pH (�5.5; Katayama et al., 2011). To evaluate the spatial correla-

tion between guidance signals andmigrating vesicles, we gener-

ated CICR/IICR in a broader area, i.e., approximately half of the

growth cone peripheral domain, and compared organelle dy-

namics between both sides of the growth cone. Such broader

signals were generated by photolysis of caged Ca2+ or caged

IP3 using UV light from a xenon light source passed through

a pinhole. Similarly to FLIP-induced Ca2+ elevations, these

broader Ca2+ signals on one side of the growth cone induced

attractive turning, whichwas converted to repulsion after loading

of RIHCR, but not RIHCRED/AA, peptides (Figure S5). Consistent

with our previous observations (Akiyama and Kamiguchi, 2010;

Tojima et al., 2007), unilateral CICR or IICR in growth cones

increased the number of vesicles migrating from the central

(C)- to peripheral (P)-domain only on the side with the Ca2+

signals (Figures 3A, 3B, 3D, 3E, and S7A; control; Movie S1).

The directional movement of these vesicles was confirmed by

analyzing their trajectories in the growth cone P-domain (Fig-

ure S6). An estimation in our previous study (Tojima et al., 2007)

showed that, within 10 min after the onset of CICR, asymmetric

vesicle transport causes a 30% increase in the surface area of

growth cone plasmalemma on the side with CICR, which is suffi-

cient to generate asymmetric plasmalemmal expansion for

growth cone turning. Intracellular loading of RIHCR peptide

increased the basal level of centrifugal transport of FM1-

43-labeled and VAMP2-positive vesicles and negated CICR-

induced asymmetry, whereas RIHCRscr or RIHCRED/AA control

peptides had no detectable effect (Figures 3B and 3E). Simi-

larly, RIHCR, but not RIHCRED/AA, abolished the IICR-induced
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Figure 2. Growth Cone Attraction Involves MyoVa Interaction with ER Ca2+ Channels

(A) RyR3 immunoprecipitation in the absence (control) or presence of RIHCR peptides followed by immunoblotting.

(B and C) Time-lapse differential interference contrast (DIC) images of unloaded (B) or RIHCR-loaded (C) chick DRG growth cones. Attractive Ca2+ signals were

generated by FLIP of caged Ca2+ at red spots. Time in minutes after the onset of repetitive FLIP (3 s interval) is shown. The scale bar represents 10 mm.

(D) Turning responses of unloaded (control) or peptide-loaded growth cones to FLIP of caged Ca2+. Positive and negative values represent attractive and

repulsive turning angles, respectively. Numbers in parentheses indicate the total number of growth cones examined. ***p < 0.001 versus control.

(E and F) Time-lapse images of MyoVa+/+ (E) and MyoVa�/� (F) mouse growth cones, showing their turning responses to FLIP of caged Ca2+ at red spots. The

scale bar represents 10 mm.

(G) Turning angles of MyoVa+/+ and MyoVa�/� growth cones in response to FLIP of caged Ca2+. ***p < 0.001.

(H and I) Time-lapse phase-contrast images ofMyoVa+/+ (H) andMyoVa�/� (I) growth cones exposed toMAGgradients (arrows). Time inminutes after the onset of

MAG application is shown. The scale bar represents 10 mm.

(J) Turning angles of MyoVa+/+ and MyoVa�/� growth cones in MAG gradients. **p < 0.01.

See also Figures S2–S4.
asymmetric transport of FM1-43-labeled vesicles (Figure S7A).

The increasedbasal level of vesicle transport after RIHCR loading

implicates MyoVa association with ER Ca2+ channels in the sup-

pression of vesicle transport and suggests that MyoVa may

dissociate from ERCa2+ channels in response to Ca2+ elevations

(Figures 1I–1K) to initiate centrifugal vesicle export. We analyzed

MyoVa�/� growth cones and showed a requirement ofMyoVa for

CICR/IICR-induced asymmetry in vesicle transport (Figures 3C

and S7B). These data indicate that the MyoVa interaction with

ER Ca2+ channels is a prerequisite for peri-ER membrane export

driven by CICR and IICR.
The globular tail domain of MyoVa is essential for cargo recog-

nition (Reck-Peterson et al., 2000) and interacts with various

adaptor proteins including VAMP2 on vesicles (Fukuda et al.,

2002; Ohyama et al., 2001). This finding, together with MyoVa-

RyR3 binding (Figure 1), raised the possibility that MyoVa tethers

VAMP2-positive vesicles to RyR3 on the ER. Because it was

difficult to evaluate colocalization of VAMP2 and RyR3 in con-

ventional immunofluorescence (Figure 4A), their colocalization

was examined using proximity ligation assays (PLA) in which

oligonucleotides attached to antibodies against the two proteins

can be ligated and labeled with fluorescent probes when located
Cell Reports 15, 1329–1344, May 10, 2016 1333
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(A) Double immunofluorescenceof RyR3 (magenta)

and VAMP2 (green) in MyoVa+/+ or MyoVa�/�

growth cone. The scale bar represents 10 mm.

(B)Detection of the closepositioning of VAMP2and

RyR3 by PLA. Shown are PLA signals and corre-

sponding DIC images of MyoVa+/+ or MyoVa�/�

growth cone. The margins of the growth cone are

outlined in blue. The scale bar represents 5 mm.

(C) Quantification of PLA signals as assessed

by the number of PLA puncta per growth cone.

Numbers in parentheses indicate the total number

of growth cones examined. **p < 0.01.
within 40 nm of each other (Söderberg et al., 2006). MyoVa+/+

growth cones exhibited PLA signals representing the colocaliza-

tion of VAMP2 and RyR3 (Figures 4B and 4C). However, the loss

of MyoVa expression decreased PLA signals (Figures 4B and

4C), consistent with the MyoVa-mediated tethering of VAMP2

vesicles to ER Ca2+ channels.

MyoVa-ER Ca2+ Channel Dissociation Triggers Vesicle
Transport
If CICR facilitates centrifugal vesicle export viadisruptingMyoVa-

mediated tethering of VAMP2 vesicles to RyR3, then an experi-

mental dissociation of MyoVa from the RyR3 should be sufficient

to initiate vesicle transport. We designed and synthesized a

caged RIHCR peptide (cgRIHCR), in which the two essential

amino acids E3762 and D3767 for RIHCR binding to MyoVa

were masked by the caging group 1-(4,5-dimethoxy-2-nitro-

phenyl)ethanol (Figure 5A). Whereas non-photolyzed cgRIHCR

did not perturb MyoVa co-immunoprecipitation with RyR3,

photolyzed cgRIHCR reduced MyoVa co-immunoprecipitation
Figure 3. CICR-Induced Membrane Transport Involves MyoVa Interaction with ER Ca2+ Chann

(A) Time-lapse fluorescence and DIC images of a growth cone loaded with FM1-43. After the onset of attractiv

endocytic vesicles labeled with FM1-43 (red arrowheads) showed centrifugal migration from the C- to P-dom

denote the area exposed to UV pulses. Time in seconds after the onset of repetitive photolysis is shown. The m

scale bars represent 5 mm.

(B and C) Frequencies of centrifugal migration of FM1-43-labeled vesicles before (pre) and after (UV) caged Ca

(far) sides of the growth cone. The effects of CICRwere assessed in unloaded (control) and peptide-loaded gro

cones (C). Numbers in parentheses indicate the total number of growth cones examined. *p < 0.05; **p < 0.

(D) Growth cone expressing VAMP2-iR-pHluorin, in which fluorescent vesicles (red arrowheads) showed ce

signals (yellow circles). The scale bar represents 5 mm.

(E) Frequencies of centrifugal migration of VAMP2-iR-pHluorin vesicles before (pre) and after (UV) cagedCa2+ p

(control) and peptide-loaded growth cone. *p < 0.05; **p < 0.01.

See also Figures S5–S7 and Movie S1.

Cell R
with RyR3 (Figure 5B), indicating that

cgRIHCR causes MyoVa dissociation

from RyR3 only after photolysis. We also

synthesized a scrambled caged peptide

(cgRIHCRscr) that had no detectable

effect on MyoVa interaction with RyR3

even after photolysis (Figures 5A and

5B). Mass spectrometric analyses of

cgRIHCR and cgRIHCRscr confirmed

UV-induced releaseof their caginggroups

and the production of intact peptides.
Photolysis of intracellularly injected cgRIHCR, but not

cgRIHCRscr, on one side of the growth cone facilitated centrifu-

gal migration of FM1-43-labeled vesicles only on the side with

UV irradiation (Figures 5C and 5D;Movie S2). As another control,

loading of pre-uncaged cgRIHCR increased the basal level of

vesicle transport but did not further facilitate vesicle transport

upon UV irradiation (Figure 5D). Themicrotubule-depolymerizing

reagent nocodazole abolished asymmetric vesicle transport

induced by cgRIHCR photolysis (Figure 5D), indicating that

the observed vesicle transport after the production of RIHCR

peptides is dependent on intact microtubules. cgRIHCR photol-

ysis elicited vesicle transport even in the presence of intracellular

BAPTA (Figure 5D), consistent with our model that MyoVa disso-

ciation from ER Ca2+ channels acts downstream of Ca2+ signals.

We also found that cgRIHCR photolysis facilitated vesicle trans-

port in MyoVa+/+, but not MyoVa�/�, growth cones, indicating

that MyoVa is required for this membrane trafficking event

(Figure 5E). Using neurons expressing VAMP2-iR-pHluorin, we

showed that the photolysis of cgRIHCR, but not cgRIHCRscr,
els

e Ca2+ signals generated by caged Ca2+ photolysis,

ain on the side with the Ca2+ signals. Yellow circles

argins of the growth cone are outlined in blue. The

2+ photolysis, on the photolysis (near) and opposite

wth cones (B) or inMyoVa+/+ andMyoVa�/� growth

01.

ntrifugal migration on the side with attractive Ca2+

hotolysis, on the near and far sides of the unloaded
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Figure 5. MyoVa Dissociation from ER Ca2+ Channels Elicits Vesicle Transport

(A) Amino acid sequences of caged RIHCR (cgRIHCR) and its scrambled version (cgRIHCRscr). The caged glutamate and aspartate are highlighted in red.

(B) RyR3 immunoprecipitates in the absence (control) or presence of the indicated peptides were blotted with anti-MyoVa and anti-RyR3 antibodies.

(C) Time-lapse fluorescence and DIC images of a growth cone loaded with FM1-43, showing centrifugal vesicle migration (red arrowheads) on the side with

cgRIHCR photolysis (yellow circles). Time in seconds after the onset of repetitive photolysis is shown. The margins of the growth cone are outlined in blue. The

scale bars represent 5 mm.

(D) Frequencies of centrifugal migration of FM1-43-labeled vesicles before (pre) and after (UV) the onset of repetitive UV irradiation, on the near and far sides of the

growthcone loadedwith the followingpeptides: cgRIHCR;cgRIHCRscr; or cgRIHCR thathadbeenuncagedbefore loading (pre-uncaged). Theeffect of intracellular

BAPTA and bath-applied nocodazole was also tested. Numbers in parentheses indicate the total number of growth cones examined. **p < 0.01; ***p < 0.001.

(E) Frequencies of centrifugal migration of FM1-43-labeled vesicles before and after cgRIHCR photolysis in MyoVa+/+ or MyoVa�/� growth cones. **p < 0.01;

***p < 0.001.

(F) Time-lapse images of a growth cone showing centrifugal migration of VAMP2-iR-pHluorin vesicles (red arrowheads) on the side with cgRIHCR photolysis

(yellow circles). The scale bar represents 5 mm.

(G) Frequencies of centrifugal migration of VAMP2-iR-pHluorin vesicles before and after photolysis of the indicated peptides. The effect of nocodazole was also

tested. **p < 0.01.

See also Movies S2 and S3.
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elicited microtubule-dependent transport of VAMP2 vesicles

(Figures 5F and 5G; Movie S3). These results suggest that

MyoVa dissociation from ERCa2+ channels is sufficient to initiate

centrifugal transport of VAMP2 membrane vesicles.

MyoVa-ER Ca2+ Channel Dissociation Enables
Attractive Axon Guidance
If MyoVa dissociation from ER Ca2+ channels mediates growth

cone attraction via centrifugal transport of VAMP2vesicles, these

vesicles should be exocytosed at the growth cone P-domain,

leading to the asymmetric recruitment of plasmalemmal compo-

nents and associated molecules (Tojima et al., 2007). To monitor

VAMP2-mediated exocytosis, we transfected neurons with a

construct of pH-sensitive Venus fused to the luminal end of

VAMP2 (pHVenus-VAMP2) because pHVenus is practically

nonfluorescent below intravesicular pH (�5.5) and its emission

greatly increases at extracellular pH (�7.4; Tojima et al., 2007).

Photolysis of cgRIHCR, but not cgRIHCRscr, on one side of

the growth cone caused an asymmetric increase of pHVenus

fluorescence in the P-domain (Figures 6A–6C). This asymmetric

signal was abolished by nocodazole (Figures 6B and 6C), sug-

gesting that cgRIHCR photolysis enhances VAMP2-mediated

exocytosis after microtubule-dependent vesicle transport into

the P-domain. We also showed that single cgRIHCR photol-

ysis by one-shot UV irradiation of 100-ms duration increased

pHVenus-VAMP2 fluorescence only on the near side of growth

cones with a decay half-life (t1/2) of 10.6 ± 1.4 s (Figure 6D). This

result suggests that, after peri-ERmembrane export, exocytosed

membranes remain within the growth cone plasmalemma for at

least 10 s.

We next examined the effect of cgRIHCR photolysis on growth

cone turning. Growth cones loaded with cgRIHCR, but not

cgRIHCRscr or pre-uncaged cgRIHCR, turned toward the side

with UV irradiation (Figures 6E and 6F). This turning was blocked

by nocodazole or tetanus neurotoxin (TeNT) that cleaves VAMP2

(Figure 6F), suggesting the involvement of microtubule-depen-

dent transport and VAMP2-mediated exocytosis of mem-

brane vesicles. Remarkably, cgRIHCR photolysis elicited growth

cone turning even in the presence of intracellular BAPTA (Fig-

ure 6F), indicating that peri-ER membrane export is sufficient

to initiate attractive steering independent of Ca2+ signals. The

involvement of MyoVa was further confirmed by loss of turning

after cgRIHCR photolysis of MyoVa�/� growth cones (Figures

6G–6I). We conclude that MyoVa dissociation from ER Ca2+

channels downstream of attractive Ca2+ signals elicits centrifu-

gal transport and VAMP2-mediated exocytosis of membrane

vesicles for growth cone attractive guidance.

MyoVa-ER Ca2+ Channel Complex Mediates Spinal Cord
Axon Guidance In Vivo
To demonstrate physiological significance of ER-driven mem-

brane export, we investigated whether this molecular pathway

also operates in axon guidance in vivo. In developing spinal

cord, the floor plate (FP) at the ventral midline produces netrin-1

and sonic hedgehog to attract commissural axons (Dickson and

Zou, 2010). It is also known that CICR mediates growth cone

attractive responses to netrin-1 (Hong et al., 2000). We there-

fore transfected spinal cords of Hamburger-Hamilton stage 14
(HH14) chick embryos (Hamburger and Hamilton, 1951) with a

plasmid encoding either RIHCR or RIHCRED/AA sequence and

analyzed the trajectory of commissural axons at HH23–24 (Fig-

ure 7A). The transfected cells were visualized with enhanced

yellow fluorescent protein (EYFP) and the FP with the anti-

HNF-3b antibody (Parra and Zou, 2010). Open-book prepara-

tions of control spinal cords (transfectedwith EYFP only) showed

that the majority of commissural axons had crossed the FP (Fig-

ures 7B and 7E). In contrast, RIHCR-transfected axons failed to

reach and cross the FP although RIHCRED/AA had no detectable

effect on commissural axon guidance (Figures 7C–7E). RIHCR or

RIHCRED/AA did not significantly alter the total number of EYFP-

positive axons (Figure 7F). The involvement ofMyoVa in commis-

sural axon guidance was also confirmed using MyoVa�/� mice.

We injected the lipophilic dye 1,1’-dioctadecyl-3,3,303’-tetrame-

thylindocarbocyanine perchlorate (DiI) to the dorsal region of

spinal cord open-book preparations at embryonic day 11.5

and analyzed the trajectory of commissural axons (Figure 7G).

Although the majority of MyoVa+/+ commissural axons had

crossed the FP, MyoVa�/� axons failed to reach and cross the

FP at the same developmental stage (Figures 7H–7J). Although

we cannot rule out possible selective effects on axon growth in

these studies, owing to the potential impact of membrane addi-

tion on overall growth cone position that cannot be separated

from guidance per se, these results support a role for the MyoVa

interaction with ER Ca2+ channels underlying attractive axon

growth and guidance in development.

DISCUSSION

In this study, we report (1) an asymmetric Ca2+-dependent

vesicle export pathway from the peri-ER (not from normal ER

membrane budding itself) to the plasma membrane; (2) the iden-

tification of MyoVa as a major Ca2+ sensor for ER Ca2+, whose

Ca2+-dependent dissociation from ER Ca2+ channels triggers

vesicle export; and (3) the physiological involvement of this

membrane export pathway in chemotropic axon guidance in

the developing nervous system. Specifically, we show that

MyoVa directly senses spatially confined ER Ca2+ to control

attractive axon guidance. Ca2+ triggers MyoVa dissociation

from the RyR3 to facilitate asymmetric vesicle transport and

exocytosis for growth cone attractive steering. Conversely, the

impairment of this pathway causes repulsive turning responses

to attractive signals. The prominent expression of ER channels

and MyoVa in many cell types suggests the potential for broader

involvement of thismechanism in cell morphogenesis andmigra-

tion events beyond a role in neuronal axon guidance shown here.

Based on these findings, we propose a model where the co-

localization of ERCa2+ channels withMyoVa and their differential

sensitivity to Ca2+ determine whether the attractive steering

machinery is activated (Figure 8). Cytosolic Ca2+ concentrations

([Ca2+]c) in growth cones are approximately 50–200 nM under

basal conditions (Henley and Poo, 2004; Ooashi et al., 2005)

but increase up to several hundred nanomolar during repulsive

turning induced by an extracellular cue or FLIP of caged Ca2+

(Henley et al., 2004; Ooashi et al., 2005). In this range of elevated

[Ca2+]c, MyoVa is likely to remain associated with RyR3 because

2 mMor higher Ca2+ is necessary to dissociate MyoVa fromRyR3
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Figure 6. MyoVa Dissociation from ER Ca2+ Channels Drives VAMP2 Exocytosis and Growth Cone Turning

(A) Fluorescence images of a growth cone expressing VAMP2-pHVenus. The pseudo-color indicates relative fluorescence over the basal fluorescence (F/F0;

designated as R) before (�2.6 s) and after (12.4 s) the onset of repetitive photolysis of cgRIHCR (yellow circle in the leftmost image). Black boxes delineate the

regions of interest (ROIs) used to quantify fluorescence intensities on the near and far sides of the growth cone. The scale bar represents 10 mm.

(B) Repetitive UV photolysis of cgRIHCRor cgRIHCRscr started at 0min on the near side of growth cones in the absence or presence of nocodazole.R in eachROI

was determined, and R on the near side divided by that on the far side was plotted against time. Each colored line represents Rnear/Rfar in a single growth cone.

(legend continued on next page)
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(Figure 1). In contrast, such [Ca2+]c elevations can be sufficient

to trigger CICR, given that the open probability of purified

RyR3 in planar lipid bilayers increases in the presence of

200 nM Ca2+ (Murayama et al., 1999). Whether Ca2+ opens

RyR3 also depends on the activity of cyclic AMP (cAMP) (Ooashi

et al., 2005): higher cAMP levels allow RyR3 to generate CICR in

response to primary Ca2+ signals, whereas lower cAMP levels

abolish CICR, thereby causing growth cones to show repulsive

turning responses to Ca2+ signals. These findings are consistent

with our model that physiological signals of several hundred

nanomolar Ca2+ are insufficient for MyoVa activation but can

trigger CICR if RyR3 is under the positive control of cAMP.

Ca2+ concentrations inside the ER of DRG neurons are approx-

imately 100–200 mM (Solovyova et al., 2002). When an ER

Ca2+ channel opens, the peak [Ca2+]c at a distance of 50 nm

from the open channel reaches 5 mM as simulated mathemati-

cally (R€udiger et al., 2007). Because our PLA data (Figure 4)

suggest that MyoVa participates in the positioning of RyR3

and VAMP2 within 40 nm distance, it is reasonable to spec-

ulate that the intermolecular distance between MyoVa and

RyR3 is sufficiently small for MyoVa to receive 5 mM or higher

Ca2+ arising from CICR. This range of [Ca2+] can dissociate

MyoVa from RyR3 possibly through MyoVa conformational

changes driven by calmodulin release from MyoVa (Nguyen

and Higuchi, 2005). In sum, our data suggest that MyoVa can

respond specifically to ER-derived Ca2+, thereby providing a

molecular mechanism to discriminate between attractive and

repulsive Ca2+ signals.

Whereas MyoVa dissociation from RyR3 can trigger cen-

trifugal migration of VAMP2 vesicles, MyoVa itself could facili-

tate vesicle migration because the loss of MyoVa expression

decreased the number of migrating vesicles in growth cones

(Figure 3C). Consistent with this hypothesis, previous studies

showed the presence ofMyoVa-associated organelles onmicro-

tubules in growth cones (Evans et al., 1997) and suggested that

electrostatic interactions between MyoVa and microtubules

enhance the processivity of kinesin when both motors are

present on the same cargo (Ali et al., 2008). Although we have

not examinedwhetherMyoVa remains associated withmigrating

vesicles after their departure from the ER, MyoVa could

contribute to the kinesin-driven trafficking of vesicles along

microtubules, in addition to its role as an ER Ca2+ sensor in

this study.

Our peptide photolysis experiments (Figure 6) suggest that

MyoVa dissociation from ER Ca2+ channels is sufficient to

induce VAMP2-mediated exocytosis and growth cone attrac-
(C) Quantification of data in (B). The y axis represents the ratio of R’ on the near s

R values after the onset of photolysis. Note that R’near/R’far is an index of asymm

parentheses indicate the total number of growth cones examined. *p < 0.05.

(D) Time course changes in R on the near and far sides of 13 growth cones in re

(E) Time-lapse DIC images of a growth cone, showing its turning response to c

photolysis is shown. The scale bar represents 10 mm.

(F) Growth cones loaded with the indicated peptides were irradiated unilaterally w

nocodazole or TeNTwas bath applied or BAPTA loaded intracellularly. Positive an

with laser irradiation, respectively. Numbers in parentheses indicate the total num

(G and H) Time-lapse images of MyoVa+/+ (G) and MyoVa�/� (H) growth cones,

represents 10 mm.

(I) Turning angles of MyoVa+/+ and MyoVa�/� growth cones after cgRIHCR phot
tive turning even in the absence of Ca2+ elevations. We suggest

that centrifugal vesicle transport may be able to increase the

pool size of exocytic vesicles in the growth cone P-domain,

thereby potentiating the probability of spontaneous exocytosis.

At presynaptic terminals, neurotransmitter release via vesicle

exocytosis occurs in multiple modes including spontaneous

release at resting [Ca2+]c (Katz and Miledi, 1969) or even from

neurons with intracellular Ca2+ chelated by BAPTA (Vyleta

and Smith, 2011), and the probability of spontaneous release

is positively correlated with the pool size of synaptic vesicles

(Prange and Murphy, 1999). These mechanisms drawn from

synaptic vesicle exocytosis are consistent with our model that

the addition of VAMP2 vesicles to the pool on one side of the

growth cone P-domain is sufficient to facilitate asymmetric

exocytosis for attractive steering even in the absence of Ca2+

elevations.

In addition to its role in development, in the adult brain,

ER-directed Ca2+-driven export pathways may regulate synap-

tic plasticity. During the induction of long-term potentiation,

AMPA receptor insertion requires MyoVa/Vb-dependent trans-

location of recycling endosomes that carry AMPA receptors

into the spine (Correia et al., 2008; Wang et al., 2008). Although

the involvement of ER-derived Ca2+ in this MyoVa/Vb-depen-

dent process remains unclear, it is known that CICR elicits a

fast and significant increase in the size of dendritic spines in

cultured hippocampal neurons (Korkotian and Segal, 1999).

Furthermore, MyoVa is reported to interact with the ER in Pur-

kinje neurons and mobilizes ER into dendritic spines (Wagner

et al., 2011). These findings point to an as yet untested func-

tional role for ER-linked MyoVa in organelle transport for synap-

tic plasticity, with the dendritic ER as an important potential site

for MyoVa action.

More broadly, many cell types other than neurons express

both ER Ca2+ channels and MyoVa or related forms of myosin

that could in principle regulate direct peri-ER to plasma mem-

brane vesicle transport in motile and non-motile cells, in devel-

opment or adult stages, and during disease progression such as

tumor metastasis (Ouderkirk and Krendel, 2014). This export

machinery may also operate during nerve regeneration and

other forms of cell reprogramming and spatial sensing that

would require directed membrane dynamics. Future studies

should address both the broader verification of this pathway in

other cell types and whether it can provide a useful target for

regulation by therapeutic interventions to exert precise control

over cell process morphology and migration in disease and

damage.
ide to that on the far side (R’near/R’far), where R’ is the mean of five consecutive

etric VAMP2 exocytosis across the growth cone after uncaging. Numbers in

sponse to single photolysis of cgRIHCR (100 ms in duration).

gRIHCR photolysis at red spots. Time in minutes after the onset of repetitive

ith UV laser, and their turning responses were quantified. In some experiments,

d negative values represent growth cone turning toward and away from the side

ber of growth cones examined. **p < 0.01; ***p < 0.001 versus cgRIHCR.

showing their responses to cgRIHCR photolysis at red spots. The scale bar

olysis. **p < 0.01.
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Figure 7. Commissural Axon Guidance Involves MyoVa Interaction with ER Ca2+ Channels

(A) Schematic diagram showing in ovo electroporation and an open-book preparation of the spinal cord to analyze commissural axon trajectories. Chick embryos

were staged according to Hamburger and Hamilton (HH). A, anterior; D, dorsal; FP, floor plate; P, posterior; RP, roof plate; V, ventral.

(B–D) Projected z stack confocal images of open-book preparations showing commissural axons (EYFP; green) and the FP (HNF-3b immunofluorescence;

magenta). Black and white images of EYFP are presented below corresponding merged images. The axons express EYFP alone (B; control), EYFP together with

RIHCR (C), or EYFP with RIHCRED/AA (D). Blue arrowheads point to the tips of axons that failed to reach and cross the FP. Magenta lines delineate the FP. The

scale bar represents 50 mm.

(legend continued on next page)
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Figure 8. A Model of Ca2+ Microdomain Signaling on the ER

In the resting state (left panel), [Ca2+] is maintained at 50–200 nM in the cytosol and 100–200 mM in the ER lumen. The neck of MyoVa remains associated with

RyR3 in the absence of CICR. Primary Ca2+ elevations over 200 nM can activate RyR3, leading to the generation of CICR (right panel). CICR can increase [Ca2+]

over several micromolars in the close vicinity of open RyR3, which should be sufficient to dissociateMyoVa from this RyR3, thereby untethering a VAMP2-positive

vesicle from the ER. Subsequently, dissociatedMyoVa could facilitate kinesin-driven delivery of the vesicle toward the cell periphery and act as aCa2+-dependent

sensor/effector of ER-derived Ca2+ for centrifugal membrane transport.
EXPERIMENTAL PROCEDURES

Mice

C57BL/6 mice were obtained from Japan SLC. RyR3�/� mice (provided by K.

Mikoshiba; RIKEN BSI; Futatsugi et al., 1999) and DLS/LeJ mice (obtained

from The Jackson Laboratory) were maintained at the RIKEN BSI Animal

Care Facility. DLS/LeJ mice were genotyped by MyoVa immunoblotting. The

experimental procedures and housing conditions for animals were approved

by the Institute’s Animal Experiments Committee of RIKEN and all of the ani-

mals were cared for and treated humanely in accordance with the Institutional

Guidelines for Experiments Using Animals.

GST Pull-Down Assays and Mass Spectrometry

cDNA of mouse RyR3 RIHCR corresponding to amino acids 3,746–3,775

was inserted into the pGEX6P-1 (GE Healthcare). Site-directed RIHCR mu-

tants were generated using a QuickChange II site-directed Mutagenesis

kits (Agilent Technologies) with a set of primers (Table S1). GST-fused pep-

tides were expressed and purified using Glutathione-Sepharose 4 Fast Flow

(GE Healthcare). Brain lysates from postnatal day 0 (P0) mice (C57BL/6) or

HEK293T cell lysates were incubated with GST peptides, and bound proteins

were subjected to SDS-PAGE followed by immunoblotting or mass spec-

trometry. Further details are provided in the Supplemental Experimental

Procedures.
(E) Quantification of midline crossing of axons that express EYFP alone (control), R

to reach and cross the FP. Numbers in parentheses indicate the total number of

(F) The total number of EYFP-positive axons in the specimens analyzed in (E).

(G) Schematic diagram showing DiI injections into an E11.5 mouse spinal cord o

(H and I) Projected z stack confocal images ofMyoVa+/+ (H) andMyoVa�/� (I) open

DiI spot. Blue arrowheads point to the tips of axons that failed to reach and cro

represents 50 mm.

(J) Quantification of midline crossing of DiI-labeled axons. The y axis represent

parentheses indicate the total number of DiI spots in sixMyoVa+/+ and sixMyoVa�

SEM of 269 or 222 spots. ***p < 0.001.
Antibodies

A detailed description of the antibodies used in this study is provided in the

Supplemental Experimental Procedures.

cDNA Constructs and Transfection

Expression vectors for EGFP-fused MyoVa and its fragments were con-

structed using mouse cDNAs for full-length MyoVa (corresponding to amino

acids 1–1,853), head (1–763), neck (764–910), P/M tail (911–1,443), or G-tail

(1,444–1,853). EGFP cDNA followed by a sequence of theseMyoVa fragments

was inserted into a pCAG vector, a mammalian expression vector under the

control of the CAG promoter (provided by J. Miyazaki, Osaka University;

Niwa et al., 1991). Then, HEK293T cells were transfected transiently with these

constructs using X-tremeGENE 9 DNA transfection reagent (Roche) according

to the manufacturer’s protocol. After 3 days, the cells were harvested and

processed for GST pull-down assays.

For stable integration of electroporated transgenes in chick embryos, the

Tol2 cassette (provided by Y. Takahashi; Nara Institute of Science and Tech-

nology; Sato et al., 2007) was inserted into a pCAG vector. We then inserted

VAMP2-pHVenus cDNA between the Tol2 sequences, which encodes for a

protein consisting of pHVenus fused to the luminal end of VAMP2. Similarly,

we constructed an expression vector for VAMP2-iR-pHluorin, a protein con-

sisting of iR-pHluorin (provided by A. Miyawaki, RIKEN BSI; Katayama et al.,

2011) fused to the luminal end of VAMP2. For expression of mouse RIHCR
IHCR, or RIHCRED/AA. The y axis represents the percentage of axons that failed

embryos examined. *p < 0.05; **p < 0.01.

pen-book preparation to visualize commissural axon trajectories.

-book preparations. Commissural axons in each image were labeled by a single

ss the FP. The position of FP was determined on DIC images. The scale bar

s the percentage of axons that failed to reach and cross the FP. Numbers in
/� open-book preparations. We calculated the percentage per DiI spot and then
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and RIHCRED/AA, cDNAs for these peptides followed by sequences of internal

ribosome entry site and EYFP were inserted into a pCAG vector under the

control of the CAG promoter. Methods for in ovo electroporation are detailed

in the Supplemental Experimental Procedures.

Cell Culture

DRGs from embryonic day 9 chickens or P0 mice were dissociated and

cultured as described previously (Ooashi et al., 2005). In some experiments,

DRGs transfected in ovo were dissected, dissociated, and cultured.

HEK293T cells were cultured at 37�C with 5% CO2 in DMEM (GIBCO)

supplemented with 10% fetal bovine serum and penicillin-streptomycin mixed

solution (Nacalai Tesque).

Intracellular Loading of Caged Compounds and Synthetic Peptides

A caged Ca2+ compound, o-nitrophenyl EGTA (NP-EGTA) (2 mM; Invitrogen),

and a caged IP3 compound, D-myo-inositol 1,4,5-triphosphate P4,P5-(1-(2-ni-

trophenyl)ethyl) ester (200 mM; Invitrogen), were loaded into DRG neurons as

described previously (Akiyama et al., 2009; Ooashi et al., 2005). Chick RyR3

RIHCR peptide (50-HDEFTRDLFRFLQLLCEGHNNDFQNYLRTQ-30) and its

derivatives, RIHCRscr (50-HETDRFTNFLQRLCGLFQRLELFYHNNDQD-30)
and RIHCRED/AA (50-HDEFTRDLFRFLQLLCAGHNNAFQNYLRTQ-30), were

synthesized at the Support Unit for Bio-Material Analysis in RIKEN BSI

Research Resources Center. Caged peptides were synthesized as detailed

in the Supplemental Experimental Procedures. Synthetic peptides (260 mM)

were introduced into DRG neurons by trituration loading (Akiyama et al.,

2009). Alexa-Fluor-conjugated dextran (molecular weight 10,000; Invitrogen)

was loaded simultaneously to allow for determination of neurons with positive

loading. This method resulted in positive loading into 89.6% of 318 chick

neurons and 49.4% of 320 mouse neurons.

Imaging of Membrane Trafficking

Imaging of FM1-43-labeled or VAMP2-iR-pHluorin-expressing vesicles in a

growth conewas performed as described previously (Akiyama and Kamiguchi,

2010; Tojima et al., 2007). Caged compounds were photolyzed by exposing

one side of the growth cone to UV light (<400 nm) from a xenon lamp passed

through a pinhole as described previously (Tojima et al., 2007). We alternated

the position of UV irradiation between the left and right sides when analyzing

multiple growth cones. In some experiments, 10 nM nocodazole or 1 mM

BAPTA-AM (Invitrogen) was applied to cultures at least 30min before imaging.

To enhance the outline of VAMP2-iR-pHluorin vesicles, fluorescence images

were processed for unsharp masking using a custom-madeMATLAB program

(MathWorks) as follows: making two new images by applying Gaussian filters

with different kurtosis to the background-subtracted image and subtracting

the more-blurred image from the other.

To assess VAMP2-mediated exocytosis induced by xenon UV photolysis of

caged peptides, asymmetric increases in VAMP2-pHVenus fluorescence

across the growth cone was quantified as described previously (Tojima

et al., 2007). Further details are provided in the Supplemental Experimental

Procedures.

Immunoprecipitation and Immunoblotting

Brains from P0 mice (C57BL/6) were extracted and incubated with anti-RyR3

or anti-IP3R1 antibody immobilized to Dynabeads Protein G (VERITAS), and

bound proteins were eluted with Laemmli sample buffer and subjected to

immunoblotting. Further details are provided in the Supplemental Experi-

mental Procedures. In some experiments, immunoprecipitation was per-

formed in the presence of divalent cations (CaCl2, MgCl2, BaCl2, or SrCl2) or

100 mM peptides (chick RyR3 RIHCR peptide and its derivatives) added to

brain extracts. Ca2+ concentrations in brain extracts were adjusted with an

EGTA-Ca2+ buffer: 2 mM EGTA and appropriate concentrations of CaCl2
determined using Maxchelator software (http://maxchelator.stanford.edu/

CaEGTA-TS.htm).

PLA and Immunofluorescence

Formaldehyde-fixed and permeabilized cells as described previously (Tojima

et al., 2007) were incubated with 10 mg/ml anti-RyR3 and 2 mg/ml anti-

VAMP2 antibodies overnight at 4�C and then processed for either PLA or
1342 Cell Reports 15, 1329–1344, May 10, 2016
conventional immunofluorescence. PLA was performed using the Duolink

PLA kit (Olink Bioscience) according to the manufacturer’s protocol. For dou-

ble immunofluorescence, the cells were incubated with Alexa-488- and 594-

conjugated antibodies (10 mg/ml) to visualize VAMP2 and RyR3, respectively.

Axon Growth and Turning Assays

Growth cone turning induced by FLIP of caged compounds or by an extracel-

lular gradient of MAG (R&D Systems) was performed as described previously

(Akiyama et al., 2009; Ooashi et al., 2005; Tojima et al., 2010). The following re-

agents were applied to cultures at least 30min before the experiments: 100 mM

ryanodine (Alomone labs); 10 nM nocodazole (Merck); 5 nM TeNT (List); 1 or

5 mM EGTA-AM (Invitrogen); and 1 mM BAPTA-AM. Loading of EGTA-AM or

BAPTA-AM was performed as described previously (Ooashi et al., 2005). To

examine axon growth, neurons were cultured for 6 hr and the length of their

axons measured as described previously (Kamiguchi and Yoshihara, 2001).

Analysis of Commissural Axon Trajectories in Open-Book

Preparations

Open-book preparations of chick spinal cords were obtained as described

previously (Stoeckli and Landmesser, 1995). Briefly, a chick embryo trans-

fected in ovo at HH14 was sacrificed at HH23–24, and its spinal cord was

opened at the roof plate followed by fixation with 4% paraformaldehyde in

PBS and permeabilization with 0.1% Triton X-100 and 5% goat serum in

PBS. The spinal cord was then incubated sequentially with anti-HNF-3b

mouse monoclonal antibody (0.5 mg/ml) overnight at 4�C and Alexa-Fluor-

594-conjugated secondary antibody (10 mg/ml) overnight at 4�C. Open-book

preparations of E11.5 mouse spinal cords were fixed with 4% paraformalde-

hyde in PBS and subjected to iontophoretic injection of DiI (5 mg/ml; Molecular

Probes) into the dorsal region as described previously (Birgbauer et al., 1995).

The spinal cords were left for 48 hr to allowDiI anterograde labeling of commis-

sural axons. Fluorescence images were acquired every 2 mm (chick) or 5 mm

(mouse) along the z axis using a confocal microscope (FLUOVIEW FV1000

with IX81; Olympus), and a projection of approximately 30 optical sections

was generated using FV10-ASW Version 4.1 (Olympus). Commissural axon

trajectories were assessed by counting the number of axons that failed to

reach and cross the FP.

Statistical Analyses

All data are expressed as the mean ± SEM. A single experimenter who was

blind to the treatment conditions counted the number of membrane vesicles

(Figures 3B, 3C, 3E, 5D, 5E, 5G, and S7), PLA puncta (Figure 4C), and commis-

sural axons (Figures 7E, 7F, and 7J). Statistical analyses were performed using

Prism Version 4.0b software (GraphPad). Statistical significance was assumed

when p < 0.05. Further details are provided in the Supplemental Experimental

Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, one table, and three movies and can be found with this article

online at http://dx.doi.org/10.1016/j.celrep.2016.04.021.
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