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Abstract

The establishment of a polarized morphology is an essential event in the differentiation of neurons into a single axon and dendrites.
We previously showed that glycogen synthase kinase-3B (GSK-3p) is critical for specifying axon/dendrite fate by the regulation of the
phosphorylation of collapsin response mediator protein-2 (CRMP-2). Here, we found that the overexpression of the small GTPase Ras
induced the formation of multiple axons in cultured hippocampal neurons, whereas the ectopic expression of the dominant negative form
of Ras inhibited the formation of axons. Inhibition of phosphatidylinositol-3-kinase (PI3-kinase) or extracellular signal-related kinase
(ERK) kinase (MEK) suppressed the Ras-induced formation of multiple axons. The expression of the constitutively active form of
PI3-kinase or Akt (also called protein kinase B) induced the formation of multiple axons. The overexpression of Ras prevented the phos-
phorylation of CRMP-2 by GSK-3. Taken together, these results suggest that Ras plays critical roles in establishing neuronal polarity
upstream of the PI3-kinase/Akt/GSK-3B/CRMP-2 pathway and mitogen-activated protein kinase cascade.

© 2005 Elsevier Inc. All rights reserved.
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Neurons are highly polarized cells comprised of two
structurally and functionally distinct parts, an axon and
dendrites [1]. Neuronal polarity is essential for unidirec-
tional signal flow from somata/dendrites to axons in neu-
rons. Cultured hippocampal neurons are commonly used
for studying the establishment of neuronal polarization
[2]. In cultured hippocampal neurons, neurons extend sev-
eral immature neurites during the first 12-24 h after plating
(stages 1 and 2). Then one of the neurites begins to extend
rapidly to form an axon, resulting in the morphological
polarization of the neuron (stage 3), and the remaining
neurites develop into dendrites (stage 4). By 7 days in vitro
(DIV), the neurons become highly polarized, and the axon
and dendrites continue to mature and subsequently devel-
op (stage 5).
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Several groups, including ours, reported that local acti-
vation of PI3-kinase and accumulation of the lipid product
of PI3-kinase, phosphatidylinositol-3,4,5-triphosphate
(PIP3), at the tip of one of immature neurites, are important
for axon specification [3.4]. PI3-kinase inhibitors, such as
LY294002, delay the transition from stage 1 to stage 3 neu-
rons, affecting both axon formation and elongation [3,4].
Local contact of immature neurites with the extracellular
matrix (ECM), such as laminin, induces rapid production
of PIP; at the tip of the neurite through the action of PI3-
kinase, and PIP; is involved in axon specification, possibly
by stimulating elongation of an immature neurite [4]. The
phosphatase and tensin homolog deleted on chromosome
10 (PTEN) is a lipid and protein phosphatase that functions
opposite to PI3-kinase by dephosphorylating PIP; [5]. The
overexpression of PTEN inhibits axon formation, whereas
knockdown of PTEN by siRNA induces the formation of
multiple axons [6]. Constitutively active myristoylated Akt
leads to the formation of multiple axons [6]. GSK-3p relays
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signals from PTEN and Akt, thus playing critical roles in
neuronal polarity [6]. We previously showed that GSK-3f3
specifies axon/dendrite fate through the phosphorylation
of CRMP-2 [7]. CRMP-2 is enriched in the growing axon
of hippocampal neurons and is critical for specifying
axon/dendrite fate, possibly by promoting neurite elonga-
tion via microtubule assembly [8,9]. The binding activity
of CRMP-2 to tubulin is decreased by the phosphorylation
of CRMP-2 by GSK-3p [7,10]. Thus, the PI3-kinase/Akt/
GSK-3B/CRMP-2 pathway is essential for axon specifica-
tion in neurons. However, the upstream signaling of P13-ki-
nase on neuronal polarity remains largely unknown.

Ras proteins (H-Ras, K-Ras, and N-Ras) are small
GTPases that regulate cell growth and differentiation [11].
Ras cycles between GTP-bound and GDP-bound forms
and operates as a molecular switch in signal transduction
pathways. Active GTP-bound Ras interacts with several
effector proteins, and among the best characterized are
PI3-kinase and Raf kinase [12-15]. In Dictyostelium, local-
ized Ras signaling at the leading edge regulates directional
cell movement through the activation of PI3-kinase, indi-
cating that Ras regulates cell polarity [16]. However, it
remains unknown whether Ras is involved in neuronal
polarity.

In this study, we found that Ras was important for axon
specification through PI3-kinase in hippocampal neurons.
Ras regulated the phosphorylation of CRMP-2 via GSK-
3B. These findings suggest that Ras plays critical roles in
establishing neuronal polarity via the PI3-kinase/Akt/
GSK-3B/CRMP-2 pathway.

Materials and methods

Materials and chemicals. cDNA encoding human CRMP-2 was
obtained using the methods of Arimura et al. [17]. pPCAGGS vector was
provided by Dr. M. Nakafuku (Cincinnati Children’s Hospital Medical
Center, Cincinnati, OH, USA). The following antibodies were used: anti-
CRMP-2 polyclonal antibody raised against MBP-CRMP-2, anti-phos-
pho-CRMP-2 (anti-pT514) [7], polyclonal anti-c-Myc (A-14, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and monoclonal Tau-1 (Chem-
icon, Temecula, CA, USA) antibodies. PI3-kinase inhibitor (wortmannin)
was purchased from Wako (Osaka, Japan), and MEK inhibitor
(PD98059) was obtained from Calbiochem (San Diego, CA, USA).

Plasmid constructs. The cDNA fragments encoding H-Ras wild-type
(WT), H-Ras VI2 (constitutively active mutant), and H-Ras N17
(dominant negative mutant) were each subcloned into pEF-BOS-myc
vector. pCAG-Myr-pl10a-IP (constitutively active PI3-kinase) was
provided by Dr. S. Yamanaka (Kyoto University, Kyoto, Japan).
pcDNA3-Aktl WT, pcDNA3-Aktl myrAPH (constitutively active
mutant), and pcDNA3-Aktl 3A (K197A/T308A/S473A; dominant
negative mutant) were provided by Dr. Y. Gotoh (University of Tokyo,
Tokyo, Japan). pCGN-HA-GSK-3p WT was provided by Dr. A. Kikuchi
(Hiroshima University, Hiroshima, Japan).

Culture of COS7 cells for immunoblot analysis. COS7 cells were seeded
on a 60-mm dish in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum (FBS) and cultured overnight at 37 °C in an air—
5% CO, atmosphere at constant humidity. Transfections were carried out
using Lipofectamine reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. After transfections, cells were grown in
DMEM with 10% FBS for 1 day and then in DMEM for 1 day. Cells were
treated with 10% (w/v) trichloroacetic acid. The resulting precipitates were
subjected to SDS-PAGE and immunoblot analysis.

Culture of hippocampal neurons. Culture of hippocampal neurons
prepared from E18 rat embryos using papain was performed as described
by Inagaki et al. [8]. Neurons were seeded on coverslips with poly-p-lysine
(Sigma, St. Louis, MO, USA) in Neurobasal medium (Invitrogen) with
B-27 supplement (Invitrogen) and 1 mM glutamine. To analyze the mor-
phology, neurons were transfected using a calcium phosphate method
before plating [4,7]. Neurons were fixed at DIV6 with 3.7% formaldehyde
in PBS for 10 min at room temperature, followed by treatment for 10 min
with 0.05% Triton X-100 on ice and 10% NGS in PBS for 1 h at room
temperature. Neurons were then immunostained with anti-myc and Tau-1
antibodies, and observed with a confocal laser microscope (LSM510 Carl
Zeiss, Oberkochen, Germany) built around an Axiovert 100 M (Carl
Zeiss). The percentage of multiple axons was scored as the percentage of
neurons with the second longest neurite whose length was longer than a
half-length of the longest neurite and immunostained by Tau-1.

Results and discussion
Ras is involved in axon specification

To examine whether Ras regulates neuronal polarity,
hippocampal neurons were transfected with H-Ras WT,
V12, or N17. Neurons were fixed at DIV6 to visualize sec-
ondary axons [7]. The control neuron expressing Myc-GST
had one axon stained by Tau-1. Ectopic H-Ras was diffuse-
ly overexpressed in neurons (Fig. 1). The ectopic expression
of H-Ras WT and the dominant active form of H-Ras
(V12) induced the formation of multiple Tau-1-positive
neurites (i.e., axons), whereas that of the dominant nega-
tive form of H-Ras (N17) did not (Figs. 1 and 2). It should
be noted that some of the neurons transfected with the
dominant negative form of H-Ras (N17) bore no axon
(Figs. 1 and 2). These results suggest that Ras can regulate
axon specification.

Next, we examined whether Ras regulates axon specifi-
cation through the PI3-kinase pathway and the Raf/
MEK/ERK pathway (MAPK cascade). Hippocampal
neurons were cultured in the presence of PI3-kinase
inhibitor (200 nM wortmannin) or MEK inhibitor
(50 uM PD98059) for 5 days before fixation. In the control
neurons expressing Myc-GST, PI3-kinase inhibitor
increased the percentage of neurons that had no axon, as
previously reported (Fig. 2) [3,4]. MEK inhibitor seemed
to have no apparent effects on axon formation in the con-
trol cells under this condition (Fig. 2). It was reported that
MEK inhibitor (PD98059) does not alter the growth rate of
axons and immature neurites in cultured hippocampal neu-
rons [18]. Under the same conditions, inhibition of PI3-ki-
nase suppressed the H-Ras-induced formation of multiple
axons (Fig. 2), and a similar result was obtained using
MEK inhibitor. These results suggest that Ras plays a cru-
cial role in specifying neuronal polarity through the PI3-ki-
nase pathway and MAPK cascade.

Ras regulates CRMP-2 via GSK-3f

We recently showed that GSK-38 phosphorylates
CRMP-2 at Thr-514, thus inactivating the CRMP-2 activ-
ity, and participates in neuronal polarization through
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Fig. 1. H-Ras V12 induced the formation of multiple axons, whereas H-Ras N17 inhibited the formation of axons. Hippocampal neurons were transfected
with Myc-GST (A), Myc-H-Ras V12 (B), or Myc-H-Ras N17 (C). Neurons were fixed at DIV6 and then immunostained with anti-Myc and axonal marker
Tau-1 antibodies. The enlarged images of the neurites (1 and 2) are shown. The neuron transfected with Myc-GST (A) had one Tau-1-positive neurite (1).
The neuron transfected with Myc-H-Ras V12 (B) had multiple Tau-1-positive neurites (1 and 2), whereas the neuron transfected with Myc-H-Ras N17 (C)
had no Tau-1 positive neurites. Scale bar represents 100 pm.

[ No axon [ Single axon [l Multiple axons
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Fig. 2. Inhibition of PI3-kinase or MEK suppressed the H-Ras-induced formation of multiple axons. The percentage of cells that had no axon, a single
axon, and multiple axons were estimated in DIV6 neurons transfected with the indicated plasmids. Fifty cells for each plasmid were estimated by

immunostaining with anti-Myc and Tau-1 antibodies. Data are means 4 SD of triplicate determinations. Asterisks indicate the difference from the value of
GST or H-Ras WT (Student’s ¢ test; *P < 0.05; **P <0.01).

CRMP-2 [7]. In addition, neurotrophins, Neurotrophin-3 nonphosphorylated active CRMP-2 via the PI3-kinase/
and brain-derived neurotrophic factor, decrease the phos- Akt/GSK-3B pathway to promote axon outgrowth [7]. In
phorylation levels of CRMP-2 at Thr-514 and increase  dorsal root ganglion neurons, localized inactivation of
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GSK-3p at the growth cone is required for rapid axon elon-
gation induced by neurotrophin, such as nerve growth fac-
tor, via PI3-kinase and integrin-linked kinase (ILK) [19].
The Ras activity and activation of both the PI3-kinase/
Akt and the Raf/MEK pathways are required for neuro-
trophin-induced axon growth in sympathetic neurons of
the superior cervical ganglion and cultured embryonic sen-
sory neurons [20,21].

To investigate whether Ras regulates the phosphoryla-
tion of CRMP-2 via GSK-3f, COS7 cells were cotransfect-
ed with H-Ras WT and CRMP-2 WT with GSK-3 WT
and subjected to immunoblot analysis (Fig. 3). The mobil-
ity shift of CRMP-2 (asterisk) was observed in the cells
cotransfected with CRMP-2 WT and GSK-38 WT, as pre-
viously reported [7]. In runs with CRMP-2 WT and GSK-
3B WT, anti-pT514 antibody recognized the upper bands,
which corresponded to the phosphorylated CRMP-2 at
Thr-514. In contrast, the immunoreactive band was
decreased in the COS7 cells cotransfected with CRMP-2
WT, GSK-3B WT, and H-Ras WT. Consistent with the
result using anti-pT514 antibody, the mobility shift of
CRMP-2 (asterisk) was decreased in these cells. A similar
result was obtained in runs with the dominant active form
of H-Ras (V12). The number of COS7 cells decreased after
transfection with CRMP-2 WT, GSK-3f WT, and the
dominant negative form of H-Ras (N17; data not shown).
Because the Ras activity is necessary for survival of certain
cells, the ectopic expression of the dominant negative form
of Ras (N17) may induce cell death [22-24]. Taken
together, these results suggest that Ras can regulate the
phosphorylation of CRMP-2 by acting through the
PI3-kinase/Akt/GSK-3B pathway.
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Anti-Myc . “ Myc-H-Ras
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Fig. 3. H-Ras regulated the phosphorylation of CRMP-2 via GSK-3p.
COS7 cells were cotransfected with Myc-CRMP-2 WT and HA-GSK-3f3
WT with Myc-H-Ras WT or V12. Samples were subjected to immunoblot
analysis with anti-pT514, anti-Myc, and anti-HA antibodies. The mobility
shift of CRMP-2 (asterisk) was caused by the phosphorylation of
CRMP-2 at Thr-514.

PI3-kinase and Akt regulate neuronal polarity

To further confirm that PI3-kinase and Akt
regulate neuronal polarity, hippocampal neurons were

Myr-p110c.

Akt myrAPH

Axon formation (%)

Fig. 4. PI3-kinase and Akt regulate axon formation. (A) Hippocampal
neurons were transfected with Myr-pl10a (a) or Akt myrAPH (b) with
Myc-GST. Neurons were fixed at DIV6 and then immunostained with anti-
Myc and axonal marker Tau-1 antibodies. Arrows indicate Tau-1-positive
neurites. Scale bar represents 100 pm. (B) The percentage of cells that had
no axon, a single axon, and multiple axons was estimated in DIV6 neurons
transfected with the indicated plasmids. Fifty cells for each plasmid were
estimated by immunostaining with anti-Myc and Tau-1 antibodies. Data
are means = SD of triplicate determinations. Asterisks indicate the
difference from the value of GST (Student’s # test; *P < 0.05; **P < 0.01).
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cotransfected with constitutively active PI3-kinase (Myr-
pl110a), Akt WT, constitutively active Akt (Akt myrAPH),
or dominant negative Akt (Akt 3A) and Myc-GST, and
then were fixed at DIV6. The ectopic expression of consti-
tutively active PI3-kinase (Myr-p110a), Akt WT, and con-
stitutively active Akt (Akt myrAPH) induced the formation
of multiple axons (Fig. 4). Some of the neurons transfected
with Akt WT and constitutively active Akt (Akt myrAPH)
bore no Tau-1-positive neurite. The excessive activity of
Akt may impair normal axon formation. The ectopic
expression of Akt WT and constitutively active Akt (Akt
myrAPH) induced abnormal polarization, whereas domi-
nant negative Akt (Akt 3A) had no obvious effect
(Fig. 4). Because the activity of Akt is essential for survival
of various types of cells, the ectopic expression of dominant
negative Akt (Akt 3A) may induce apoptosis of neurons
[25,26]. These results, together with the previous observa-
tions, indicate that both PI3-kinase and Akt are necessary
in neuronal polarity.

Polarity proteins regulate axon specification

In this study, several pieces of evidence indicate that Ras
is involved in neuronal polarity. First, the overexpression
of H-Ras or the ectopic expression of constitutively active
H-Ras induced multiple axons in cultured hippocampal
neurons, whereas the expression of the dominant negative
H-Ras impaired the formation of the primary axon. Sec-
ond, the inhibitors of PI3-kinase and MEK prevented the
H-Ras-induced multiple axon formation. Third, constitu-
tively active H-Ras inhibited the GSK-3B-induced
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CRMP-2 phosphorylation. Fourth, the ectopic expression
of constitutively active PI3-kinase or Akt induced multiple
axons. Thus, Ras appears to play a crucial role in neuronal
polarization through the PI3-kinase/Akt/GSK-3B3/CRMP-
2 pathway and MAPK cascade.

Fig. 5 depicts a model schema of the regulation of axon
formation [27]. Nonphosphorylated active CRMP-2 inter-
acts with tubulin heterodimers and promotes microtubule
assembly for axon formation. Active CRMP-2 also regu-
lates the endocytosis of specific adhesion molecules includ-
ing L1 through the interaction with Numb and the
reorganization of actin filaments acting through Sra-1
[28,29]. To lower the microtubule stability, GSK-33 phos-
phorylates MAP1B, the adenomatous polyposis coli gene
product (APC), and CRMP-2 [30-32]. However, the PI3-
kinase activity is also required for proper localization of
the Par complex (including Par3 and Par6), atypical pro-
tein kinase C (aPKC), and Cdc42 at the tips of the growing
axons, all of which are necessary for neuronal polarization
[3,33]. Cdc42-GTP binds to Par6 and determines the local-
ization of the Par complex. Par3 directly interacts with
STEF/Tiaml (the guanine nucleotide exchange factors
for Racl), and the Par3/Par6 complex mediates the signal
from Cdc42 to Racl for axon specification [34]. Although
it remains unclear how ERK contributes to neuronal polar-
ity, it may promote axon formation through the activation
of certain transcription factors such as cAMP-response ele-
ment-binding protein [35].

What are the upstream signals of Ras? Because neurons
develop polarity in culture without any directional gradi-
ents of extracellular cues, an internal polarization program
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Fig. 5. Model schema of the regulation of axon formation. In one of the immature neurites (the future axon), Ras activates the MAPK cascade and PI3-
kinase, and accumulated PIP; activates the Akt/GSK-3B/CRMP-2 pathway and the positive feedback loop. Ras regulates not only transcriptions but also

cytoskeletons and endocytosis to specify axon/dendrite fate.
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appears to exist in neurons [1]. However, it has been shown
that extracellular substrate molecules such as laminin can
govern whether an immature neurite becomes an axon
[4,36]. Thus, signaling cascades accelerated by laminin
through integrin can initiate the growth of the immature
neurite and subsequent axon specification, and certain
extracellular cues may determine axon/dendrite fate during
physiological development. It is possible that Ras is acti-
vated at the tip of the immature neurite when it contacts
ECM such as laminin. In addition to the major Ras forms
(H-, K-, and N-Ras), R-Ras, another member of the Ras
subfamily, may be involved in axon specification because
R-Ras is necessary for the integrin-mediated neurite
outgrowth on laminin [37]. R-Ras is thought to activate
PI3-kinase rather than the MAPK cascade [38]. RaplB,
another member of the Ras subfamily, is localized at the
tips of axons preceding accumulation of the Par complex,
and RaplB activation induces the multiple axon-like neu-
rites and accumulation of the Par complex in each axon
[33]. However, Rapl functions downstream of PI3-kinase
and activates the MAPK cascade rather than PI3-kinase
[39]. Further studies are required to examine whether Ras
is involved in ECM-induced axon specification, and if so,
which member of the Ras subfamily is activated.
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