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ABSTRACT: Collapsin response mediator protein 1

(CRMP1) and CRMP2 have been known as mediators of

extracellular guidance cues such as semaphorin 3A and

contribute to cytoskeletal reorganization in the axonal

pathfinding process. To date, how CRMP1 and CRMP2

focally regulate axonal pathfinding in the growth cone has

not been elucidated. To delineate the local functions of

these CRMPs, we carried out microscale-chromophore-

assisted light inactivation (micro-CALI), which enables

investigation of localized molecular functions with highly

spatial and temporal resolutions. Inactivation of either

CRMP1 or CRMP2 in the neurite shaft led to arrested

neurite outgrowth. Micro-CALI of CRMP2 in the central

domain of the growth cones consistently arrested neurite

outgrowth, whereas micro-CALI of CRMP1 in the same

region caused significant lamellipodial retraction, followed

by retardation of neurite outgrowth. Focal inactivation of

CRMP1 in its half region of the growth cone resulted in the

growth cone turning away from the irradiated site.

Conversely, focal inactivation of CRMP2 resulted in the

growth cone turning toward the irradiated site. These find-

ings suggest different functions for CRMP1 and CRMP2 in

growth cone behavior and neurite outgrowth. ' 2012 Wiley

Periodicals, Inc. Develop Neurobiol 72: 1528–1540, 2012
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INTRODUCTION

Development of neural circuitry requires an appropriate

axonal pathfinding process, which consists of elastic

advance and flexible steering of the growth cone

located at the distal tip of the growing axon. The

growth cone plays a central role in this motility through

reorganization of cellular cytoskeletons. A number of

studies have demonstrated that coordination of the cy-

toskeleton, i.e., actin filament (AF) and microtubule

(MT), at the leading edge of the growth cone and in

filopodia is indispensable to accomplish proper asym-

metrical motility across the growth cone in accordance

with the gradient of diverse extracellular guidance mol-

ecules (Challacombe et al., 1997; Nakamura et al.,

2001; Fukata et al., 2002a; Zhou and Cohan, 2004;

Lowery and Van Vactor, 2009; Tojima et al., 2011).

Collapsin response mediator protein (CRMP) was

originally identified as a cytosolic phosphoprotein

that mediated semaphorin 3A (Sema3A) signaling

(Goshima et al., 1995). CRMP is now known to con-

sist of five homologue proteins CRMP1–5, all of
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which are phosphoproteins and are highly expressed

in developing nervous systems (Hamajima et al., 1996;

Wang and Strittmatter, 1996; Fukada et al., 2000;

Yuasa-Kawada et al., 2003; Uchida et al., 2005;

Yamashita et al., 2006, 2007, 2011). CRMP has been

shown to be an intracellular molecule directly or indi-

rectly regulating cytoskeletal organization and mem-

brane trafficking (Fukata et al., 2002b; Nishimura

et al., 2003; Kawano et al., 2005; Rosslenbroich et al.,

2005; Schmidt and Strittmatter, 2007; Hensley et al.,

2010), which is orchestrated in response to various

kinds of extracellular guidance cues, including sema-

phorins, Reelin, neurotrophins, myelin-derived axonal

growth inhibitors, and lysophosphatidic acid (Goshima

et al., 1995; Arimura et al., 2000; Quach et al., 2004;

Mimura et al., 2006; Uchida et al., 2005, 2009; Yoshi-

mura et al., 2005, 2006, 2011).

Our previous RNAi knockdown or dominant-nega-

tive experiments in cultured sensory neurons revealed

that both CRMP1 and CRMP2 mediate Sema3A-

induced growth cone collapse through their phospho-

rylation (Uchida et al., 2005). However, respective role

of each CRMP family protein in growth cone behavior

have not been addressed. To elucidate the local

functions of CRMP1 and CRMP2, we conducted a

light-mediated acute protein-ablation method called

microscale-chromophore-assisted light inactivation

(micro-CALI). This method of acute protein ablation

uses laser-light irradiation to direct spatially restricted

photogenerated hydroxyl radical damage to target pro-

teins through malachite green isothiocyanate (MG)-

conjugated antibodies (Jay, 1988; Liao et al., 1994).

Micro-CALI allows preferential and acute inactivation

of protein functions with highly spatial and temporal

resolutions without affecting other cellular functions.

Here, we found that CRMP1 and CRMP2 play different

roles in neurite outgrowth and growth cone steering.

MATERIALS AND METHODS

Antibodies

Hamster anti-CRMP1 monoclonal antibody (2C6G) was

raised as previously described (Yamashita et al., 2006,

2007). Mouse anti-CRMP2 monoclonal antibody (9F) was

raised by injection of a C-terminal region of human

CRMP2 (amino acid 486–528) into a Balb/c mouse. Their

binding specificity was confirmed by immunocytochemistry

and immunoblot analysis using COS7 cells and HEK293T

cells transfected with each CRMP-Myc (CRMP1–5)

expressing vector [Supporting Information Fig. 1(A,B)].

Each CRMP in chick cells were also detected specifically

by these antibodies [Supporting Information Fig. 1(C)].

Other antibodies used were anti-tyrosinated-tubulin (rat

monoclonal; Harlan Sera-Lab), anti-b-actin (mouse mono-

clonal; Sigma), Cy3-labeled goat anti-Armenian hamster

(Jackson ImmunoResearch), Alexa488 or 594-labeled phal-

loidin, Alexa488 or 594-labeled goat anti-mouse, and

Alexa488-labeled donkey anti-rat (Invitrogen).

Cell Culture

A primary dissociated cell culture of chick dorsal root gan-

glion (DRG) neurons was prepared basically as previously

described (Takei et al., 1999). DRG neurons from embry-

onic Day 7 (E7) chick embryos were dissociated by trypsi-

nization with 0.25% trypsin (Invitrogen) in phosphate-buf-

fered saline (PBS) for 18 min. The neurons were then cul-

tured with Leibovitz-15 medium (Invitrogen) containing

nerve growth factor (Wako), glucose, L-glutamine, gentami-

cin, and fetal bovine serum (Biowest) on a glass base dish

(Iwaki) coated with poly-L-lysine (100 lg/mL, Wako) and

laminin (10 lg/mL, Invitrogen). The cultured cells were

incubated at 378C for at least 2 h, by which time most neu-

rons had initiated neurite outgrowth.

Immunocytochemistry

Chick DRG cultures were incubated at 378C for 3 h. The

cells were fixed in warmed 4% paraformaldehyde in culture

medium at 378C for 10 min followed by exposure to room

temperature for 10 min. After being rinsed with PBS, the

cells were permeabilized with 0.1% Triton X-100 (Sigma)

in PBS for 5 min, blocked with 1% normal goat serum

(Vector) in 0.1% Triton X-100 for 1 h. In case of CRMP2,

the neurons were probed primarily with anti-CRMP2

(1:1000) and anti-tyrosinated-tubulin (1:2000) antibodies

overnight at 48C. They were then probed secondarily with

fluorescence-conjugated antibodies (1:1000) or rhodamine-

conjugated phalloidin (1:250) for 1 h at room temperature.

For CRMP1, the cells were additionally altered in 4% form-

amide at room temperature for 10 min after paraformalde-

hyde fixation. After the blocking process, the cells were

probed primarily with anti-CRMP1 (1:100) and with anti-b-

actin (1:1000) or anti-tyrosinated-tubulin antibodies, then

probed secondarily with fluorescence-conjugated antibodies

(1:1000). The cells were observed at a water-immersed

objective of 363 (C-apochromat/1.2 W korr) with a laser-

scanning microscope (LSM510, Carl Zeiss) equipped with

an Axioplan 2 imaging microscope (Carl Zeiss). In all

cases, matched control immunostainings were carried out

with nonimmune immunoglobulin G (IgG) or without a pri-

mary antibody. The quantitative analyses of cellular distri-

bution were measured with the Metamorph software pro-

gram (Molecular Device).

Immunoblot Analysis

Sample lysate was prepared and homogenized in immunopre-

cipitation buffer [20 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1

mM EDTA, 10 mM NaF, 1 mM Na3VO4, 1% Nonidet P-40,

50 lM q-amidinophenylmethanesulfonyl fluoride, and

10 lg/mL of aprotinin]. The lysates were centrifuged at
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1200 rpm for 15 min at 48C, and the supernatants were

normalized for total protein concentrations. Proteins were

subjected to sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (8% gel) in the Laemmli buffer system. After elec-

trophoretic transfer to polyvinylidene fluoride membranes

(Millipore, Immobilon), proteins were blocked with 5% skim

milk in Tris-buffered saline for 1 h, and then an immunodetec-

tion probe with anti-CRMP1 (1:1000) or anti-CRMP2 (1:1000)

antibodies was performed and visualized with the enhanced

chemifluorescence immunoblotting kit (GE Healthcare).

Micro-CALI

Anti-CRMP1 and anti-CRMP2 antibodies were labeled

with MG (dye/protein molar ratio ¼ 6.8; Invitrogen) as

previously described (Jay, 1988). The MG-labeled

anti-CRMP1 (0.17 mg/mL) or anti-CRMP2 (0.16 mg/mL)

antibodies were loaded into DRG neurons by trituration

methods as demonstrated previously (Takei et al., 2000).

Confirmation of loaded antibodies in living DRG neurons

was visualized indirectly by the monitoring of concomi-

tantly loaded fluorescein isothiocyanate (FITC)-conjugated

dextran (molecular mass ¼ 150 kDa; Sigma; Takei et al.,

2000). MG-labeled nonimmune Armenian hamster IgG

(Jackson ImmunoResearch) and MG-labeled nonimmune

mouse IgG (Jackson ImmunoResearch), or unlabeled anti-

CRMP1 and -CRMP2 antibodies were used for control

experiments. The micro-CALI experiment was performed

after 2 h incubation after antibody loading. The DRG neu-

ronal culture was maintained at 378C on a microscope stage

incubator throughout the experiment. A neuronal cell

selected for complete loading of the MG-labeled antibodies

was observed with phase-contrast optics with an 340

objective lens (Plan Neofluor, Carl Zeiss) for 10 min, and a

targeted region (about 15 lm in diameter ) of the neuronal

cell was subjected to laser irradiation (5 min, wavelength:

620 nm, 20 lJ per pulse at 10 Hz) from a nitrogen-driven

dye laser (VSL-337ND and Duo-220, Spectra-Physics), fol-

lowed by post-CALI 15-min observation. Throughout the

30-min observation, the cell was recorded by time-lapse mi-

croscopy (every 5 min) with a cooled charge-coupled de-

vice camera (CoolSnap-HQ, Photometrics) and a Windows-

based computer equipped with the Metamorph software

program. The turning angle of the growth cone was deter-

mined by measuring the angle between the growth direction

of the distal axon before and after irradiation. The growth

direction was shown as a line along the distal axon (20 lm,

including the growth cone). The turning angle were quanti-

fied every 5 min over a period of 15 min after irradiation.

RESULTS

Distinct Distribution of CRMP1 and
CRMP2 in the Growth Cone

To investigate cellular distribution of CRMP1 and

CRMP2 in the growth cone, we conducted immuno-

cytochemistry by simultaneously staining actin or

tubulin. Although both CRMP1 and CRMP2 were

distributed throughout the growth cone, quantitative

data showed some differences between them.

CRMP1 was uniformly localized throughout the

growth cone with subtle tendency of predominance in

lamellipodia. CRMP1 in the peripheral domain

roughly co-localized with actin [Fig. 1(A)].

Meanwhile, CRMP2 was distributed in the central

domain even more than that in the peripheral do-

main. The quantitative analyses revealed that the

proportion of CRMP2 localization was similar to

that of tubulin [Fig. 1(B)]. These results indicate

that CRMP1 and CRMP2 have distinct distribution

in the growth cone.

Inactivation of Either CRMP1 or CRMP2
in the Neurite Shaft Disturbed Neurite
Outgrowth

To explore the local function of CRMP1 and

CRMP2, we tested the effect of spatial inactivation

of endogenous CRMP1 and CRMP2 on neurite out-

growth. We used micro-CALI for molecular target-

ing in a subregion of the cell where laser light irra-

diated the neurite shaft. We arbitrarily chose a

region that was at least 20 lm distance from both

ends of the neurite shaft. Loading of MG-conju-

gated anti-CRMP1, MG-conjugated anti-CRMP2, or

MG-conjugated nonspecific IgG antibodies into

DRG neurons by trituration was monitored by the

simultaneous loading of FITC-conjugated dextran

(Takei et al., 2000). In control micro-CALI experi-

ments, anti-CRMP1 and anti-CRMP2 antibodies

without MG labeling were used. The region of in-

terest was irradiated for 5 min, and the growth cone

was observed by time-lapse microscopy before, dur-

ing, and after laser-light irradiation. Inactivation of

either CRMP1 or CRMP2 caused temporal growth

arrest of neurite outgrowth in a similar way, but no

remarkable change in growth cone morphology

(Fig. 2). We calculated the rate of growth arrest of

the neurites, defined as a greater than 80% reduc-

tion of the neurite extension rate for more than 10

min after irradiation. The rate in micro-CALI of

CRMP1 was 73% (n ¼ 15) but only 19% (n ¼ 16)

in control experiments (MG-labeled nonspecific

IgG). The rate in micro-CALI of CRMP2 was 70%

(n ¼ 10) but only 20% (n ¼ 15) in control experi-

ments. These findings show that in the neurite shaft

both CRMP1 and CRMP2 were similarly involved

in the molecular events underlying neurite out-

growth.

1530 Higurashi et al.
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Inactivation of Either CRMP1 or CRMP2
in the Whole Growth Cone Disturbed
Neurite Outgrowth in a Different Fashion

To explore whether there are any distinct functions of

CRMP1 and CRMP2 in the growth cone compared

with those in the neurite shaft, we carried out micro-

CALI experiments in the entire region of the growth

cone, including the filopodia and lamellipodia. The

micro-CALI of either CRMP1 or CRMP2 disturbed

neurite extension in the growth cone but a clearly dif-

ferent phenotype was observed for each micro-CALI.

Micro-CALI of CRMP1 in the growth cone resulted

in a significant reduction of the growth cone area

before temporal neurite outgrowth perturbation, and

the magnitude of the growth arrest was less than that

in micro-CALI of CRMP1 in the neurite shaft

[Fig. 3(A–C)]. Micro-CALI of CRMP2 in the growth

cone resulted in arrested outgrowth of neurites with-

out a morphological change in the lamellipodia. This

phenotype was similar to that seen in micro-CALI of

CRMP2 in the neurite shaft [Fig. 3(A,D,E)]. We cal-

culated the rate of growth arrest of neurites under the

above-mentioned definition and the rate of lamellipo-

dial retraction, defined as a greater than 20% reduc-

tion of growth cone area for more than 10 min after

irradiation. The rate of growth arrest in micro-CALI

of CRMP1was 50% (n ¼ 14) but only 15% (n ¼ 13)

in the control experiment. The lamellipodial retrac-

tion rate in CRMP1 was 57% (n ¼ 14), whereas

no retraction was found in the control experiment

Figure 1 Subcellular localization of CRMP1 (A) and CRMP2 (B) with cytoskeleton components

such as actin and tubulin in the growth cone of cultured E7 chick DRG neurons. Quantitative data

of their distribution along the sagittal plane at the midline of the growth cone indicated by the

dashed white lines in merged pictures are shown in the column on the far right. P; peripheral do-

main, C; central domain, d; distal, p; proximal, GC; growth cone. Scale bars: 10 lm.
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(n ¼ 13) [Fig. 3(A–C)]. The growth arrest rate in

micro-CALI of CRMP2 was 87% (n ¼ 30) but only

20% (n ¼ 15) in the control experiment. The lamelli-

podial retraction rate was 21% (n ¼ 28) in CRMP2

but only 10% (n ¼ 10) in the control experiment [Fig.

3(A,D,E)]. These findings suggest that both CRMP1

Figure 2
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and CRMP2 participated in the molecular events

related to neurite outgrowth in the growth cone, but

CRMP1 specifically affected growth cone morphol-

ogy.

Focal Inactivation of Either CRMP1 or
CRMP2 in the Growth Cone Induces
Growth Cone Turning in Opposite
Directions

To scrutinize the function of CRMP1 and CRMP2 in

growth cone behavior in more detail, we carried out

asymmetrical inactivation of CRMP1 and CRMP2 in

the growth cone. Micro-CALI of CRMP1 within a

half region of the growth cone resulted in the growth

cone turning away from the irradiated side after focal

retraction of the irradiated portion of lamellipodia

[Fig. 4(A)]. The maximum difference of the turning

angle compared with the control micro-CALI experi-

ment was measured at 15 min after irradiation [Fig.

4(C)]. Figure 4(E) displays the cumulative distribu-

tion plots of the turning angles at 15 min after laser

irradiation. In contrast, micro-CALI of CRMP2

within a half region of the growth cone induced the

growth cone to turn toward the irradiated side along

the boundary of the laser spot [Fig. 4(B)]. During

irradiation, the growth cone never entered the laser

spot. Conversely, once the central domain entered the

spot entirely, most growth cones exhibited arrested

growth or collapse. The difference in the turning

angle compared with control-CALI reached the maxi-

mum at 10 min after laser irradiation [Fig. 4(D)],

which indicated a more rapid onset of turning com-

pared with micro-CALI of CRMP1. Figure 4(F)

depicts the cumulative distribution plots of turning

angles at 10 min after laser irradiation. Because this

turning occurred without preceding lamellipodial re-

traction or protrusion, we speculated that this turning

was directed by MT protrusion in micro-CALI of

CRMP2. Immunocytochemistry of tubulin was car-

ried out by fixing the cell after irradiation before turn-

ing onset, and revealed protrusion of MTs along the

boundary of the laser spot but little assembly of tubu-

lin in the irradiated area [Fig. 5(A)]. The growth cone

after micro-CALI of CRMP2 in the half region of the

growth cone was eventually directed to the irradiated

side with asymmetric MT assembly. To examine this

MT asymmetric distribution quantitatively, we calcu-

lated the relative fluorescence intensity of each cyto-

skeleton, defined as the average intensity in the irradi-

ated half region of the growth cone divided by that in

the nonirradiated half region. The relative intensity of

tubulin, but not actin, in micro-CALI of CRMP2 was

significantly higher than that in control-CALI using

MG-IgG antibodies [Fig. 5(B)]. These findings sug-

gest that CRMP1 and CRMP2 play different roles in

growth cone steering.

DISCUSSION

Our present findings suggest that both CRMP1 and

CRMP2 play important and different roles in neurite

outgrowth and growth cone steering. CRMP2 was

Figure 2 Micro-CALI of CRMP1 or CRMP2 in the neurite shaft of cultured E7 chick DRG neu-

rons. (A) The growth cone behavior in micro-CALI of CRMP1, CRMP2 or control micro-CALI

using nonspecific IgG. The growth cone is first observed for 10 min before laser irradiation (from

�10 to 0 min). The laser is irradiated at the time from 0 to 5 min as indicated by the black line. A

dotted circle indicates a laser spot. A solid line indicates the level of the base of the growth cone. A

dotted line reveals the original level of the base of the growth cone. Scale bars: 10 lm. (B and D)

Quantitative analyses of neurite length in micro-CALI of CRMP1 (nonlabeled anti-CRMP1 anti-

bodies (CRMP1; n ¼ 11), MG-labeled nonspecific hamster IgG (MG-hIgG; n ¼ 16), and MG-la-

beled anti-CRMP1 antibodies (MG-CRMP1; n ¼ 15) (B)) and in micro-CALI of CRMP2 (nonla-

beled anti-CRMP2 antibodies (CRMP2; n ¼ 10), MG-labeled nonspecific mouse IgG (MG-mIgG;

n ¼ 15), and MG-labeled anti-CRMP2 antibodies (MG-CRMP2; n ¼ 10) (D)). The laser is irradi-

ated at the time from 0 to 5 min as indicated by the thick black line. The data show mean relative

neurite length calculated as 100% of the mean extending neurite length for 10 min before CALI

(from �10 to 0 min) and standard error of mean (SEM). *p < 0.05, **p < 0.01 by one-way

ANOVA test. (C and E) Quantitative analyses of growth cone area in micro-CALI of CRMP1 (non-

labeled anti-CRMP1 antibodies (CRMP1; n ¼ 11), MG-labeled nonspecific hamster IgG (MG-

hIgG; n ¼ 14), and MG-labeled anti-CRMP1 antibodies (MG-CRMP1; n ¼ 15) (C)) and in micro-

CALI of CRMP2 (nonlabeled anti-CRMP2 antibodies (CRMP2; n ¼ 9), MG-labeled nonspecific

mouse IgG (MG-mIgG; n ¼ 14), and MG-labeled anti-CRMP2 antibodies (MG-CRMP2; n ¼ 10)

(E)). The data depict the mean relative growth cone area calculated as 100% of the means for 10

min before CALI (from �10 to 0 min) and SEM. *p < 0.05, **p < 0.01 by one-way ANOVA test.
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involved in regulation of neurite outgrowth in both

the neurite shaft and the growth cone. In contrast, the

function of CRMP1 in neurite shafts is associated

with neurite outgrowth, whereas that in growth cones

is also associated with growth cone morphology. Our

present study suggests a cooperative role for CRMP1

Figure 3

1534 Higurashi et al.
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and CRMP2 in the growth cone that contributes to

the regulation of neurite outgrowth and growth cone

steering. Because both CRMP1 and CRMP2 mediate

Sema3A-induced growth cone collapse (Uchida et

al., 2005), combination of these different roles may

contribute to sophisticated capabilities of growth

cones for detecting extracellular guidance cues.

Previous reports performing RNAi and overex-

pression of dominant-negative forms show that

CRMP1 and CRMP2 play a role in facilitating neurite

outgrowth by tubulin assembly, membrane traffick-

ing, and actin reorganization (Inagaki et al., 2001;

Fukata et al., 2002b; Nishimura et al., 2003; Quach et

al., 2004; Kawano et al., 2005). Consistently, our

results in micro-CALI of CRMP1 or CRMP2 in the

whole growth cone or the axonal shaft demonstrated

perturbation of neurite elongation, suggesting that

CRMP1 and CRMP2 facilitate neurite outgrowth.

Thus, CRMP1 and CRMP2 function could be effec-

tively inactivated by our micro-CALI experiment.

Meanwhile, if direct damage to binding cytoskeleton

occurred, morphological change would appear more

immediately after the start of irradiation. In contrast,

in our current study, almost all the phenotypes gradu-

ally occurred approximately 5 min after the start of

irradiation, as did previous CALI experiments target-

ing other cytoskeletal binding proteins; filopodial re-

traction (2–3 min after irradiation) in micro-CALI of

myosin-V (Wang et al., 1996), lamellipodial retrac-

tion (3–5 min after irradiation) in CALI of MAP1B

(Mack et al., 2000). We therefore conclude that

micro-CALI of CRMP1 or CRMP2 is not involved in

direct inactivation of cytoskeletons.

Among CRMP family members, CRMP2 has been

well studied because of its prominent expression dur-

ing neural development (Wang and Strittmatter,

1996). Previous in vitro experiments describe

CRMP2 as having an important function in axon

specification, elongation, and branching (Inagaki et

al., 2001; Fukata et al., 2002b; Nishimura et al.,

2003; Kimura et al., 2005; Uchida et al., 2005; Yoshi-

mura et al., 2005; Rahajeng et al., 2010). CRMP2

plays an essential role in transportation of tubulin

along MTs via kinesin motor proteins and in assem-

bling tubulin at the plus end of MTs (Fukata et al.,

2002b; Kimura et al., 2005; Rahajeng et al., 2010).

The arrest of neurite extension by micro-CALI of

CRMP2 in the neurite shaft and the growth cone is

probably due to the disruption of tubulin assembling

in the neurite.

In contrast, the function of CRMP1 is less clear.

We formerly reported that CRMP1 is associated with

neurite patterning based on the phenotype in CRMP1-

deficient mice, suggesting that CRMP1 would be

involved in neurite extension that is unlikely to be

covered by redundant effects of other CRMP family

proteins (Charrier et al., 2006; Yamashita et al., 2006,

2007; Su et al., 2007; Buel et al., 2010). However,

the function of CRMP1 has been thought to be similar

to that of CRMP2 because of the analogous amino

acid sequences, conformation, phosphorylation sites,

and binding affinity to tubulin (Fukata et al., 2002b;

Deo et al., 2004). Furthermore, both CRMP1 and

CRMP2 are intracellular mediators of Sema3A sig-

naling, and RNAi of each protein inhibits Sema3A-

induced growth cone collapse alike (Uchida et al.,

Figure 3 Micro-CALI of CRMP1 or CRMP2 in the whole growth cone of cultured E7 chick

DRG neurons. (A) The growth cone behavior in micro-CALI of CRMP1, CRMP2 or control micro-

CALI using nonspecific IgG. The growth cone is first observed for 10 min before laser irradiation

(from �10 to 0 min). The laser is irradiated at the time from 0 to 5 min as indicated by the black

line. A dotted circle indicates a laser spot. A solid line indicates the level of the base of the growth

cone. A dotted line reveals the original level of the base of the growth cone. Scale bars: 10 lm. (B

and D) Quantitative analyses of neurite length in micro-CALI of CRMP1 (nonlabeled anti-CRMP1

antibodies (CRMP1; n ¼ 12), MG-labeled nonspecific hamster IgG (MG-hIgG; n ¼ 13), and MG-

labeled anti-CRMP1 antibodies (MG-CRMP1; n ¼ 14) (B)), and in micro-CALI of CRMP2 (nonla-

beled anti-CRMP2 antibodies (CRMP2; n ¼ 6), MG-labeled nonspecific mouse IgG (MG-mIgG; n
¼ 15), and MG-labeled anti-CRMP2 antibodies (MG-CRMP2; n ¼ 30) (D)). The laser is irradiated

at the time from 0 to 5 min as indicated by the thick black line. The data show mean relative neurite

length calculated as 100% of the mean extending neurite length for 10 min before CALI (from �10

to 0 min) and standard error of mean (SEM). *p < 0.05, **p < 0.01 by one-way ANOVA test. (C

and E) Quantitative analyses of growth cone area in micro-CALI of CRMP1 (nonlabeled anti-

CRMP1 antibodies (CRMP1; n ¼ 14), MG-labeled nonspecific hamster IgG (MG-hIgG; n ¼ 13),

and MG-labeled anti-CRMP1 antibodies (MG-CRMP1; n ¼ 12) (C)), and in micro-CALI of

CRMP2 (nonlabeled anti-CRMP2 antibodies (CRMP2; n ¼ 6), MG-labeled nonspecific mouse IgG

(MG-mIgG; n ¼ 10), and MG-labeled anti-CRMP2 antibodies (MG-CRMP2; n ¼ 28) (E)). The

data depict the mean relative growth cone area calculated as 100% of the mean for 10 min before

CALI (from �10 to 0 min) and SEM. *p < 0.05, **p < 0.01 by one-way ANOVA test.
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Figure 4 Focal inactivation of CRMP1 or CRMP2 in the growth cone of E7 chick DRG neurons.

The growth cone behaviors after focal inactivation of CRMP1 in the right half of the growth cone

(A) and CRMP2 in the left half (B) are shown. Time indicates an interval from the start of laser

irradiation. A dotted circle describes the laser spot. Scale bars: 10 lm. Turning angles (degree) of

the axon growth direction after micro-CALI of CRMP1 (C) and CRMP2 (D) are shown. Time indi-

cates an interval from the start of laser irradiation. *p < 0.05, **p < 0.01 by Student unpaired t-
test. Error bars represent SEM. Cumulative distribution plots of turning angles 15 min after the start

of irradiation in CRMP1 (n ¼ 14) and control (n ¼ 16) (E), and 10 min after irradiation in CRMP2

(n ¼ 12) and control (n ¼ 12) (F) are shown. Positive values for the turning angle depict a change

in direction toward the irradiated side and negative values indicate a turning away from the irradi-

ated side.
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2005). Therefore, we hypothesized that both CRMPs

play similar roles in neurites and growth cones. How-

ever, micro-CALI of CRMP1 in the growth cone

resulted in a phenotype different from that of micro-

CALI of CRMP2. Although CRMP2 inactivation

showed a similar phenotype in micro-CALI of

CRMP2 in both the neurite shaft and the growth

cone, CRMP1 inactivation in the growth cone led to

significant lamellipodial retraction and a lesser degree

of growth arrest compared with micro-CALI of

CRMP1 in the neurite shaft. The different phenotypes

in CRMP1- and CRMP2-targeted neurons may be

due to their distinct cellular distribution. Because

CRMP2 is well overlapped with tubulin as shown in

the previous reports either (Fukata et al., 2002b; Ari-

mura et al., 2005), CRMP2 seems to be mostly

devoted to tubulin assembly and less involved in

lamellipodial reorganization. In contrast, CRMP1

within the growth cone was localized to the leading

edge and appeared to be more associated with actin

reorganization. Taken together, these results suggest

that CRMP1 and CRMP2 may have different molecu-

lar properties associated with cytoskeleton compo-

nents.

The mechanisms of growth cone turning in

response to various kinds of axon guidance molecules

have been extensively studied, but the precise mecha-

nisms remain largely unknown (Fan and Raper, 1995;

Challacombe et al., 1997; Yuan et al., 2003). Promi-

nent features of the growth cone after focal inactiva-

tion of CRMP1 or CRMP2 in its half region are turn-

ing-away and turning-toward phenotypes, respec-

tively. Again, this different phenotype might be due

to their different functions of CRMP1 and CRMP2 in

the regulation of neuronal cytoskeletal proteins.

Lamellipodial membrane is supported by mesh of

AFs and that the AFs’ dynamic properties are essen-

tial for lamellipodial protrusion (Lowery and Van

Vactor, 2009; Hu and Papoian, 2010). Therefore, the

reduction in growth cone area observed in micro-

CALI of CRMP1 supports the idea that CRMP1 may

contribute to neurite outgrowth mechanism through

regulation of actin reorganization. Actin plays an im-

portant role not only in lamellipodial formation but

also in generation of the cell’s advancing force. A

growing evidence suggests that the driving force is

generated by F-actin retrograde flow and interaction

Figure 5

Figure 5 Localization of tubulin and actin after micro-

CALI of CRMP2 in the half of the growth cone. (A) Protru-

sion of MTs after irradiation to the left half of the growth

cone. Time indicates an interval from the start of laser irra-

diation. A dotted white circle indicates the laser spot. A dot-

ted yellow line depicts growth cone perimeter. Scale bars:

10 lm. (B) Relative fluorescence intensity of tubulin and

actin, defined as the average intensity in the irradiated half

region of the growth cone against that in the nonirradiated

half region. CRMP2-CALI (n ¼ 10) and control-CALI

using MG-IgG antibodies (n ¼ 10) are shown. A dotted yel-

low line in the upper-left photograph indicates the growth

cone perimeter. A solid line depicts the midline of the

growth cone along the growth direction. *p < 0.05 by Stu-

dent unpaired t-test. Error bars represent SEM. (C) A work-

ing hypothesis for the mechanism underlying turning to-

ward the irradiated side after asymmetric application of

CRMP2-CALI. A dotted red circle reveals irradiation spot.

Green lines depict MTs.
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of AFs both with MTs via +TIPs and with the sub-

strate via membrane adhesion molecules in the lead-

ing edge and filopodia (Zheng et al., 1996; Challa-

combe et al., 1997; Nakamura et al., 2001; Buck and

Zheng, 2002; Koester et al., 2007; Lowery and Van

Vactor, 2009; Tojima et al., 2011). Some previous

experiments regarding asymmetric disruption of these

components by local pharmacological treatment dem-

onstrated that the growth cone subsequently turned

away from the treated side (Challacombe et al., 1997;

Buck and Zheng, 2002; Yuan et al., 2003; Koester et

al., 2007). Turning away in focal micro-CALI of

CRMP1 in the growth cone would occur on the basis

of this mechanism.

In contrast, focal inactivation of CRMP2 in the

growth cone astonishingly forced the growth cone to

turn toward the inactivated side. As micro-CALI of

CRMP2 in the growth cone showed little morphologi-

cal change, a bias of actin formation or membrane

trafficking was less likely to induce this turning.

Because focal inactivation of CRMP2 in the growth

cone gave rise to protrusion of MTs toward the irradi-

ated side of the growth cone before the onset of turn-

ing, this turning was presumably directed by altera-

tion of MT assembly but not actin. It is reported that

focal stabilization of MTs causes the growth cone to

turn toward the irradiated site (Mack et al., 2000;

Buck and Zheng, 2002). However, considering the

data showing that micro-CALI of CRMP2 within the

whole growth cone caused growth arrest of neurites,

it is likely that focal inactivation of CRMP2 caused

focal disassembly of MTs. Accordingly, we speculate

that this turning might be caused by a mismatch of

the growth rate of MTs asymmetrically across the

bundle of MTs where MTs are consolidated by tightly

cross-linking each other. In other words, the rate of

MT elongation in the intact side would be higher than

that in the CRMP2-disrupted side, causing MT bend-

ing toward the hampered side [Fig. 5(C)]. These

results seem to conflict with the report that inhibition

of MT polymerization by nocodazole led to turning

away from the treated site (Buck and Zheng, 2002).

This discrepancy was probably caused by the differ-

ence in methodology. Because the pharmacological

reagents were continuously added and allowed to

spread over large area including the predictive growth

path of the growth cone, the growth direction of the

growth cone may eventually be turned away. On the

contrary, our data were obtained by an acute, spatio-

temporally limited effect of CRMP2 inactivation.

This phenomenon might be seen in this particular

experiment. Although it is highly likely that CRMP2

exerts its function by regulating MT assembly in

growth cone steering, further studies are needed to

elucidate how CRMP2 is involved in growth cone

steering.

In conclusion, our present study provides the first

evidence for different functions of CRMP1 and

CRMP2 in neurite outgrowth and growth cone steer-

ing. This work sheds light on further understanding

the concept that cooperation of a variety of molecules

even among CRMP isoforms is required to attain

proper growth cone navigation mechanisms.

The authors greatly appreciate M. Kamiya and M. Oga-
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antibodies against CRMP1 and CRMP2. They are grateful

to Ms. M. Matsuura for kind help in English editing.
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