
Cellular/Molecular
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Extracellular molecular cues guide migrating growth cones along specific routes during development of axon tracts. Such processes rely
on asymmetric elevation of cytosolic Ca 2� concentrations across the growth cone that mediates its attractive or repulsive turning toward
or away from the side with Ca 2� elevation, respectively. Downstream of these Ca 2� signals, localized activation of membrane trafficking
steers the growth cone bidirectionally, with endocytosis driving repulsion and exocytosis causing attraction. However, it remains unclear
how Ca 2� can differentially regulate these opposite membrane-trafficking events. Here, we show that growth cone turning depends on
localized imbalance between exocytosis and endocytosis and identify Ca 2�-dependent signaling pathways mediating such imbalance. In
embryonic chicken dorsal root ganglion neurons, repulsive Ca 2� signals promote clathrin-mediated endocytosis through a 90 kDa splice
variant of phosphatidylinositol-4-phosphate 5-kinase type-1� (PIPKI�90). In contrast, attractive Ca 2� signals facilitate exocytosis but
suppress endocytosis via Ca 2�/calmodulin-dependent protein kinase II (CaMKII) and cyclin-dependent kinase 5 (Cdk5) that can inac-
tivate PIPKI�90. Blocking CaMKII or Cdk5 leads to balanced activation of both exocytosis and endocytosis that causes straight growth
cone migration even in the presence of guidance signals, whereas experimentally perturbing the balance restores the growth cone’s
turning response. Remarkably, the direction of this resumed turning depends on relative activities of exocytosis and endocytosis, but not
on the type of guidance signals. Our results suggest that navigating growth cones can be redirected by shifting the imbalance between
exocytosis and endocytosis, highlighting the importance of membrane-trafficking imbalance for axon guidance and, possibly, for polar-
ized cell migration in general.
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Introduction
Axonal growth cones migrate along specific routes in the devel-
oping nervous system, changing direction in response to extra-
cellular guidance cues (Tessier-Lavigne and Goodman, 1996).
Most guidance cues instruct growth cone turning via asymmetric
Ca 2� signals, with a higher Ca 2� concentration on the side of the
growth cone facing the source of the cues, regardless of whether
the cues are attractive or repulsive (Gomez and Zheng, 2006). In
principle, the polarity of growth cone turning with respect to the
Ca 2� localization is determined depending on the source of Ca 2�

signals: primary Ca 2� signals through plasma membrane chan-

nels trigger repulsion away from the side with the signals, whereas
primary Ca 2� signals together with secondary Ca 2� release from
the endoplasmic reticulum (ER), for example, Ca 2�-induced
Ca 2� release (CICR) through ryanodine receptors (RyRs), trig-
ger attraction toward the side with the signals (Hong et al., 2000;
Ooashi et al., 2005). Downstream of these attractive and repulsive
Ca 2� signals, membrane trafficking acts as instructive machin-
ery: locally activated exocytosis or endocytosis on one side of the
growth cone drive attraction or repulsion, respectively (Tojima et
al., 2011). It is also known that, through the Ca 2�/calmodulin-
dependent protein phosphatase calcineurin, Ca 2� facilitates
clathrin-mediated endocytosis for growth cone repulsion (Wen
et al., 2004; Tojima et al., 2010). One hypothesis is that Ca 2�

signals on one side of the growth cone create a localized imbal-
ance between exocytosis and endocytosis, thereby steering the
growth cone toward the side with more exocytosis or away from
the side with more endocytosis. However, it remains largely un-
known what signaling pathways link Ca 2� signals differentially
with these opposite membrane-trafficking events to create such
imbalance.

In presynaptic terminals, calcineurin and cyclin-dependent ki-
nase 5 (Cdk5) counteractively regulate clathrin-mediated endocyto-
sis after neurotransmitter release (Cousin and Robinson, 2001;
Nguyen and Bibb, 2003; Tan et al., 2003; Tomizawa et al., 2003). In
response to Ca2� influx elicited by presynaptic excitation, calcineu-
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rin dephosphorylates and activates dephosphins, a group of
clathrin-associated adaptor phosphoproteins including dynamin
1, amphiphysins, and a 90 kDa splice variant of phosphatidylinositol-
4-phosphate 5-kinase type-1� (PIPKI�90), which then facilitate syn-
aptic vesicle retrieval by clathrin-mediated endocytosis (Cousin and
Robinson, 2001; Nakano-Kobayashi et al., 2007). This process
can be antagonized by Cdk5-mediated phosphorylation of de-
phosphins (Nguyen and Bibb, 2003; Tomizawa et al., 2003). Be-
cause Ca 2�/calmodulin-dependent protein kinase II (CaMKII)
interacts with and phosphorylates p35, an activation subunit of
Cdk5, in a Ca 2�-dependent manner (Dhavan et al., 2002; Ho-
sokawa et al., 2010), CaMKII could translate Ca 2� signals into
Cdk5 activation, which inhibits clathrin-mediated endocytosis
via dephosphin phosphorylation.

Here, we show that CaMKII and Cdk5 play a critical role in the
generation of membrane-trafficking imbalance in growth cones.
If this pathway is blocked, then attractive guidance signals facili-
tate both exocytosis and endocytosis and therefore fail to steer the
growth cone. Experimental perturbation of this balanced activity
in membrane trafficking restores the growth cone’s turning re-
sponse to guidance signals. Remarkably, the direction of this re-
sumed turning depends on relative activities of exocytosis and
endocytosis. Our results highlight the importance of membrane-
trafficking imbalance for axon guidance.

Materials and Methods
Cloning of chicken PIPKI�. mRNA from embryonic day 9 (E9)–E10
chicken brain was isolated using the RNeasy Kit (QIAGEN). 3�-Rapid
amplification of cDNA ends (3�-RACE) was performed with the 3�-Full
RACE Core Set (Takara) using gene-specific primers (5�-CAGGCCT
CGGATGAAGATGATGTGCCAGTCACAGAC-3�) and the supplied 3�
adaptor primer according to the manufacturer’s instructions. We iden-
tified two PIPKI� splice variants consisting of 639 and 667 aa, which
correspond to mammalian PIPKI�87 and PIPKI�90, respectively (Ishi-
hara et al., 1998; Funakoshi et al., 2011). These sequences were deposited
in GenBank (accession numbers AB915769 and AB915768, respectively).
The PCR products were run on agarose gels and individual DNA bands
were excised, purified, and ligated into the pCR-BluntII-TOPO Vector
(Invitrogen). Full-length PIPKI�87 and PIPKI�90 were amplified using
the 5� primer (5�-ATGGAGCTGGAGGTACCCGA-3�) and the 3�
primer (5�-CATCCCACTGGAACGGCTGCATCAAC-3�).

Plasmid constructs. Chicken PIPKI�90 was subcloned into the XhoI-
BamHI site of the pEGFP-N1 vector (Clontech). PIPKI�90-D316A and
PIPKI�90-S649E were generated with the QuikChange Site-Directed
Mutagenesis kit (Agilent Technologies). EGFP-Cdk5-WT and EGFP-
Cdk5-D144N were gifts from L.-H. Tsai via Addgene (plasmid numbers
1346 and 1344, respectively). Venus-CaMKII-T286A and Venus-
CaMKII-T286D were gifts from S. Vogel via Addgene (plasmid numbers
29430 and 29429, respectively). To generate mCherry-CAAX, the CAAX
box of Ki-Ras corresponding to amino acid positions 169 –188 (Kuro-
kawa et al., 2001) was fused to the pmCherry-C1 vector (Clontech) using
XhoI and BamHI.

Cell culture and transfection. Dorsal root ganglia (DRG) from E9 –E10
chickens were treated with 0.05% trypsin-EGTA (Life Technologies) and
dissociated by mechanical trituration. The dissociated neurons were
plated on a glass-based dish. Unless otherwise noted, we used a dish
coated with L1-Fc chimeric protein consisting of the extracellular do-
main of L1 and the Fc region of human IgG (Ooashi et al., 2005). The
cultures were maintained in Leibovitz’s L-15 medium (Invitrogen) sup-
plemented with N2 (Invitrogen), 20 ng/ml nerve growth factor (Pro-
mega), and 750 �g/ml bovine serum albumin (Invitrogen) in a
humidified atmosphere of 100% air at 37°C. For some experiments, dis-
sociated neurons were transfected by electroporation (NEPA21; Nep-
agene) according to the manufacturer’s instructions and cultured
overnight before microscopic analyses. The transfected neurons were
identified by the fluorescence of the transgene products.

RNA interference. Small interfering RNA (siRNA) sequences for
chicken PIPKI� were designed with the BLOCK-iT RNAi Designer pro-
gram (Invitrogen) and purchased from Invitrogen. The targeting se-
quences were 5�-GGTACTTCCGAGAACTCTT-3� and 5�-GCACTA
CCGTAGCTACCTA-3� for PIPKI� siRNA #1 and #2, respectively. The
targeting sequence for control siRNA was 5�-TCTTCCCCCAAGAAA
GATA-3�, which does not exist in the chicken genome (Endo et al., 2007).
These siRNAs were introduced into DRG neurons by trituration loading
as described previously (Nishimura et al., 2003). In brief, trypsinized
neurons were triturated using a P20 Pipetman (Gilson) for �140
strokes in 20 �l of L-15 medium containing 50 �M siRNA and 50 �M

Alexa Fluor 594-conjugated dextran (molecular weight 10,000; Invit-
rogen). The dissociated neurons were cultured overnight before im-
munoblotting or microscopic analyses. Neurons emitting Alexa Fluor
594 fluorescence were included in microscopic analyses.

Immunoblotting. DRG neurons cultured on L1 substrate for 24 h
were harvested in lysis buffer (20 mM HEPES, pH 7.4, 5 mM EDTA,
120 mM NaCl, 10% glycerol, 1% Triton X-100) supplemented with a
protease inhibitor mixture (Roche). Samples for protein phosphory-
lation analyses were also treated with 0.04 U/�l lambda protein phos-
phatase (�-PPase; BioAcademia) for 30 min at 30°C. All samples were
suspended in sample preparation buffer (final concentration: 62.5
mM Tris-HCl, pH 6.8, 2% SDS, 5% sucrose, 5% 2-mercaptoethanol,
0.002% bromophenol blue), subjected to SDS-PAGE, and then trans-

Figure 1. Schematic of proposed signaling pathways for Ca 2�-induced growth cone turn-
ing. A, Components of attractive and repulsive Ca 2� signals. Our previous work (Ooashi et al.,
2005) showed that repulsive Ca 2� signals (light blue rectangle) contain primary Ca 2� signals
only, whereas attractive Ca 2� signals (pink rectangle) consist of primary Ca 2� signals and
secondary CICR. B, Hypothetical signaling pathways downstream of Ca 2� signals, in which
light blue and pink arrows represent repulsive and attractive cascades, respectively. In the
present study, primary Ca 2� signals were generated by repetitive photolysis of a caged Ca 2�,
NP-EGTA, or by extracellular gradients of a physiological guidance cue, MAG. These primary
Ca 2� signals can trigger CICR because RyRs are in the active state in our culture condition
(Ooashi et al., 2005). To generate repulsive Ca 2� signals, we suppressed CICR by lowering cAMP
level with the cAMP antagonist Rp-cAMPS. In this model, calcineurin and PIPKI�90 act down-
stream of repulsive Ca 2� signals (light blue rectangle) to stimulate endocytosis for repulsion,
whereas CaMKII and Cdk5 act downstream of attractive Ca 2� signals (pink rectangle) to sup-
press endocytosis for attraction. Together with CICR-stimulated exocytosis (Tojima et al., 2007),
CaMKII and Cdk5 mediate an exocytosis– endocytosis imbalance on one side of the growth
cone. Gray-shaded rectangles highlight pharmacological agents used in this study.
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ferred to a polyvinylidene difluoride membrane (Millipore). The
membrane was treated with a blocking solution (Blocking One; Na-
calai Tesque) for 60 min at room temperature and then incubated
with rabbit anti-mouse PIPKI� monoclonal antibody (1:10,000; cat-
alog #ab109192; Abcam) or mouse anti-�-tubulin monoclonal anti-
body (1:10,000; catalog #MAB3408; Millipore) overnight at 4°C. After
washing, the membrane was incubated with HRP-conjugated second-
ary antibody against rabbit or mouse IgG (1:10,000; GE Healthcare).
The blots were then visualized with Luminata Forte Western HRP
substrate (Millipore) on an x-ray film, followed by intensity quanti-
fication using ImageJ version 1.47 software.

Immunocytochemistry. DRG neurons cultured on L1 substrate were
fixed in fixation buffer (80 mM Na-PIPES, pH 6.9, 1 mM MgCl2, 1 mM

EGTA, 1 mM GTP, 3% sucrose, 0.1% glutaraldehyde, 4% formalde-
hyde) for 30 min at 37°C, permeabilized with 0.1% Triton X-100 for
60 min, and then incubated with rabbit anti-mouse PIPKI� mono-
clonal antibody (1:500) overnight at 4°C. Primary antibody binding
was visualized with Alexa Fluor 488-conjugated goat anti-rabbit IgG
(1:200; Invitrogen). Fluorescence and differential interference con-
trast (DIC) images were taken using an inverted microscope (IX81;
Olympus) equipped with a 100� objective [UPLSAPO, oil, numeri-
cal aperture (NA) 1.40; Olympus] and a charge coupled device

Figure 2. Alignment of amino acid sequences of PIPKI�. A, Schematic representation of the PIPKI� splice variants PIPKI�87 and PIPKI�90. We cloned chicken PIPKI�87 encoding 639 aa and
PIPKI�90 containing additional 28 aa at the C terminus (667 aa in total). The amino acid sequence of the C-terminal stretch of chicken PIPKI�90 was compared with that of human and mouse
PIPKI�90. This C-terminal region is highly conserved among these species and contains a serine residue that can be phosphorylated/dephosphorylated by Cdk5/calcineurin (S649 in chicken; red star).
We made a phosphomimetic mutant (S649 to E substitution) and a kinase-dead mutant (D316 to A substitution; red arrowhead) of chicken PIPKI�90. B, Full amino acid sequences of PIPKI�87 and
PIPKI�90 in human, mouse, and chicken. Black boxes represent completely conserved sequences. Gray boxes represent sequence conservation �60%. Dashes indicate the absence of corresponding
amino acids.
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(CCD) camera (ORCA-AG with binning set at 1 � 1; Hamamatsu
Photonics).

Pharmacological agents. Unless otherwise noted, the following reagents
were applied to some cultures at least 30 min before the experiments: 20
�M Rp-cAMPS (Calbiochem), 30 nM KN93 (Sigma), 1 �M myristoylated
autocamtide-2-inhibitory peptide (myr-AIP; Enzo Life Science), 30 nM

roscovitine (Enzo Life Science), 3 �M olomoucine (Calbiochem), 5 nM

tetanus neurotoxin (TeNT; List), 1 �M monodansylcadaverine (MDC;
Sigma), and 100 �M ryanodine (Latoxan). Neurons were loaded with 1
�M an acetoxymethyl ester derivative of 1,2-bis(o-aminophenoxy)
ethane- N, N,N�,N�-tetraacetic acid (BAPTA-AM; Invitrogen) as de-
scribed previously (Ooashi et al., 2005).

Total internal reflection fluorescence microscopy combined with UV pho-
tolysis. To determine the effect of Ca 2� signals on clathrin-coated pit
(CCP) formation, neurons expressing EGFP-clathrin (a gift from J.H.
Keen; Gaidarov et al., 1999) or mCherry-clathrin (Tojima et al., 2010)
were loaded with 2 �M an acetoxymethyl ester derivative of o-nitrophenyl
EGTA (NP-EGTA-AM; Invitrogen) in the presence of 0.0025% Cremo-
phor EL (Nacalai Tesque) for 30 min. We used a custom-built micro-
scope (Tojima et al., 2010) comprised of an upright UV photolysis unit
(Olympus) and an inverted microscope (IX81; Olympus) equipped with
an illumination system (IX2-RFAEVA-2; Olympus) for total internal
reflection fluorescence microscopy (TIRFM) and a 100� objective
(UApoN TIRFM, oil, NA 1.49; Olympus). EGFP or mCherry immedi-
ately adjacent to the cover glass– cell interface was excited with evanes-
cent waves of a 488 nm solid-state laser (Melles Griot) or a 561 nm
solid-state laser (LASOS Lasertechnik), and its emission was collected
through a band-pass filter (FF01-514/30; Semrock) or a long-pass filter
(BA610IF; Olympus), respectively. Images were acquired with Meta-
Morph version 7.7 software (Molecular Devices) and a CCD camera
(ORCA-AG with binning set at 2 � 2) every 3 s before and after the onset
of repetitive UV irradiation. NP-EGTA was photolyzed by repetitive UV
irradiation for a duration of 100 ms every 3 s in the area that covered the
central domain periphery to the leading edge on one side of the growth
cone (�10 �m in diameter). The border between the central and periph-
eral domain was determined on a DIC image of the growth cone (Tojima
et al., 2007). To assess the asymmetry in endocytosis, the UV-irradiated
area and the corresponding area on the opposite side of a growth cone
were defined as the near and far regions of interest (ROIs), respectively.
Far ROIs were positioned by an observer blind to the experimental con-
ditions. The number of newly formed clathrin puncta within a ROI was
normalized by the growth cone area covered by that ROI.

TIRFM combined with extracellular myelin-associated glycoprotein gra-
dient application. As described previously (Tojima et al., 2010), myelin-
associated glycoprotein (MAG) gradients were applied to a growth cone
cultured on laminin substrate (a dish coated with �50 ng/cm 2 laminin;
Invitrogen) through a micropipette containing MAG (150 �g/ml; R&D
Systems) that was positioned 50 �m from the growth cone with 90° angle
with respect to the original direction of axon elongation. A graded dis-
tribution of the reagent was formed across the growth cone within 1 min
after the onset of pulsate positive pressure in the pipette (amplitude, 4
psi; pulse width, 20 ms; interpulse interval, 500 ms; Akiyama et al., 2009).
To monitor clathrin-mediated endocytosis, growth cones expressing
EGFP-clathrin were observed under the inverted TIRFM system
equipped with a 100� objective (PlanApo TIRFM, oil, NA 1.45; Olym-
pus). Images were acquired every 3 s before and after the onset of MAG
application. To assess the asymmetry in endocytosis, two circular ROIs
(�10 �m in diameter) were positioned on the near and far side of the
growth cone by an observer blind to the experimental conditions. The
number of newly formed clathrin puncta within a ROI was normalized
by the growth cone area covered by that ROI.

To monitor vesicle-associated membrane protein 2 (VAMP2)-
mediated exocytosis, growth cones expressing pHVenus-VAMP2 (To-
jima et al., 2007) and mCherry-CAAX were observed under the inverted
TIRFM system. pHVenus and mCherry were excited simultaneously
with 488 and 561 nm laser, respectively, and their emissions were split by
a dichroic mirror (565dcxr; Chroma) equipped in an emission splitter
(DV2; Photometrics). The split emissions were collected through band-

pass filters (D520/30 for pHVenus and D630/50 for mCherry; Chroma)
and acquired simultaneously with a CCD camera (Evolve with binning
set at 4 � 4; Photometrics) every 3 s before and after the onset of MAG
application. To assess the asymmetry in exocytosis, fluorescence intensi-
ties ( F) of pHVenus and of mCherry were averaged within near and far
ROIs defined as described previously (Akiyama et al., 2009). F/F0 was

Figure 3. Embryonic DRG neurons express PIPKI�. A, PIPKI� immunoblotting of cultured
embryonic chicken DRG neuron lysates showing two bands at �90 kDa. Their differential sen-
sitivities to �-PPase treatment suggest the presence of phosphorylated (top arrow) and un-
phosphorylated (bottom arrow) forms of PIPKI�. Shown is a representative of three
independent experiments. B, PIPKI� immunoblots showing the effect of siRNAs (control siRNA,
PIPKI� siRNA#1 and #2) with tubulin immunoblots as a loading control. C, Quantification of
PIPKI� knock-down. PIPKI�-to-tubulin ratios of immunoblot intensities after siRNA treatment
were normalized to those without siRNA. *p � 0.05, **p � 0.01 versus control siRNA, Dun-
nett’s multiple-comparison test (n � 3 independent experiments). D, PIPKI� immunofluores-
cence and corresponding DIC images of a DRG growth cone (left) and images of no primary
antibody control (right). Scale bar, 10 �m.
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calculated individually for pHVenus and mCherry, where F0 was the
mean of 40 consecutive F values taken from 	120 to 	3 s (i.e., before the
onset of MAG application). The F/F0 values for pHVenus and mCherry
were designated as RpHVenus and RmCherry, respectively. The RpHVenus/
RmCherry values, designated as R�, were determined for near ROI (R�near)
and for far ROI (R�far). Changes in the asymmetry in exocytosis were
expressed as 
(R�near/R�far), where 
(R�near/R�far) � R�near/R�far 	 1.

Growth-cone-turning assays. Growth cone turning induced by focal
laser-induced photolysis of NP-EGTA was performed on L1 substrate as
described previously (Ooashi et al., 2005). Growth cone turning induced
by extracellular gradients of MAG (150 �g/ml in pipette), MDC (100 �M

in pipette), and �-latrotoxin (�-LTX, 10 nM in pipette; Sigma) was per-

formed on laminin substrate as described pre-
viously (Akiyama et al., 2009).

Imaging of photolysis-induced Ca2� signals.
Attractive Ca 2� signals generated by focal
laser-induced photolysis in a growth cone were
visualized by simultaneous and ratiometric im-
aging of two fluorescent Ca 2� indicators, Ore-
gon Green BAPTA-1 (OGB-1) and Fura Red
(FR) as described previously (Tojima et al.,
2009). Cultured neurons were loaded simulta-
neously with 2 �M OGB-1-AM (Invitrogen), 2
�M FR-AM (Invitrogen), and 2 �M NP-
EGTA-AM in the presence of 0.0025% Cremo-
phor EL for 30 min, followed by a wash. The
neurons were postincubated for �30 min and
then observed under an inverted microscope
(IX71; Olympus) equipped with a 100� ob-
jective (UPLSAPO) and a CCD camera
(ORCA-ER with binning set at 8 � 8;
Hamamatsu Photonics). OGB-1 and FR were
excited simultaneously with a 75 W xenon
lamp using an excitation filter (460 – 495BP;
Olympus) and a dichroic mirror (72100bs;
Chroma). The OGB-1 and FR emissions were
split by a dichroic mirror (DM590LP;
Hamamatsu Photonics) equipped in an emis-
sion splitter (W-view; Hamamatsu Photonics).
The split OGB-1 and FR emissions were col-
lected through a band-pass filter (535AF45;
Omega) and a long-pass filter (BA610IF;
Olympus), respectively. The images of OGB-1
and FR were simultaneously acquired every
22.1 ms at an exposure of 10.2 ms. For photol-
ysis of NP-EGTA, five laser pulses (a pulse
width of 5 ns) were shot onto a growth cone at
442 ms intervals, which corresponded to one
laser pulse per 20 flames of Ca 2� imaging. The
laser-shot timing was controlled by AquaCos-
mos version 2.6 software (Hamamatsu Photo-
nics) and an electronic stimulator (Nihon
Koden) such that a camera exposure was initi-
ated 0.9 ms after the laser shot. This interval
was sufficiently long to prevent laser-induced
artifacts from affecting Ca 2� imaging (Ooashi
et al., 2005). For quantitative analyses, a ROI
(�2.6 �m circular zone) was positioned within
a growth cone such that the ROI was centered
by the photolysis site. After background sub-
traction, F values for OGB-1 and FR were aver-
aged within the ROIs. Relative fluorescence
over the basal fluorescence (F/F0) was calcu-
lated individually for OGB-1 and FR channels.
Here, F0 is a mean of nine consecutive F values
taken from 0 to 176.6 ms (before the first laser
shot). The F/F0 values for OGB-1 and FR chan-
nels were designated as ROGB-1 and RFR, re-
spectively. Changes in cytosolic Ca 2� levels
were expressed as 
(ROGB-1/RFR), where


(ROGB-1/RFR) � ROGB-1/RFR 	 1. Positive and negative 
(ROGB-1/RFR)
values indicate that Ca 2� levels increase and decrease, respectively, with
respect to the basal Ca 2� level, where the basal Ca 2� level is the mean of
nine frames taken from 0 to 176.6 ms (before the first laser shot). The
effect of drugs on photolysis-induced Ca 2� elevations was evaluated by
comparing the amplitude of 
(ROGB-1/RFR) spikes before and after 5 min
treatment with the drugs in the same growth cone. The drug-induced
changes in the amplitude of 
(ROGB-1/RFR) spikes were expressed as

R�after/
R�before, where 
R�before and 
R�after indicate the mean of five
peak 
(ROGB-1/RFR) values induced by five laser pulses before and after
the drug treatment, respectively.

Figure 4. PIPKI�90 mediates asymmetric endocytosis induced by repulsive Ca 2� signals. A–D, Effects of wild-type (WT)
PIPKI�90 (A, B) or its kinase-dead mutant D316A (C, D) on asymmetric endocytosis induced by repulsive Ca 2� signals. A, C, TIRFM
images of single growth cones coexpressing EGFP-PIPKI�90 (left) and mCherry-clathrin (right). NP-EGTA was photolyzed by
repetitive UV light (3 s interval) in the presence of Rp-cAMPS to generate repulsive Ca 2� signals. The UV-irradiated area
and the corresponding area on the opposite side were used as near and far ROIs, respectively (blue circles). Scale bars, 10
�m. B and D show schematic representations of the growth cone in A and C, respectively. TIRFM images of mCherry-
clathrin were acquired every 3 s before (pre) and after the onset (time 0 s) of repulsive Ca 2� signals. Each red cross marks
the position of a newly formed CCP within the ROIs during the indicated 30 s periods. Scale bars, 10 �m. E, F, Near-to-far
ratios of CCP formation in growth cones expressing EGFP-PIPKI�90-WT (E) or EGFP-PIPKI�90-D316A (F ). The y-axis
indicates the number of newly formed CCPs per unit area within near ROI divided by that within far ROI, before (pre; 	120
to 0 s) and after (UV; 0 to 120 s) the onset of repulsive Ca 2� signals. Each line represents Ca 2�-induced change in a single
growth cone. ***p � 0.001; N.S., not significant, paired t test.
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Statistics. Data are expressed as the mean � SEM. Statistical analyses
were performed using Prism version 5.04 software (GraphPad). p � 0.05
was considered statistically significant.

Results
Generation of attractive or repulsive Ca 2� signals
We used a caged Ca 2� compound, NP-EGTA, to generate Ca 2�

signals on one side of the growth cone of an embryonic chicken
DRG neuron. We showed previously that one primary distinc-
tion between attractive and repulsive Ca 2� signals is the occur-
rence of CICR through RyRs that is regulated by extracellular
substrates via cAMP signaling (Ooashi et al., 2005; Fig. 1). In
growth cones cultured on the cell adhesion molecule L1, Ca 2�

liberated from NP-EGTA upon photolysis (primary Ca 2� sig-
nals) triggers secondary CICR through RyRs, which causes
growth cone attraction. In the presence of the cAMP antagonist
Rp-cAMPS that inactivate RyRs, however, the photolysis-
induced primary Ca 2� signals are not accompanied by CICR and
therefore trigger growth cone repulsion. Such CICR-dependent
switching mechanism also operates in growth cone guidance in-
duced by physiological cues (Hong et al., 2000). In our experi-
ments, attractive or repulsive Ca 2� signals were generated by
photolyzing NP-EGTA in neurons on L1 substrate in the absence
or presence of Rp-cAMPS, respectively, as described previously
(Tojima et al., 2010).

PIPKI�90 mediates asymmetric clathrin-mediated
endocytosis induced by repulsive Ca 2� signals
We reported previously that repulsive Ca 2� signals evoke
asymmetric clathrin-mediated endocytosis for growth cone
repulsion in a calcineurin-dependent manner (Tojima et al.,
2010). Therefore, here, we investigated whether PIPKI�90, a de-
phosphin, acts downstream of repulsive Ca 2� signals to regulate
clathrin-mediated endocytosis in growth cones (Figs. 2, 3, 4).
PIPKI catalyzes the production of the membrane phospholipid
phosphatidylinositol (4,5)-bisphosphate (PIP2), which plays a
key role in recruiting endocytic machinery components to the
plasma membrane (Loijens and Anderson, 1996; Sasaki et al.,
2009; Funakoshi et al., 2011). Of three PIPKI isozymes (�, �, and
�) identified in rodents and humans, PIPKI� is predominantly
expressed in the brain (Wenk et al., 2001) and has at least two
splicing variants, PIPKI�87 and PIPKI�90. PIPKI�90 has a
C-terminal stretch composed of �30 aa (Fig. 2; Di Paolo et al.,
2002; Ling et al., 2002; Sasaki et al., 2009; Funakoshi et al., 2011)
that contains a phosphorylation/dephosphorylation site for
Cdk5/calcineurin (Lee et al., 2005; Nakano-Kobayashi et al.,
2007). At presynaptic terminals, the dephosphorylated PIPKI�90
becomes enzymatically active and produces PIP2 to initiate
clathrin-mediated synaptic vesicle endocytosis (Nakano-
Kobayashi et al., 2007).

We cloned chicken PIPKI� from embryonic brain and iden-
tified two splice variants consisting of 639 and 667 aa, which are
84% identical to human PIPKI�87 and PIPKI�90, respectively
(Fig. 2). Importantly, the C-terminal stretch of PIPKI�90 has a
highly conserved sequence among mammals and chicken and
carries a Cdk5 phosphorylation site. We examined endogenous
PIPKI� expression in cultured embryonic chicken DRG neurons
by immunoblot and immunocytochemical analyses (Fig. 3). An
antibody raised against mouse full-length PIPKI� detected two
immunoblots at �90 kDa (Fig. 3A, left). Intensities of these blots
decreased significantly after the introduction of siRNAs targeted
against chicken PIPKI� (Fig. 3B,C), indicating that this antibody
can recognize chicken PIPKI�. Treatment with �-PPase attenu-

ated the upper blot and augmented the lower blot (Fig. 3A, right),
strongly suggesting that DRG neurons express the phosphorylat-
able isoform PIPKI�90. In addition, immunocytochemistry
showed PIPKI� expression throughout the growth cone of cul-
tured DRG neurons (Fig. 3D).

To determine the role of PIPKI�90 kinase activity in
growth cones, we transfected DRG neurons with an expression
plasmid encoding EGFP-tagged kinase-dead mutant of chicken
PIPKI�90, in which Asp was replaced with Ala at position 316
(PIPKI�90-D316A; Unoki et al., 2012), or EGFP-tagged wild-
type chicken PIPKI�90 (PIPKI�90-WT) as a control (Fig. 4). The
neurons were cotransfected with mCherry-tagged clathrin light
chain (Gaidarov et al., 1999) to analyze the spatiotemporal dy-
namics of clathrin in growth cones by TIRFM. This method has
been used extensively to visualize the formation of CCPs and
clathrin-coated vesicles, both processes involved in clathrin-
mediated endocytosis (Merrifield et al., 2002; Rappoport and
Simon, 2003; Tojima et al., 2010). Using a custom-built micro-
scope comprised of an upright UV-photolysis unit and an in-
verted TIRFM system (Tojima et al., 2010), we evoked repulsive
Ca 2� signals by repetitive photolysis of NP-EGTA on one side of

Figure 5. PIPKI�90 mediates Ca 2�-induced growth cone repulsion. A, B, Time-lapse DIC
images of a growth cone expressing EGFP tagged to wild-type (WT; A) or kinase-dead mutant
(D316A; B) of PIPKI�90. Repulsive Ca 2� signals were generated by laser photolysis of NP-EGTA
at light blue spots. Time in minutes after the onset of repetitive laser irradiation (3 s interval) is
shown. Scale bar, 10 �m. C, Ca 2�-induced turning of growth cones expressing EGFP-
PIPKI�90-WT or EGFP-PIPKI�90-D316A. Attractive (pink) or repulsive (light blue) Ca 2� signals
were generated on one side of the growth cones. Positive and negative values expressed as
mean � SEM indicate attractive and repulsive turning angles, respectively. Numbers in paren-
theses indicate the number of growth cones examined. *p � 0.05, unpaired t test. D, E, Time-
lapse DIC images of a growth cone containing control siRNA (D) or PIPKI� siRNA #1 (E).
Repulsive Ca 2� signals were generated by laser photolysis of NP-EGTA at light blue spots. Scale
bar, 10 �m. F, Ca 2�-induced turning of growth cones containing control siRNA, PIPKI� siRNA
#1 or #2. *p � 0.05 versus control siRNA, Dunnett’s multiple-comparison test.
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a growth cone and compared endocytic activity in the UV-
irradiated area (near) against that in the corresponding area on
the opposite side (far). We counted the number of newly formed
clathrin puncta as a measure of CCP formation. In response to
repulsive Ca 2� signals, growth cones expressing PIPKI�90-WT

showed asymmetric CCP formation with
higher endocytic activity in the near side
(Fig. 4A,B,E). Conversely, repulsive Ca 2�

signals failed to evoke asymmetric CCP
formation in growth cones expressing
PIPKI�90-D316A (Fig. 4C,D,F). These
results suggest that the kinase activity of
PIPKI�90mediates the facilitationofclathrin-
mediated endocytosis downstream of repul-
sive Ca2� signals.

PIPKI�90 mediates Ca 2�-induced
growth cone repulsion
We next investigated the involvement of
PIPKI�90 in Ca 2�-induced growth cone
turning (Fig. 5). Bidirectional turning was
triggered by repetitive photolysis of NP-
EGTA on one side of a growth cone
(Ooashi et al., 2005). Repulsive Ca 2� sig-
nals caused no detectable turning of
growth cones expressing EGFP-tagged
PIPKI�90-D316A, but elicited repulsive
turning of growth cones expressing
EGFP-tagged PIPKI�90-WT (Fig. 5A–C).
Conversely, attractive Ca 2� signals in-
duced attractive turning of growth cones
expressing either form of PIPKI�90 (Fig.
5C). We further investigated the role of
endogenous PIPKI� using an siRNA
knock-down approach (Fig. 5D–F). Two
different siRNAs directed against chicken
PIPKI� (#1 and #2; Fig. 3B,C) abolished
Ca 2�-induced growth cone repulsion but
not attraction (Fig. 5E,F), whereas con-
trol siRNA had no detectable effect on ei-
ther growth cone attraction or repulsion
(Fig. 5D,F). These results indicate that
PIPKI�90 is necessary for Ca 2�-induced
growth cone repulsion but not attraction.

Attractive Ca 2� signals suppress
clathrin-mediated endocytosis via
CaMKII and Cdk5
In presynaptic terminals, the endocytosis-
promoting activity of PIPKI�90 is blocked
by Cdk5-mediated phosphorylation of
PIPKI�90 (Nakano-Kobayashi et al.,
2007). We therefore tested whether Cdk5
negatively regulates clathrin-mediated endo-
cytosis downstream of attractive Ca2� signals
using TIRFM of fluorescently labeled
clathrin in growth cones treated with
pharmacological and genetic inhibitors
(Fig. 6). In the absence of inhibitors (no
drug), attractive Ca 2� signals did not
cause asymmetric CCP formation across
the growth cone (Fig. 6C) even though the
signals contained a repulsive component:

primary Ca 2� liberated from NP-EGTA (Fig. 1). This result is
consistent with our previous finding (Tojima et al., 2010). How-
ever, inhibition of Cdk5 with roscovitine or olomoucine allowed
growth cones to have asymmetric CCP formation in response to
attractive Ca 2� signals (Fig. 6A,B,D,E). In addition, asymmetric

Figure 6. Attractive Ca 2� signals suppress endocytosis via CaMKII and Cdk5. A, TIRFM image of EGFP-clathrin in a growth cone
treated with roscovitine. NP-EGTA was photolyzed by repetitive UV light (3 s interval) to generate attractive Ca 2� signals. The
UV-irradiated area and the corresponding area on the opposite side were used as near and far ROIs, respectively (blue circles). Scale
bar, 10 �m. B, Schematic representation of the growth cone shown in A. TIRFM images of EGFP-clathrin were acquired every 3 s
before (pre) and after the onset (time 0 s) of attractive Ca 2� signals. Each red cross marks the position of a newly formed CCP within
the ROIs during the indicated 30 s periods. Scale bar, 10 �m. C–O, Near-to-far ratios of CCP formation. Growth cones expressing
EGFP-clathrin (C–G) or mCherry-clathrin (H–O) were analyzed. The y-axis indicates the number of newly formed CCPs per unit area
within near ROI divided by that within far ROI, before (pre; 	120 to 0 s) and after (UV; 0 to 120 s) the onset of repetitive photolysis
that generated attractive (pink; C–I, M–O) or repulsive (light blue; J–L) Ca 2� signals. Each line represents a photolysis-induced
change in a single growth cone. Ca 2�-induced asymmetry in CCP formation was assessed in the absence (no drug; C) or presence
of roscovitine (D, L, N, O), olomoucine (E), KN93 (F ), or myr-AIP (G). In addition, the asymmetry was assessed in growth cones that
had been transfected with EGFP-tagged wild-type (WT; H ) and the dominant-negative form (D144N; I ) of Cdk5, Venus-tagged
phosphodeficient (T286A; J ), and phosphomimetic (T286D; K, L) mutants of CaMKII or EGFP-tagged wild-type (WT; M, N ) and
phosphomimetic mutant (S649E; O) of PIPKI�90. *p � 0.05, **p � 0.01, ***p � 0.001; N.S., not significant, paired t test.
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CCP formation was induced by attractive
Ca 2� signals in growth cones expressing
EGFP-tagged kinase-dead mutant of
Cdk5, in which Asp was replaced with Asn
at 144 (Cdk5-D144N; Nikolic et al., 1996),
whereas no asymmetry was detected in
control growth cones expressing EGFP-
tagged wild-type Cdk5 (Cdk5-WT; Fig.
6H, I). These data suggest that attractive
Ca 2� signals suppress clathrin-mediated
endocytosis through Cdk5.

Because p35, an activation subunit of
Cdk5, interacts with CaMKII in a Ca 2�-
dependent manner (Dhavan et al., 2002),
we hypothesized that CaMKII links
attractive Ca 2� signals with Cdk5 activa-
tion, leading to the suppression of
clathrin-mediated endocytosis. As ex-
pected, inhibition of CaMKII with KN93
or myr-AIP allowed growth cones to have
asymmetric CCP formation in response to
attractive Ca 2� signals (Fig. 6F,G). To ex-
clude the possibility that inhibitors of
CaMKII and Cdk5 perturbed endocytosis
via blocking CICR (i.e., converting attrac-
tive Ca 2� signals to repulsive ones), we
performed Ca 2� imaging combined with
photolysis of NP-EGTA (for details, see
Materials and Methods; Ooashi et al.,
2005; Tojima et al., 2009). Inhibition of
neither CaMKII nor Cdk5 abolished
CICR components of attractive Ca 2� sig-
nals (Fig. 7), indicating that the genera-
tion of CICR is independent of CaMKII
and Cdk5 activities. Our data are consis-
tent with the hypothesis that CaMKII
and Cdk5 act downstream of attractive
Ca 2� signals to suppress endocytosis that
is otherwise enhanced by these Ca 2� sig-
nals (Fig. 1B).

We further confirmed the involvement
of CaMKII in the regulation of endocyto-
sis using CaMKII mutants (Fig. 6J–L).
Ca 2�/CaM is necessary for the initial ac-
tivation of CaMKII, but autophosphory-
lation at Thr 286 of CaMKII renders the
kinase constitutively active independently
of Ca 2�/CaM (Hudmon and Schulman,
2002). Therefore, we used a Venus-tagged
phosphomimetic (constitutively active)
mutant of CaMKII, in which Thr was re-
placed with Asp at 286 (CaMKII-T286D),
and a Venus-tagged phospho-deficient
mutant of CaMKII as a control, in which
Thr was replaced with Ala at 286
(CaMKII-T286A). Repulsive Ca 2� signals
caused asymmetric CCP formation in growth cones expressing
CaMKII-T286A (Fig. 6J), but failed to affect CCP formation in
growth cones expressing CaMKII-T286D (Fig. 6K). These results
suggest that, even in the absence of CICR, persistent activation of
CaMKII by autophosphorylation is sufficient to suppress Ca 2�-
induced endocytosis. We then investigated whether CaMKII and
Cdk5 act sequentially or in parallel. In growth cones receiving

repulsive Ca 2� signals, asymmetric CCP formation was sup-
pressed by CaMKII-T286D (Fig. 6K), but was rescued after ad-
ditional treatment with roscovitine (Fig. 6L), suggesting that
Cdk5 acts downstream of CaMKII.

In presynaptic terminals, PIPKI�90 interaction with the clath-
rin adaptor AP-2 is essential for synaptic vesicle endocytosis and
this interaction is abolished by a phosphomimetic mutation in

Figure 7. CICR is independent of CaMKII and Cdk5. A, Growth cone loaded with NP-EGTA and two Ca 2� indicators, OGB-1 and
FR. As Ca 2� concentrations elevate, OGB-1 augments and FR attenuates fluorescence emission. In the black-and-white image of
FR fluorescence, the pink spot represents the site of laser irradiation and the black circle represents ROI used to quantify Ca 2�-
signal amplitude. The pseudocolor time-lapse images show changes in the ratio of OGB-1 to FR fluorescence intensities [
(ROGB-

1/RFR), where R � F/F0], before and after focal laser-induced photolysis. 
(ROGB-1/RFR) represents relative concentrations of
cytosolic Ca 2� (for details, see Materials and Methods). Time in milliseconds after a single laser irradiation is shown. Scale bar, 10
�m. B, C, Time course changes in 
(ROGB-1/RFR) within the ROI before (left) and 5 min after (right) treatment with high-dose
ryanodine (B) or myr-AIP (C). Note that five laser pulses (pink arrowheads) triggered five Ca 2� elevations. Before and after the
drug treatment, photolysis-induced attractive Ca 2� signals were analyzed in the same growth cones under the same experimen-
tal conditions. The dashed lines indicate the mean of the five peak 
(ROGB-1/RFR) values before (
R�before) and after (
R�after) the
drug treatment. D, E, 
R�after/
R�before represents drug-induced changes in the amplitude of attractive Ca 2� signals. Vehicle
only, H2O (D), or DMSO (E) was used as a control. The Ca 2� signal amplitude decreased after the treatment with high-dose
ryanodine, consistent with the fact that attractive Ca 2� signals contain CICR. Neither CaMKII inhibitors (KN93 or myr-AIP) nor Cdk5
inhibitors (roscovitine or olomoucine) affected the Ca 2� signal amplitude, indicating that CICR generation is independent of
CaMKII and Cdk5 activities. Numbers in parentheses indicate the total number of growth cones examined. Error bars represent SEM.
**p � 0.01 versus control, Dunnett’s multiple-comparison test.
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mouse PIPKI�90 at the Cdk5-phosphorylatable S645 (corre-
sponding to S649 in chicken; Nakano-Kobayashi et al., 2007). To
determine whether PIPKI�90 acts downstream of Cdk5 to sup-
press endocytosis in growth cones, we transfected DRG neurons
with EGFP-tagged chicken PIPKI�90-WT or its phosphomi-
metic mutant, in which Ser was replaced with Glu at 649
(PIPKI�90-S649E; Fig. 6M–O). PIPKI�90-WT transfection had
no detectable effect on Ca 2�-induced endocytosis: attractive
Ca 2� signals caused asymmetric CCP formation in roscovitine-
treated growth cones (Fig. 6N), but not in untreated growth
cones (Fig. 6M). However, in growth cones expressing
PIPKI�90-S649E, roscovitine treatment failed to allow growth
cones to have asymmetric CCP formation in response to attrac-
tive Ca 2� signals (Fig. 6O), consistent with the hypothesis that
Cdk5 suppresses endocytosis via PIPKI�90 phosphorylation at
S649. Together, our results show that attractive Ca 2� signals,
which also involve Ca 2� components stimulating endocytosis,
can antagonize this inherent repulsive activity via CaMKII and
Cdk5 that can inactivate PIPKI�90 possibly through S649 phos-
phorylation (Fig. 1B).

Exocytosis– endocytosis imbalance underlies Ca 2�-induced
growth cone guidance
In growth cones receiving attractive Ca 2� signals, VAMP2-
mediated exocytosis increases (Tojima et al., 2007) but clathrin-
mediated endocytosis remains unchanged due to the suppression
mediated by CaMKII and Cdk5 (Fig. 6). Therefore, we hypothe-
sized that Ca 2� signals induce growth cone turning through lo-
calized imbalance between exocytosis and endocytosis. To test
this possibility, we quantified Ca 2�-induced turning after per-
turbing the exocytosis– endocytosis imbalance (Fig. 8). Inhibi-
tion of CaMKII or Cdk5 with a bath application of relevant drugs
caused growth cones to exhibit straight migration even in the
presence of attractive Ca 2� signals (Fig. 8B,E,F). This is most
likely because attractive Ca 2� signals under these experimental
conditions promoted endocytosis (Fig. 6) that balanced with
Ca 2�-facilitated exocytosis. Conversely, these inhibitors of
CaMKII or Cdk5 did not affect Ca 2�-induced repulsion (Fig.
8E,F). We next investigated whether growth cones can resume
turning responses to attractive Ca 2� signals after pharmacologi-
cal treatment that, again, perturbs the balanced activation of ex-
ocytosis and endocytosis caused by CaMKII or Cdk5 inhibition.
Treatment with MDC, an inhibitor of clathrin-mediated endocy-
tosis, restored attractive turning responses even in the presence of
CaMKII or Cdk5 inhibitors (Fig. 8C,E,F). In contrast, treatment

Figure 8. Exocytosis– endocytosis imbalance underlies Ca 2�-induced growth cone guid-
ance. A–D, Time-lapse DIC images of growth cones in the absence (control; A) or presence
(B–D) of the indicated drugs. Attractive Ca 2� signals were generated by laser photolysis of
NP-EGTA at pink spots. Time in minutes after the onset of repetitive laser irradiation is shown.
Scale bar, 10 �m. E, F, Ca 2�-induced turning of growth cones in the absence (control) or
presence of the indicated drugs. Positive and negative values expressed as mean � SEM indi-
cate attractive and repulsive turning angles, respectively. Numbers in parentheses indicate the
number of growth cones examined. *p � 0.05, **p � 0.01 versus control, Dunnett’s multiple-
comparison test.

Figure 9. The involvement of CaMKII, Cdk5 and membrane trafficking in MAG-induced
growth cone turning. A–F, Time-lapse phase contrast images of growth cones exposed to MAG
gradients (arrows) in the absence (control; A) or presence (B–F ) of the indicated drugs in bath.
Time in minutes after the onset of MAG application is shown. Scale bar, 20 �m. G, Growth-
cone-turning responses to attractive and repulsive MAG gradients generated in the absence and
presence of Rp-cAMPS, respectively. The effects of the indicated drugs were tested. Positive and
negative values expressed as mean � SEM indicate attractive and repulsive turning angles,
respectively. Numbers in parentheses indicate the number of growth cones examined. *p �
0.05, **p � 0.01, ***p � 0.001 versus control, Dunnett’s multiple-comparison test.
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with TeNT, an inhibitor of VAMP2-
mediated exocytosis, caused growth cones
to exhibit repulsive responses to attractive
Ca 2� signals in the presence of CaMKII or
Cdk5 inhibitors (Fig. 8D–F). These re-
sults indicate that Ca 2� signals on one
side of the growth cone can induce bidi-
rectional turning responses via an exocy-
tosis– endocytosis imbalance and that the
growth cone turns attractively or repul-
sively if exocytosis or endocytosis pre-
dominates, respectively.

Exocytosis– endocytosis imbalance
underlies growth cone guidance
mediated by MAG
We next investigated whether a localized
imbalance of exocytosis and endocytosis
underlies growth cone turning induced by
an extracellular concentration gradient of
a physiological guidance cue (Figs. 9, 10,
11). Consistent with our previous reports
(Tojima et al., 2007; Tojima et al., 2010),
directional application of MAG through a
glass micropipette attracted or repelled
the growth cone in the absence or pres-
ence of bath-applied Rp-cAMPS, respec-
tively (Fig. 9A,G). These bidirectional
responses to MAG were negated by pre-
treating neurons with BAPTA-AM, a fast
chelator of cytosolic Ca 2� (Fig. 9B,G).
Furthermore, MAG-induced attraction
was converted into repulsion when CICR
was inhibited with a high dose of ryano-
dine that traps RyRs in the closed state
(Fig. 9C,G). These results strongly sup-
port the idea that Ca 2� signals with and
without CICR mediate MAG-induced at-
traction and repulsion, respectively.

To determine whether MAG gradients induce asymmetric
clathrin-mediated endocytosis across the growth cone, spatio-
temporal dynamics of EGFP-clathrin were visualized by TIRFM
(Fig. 10). Directional application of MAG in the presence of
Rp-cAMPS (repulsive MAG gradients) caused asymmetric for-
mation of CCPs with more CCPs on the side of the growth cone
facing the source of MAG (Fig. 10C). Conversely, MAG applica-
tion in the absence of Rp-cAMPS (attractive MAG gradients) had
no detectable effect on the relative activity of endocytosis (Fig.
10D). These data are consistent with our previous findings that
MAG-induced growth cone repulsion, but not attraction, de-
pends on clathrin-meditated endocytosis (Tojima et al., 2010).
We then investigated the involvement of CaMKII and Cdk5 in
the regulation of endocytosis downstream of attractive MAG sig-
nals (Fig. 10A,B,E,F). In the presence of myr-AIP or roscovitine,
CCP formation became asymmetric in response to attractive
MAG gradients, suggesting that attractive MAG suppresses
clathrin-mediated endocytosis through CaMKII and Cdk5.

We also investigated whether CaMKII and Cdk5 are involved
in MAG-induced exocytosis in growth cones. Because MAG-
induced attraction depends on VAMP2-meditated exocytosis
(Tojima et al., 2007), we visualized VAMP2-mediated exocytosis
in growth cones that expressed a pH-sensitive version of Venus
fused to the luminal side of VAMP2 (pHVenus-VAMP2; Tojima

et al., 2007; Fig. 11). Attractive MAG gradients induced asymmet-
ric VAMP2-mediated exocytosis, with higher exocytic activity on
the near side of the growth cone facing the source of MAG (Fig.
11F,H,I). This asymmetry in exocytosis was not abolished by
treatment with myr-AIP or roscovitine (Fig. 11A–D,G–I), indi-
cating that asymmetric exocytosis for MAG-induced attraction is
evoked independently of CaMKII and Cdk5.

Our results so far indicated that, in growth cones with reduced
activity of CaMKII or Cdk5, attractive MAG facilitates both exo-
cytosis and endocytosis on their near side (Figs. 10, 11). There-
fore, to determine the necessity of exocytosis– endocytosis
imbalance, we quantified MAG-induced turning of growth cones
treated with inhibitors of CaMKII or Cdk5. In the presence of
myr-AIP or roscovitine, growth cones exhibited straight migra-
tion in attractive MAG gradients (Fig. 9D,G), suggesting that the
balanced activation of exocytosis and endocytosis impeded at-
tractive turning. Conversely, these drugs did not affect MAG-
induced repulsion in the presence of Rp-cAMPS (Fig. 9G). We
also investigated whether growth cones can resume turning re-
sponses to attractive MAG gradients after pharmacological treat-
ment that, again, perturbs the balanced activation of exocytosis
and endocytosis caused by CaMKII or Cdk5 inhibition. Treat-
ment with MDC restored MAG-induced attraction even in the
presence of myr-AIP or roscovitine (Fig. 9E,G). In contrast,
treatment with TeNT caused growth cones to exhibit repulsive

Figure 10. Attractive MAG gradients suppress endocytosis via CaMKII and Cdk5. A, TIRFM image of EGFP-clathrin in a growth
cone treated with roscovitine. The growth cone was exposed to an extracellular gradient of MAG (arrow) that acted as an attractive
cue in the absence of Rp-cAMPS. The blue circles indicate near and far ROIs for analyses. Scale bar, 10 �m. B, Schematic represen-
tation of the growth cone shown in A. TIRFM images of EGFP-clathrin were acquired every 3 s before (pre) and after the onset (time
0 s) of MAG gradient application. Each red cross marks the position of a newly formed CCP within the ROIs during the indicated 30 s
periods. Scale bar, 10 �m. C–F, Near-to-far ratios of CCP formation. The y-axis indicates the number of newly formed CCPs per unit
area within near ROI divided by that within far ROI, before (pre; 	120 to 0 s) and after (MAG gradient; 180 to 300 s) the onset of
gradient application. Each line represents a MAG-induced change in a single growth cone. MAG gradients were repulsive (C) or
attractive (D–F ) in the presence or absence of Rp-cAMPS, respectively. The effects of attractive MAG gradients were determined in
the absence (no drug; D) or presence of bath-applied myr-AIP (E) or roscovitine (F ). *p � 0.05, **p � 0.01; N.S., not significant,
paired t test.
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responses to attractive MAG gradients in the presence of myr-
AIP or roscovitine (Fig. 9F,G). These results are consistent with
mechanisms underlying Ca 2�-induced turning (Fig. 8) and
strongly suggest that such Ca 2�-dependent regulation of exocy-
tosis– endocytosis imbalance also operates in growth cone guid-
ance induced by physiological cues.

Exocytosis– endocytosis imbalance is necessary for growth
cone turning induced by asymmetric membrane perturbation
Finally, we studied growth cone turning induced by direct ma-
nipulation of membrane trafficking. Our previous study (Tojima
et al., 2010) showed that an extracellular gradient of the endocy-
tosis inhibitor MDC induces asymmetric clathrin-mediated en-
docytosis across the growth cone and its turning toward the side

with less endocytosis. We also reported that a gradient of the
exocytosis stimulator �-LTX causes asymmetric VAMP2-
mediated exocytosis and growth cone turning toward the side
with more exocytosis (Tojima et al., 2010). Consistent with these
findings, here, growth cones showed attractive turning toward
higher concentrations of MDC (Fig. 12A,D) or �-LTX (Fig.
12B,D), confirming that asymmetric endocytosis or exocytosis is
sufficient to trigger growth cone turning. We then applied MDC
from one side and �-LTX from the other side (Fig. 12C,D) to
create activity gradients of endocytosis and exocytosis of the same

Figure 11. Attractive MAG gradients evoke asymmetric exocytosis independently of CaMKII
and Cdk5. A, B, Neurons coexpressing pHVenus-VAMP2 and mCherry-CAAX were cultured in the
presence of bath-applied myr-AIP. Shown are pHVenus images of a single growth cone, 81 s
before (pre; A) and 243 s after (B) the onset of MAG gradient application (arrow in B). The red
lines in A and B are used for line-scan analyses in C and D, respectively. The blue rectangles are
near and far ROIs for E–I. Scale bar, 10 �m. C, D, Line profiles of R�, an index of VAMP2
exocytosis, before (C) and after (D) the onset of MAG gradient application at the indicated time
points. R� represents RpHVenus/RmCherry, where RpHVenus and RmCherry are F/F0 values for pHVenus
and mCherry, respectively. E–G, Superimposed traces of time course of 
(R�near/R�far), an
index of near-to-far asymmetry in VAMP2 exocytosis. 
(R�near /R�far) � R�near /R�far 	 1,
where R�near and R�far represent R� values for near and far ROIs, respectively. Each colored line
represents 
(R�near/R�far) in a single growth cone exposed to PBS gradients (E) or attractive
MAG gradients (F,G) in the absence (no drug; E,F ) or presence (G) of bath-applied myr-AIP. The
x-axis represents time in seconds after the onset of PBS or MAG gradient. H, Averaged time
course changes in 
(R�near/R�far) induced by PBS or MAG gradients in the absence (no drug) or
presence of bath-applied myr-AIP or roscovitine. Numbers in parentheses indicate the number
of growth cones examined. Error bars represent SEM. I, The mean of 
(R�near/R�far) values
during the period from 180 to 297 s after the onset of gradient application. *p � 0.05; N.S., not
significant, Bonferroni’s multiple-comparison test.

Figure 12. Exocytosis– endocytosis imbalance is necessary for growth cone turning induced
by asymmetric membrane perturbation. A–C, Time-lapse DIC images of growth cones exposed
to gradients of MDC (A), �-LTX (B),or both simultaneously from opposite sides (C) as indicated
by the arrows. Time in minutes after the onset of gradient application is shown. Scale bar, 10
�m. D, Growth-cone-turning responses to directionally applied MDC, �-LTX, or both. In case of
simultaneous application of two gradients, the sources of MDC and �-LTX were positioned on
opposite sides across the growth cone. Positive and negative values expressed as mean � SEM
indicate turning angles toward �-LTX and MDC gradients, respectively. Numbers in parenthe-
ses indicate the number of growth cones examined. *p � 0.05, Bonferroni’s multiple-
comparison test.
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polarity across the growth cone. Such treated growth cones did
not exhibit any biased turning (Fig. 12D), probably because en-
docytosis and exocytosis were balanced, consistent with the
growth cone’s straight migration response to attractive signals
after CaMKII or Cdk5 inhibition (Figs. 8, 9).

Discussion
Because axon guidance signals can activate both attractive and
repulsive pathways, a growth cone must regulate these signals in a
biased manner that forces its steering machinery toward a clear-
cut decision between an attractive or repulsive turning response.
Here, we have identified Ca 2�-dependent signaling pathways
that mediate the exocytosis– endocytosis imbalance for growth
cone turning (Fig. 1B). Because axon guidance also relies on re-
ceptor trafficking (O’Donnell et al., 2009), such as endocytosis of
Wnt receptors at filopodia tips for Wnt-induced growth cone
steering (Onishi et al., 2013), we have investigated membrane-
trafficking events downstream of Ca 2� signals using direct Ca 2�

manipulation that can bypass any receptor proximal processes
upstream of Ca 2�. Our results indicate that, downstream of at-
tractive guidance signals, both VAMP2-mediated exocytosis and
clathrin-mediated endocytosis are regulated differentially such
that exocytosis predominates over endocytosis to ensure attrac-
tive turning. This regulation involves suppression of endocytosis
by CaMKII and Cdk5 that potentially catalyzes phosphorylation
and inactivation of PIPKI�90. In contrast, repulsive guidance
signals selectively facilitate endocytosis for repulsive turning (To-
jima et al., 2010). Most importantly, we have demonstrated in the
present study that growth cone turning requires an exocytosis–
endocytosis imbalance and that the turning direction is deter-
mined by the relative predominance between these opposing
membrane-trafficking events (Fig. 13).

This study, along with previous reports (Wen et al., 2004;
Tojima et al., 2010), suggests that repulsive Ca 2� signals selec-
tively activate only calcineurin, whereas attractive Ca 2� signals
activate both CaMKII and calcineurin. How can Ca 2� activate
these two effectors differentially? It is thought that the amplitude
of attractive Ca 2� signals is higher than that of repulsive Ca 2�

signals (Henley et al., 2004; Nishiyama et al., 2008) because at-
tractive Ca 2� signals are the sum of repulsive Ca 2� signals and
CICR (Ooashi et al., 2005). Therefore, one plausible explanation
is that the difference in Ca 2� signal amplitude is responsible for
the selective activation of downstream effectors. Indeed, CaMKII
and calcineurin have different affinity for Ca 2�/CaM: calcineurin
has a higher affinity for Ca 2�/CaM than CaMKII (Rusnak and
Mertz, 2000; Hudmon and Schulman, 2002). Dual imaging of
CaMKII and calcineurin activities in single dendritic spines has
provided consistent results with this Ca 2� affinity model: smaller
Ca 2� elevations activate calcineurin but not CaMKII, whereas
larger Ca 2� elevations activate both calcineurin and CaMKII
(Fujii et al., 2013). The source of Ca 2� signals is another deter-
minant of effector activation, because Ca 2� signals of equivalent
amplitude with or without CICR cause growth cone attraction or
repulsion, respectively (Ooashi et al., 2005). In this Ca 2� source
model, CaMKII located in close proximity to RyRs (Zalk et al.,
2007) may be activated specifically by CICR. Probably, both the
amplitude and the source of Ca 2� signals influence cytoplasmic
Ca 2� concentrations on the ER, thereby activating distinct sets of
downstream effectors.

Our results also raise the possibility that Ca 2�-activated
CaMKII then translocates toward the plasma membrane and reg-
ulates Cdk5 to suppress clathrin-mediated endocytosis. The
Cdk5 activator p35 is highly phosphorylated by CaMKII in em-

bryonic brain (Hosokawa et al., 2010). Furthermore, glutamate
stimulation of hippocampal neurons in vitro enhances CaMKII
interactions with p35 in a Ca 2�-dependent manner, but does not
alter the kinase activity of Cdk5 (Dhavan et al., 2002). These
findings are consistent with the hypothesis that, although CaMKII
may not regulate the Cdk5 kinase activity directly, Ca 2�-
activated CaMKII could recruit p35 and Cdk5 to relevant areas of
the plasma membrane, where Cdk5 could suppress clathrin-
mediated endocytosis.

Cdk5 can phosphorylate, not only PIPKI�90, but also other
dephosphins, including dynamin 1, amphyphysin 1, and synap-

Figure 13. Exocytosis– endocytosis imbalance underlies bidirectional growth cone steer-
ing. A, Spatial profiles of membrane-trafficking activities across the growth cone width and
turning responses to an extracellular attractive cue. Aa, Normally, exocytosis (red line) predom-
inates on the side facing an attractive cue, whereas endocytosis (blue line) remains symmetric.
Such localized predominance of exocytosis over endocytosis drives attractive turning toward
the cue. Ab, In the presence of bath-applied CaMKII or Cdk5 inhibitor, an attractive cue activates
both exocytosis and endocytosis on the near side of the growth cone. Such asymmetric but
balanced facilitation of exocytosis and endocytosis causes straight migration. Ac, Additional
treatment with an endocytosis inhibitor reconverts the balanced membrane trafficking into
exocytosis predominance and restores the growth cone attractive response to the cue. Ad,
Pharmacological suppression of exocytosis in addition to CaMKII or Cdk5 inhibition causes en-
docytosis predominance and repulsive turning even if the cue is attractive. B–D, Direct manip-
ulation of membrane trafficking is sufficient for growth cone turning if exocytosis and
endocytosis are not balanced. Extracellular gradients of an endocytosis inhibitor (B) and an
exocytosis stimulator (C) induce growth cone turning toward the side with less endocytosis and
more exocytosis, respectively. However, simultaneous application of both gradients most likely
creates activity gradients of endocytosis and exocytosis of the same polarity across the growth
cone, resulting in its straight migration (D).

7176 • J. Neurosci., May 21, 2014 • 34(21):7165–7178 Tojima, Itofusa et al. • Exocytosis–Endocytosis Imbalance for Axon Guidance



tojanin 1. Tomizawa et al. (2003) reported that Cdk5-mediated
phosphorylation of amphiphysin 1 and dynamin 1 inhibits clathrin-
mediated synaptic vesicle endocytosis. Furthermore, the inositol
5-phosphatase synaptojanin 1, which is implicated in synaptic vesi-
cle endocytosis, can be regulated antagonistically by Cdk5 and cal-
cineurin: phosphorylation and dephosphorylation of synaptojanin 1
stimulate and inhibit its phosphatase activity, respectively (Lee et al.,
2004). Similar mechanisms may also operate in growth cone guid-
ance, because dephosphins colocalize with p35 in growth cones
(Mundigl et al., 1998; Floyd et al., 2001) and participate in repulsive
turning (Kolpak et al., 2009; Tojima et al., 2010).

The straight migration of a growth cone, which has simulta-
neous activation of endocytosis and exocytosis on one side, illus-
trates their antagonistic effects on growth cone turning. This
raises the possibility that endocytic and exocytic membrane ves-
icles carry functionally similar cargo molecules such as cell adhe-
sion molecules (CAMs). Accumulating evidence indicates that
spatially polarized endocytosis and exocytosis of CAMs in growth
cones drive axon elongation. For example, a growth cone mi-
grates forward by internalizing L1, an Ig superfamily CAM, via
CCPs at the central domain and recycling the endocytosed L1
into the leading edge plasma membrane via exocytosis (Kamigu-
chi and Lemmon, 2000; Kamiguchi and Yoshihara, 2001; Alberts
et al., 2006). Similarly, endocytic recycling of �1-integrin in
growth cones drives axon elongation (Eva et al., 2012). It is also
possible that such CAM trafficking drives growth cone turning if
endocytosis and exocytosis of CAMs are differentially polarized
across the growth cone. In agreement with this idea, MAG-
induced growth cone repulsion involves asymmetric retrieval of
cell-surface �1-integrin via clathrin-mediated endocytosis
(Hines et al., 2010). In non-neuronal cells, endocytosed �1-
integrin is also present in VAMP2-positive vesicles and depletion
of VAMP2 reduces the amount of �1-integrin on the cell surface,
which inhibits cell adhesion and chemotactic migration (Hasan
and Hu, 2010). These findings support the idea that �1-integrin
undergoes clathrin-mediated endocytosis or VAMP2-mediated ex-
ocytosis for growth cone turning. In addition to CAMs, cytoskeletal
components and their regulatory proteins can be cargoes on intra-
cellular vesicles. Proteomic analyses have identified proteins such as
actin, tubulin, Arp2/3, and Rac that associate with VAMP2-positive
synaptic vesicles and clathrin-coated vesicles isolated from brain
(Blondeau et al., 2004; Takamori et al., 2006). In non-neuronal cells,
Rac is attached onto the surface of endosomal vesicles and trans-
ported to the cell periphery, where it regulates actin dynamics for cell
motility (Palamidessi et al., 2008). These findings suggest an instruc-
tive role of the membrane-trafficking system in polarized targeting
of cytoskeletal and adhesion components for bidirectional growth
cone guidance.

In conclusion, we have demonstrated the antagonistic actions
of exocytosis and endocytosis in axon guidance: localized imbal-
ance between these membrane-trafficking events drives growth
cone turning toward the side with predominant exocytosis or
away from the side with predominant endocytosis. These discov-
eries provide significant mechanistic insight into polarized cell
migration and will contribute to technological innovation for
guiding axons to their appropriate targets during nervous system
development and regeneration.
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