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Background: Intricate regulation of the growth cone cytoskeleton controls growth cone dynamics.
Results: Loss of CRMP4 disrupts growth cone cytoskeletal dynamics, growth cone expansion, and axon growth.
Conclusion: CRMP4 regulates both the actin and microtubule growth cone cytoskeleton.
Significance: CRMP4 plays a critical role in regulating cytoskeletal dynamics underlying growth cone properties.

Coordinated control of the growth cone cytoskeleton under-
lies axon extension and guidance. Members of the collapsin
response mediator protein (CRMP) family of cytosolic phospho-
proteins regulate the microtubule and actin cytoskeleton, but their
roles in regulating growth cone dynamics remain largely unex-
plored. Here, we examine how CRMP4 regulates the growth cone
cytoskeleton. Hippocampal neurons from CRMP4�/� mice
exhibited a selective decrease in axon extension and reduced
growth cone area, whereas overexpression of CRMP4 enhanced
the formation and length of growth cone filopodia. Biochemically,
CRMP4 can impact both microtubule assembly and F-actin bun-
dling in vitro. Through a structure function analysis of CRMP4, we
found that the effects of CRMP4 on axon growth and growth cone
morphology were dependent on microtubule assembly, whereas
filopodial extension relied on actin bundling. Intriguingly, antero-
grade movement of EB3 comets, which track microtubule protru-
sion, slowed significantly in neurons derived from CRMP4�/�
mice, and rescue of microtubule dynamics required CRMP4
activity toward both the actin and microtubule cytoskeleton.
Together, this study identified a dual role for CRMP4 in regulating
the actin and microtubule growth cone cytoskeleton.

Dynamic growth cones at the tip of neuronal processes con-
trol axonal growth and guidance during both development and
regeneration. Rearrangements of the actin cytoskeletal network
at the growth cone leading edge, exploratory extension of
microtubules into the peripheral domain, and protrusion of sta-
bilizing microtubules behind extending lamellipodia and filo-
podia are all critical for directed outgrowth (1). Overlap

between the actin and microtubule networks in the transition
domain of the growth cone plays a key role in generating force
required for neurite extension (2). Thus, fully understanding
how the actin and microtubule cytoskeletons are coordinated
within neuronal growth cones is an important aspect of under-
standing growth cone behavior and axon guidance. To date, a
limited number of proteins have been described to regulate both
the actin and microtubule cytoskeleton in neurons. Spectraplakin
family members interact with both F-actin and microtubules and
are robustly expressed in the nervous system (3). The Drosophila
spectraplakin family member Short Stop is important in many
types of neurons for growth of axons, dendrites, and synapses
(4–6). The mammalian spectraplakin family member ACF7/
MACF1 both organizes microtubules and regulates filopodial for-
mation in part through binding to the microtubule plus-end-bind-
ing protein 1 (EB1)2 (7, 8). Similarly, the F-actin-associated protein
Drebrin binds to EB3 at the tips of microtubules that invade filop-
odia, and this interaction is required for appropriate neuritogen-
esis in cultured embryonic cortical neurons (9).

Members of the dihydropyrimidinase-like or collapsin response
mediator protein (CRMP) family of cytosolic phosphoproteins
are excellent candidates to dually regulate actin and microtu-
bule cytoskeletal rearrangements underlying growth cone
dynamics and neurite extension. CRMP family members
(CRMP1–5) play important roles in neuronal differentia-
tion, axonal growth, guidance, axon/dendrite specification,
and microtubule organization including establishing the
microtubule asymmetry that underlies protein sorting axons
and dendrites (10 –20). CRMP alleles each produce two tran-
scripts with the long (CRMPL) isoforms being long amino-ter-
minal variants of the originally identified short (CRMPS) iso-
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forms. All CRMP family members can bind to tubulin in vitro
and in the brain (21–23). CRMP2 regulates endocytosis and
promotes microtubule stabilization and assembly (21, 24 –26).
In addition, the CRMP4 isoform binds directly to F-actin and
organizes F-actin into bundles in vitro. CRMP4 is also the sole
CRMP isoform that can bind to RhoA, a key regulator of the
actin cytoskeleton (27, 28). In zebrafish, CRMP4 function is
important for proper positioning of neural crest cells and cau-
dal primary motor neurons, whereas in the mouse, CRMP4
supports proper bifurcation of apical dendrites (29 –31).

The subcellular roles of CRMP family proteins in regulating
the axonal growth cone cytoskeleton have not been explored.
Here, we focus on elucidating the role of CRMP4 in regulating
the actin and microtubule growth cone cytoskeleton in hip-
pocampal neurons and the impact of its activity on growth cone
dynamics and extension. We found that CRMP4 is responsible
for organizing both the actin and microtubule structure within
hippocampal growth cones and that this activity underlies
growth cone morphology and axon extension.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies were used for immu-
nohistochemistry and Western blotting: rabbit CRMP4 (1:500
for immunohistochemistry and 1:7500 for Western blotting;
Ref. 28), mouse polyclonal DPYSL3 (1:1000; Abnova, Taiwan),
mouse �III-tubulin (1:1000 dilution; Covance, Princeton, NJ),
mouse mCherry (1:200; Abcam, La Jolla, CA), mouse actin
(1:2000; Millipore, Bedford, MA), mouse GAPDH (1:1000;
Abcam), Alexa Fluor secondary antibodies (1:1000 dilution;
Invitrogen), and HRP-coupled IgG antibodies (1:10,000; Jack-
son ImmunoResearch Laboratories, West Grove, PA). F-actin
was labeled with rhodamine- or fluorescein-labeled phalloidin
(1:250; Invitrogen).

Constructs—The HSV-CRMP4S-V5 construct was described
previously (28). CRMP4S, CRMP4�N300 (amino acids 300–570),
CRMP4�C50 (amino acids 1–520), CRMP4�C100 (amino
acids 1–470), and CRMP4�470–520 (deletion of amino acids
470 –520) DNAs were amplified by PCR from the
pcDNA3.1/V5-His-CRMP4S construct and subcloned into the
pHSV-PUC-IRES-GFP vector using SalI and XbaI restriction
sites. To generate glutathione S-transferase (GST) fusion pro-
teins, CRMP4S, CRMP4�N300, CRMP4�C50, CRMP4�C100,
and CRMP4�470 –520 DNA were amplified by PCR and sub-
cloned into the pGEX-2T vector using EcoRI and BamHI
restriction sites. GST-Fascin was a generous gift from Dr. Yun
Huang (32). To generate HSV-EB3-mCherry, EB3 was ampli-
fied by PCR from the CMV-EB3-GFP vector, a generous gift
from Dr. N. Galjart, and subcloned into the pHSV-PUC vector
using HindIII and XbaI restriction sites. mCherry was inserted
into the XbaI/BamHI site of HSV-EB3 to generate HSV-EB3-
mCherry (33).

Preparation of Herpes Simplex Viruses—pHSVPrPUC plas-
mids were transfected into 2-2 Vero cells that were superin-
fected with 5dl 1.2 herpes simplex virus (HSV) helper virus 1
day later. Recombinant virus was amplified though three pas-
sages and stored at �80 °C as described previously (34).

Hippocampal Cell Culture—Primary cultures of dissociated
hippocampal neurons were prepared as described previously

with some modifications (35). Briefly, the hippocampus was
dissected from E18 mouse embryos and dissociated, and neu-
rons were plated in Neurobasal medium (supplemented with
B-27, 0.5 mM glutamine, and 100 units/ml penicillin/strepto-
mycin (Invitrogen)) onto glass coverslips coated with 0.1%
poly-L-lysine (Sigma-Aldrich) at a density of 105 cells/coverslip
in 12-well plates.

Immunofluorescence—Neurons were fixed for 20 min with
4% paraformaldehyde in phosphate-buffered saline (PBS) and
40% sucrose at room temperature. Following fixation, neurons
were permeabilized in 0.1% Triton X-100 and 0.1% sodium cit-
rate in PBS for 5 min and then placed in blocking buffer (5%
BSA) for 1 h. Primary antibodies were diluted in a blocking
buffer solution and incubated with the cells overnight at 4 °C.
Following extensive washing, samples were incubated with
fluorophore-conjugated secondary antibodies for 1 h.

Analysis of Neurite Outgrowth and Growth Cone Morphol-
ogy—Neurite outgrowth was assessed from neurons stained
with �III-tubulin using the NIH ImageJ program and with the
tracing algorithm contained in the NeuronJ plug-in as described
previously (36, 37). Axon growth was defined as the length of the
longest neurite from each cell. For growth cone measurements,
the proximal boundary of the growth cone was defined as the point
where it first splayed from the axon, and area measurements
included all portions of the growth cone including the filopodia
and lamellipodia. The growth cone surface area and the length of
filopodia were measured with ImageJ. Filopodial length was mea-
sured from the base to their tip and following all branches. Filop-
odia were counted if they were greater than 2 �m in length and
positively stained by phalloidin.

Purification of Recombinant Proteins from Escherichia coli—
GST fusion proteins were expressed in E. coli strain BL21 by
induction with 0.5 mM isopropyl 1-thio-�-D-galactopyranoside
for 16 h at 25 °C. Bacterial pellets were resuspended in lysis
buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM MgCl2, 1
mM DTT, protease inhibitor mixture (Roche Applied Science)).
Bacteria were then lysed by sonication (three times at 50%
amplitude for 30 s). The clarified lysate obtained after centri-
fugation was incubated with glutathione-agarose beads (GE
Healthcare) for 2 h at 4 °C. Beads were then washed five times
with 10 bead volumes of washing buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT) and eluted with 20
mM glutathione in elution buffer (50 mM Tris-HCl, pH 8.0, 150
mM NaCl, 5 mM MgCl2, 1 mM DTT) followed by concentration
and buffer exchange to tubulin polymerization buffer (10 mM

Tris-HCl, pH 7.5, 2 mM MgCl2, 1 mM DTT) with an Amicon
Ultra-4 30,000 Centricon column concentrator (Millipore). All
samples were aliquoted, snap frozen in liquid nitrogen, and
stored at �80 °C.

Tubulin Polymerization Assay—Polymerization of tubulin
was performed as described previously (38). Briefly, 20 �M GST
fusion proteins were dialyzed against 0.1 M PEM buffer (80 mM

PIPES, pH 6.9, 1 mM EGTA, 1 mM MgCl2) and mixed with 1 mM

GTP and 1 mg/ml tubulin, resulting in a stoichiometry of �2
CRMP:1 tubulin. Polymerization was initiated by placing the
mixture immediately into 0.2-ml cuvettes at 35 °C, and turbid-
ity changes were assessed at 350 nm using a CARY 300 UV-
visible spectrophotometer (Varian Inc., Palo Alto, CA).
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Actin Bundling Assay—GST fusion proteins were dialyzed
against F buffer (25 mM Hepes, pH 7.5, 100 mM KCl, 0.2 mM

CaCl2, 2 mM MgCl2, 2 mM EGTA, 0.2 mM ATP, 1 mM dithio-
threitol), clarified by centrifugation, and mixed with 5 �M F-ac-
tin in F buffer for 1 h at room temperature. The mixture was
then subjected to centrifugation at 10,000 � g for 30 min. Equal
aliquots of the supernatant and the pellet solubilized in SDS
sample buffer were analyzed on a Coomassie gel. For visualiza-
tion of actin bundles, F-actin (final concentration, 5 �M) was
mixed with 2 �M GST fusion proteins, incubated for 30 min on
ice in F buffer, and stained with rhodamine phalloidin. Samples
were applied to poly-L-lysine-coated glass coverslips and fixed
with paraformaldehyde.

Spatial-Temporal Image Correlation Spectroscopy—E18 hip-
pocampal neurons were cultured to 3 DIV and transduced for
3 h with HSV-EB3-mCherry alone or together with HSV-GFP-

FIGURE 1. Generation and characterization of CRMP4�/� mice. A, structure of mouse CRMP4 (Dpysl3) gene on chromosome 18 illustrating exons 1–14. The
Omnibank 76 trapping vector with a splice acceptor sequence was inserted after exon 2 of the CRMP4 gene (red arrow). This insertion results in incorrect
splicing of CRMP4 mRNA such that all downstream exons are not expressed. B, genotyping of CRMP4 mice using PCR amplification of DNA isolated from tails
with specific primers (blue arrows). The wild-type allele yields an 855-bp fragment, whereas the knock-out allele yields a 619-bp fragment. C, Nissl staining of
50-�m-thick coronal sections from P5 mice at the level of the ventromedial hypothalamus. Brain cytoarchitecture is similar in the CRMP4�/� and CRMP4�/�
littermate controls. D, Western blot analysis of brain lysates from P5 CRMP4�/� and CRMP4�/� mice with anti-CRMP4, anti-CRMP1, anti-CRMP2, or anti-
GAPDH antibodies. E, sagittal sections of P5 mouse brain from wild-type CRMP4�/� and CRMP4�/� mice stained with DAPI and anti-�III-tubulin and
anti-CRMP4 antibodies. Scale bar, 250 �m.

FIGURE 2. CRMP4 regulates axon outgrowth and growth cone size. A,
hippocampal neurons from CRMP4�/� and CRMP4�/� mice were cul-
tured for 3 DIV and stained with anti-�III-tubulin antibody. Scale bar,
25 �m. B and C, the average axon length (B) and average neurite length (C)
were quantified from cultures derived from CRMP4�/� or CRMP4�/�
mice. D, hippocampal neurons stained with anti-�III-tubulin antibody
(green) and rhodamine phalloidin (red) were classified as blunt ended,
filopodial, or lamellipodial. Scale bar, 5 �m. E–J, hippocampal neurons
from CRMP4�/� and CRMP4�/� mice (E–G) or wild-type mice infected
with GFP or CRMP4 (H–J) were fixed at 3 DIV and co-stained with an anti-
�III-tubulin antibody and rhodamine phalloidin (E and H). Growth cone
morphology (F and I) and size (G and J) were quantified. Determinations
are mean � S.E. from three experiments performed on 30 cells per exper-
iment. *, p � 0.05; **, p � 0.01 by Student’s t test compared with control.
Error bars represent S.E. Scale bar, 5 �m.

FIGURE 3. CRMP4 expression in hippocampal neurons. A, Western blot of
an E18 wild-type hippocampal lysate probed with anti-CRMP4 antibody. B, 3
DIV wild-type hippocampal neurons stained with rhodamine phalloidin and
anti-�III-tubulin and anti-CRMP4 antibodies. CRMP4 is expressed in the
microtubule-rich neurite and central domain and is also present in the actin-
rich periphery (arrows). Scale bar, 20 (top row) and 5 �m (bottom row). C, 3 DIV
hippocampal neurons from CRMP4�/� or CRMP4�/� mice stained with
anti-CRMP4 antibody. Scale bar, 5 �m.
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CRMP4 constructs for 6 –12 h. EB3 movements in growth
cones were captured by time lapse microscopy for 215 s at an
imaging rate of 2.4 frames/s, and videos were analyzed by spa-
tial-temporal image correlation spectroscopy to generate vec-
tor maps of the labeled molecules (39). For each 16 � 16-pixel
region of interest selected every third frame from the image
series, vector maps were superimposed on the micrographs and
revealed the direction and speed of anterograde EB3 move-
ments over a 45-s integration time period.

Generation and Characterization of CRMP4-deficient Mice—
The C57BL/6 ES cells with the CRMP4 gene trapped by a ret-
roviral gene trap vector at intron 3 were obtained from the
Texas A&M Institute for Genomic Medicine (College Station,
TX). The insertion results in incorrect splicing such that all
exons downstream of the insertion site are not expressed. The
ES cells were injected into eight-cell embryos isolated from
timed pregnant BALB/c females. Injected eight-cell embryos
were cultured to blastocysts and then transferred into the
uterus of pseudopregnant females for development into individ-
ual pups. Heterozygous mutants were obtained by breeding
chimeric mice to C57BL/6 females, and the mutation was back-
crossed to C57BL/6 two more times before undergoing homozy-
gosis. Brain sections from wild-type and CRMP4-deficient mice
were Nissl-stained as described previously (40). Genomic DNA
was amplified with two pairs of primers to genotype the mice to
detect wild-type and mutant alleles (wild-type/mutant for-
ward primer, 5	-GACGGTTCACTCTAGCACAC-3	; wild-type
reverse primer, 5	-TCCACCTGATCTGGGGCG-3	; mutant
reverse primer, 5	-CTTGCAAAATGGCGTTACTTAAGC-3	).

Statistical Analysis—Statistical significance values were
obtained by performing Student’s t test for pairwise compari-
sons and by one-way ANOVA with Tukey’s post hoc test for
multiple comparisons. Data are representative of at least three
independent experiments.

RESULTS

CRMP4 Promotes Growth Cone Spreading and Axon
Outgrowth—Previous reports have demonstrated that overex-
pression of CRMP2 or CRMP4 promotes axon elongation in rat
hippocampal neurons (20, 42). To investigate the physiologic
contribution of CRMP4 to outgrowth of hippocampal neurons,
we generated CRMP4�/� mice from a CRMP4-targeted
embryonic stem cell clone (Fig. 1, A and B). CRMP4�/� mice
had no anatomical or macroscopic changes in gross brain anat-
omy, consistent with a recently published report describing an
independently generated CRMP4-null line (Fig. 1C and Ref.
29). CRMP4 proteins levels were undetectable in CRMP4�/�
mice by Western blotting or immunofluorescent staining with
an anti-CRMP4 antibody (Fig. 1, D and E). Other CRMP family
members did not exhibit compensatory regulation in the brain
of CRMP4-null mice (Fig. 1D).

When dissociated hippocampal neurons from CRMP4-null
mice were grown in culture, they exhibited diminished out-
growth and small growth cones (Fig. 2, A and E). Quantification
of outgrowth from all neuronal processes or specifically from
axons revealed that CRMP4 loss of function specifically
impaired axonal growth, whereas total neurite outgrowth
remained unaffected (Fig. 2, B and C). Hippocampal growth

cones from CRMP4�/� mice were characterized by a con-
densed central domain, numerous filopodia, and small or
absent lamellipodia (Fig. 2E). To fully characterize the defect,
we categorized the growth cones as blunt ended (collapsed with
no visible filopodia or lamellipodia), filopodial (growth cones
with numerous filopodia and a small or absent lamellipodial
veil), or lamellipodial (well spread growth cones with elaborate
lamellipodia; Fig. 2D). In cultures from CRMP4�/� mice, the
majority of growth cones were lamellipodial or filopodial in
nature, whereas blunt end growth cones were rare (Fig. 2F). In
the CRMP4�/� mice, there was a significant increase in the
number of filopodial growth cones and loss of lamellipodial
growth cones (Fig. 2, E and F). Furthermore, the growth cones
from CRMP4�/� mice were significantly smaller in area (Fig.
2G). Growth cones overexpressing CRMP4 were similar in size
to control GFP-transduced neurons (Fig. 2, H and J); however,
the number of growth cones with a filopodial phenotype was
significantly increased (Fig. 2, H and I). Together, these data
support a physiological role for CRMP4 in promoting axon
extension and indicate that CRMP4 plays a role in maintaining
an expanded lamellipodial growth cone.

Distribution of CRMP4 in Hippocampal Neurons—To inves-
tigate the potential mechanism through which CRMP4 impacts
growth cone morphology and axon growth, we stained 3 DIV
hippocampal neurons with an anti-CRMP4 antibody that rec-
ognizes both short and long CRMP4 isoforms (28). CRMP4L
was weakly expressed in lysates from E18 hippocampal neu-
rons; thus our staining likely reflects the expression of CRMP4S
(Fig. 3A). CRMP4 was expressed in the cell body, neurites, and
growth cone tips of hippocampal neurons at 3 DIV (Fig. 3B).
Within the growth cone, CRMP4 was distributed in a punctate
pattern in the microtubule-rich central domain and extended
into the growth cone transition domain. CRMP4 staining was
also present in more peripheral regions of the growth cone in
close proximity to thick actin filopodial bundles (Fig. 3B).
CRMP4 staining was negligible in growth cones derived from
CRMP4 �/� mice (Fig. 3C). The distribution of CRMP4
in close proximity to elements of the actin and microtubule
cytoskeleton raised the possibility that CRMP4 affects both
cytoskeletal elements within the growth cone.

CRMP4 Promotes Tubulin Assembly in Vitro—Other mem-
bers of the CRMP family have been shown to directly affect
microtubules. CRMP2 has been shown to enhance microtubule
polymerization, whereas CRMP3 and CRMP5 inhibit the pro-
cess (21, 22, 43– 45). CRMP4 binds directly to tubulin, but its
effects on microtubule assembly have not been tested (18, 21,
46). We generated GST fusion proteins for the short isoform of
CRMP4 and for a series of CRMP4 deletion mutants to test the
effect of CRMP4 in microtubule assembly in vitro and to map
the regions of CRMP4 responsible for this activity (Fig. 4, A and
B). Using a turbidimetric in vitro microtubule polymerization
assay, we found that GST-CRMP4 promoted microtubule
assembly at a stoichiometric ratio of 2 CRMP:1 tubulin,
whereas the GST control protein had no effect (Fig. 4C). Dele-
tion of the first 300 amino acids from the amino terminus of
CRMP4 (CRMP4�N300) enhanced the effect on tubulin
polymerization likely because this domain autoinhibited the
tubulin binding site as has been reported for CRMP2 (Fig. 4C

CRMP4 and Growth Cone Dynamics
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and Ref. 43). To identify the region of CRMP4 responsible for
microtubule assembly, we tested a series of carboxyl-terminal
deletion mutants of CRMP4 (Fig. 4A). Mutants lacking the last
100 residues (CRMP4�C100) failed to increase microtubule
assembly, whereas deletion of the last 50 amino acids of CRMP4
(CRMP4�C50) had little effect. Further mapping revealed that
deletion of residues 470 –520 resulted in a minimal CRMP4
deletion mutant that failed to assemble microtubules (Fig. 4C),
thus locating the microtubule assembly domain to those
residues.

CRMP4 Regulates Microtubule Organization in Hippocam-
pal Growth Cones—We next assessed the impact of CRMP4 on
microtubule organization in growth cones. CRMP4 constructs
were packaged into replication-deficient HSV. CRMP4 null
neurons were transduced at increasing multiplicity of infection
(MOI) to define an MOI that resulted in endogenous levels of
CRMP4 expression. Neurons from CRMP4�/� mice infected
with an MOI of 5 exhibited endogenous levels of wild-type
CRMP4 expression in the neurites of dissociated hippocampal
neuron (Fig. 5A). Lysates from transduced 3T3 cells, which do
not express CRMP4 endogenously, were analyzed to verify that
CRMP4 deletion mutants express at levels similar to wild-type
CRMP4 (Fig. 5B) and this was further verified by immunofluo-
rescent staining (Fig. 5C).

During axon elongation, growth cones have been reported to
experience recurrent cycles of advancing, pausing, and retract-
ing. In advancing growth cones, microtubules form a fan-
shaped splayed array in the central domain that occasionally
extends into the periphery. During pausing, microtubule loops
are often present within the growth cone. During retraction,
tight parallel bundled microtubules are present along the axon
shaft and in the central domain (47, 48). In wild-type neurons, a
large fraction of growth cones displayed microtubules that were
either splayed or looped (Fig. 5, D and E). In contrast, bundled
microtubules were much more prevalent in growth cones from
CRMP4�/� mice whereas splayed microtubules were rare
(Fig. 5, D and E). A normal distribution of microtubule pheno-
types was restored by transducing neurons with CRMP4,
CRMP4�N300, or CRMP4�C50 but not with CRMP4�C100

or CRMP4�470 –520, indicating that the microtubule assem-
bly property of CRMP4 is necessary for microtubule organiza-
tion in growth cones (Fig. 5F). Likewise, CRMP4 overexpres-
sion in wild-type growth cones significantly increased the
percentage of growth cones with splayed microtubules whereas
reducing the number of growth cones with looped microtu-
bules. This effect was also dependent on the microtubule
assembly domain of CRMP4 (Fig. 5G).

In addition to analyzing microtubule phenotypes in fixed
growth cones, we examined microtubule dynamics in dynamic
growth cones by live imaging mCherry-tagged EB3 over time.
EB3 decorates the growing tip of the microtubule and EB3 com-
ets can be tracked by live imaging to assess microtubule growth
(33). EB3 movements were quantified using spatial-temporal
image correlation spectroscopy, which we have adapted for
growth cones (Fig. 6 and Ref. 39). In wild-type neurons, the
average anterograde movement of EB3 comets was 4.78 � 0.2
�m/min. In contrast, EB3 comets in growth cones derived from
CRMP4�/� mice moved significantly slower at 3.33 � 0.6
�m/min (Fig. 6, A and B). The EB3 phenotype was rescued by
transducing neurons with CRMP4 or CRMP4�N300, which
had the strongest effect on microtubule assembly in vitro (Fig.
4C). CRMP4 mutants lacking the microtubule-binding domain
(CRMP4�C100 and CRMP4�470 –520) failed to rescue the KO
phenotype. In an overexpression paradigm, CRMP4�N300, but
not wild-type CRMP4, enhanced EB3 anterograde movement,
suggesting that heightened microtubule assembly is required to
boost the endogenous regulatory mechanisms underlying EB3
movements (Fig. 6D). Intriguingly, the CRMP4 carboxyl termi-
nal deletion mutant (CRMP4 � C50), which readily assembled
microtubules, also failed to rescue the rate of EB3 anterograde
movement in CRMP4�/� neurons (Fig. 6C). Previous findings
have ascribed actin bundling activity to the carboxyl terminus
of CRMP4 in vitro, thus we further investigated the possibility
that EB3 dynamics may be regulated by coordinated activity of
actin and microtubules by CRMP4 (27).

CRMP4 Regulates the Actin Cytoskeleton in Hippocampal
Growth Cones—We performed actin co-sedimentation assays
to fully map the region of CRMP4 responsible for the F-actin

FIGURE 4. CRMP4 promotes microtubule assembly. A, schematic of the rat sequence for the short isoform of CRMP4 and mutants generated in this study. B,
Coomassie-stained SDS-polyacrylamide gel loaded with individual GST-CRMP4 proteins. C, effects of GST-CRMP4 fusion proteins on microtubule assembly
measured by light scattering. Purified GST fusion proteins (20 �M) as indicated were incubated with tubulin at 35 °C, and turbidity changes were assessed at 350
nm. Taxol (2.5 �M) and nocodazole (5 �M) were used as positive and negative controls, respectively. Turbidity measurements are representative of three
replicates. DHPase, dihydropyrimidinase. Scale bar, 5 �m.
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bundling activity. When centrifuged at low speed, F-actin failed
to pellet in the presence of GST control protein; however, full-
length CRMP4, as well as the control actin-bundling protein
Fascin, markedly enhanced the amount of polymerized actin in
the pellet fraction (Fig. 7, A and B, and Ref. 49). We found that
a CRMP4 mutant with 50 residues deleted from the carboxyl
terminus (CRMP4�C50) lost its capacity to pellet F-actin,
whereas the CRMP4�470 –520 mutant, which failed to assem-
ble microtubules, retained its capacity to bundle F-actin (Fig.
7B). We confirmed the F-actin bundling activity of CRMP4 by

microscopic analysis of the in vitro bundled F-actin (Fig. 7C). In
the presence of the control GST protein, F-actin failed to bun-
dle. The addition of full-length CRMP4, CRMP4�470 –520, or
Fascin enhanced visible F-actin bundles, whereas CRMP4�C50
or CRMP4�C100, each lacking residues 520 –570, failed to
bundle F-actin. Together, these findings identify residues 520 –
570 as critical for F-actin bundling and residues 470 –520 as
critical for microtubule assembly and demonstrate that these
two activities are separable. Moreover, CRMP4 requires both
F-actin bundling activity and microtubule assembly activity to

FIGURE 5. CRMP4 promotes microtubule splaying through its tubulin-binding domain. A, hippocampal neurons from littermate control mice (�/�) or
from CRMP4�/� mice transduced with an increasing multiplicity of infection (MOI) of wild-type CRMP4 virus were stained with anti-CRMP4 antibody. Neurons
transduced with a multiplicity of infection of 5 generated wild-type levels of CRMP4 in neurites. Scale bar, 40 �m. B, Western blot of NIH 3T3 cells transduced
with individual CRMP4 viruses at a multiplicity of infection of 5 and stained with an antibody raised against the carboxyl terminus (C-term) of CRMP4 (left panel)
or a polyclonal CRMP4 antibody raised against full-length CRMP4 (right panel). Individual constructs were expressed at comparable levels. C, immunofluores-
cent staining of 3T3 cells transduced with individual CRMP4 constructs with a polyclonal CRMP4 antibody raised against full-length CRMP4. Scale bar, 50 �m.
D, hippocampal neurons from CRMP4�/� or CRMP4�/� mice were fixed, stained with anti-�III-tubulin, and classified as having a splayed, looped, or bundled
microtubule phenotype. Scale bar, 5 �m. E–G, quantitation of microtubule (MT) phenotype in hippocampal neurons from CRMP4�/� and CRMP4�/� mice (E)
or in CRMP4�/� growth cones transduced with HSV-GFP as a control or with HSV-CRMP4 rescue constructs (F) or for wild-type growth cones transduced with
HSV-GFP as a control or with HSV-CRMP4 constructs (G). Determinations are mean � S.E. from three experiments performed on 30 cells per experiment. **, p �
0.01 compared with GFP control condition by one-way ANOVA with Tukey’s post hoc test. EGFP, enhanced GFP.
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FIGURE 6. CRMP4 enhances EB3 anterograde movements. A, spatial-temporal image correlation spectroscopy analysis of E18 hippocampal neurons trans-
duced with HSV-EB3-mCherry. Neurons were derived from CRMP4�/� or CRMP4�/� mice or from wild-type mice co-transduced with HSV-GFP (GFP) or
HSV-CRMP4 constructs. Comets were filtered to quantify anterograde movements only. Vector overlays represent the speed and direction of growth over 15 s.
Scale bar, 5 �m. Yellow square, 16 � 16-pixel (6 � 6-�m) region of interest. B–D, quantitation of EB3 anterograde movements in CRMP4�/� versus CRMP4�/�
mice (B), in CRMP4�/� mice transduced with CRMP4 rescue constructs (C), or in wild-type mice transduced with GFP or CRMP4 constructs (D). Determinations
are mean � S.E. from three experiments performed on 10 growth cones per experiment. *, p � 0.05; **, p � 0.01 by t test (B) or one-way ANOVA with Tukey’s
post hoc test compared with GFP control (C and D). Error bars represent S.E.

FIGURE 7. CRMP4 bundles the actin cytoskeleton. A and B, Coomassie-stained SDS-polyacrylamide gels loaded with supernatant (S) and pellet (P) fractions
of F-actin that was incubated with purified GST fusion proteins and subjected to low speed centrifugation. GST-Fascin, an F-actin-bundling protein, was used
as a positive control (A). Full-length CRMP4 and CRMP4�470 –520 promotes actin sedimentation, whereas CRMP4�50 lacks this activity (B). C, micrograph of
rhodamine phalloidin-stained F-actin following incubation with GST fusion proteins. Scale bar, 10 �m. D and E, hippocampal neurons from CRMP4�/� or
CRMP4�/� mice (D) or from wild-type mice transduced with GFP control virus or individual CRMP4 viruses (E) were fixed and stained with rhodamine
phalloidin. Traces outline filopodial extensions (red) and filopodial branches (yellow) on individual growth cones used for quantitation. Scale bar, 5 �m. F–I,
quantitation of the number and length of filopodia from CRMP4�/� and CRMP4�/� mice (F and G) or wild-type mice transduced with GFP (as a control) or
with CRMP4 constructs (H and I). Values are mean � S.E. from three experiments performed on 30 cells per experiment. **, p � 0.01 by t test (F and G) or one-way
ANOVA with a Tukey’s post hoc test compared with GFP control (H and I). Error bars represent S.E.
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rescue rates of EB3 transport, suggesting that CRMP4 may
coordinate the two cytoskeletal elements in the growth cone
(Fig. 6C).

To evaluate the role of CRMP4 in regulating the actin cyto-
skeleton in hippocampal growth cones, we examined cultured
hippocampal growth cones from CRMP4�/� mice stained
with rhodamine phalloidin. The actin cytoskeleton was col-
lapsed in the CRMP4�/� growth cones, although it was not
possible to distinguish whether this was a direct actin pheno-
type or a consequence of the smaller growth cones in the
CRMP4-null mice (Fig. 7D). We also noted that the number of
actin-rich filopodia was significantly increased in CRMP4�/�
growth cones, but there was no parallel effect on filopodial
length (Fig. 7, D, F, and G). This apparent increase in the num-
ber of filopodia appears to be a result of lamellipodial shrinkage
without a corresponding retraction of the filopodia. CRMP4
overexpression increased filopodial numbers in wild-type neu-
rons, dependent on its microtubule assembly properties (Fig. 7,
E and H). In the case of wild-type CRMP4 overexpression, the
increase in filopodial number was accompanied by an increase
in filopodial length, distinguishing this phenotype from the loss
of function phenotype (Fig. 7, G and I). Intriguingly,
CRMP4�C50 and CRMP4�C100 constructs failed to increase
filopodial length, implicating the F-actin bundling activity of
CRMP4 in promoting filopodial length (Fig. 7I). Together,
these results suggest that CRMP4 loss of function results in an
apparent increase in filopodia number without affecting their
length, likely reflecting lamellipodial shrinkage without a par-
allel retraction of filopodia. CRMP4 overexpression enhances
filopodial formation through its microtubule assembly proper-
ties and promotes filopodial extension through its F-actin bun-
dling activity.

CRMP4 Activity toward Microtubules Regulates Growth
Cone Size and Axon Outgrowth—To explore the relative con-
tribution of CRMP4 microtubule and F-actin bundling activi-
ties to axonal growth and morphology, we examined axon out-
growth and growth cone morphology in hippocampal neurons
from CRMP4�/� mice transduced with CRMP4 rescue con-
structs (Fig. 8). Full-length CRMP4 and CRMP4 constructs that
retained their ability to assemble microtubules rescued the
diminished axon outgrowth (Fig. 8, A and B) and growth cone
size (Fig. 8, C and D) phenotypes that we observed in the
CRMP4�/� cultures. The CRMP4�C50 construct, which
failed to bundle actin but retained activity toward microtu-
bules, rescued both neurite outgrowth and growth cone size to
the same extent as full-length CRMP4, indicating that the activ-
ity of CRMP4 toward microtubules is critical for maintaining
axon outgrowth and growth cone size.

DISCUSSION

Growth cone motility and morphology are controlled
through regulatory and structural interactions between the
actin and microtubule cytoskeleton. Here, we demonstrate that
CRMP4 promotes both microtubule assembly and actin bun-
dling both in vitro and in neuronal growth cones. CRMP4 activ-
ity toward microtubules regulates growth cone size and neurite
outgrowth, whereas CRMP4 activity toward actin bundling is
important for filopodial extension and may be more important

for acute growth cone rearrangements in response to guidance
cues. These findings identify CRMP4 as one of the few identi-
fied proteins that are important for physiologically regulating
both microtubule and actin elements.

CRMP4 Promotes Growth Cone Spreading and Axon
Outgrowth—We found that CRMP4 loss of function limited
axon outgrowth and that this can be attributed to its effect on
microtubules. This finding is consistent with a report that
CRMP4 overexpression promotes axon extension from hip-
pocampal neurons (20). The selective effect of CRMP4 loss of
function on axon growth is reminiscent of the ability of CRMP2
overexpression in hippocampal neurons to promote the forma-
tion of multiple tau-1-positive/MAP-2-negative axonal pro-
cesses (42). However, the uniform distribution of CRMP4
throughout axon and dendritic processes in hippocampal neu-
rons differs from that of CRMP2, which is enriched in the distal
parts of growing axons and growth cones (42). The distribution
of CRMP4 suggests additional roles in dendritic formation, and
indeed, hippocampal neurons from CRMP4�/� mice exhibit
enhanced dendritic branching in culture with no change in total
dendritic length (29). In vivo, CA1 pyramidal neurons from
CRMP4�/� mice exhibit a proximal bifurcation of their apical
dendrites perhaps in part as a result of desensitization to
Semaphorin3A signaling (29). The mild phenotype in the hip-
pocampus of the CRMP4 �/� mice suggests that there is func-
tional compensation that promotes hippocampal neurite out-
growth perhaps by other CRMP family members (29). A more
extensive analysis of hippocampal development in the CRMP4

FIGURE 8. CRMP4 activity toward microtubules promotes growth cone
expansion and axon outgrowth. A and C, hippocampal neurons from
CRMP4�/� mice transduced with GFP or CRMP4 rescue constructs and
stained with anti-�III-tubulin (A) or anti-�III-tubulin and rhodamine phalloi-
din (C). Scale bar, 25 (A) and 5 �m (C). B and D, quantitation of axon outgrowth
per cell (B) and growth cone area per cell (D) for cultures derived from
CRMP4�/� mice and transduced with GFP or CRMP4 rescue constructs. Val-
ues are mean � S.E. and are from three experiments performed on 30 cells per
experiment. Statistical analysis was performed by one-way ANOVA with a
Tukey’s post hoc test compared with GFP control. *, p � 0.05; **, p � 0.01. Error
bars represent S.E.
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�/� mice will be necessary to reveal any early developmental
defects. Intriguingly, adult sensory neurons from CRMP4�/�
mice also become desensitized to myelin repellents, raising the
possibility that CRMP4-dependent cytoskeletal rearrange-
ments may also be critical for axonal responses to the environ-
ment following nerve injury (17, 28, 37, 50). Understanding how
CRMP4 affects axon growth may suggest additional strategies
for targeting CRMP4 for neuronal repair (28).

Previous studies have demonstrated that CRMP2 and
CRMP4 interact with tubulin heterodimers, and here, we
extend these observations to show that CRMP4 can promote
microtubule assembly and that this activity is critical for its
effect on axon extension (21). CRMP4 activity toward microtu-
bules also rescued the growth cone collapse phenotype exhib-
ited in CRMP4�/� neurons, suggesting that disrupted cyto-
skeletal architecture in the central domain of the growth cone is
responsible for this collapse.

CRMP4 Regulates Actin and Microtubule Dynamics—Micro-
tubule and actin dynamics must be intricately coordinated in
growth cones to mediate axon extension and turning (51, 52).
CRMP4 distribution is strongest in the microtubule-rich cen-
tral region of the growth cone, consistent with its ability to
regulate microtubule dynamics. The evidence suggests that its
role in microtubule dynamics is fundamental to regulating
growth cone morphology and neurite outgrowth. It is striking
that within the central domain of the growth cone CRMP4 was
distributed in a rather punctate pattern. A punctate pattern of
CRMP4L expression had been initially reported in dorsal root
ganglion growth cones with partial colocalization with the syn-
aptic vesicle marker SV2, leading to speculation that CRMP4
regulates exocytosis in the growth cone (15). Here, we posit that
a population of CRMP4 may be decorating the tips of extending
microtubules to facilitate interactions between the actin and
microtubule cytoskeleton. The only phenotype that we found
to be dependent on both the actin and microtubule activities of
CRMP4 is EB3 comet extension. Although this does not seem to
play a major role in growth cone morphology or neurite exten-
sion, it raises the possibility that this interaction may be impor-
tant for local and acute rearrangements of the growth cone in
response to guidance cues that signal through CRMP family
members including Semaphorin 3A (29). This would be con-
sistent with a critical role for microtubules and more specifi-
cally dynamic microtubules in mediating growth cone turning
responses (51–54).

CRMP4 Regulates the Actin Cytoskeleton in Hippocampal
Growth Cones—Although a population of CRMP1 and CRMP2
may also be distributed to actin-rich regions of the growth cone,
the residues responsible for the F-actin bundling activity of
CRMP4 are 35–59% identical to other CRMP family members
and between 42 and 76% similar (23, 55). Thus, actin bundling
activity may be unique to CRMP4. Furthermore, the CRMP4
isoform may be uniquely situated for F-actin bundling activity
because it is the only isoform that can bind to RhoA, a critical
regulator of cytoskeletal dynamics (28). The importance of
CRMP4 activity toward actin in mediating filopodial extension
provides the first demonstration that CRMP4 activity toward
actin is physiologically relevant in neurons. The phenotype is
consistent with the filopodial extension phenotype reported in

E13 chick dorsal root ganglion neurons overexpressing the long
isoform of CRMP4 (28). It is intriguing that the effects of
CRMP4 overexpression on filopodia number were dependent
on CRMP4 activity toward microtubules, whereas the effects on
filopodial length were fully dependent on CRMP4 activity
toward actin. This indicates that CRMP4 effects on microtu-
bules regulate the genesis of filopodia, whereas its effects on
actin promote filopodial extension. The phenotype differs from
other actin-bundling proteins such as Fascin, which increases
both the number and length of filopodia in growth cones (32,
49, 56). Recent studies of the F-actin protein Drebrin, which
couples actin to microtubules through binding to EB3, have
demonstrated that Drebrin phosphorylation regulates its inter-
action with actin to dynamically regulate coupling between the
actin and microtubule networks. Bacterially expressed recom-
binant CRMP4 bundles actin, demonstrating that phosphory-
lation is not critical to its activity; nonetheless, CRMP4 is exten-
sively phosphorylated, and its phosphorylation status regulates
its interactions with both microtubules and RhoA, raising open
questions about how physiological CRMP4 phosphorylation
may impact growth cone dynamics (37, 41).
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