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n-3 PUFAs are essential for neuronal development and brain
function. However, the molecular mechanisms underlying their
biological effects remain unclear. Here we examined the mech-
anistic action of docosahexaenoic acid (DHA), the most abun-
dant #-3 polyunsaturated fatty acids in the brain. We found that
DHA treatment of cortical neurons resulted in enhanced axon
outgrowth that was due to increased axon elongation rates.
DHA-mediated axon outgrowth was accompanied by the trans-
lational up-regulation of Tau and collapsin response mediator
protein 2 (CRMP2), two important axon-related proteins, and
the activation of Akt and p70 S6 kinase. Consistent with these
findings, rapamycin, a potent inhibitor of mammalian target of
rapamycin (mTOR), prevented DHA-mediated axon outgrowth
and up-regulation of Tauand CRMP2. In addition, DHA-depen-
dent activation of the Akt-mTOR-S6K pathway enhanced 5'-
terminal oligopyrimidine tract-dependent translation of Tau
and CRMP2. Therefore, our results revealed an important role
for the Akt-mTOR-S6K pathway in DHA-mediated neuronal
development.

Docosahexaenoic acid (DHA,? 22:6, n-3) is an n-3 long-chain
PUFA that has recently attracted attention because of its vari-
ous beneficial effects on human health. DHA is particularly
abundant in the central nervous system and retina and is a
major #n-3 lipid component in the lipid bilayer of neural cell
membranes (1). DHA is essential for brain development, and
DHA or its precursors, such as a-linolenic acid (18:3, #-3) must
be obtained from the diet or from the maternal supply during
pregnancy because a-linolenic acid cannot be synthesized de
novo by animal tissues (2). DHA accumulation in neural tissue
is increased greatly during the perinatal period, when the fron-
tal lobe and hippocampus undergo intensive growth and neu-
rogenesis, neuritogenesis, and synaptogenesis occur actively (3,
4). Therefore, an adequate supply of DHA is required for proper
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brain development (5). It has also been reported that #n-3 PUFA
deficiency in animals causes many behavioral and cognitive
defects (6—8) and that DHA intake is associated significantly
with visual and neural development in human infants (9, 10).
The cerebral cortex and hippocampus play important roles in
various higher-order brain functions such as learning, memory,
and cognition, and the development of these areas in the brain
is influenced by n-3 PUFA deficiency (11, 12).

Various studies have shown that DHA and/or its metabolites
function not only as structural components of cellular mem-
branes, where they affect the fluidity and sensitivity of membrane-
associated proteins (receptors, ion channels, etc.), but also as
extra- and intracellular signaling molecules (13, 14). However, the
precise molecular mechanisms underlying the wide variety of ben-
eficial effects of PUFAs have not been well documented.

Cultures of dissociated cortical neurons can be used to ana-
lyze the molecular mechanisms underlying neuronal develop-
ment. After plating, the cortical neurons first form lamellipodia
and small protrusions (stage 1) and then, within 6 —12 h, extend
several immature neurites (stage 2). One of the neurites elon-
gates rapidly and forms the axon, whereas the others become
dendrites (stage 3) (15). The postmitotic neurons then undergo
multiple processes, including neurite outgrowth, cell polarity
establishment, and axon and dendrite maturation. Accumulat-
ing evidence indicates that microtubule polymerization and
stabilization play positive roles in axon and dendrite outgrowth
and that microtubule-regulatory proteins such as Tau, MAP2,
and CRMP2 are critically involved in this process (16).

Although DHA has been demonstrated previously to pro-
mote neurite outgrowth in primary neurons (17, 18), the under-
lying molecular mechanisms have remained unclear. Here we
showed that the treatment of cortical neurons with low concen-
trations of DHA promoted axon outgrowth. This is the first
report to demonstrate that Akt-mTOR-p70 S6 kinase-depen-
dent translational control plays an important role in DHA-in-
duced axon outgrowth.

Experimental Procedures

Materials—Docosahexaenoic acid (Enzo), vitamin E (DL-«a-
tocopherol acetate, Sigma), and rapamycin (Merck) were pur-
chased. The following primary antibodies were purchased and
used in this study. Anti-Taul (mouse, catalog no. MAB3420)
and anti-microtubule-associated protein 2 (MAP2, rabbit, cat-
alog no. AB5622) were from Chemicon. Anti-B-actin (mouse,
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catalog no. A5441), a-tubulin (mouse, catalog no. T9026), and
anti-FLAG (rabbit, catalog no. F7425) were from Sigma. Anti-
p70S6 kinase (rabbit, catalog no. Sc-230) and anti-Aktl (goat,
catalog no. Sc-1618) were from Santa Cruz Biotechnology.
Anti-CRMP2 (rabbit, catalog no. 9393), anti-phospho-Akt
(Ser-473, rabbit, catalog no. 4060), anti-phospho-Akt (Thr-308,
rabbit, catalog no. 4056), anti-phospho-p70S6 kinase (Thr-389,
rabbit, catalog no. 9205), and anti-phospho-p70S6 kinase (Thr-
421/Ser-424, rabbit, catalog no. 9204) were from Cell Signaling
Technology. Anti-neuronal class III B-tubulin (Tujl, mouse,
catalog no. MMS-435P) was from Covance, and anti-GAPDH
(mouse, catalog no. M171-3) was from MBL. All Alexa Fluor-con-
jugated secondary antibodies were purchased from Life Technol-
ogies (goat, catalog nos. A11029 and A11036). HRP-conjugated
anti-rabbit IgG (donkey, catalog no. NA934) and HRP-conjugated
anti-mouse IgG (sheep, catalog no. NA931) were from GE Health-
care, and HRP-conjugated anti-Goat IgG (donkey, catalog no.
sc-2020) was from Santa Cruz Biotechnology.

Cell Culture and Transfection—Cortical neurons were pre-
pared from Wistar rat cortices at embryonic day 18.5. The dis-
persed neurons were plated on poly-L-lysine-coated coverslips
and cultured in glia-conditioned minimum essential medium
containing 1 mMm pyruvate, 0.6% (w/v) D-glucose, and 2% B27
supplement (Life Technologies) at a density of 0.5 X 10* cells/
cm® (for endogenous Tau and MAP2 staining and time-lapse
observation of axon elongation) or 1.0 X 10* cells/cm? (for other
assays). For DHA supplementation, DHA was dissolved in ethanol
containing vitamin E as an antioxidant, diluted 1:500 in minimum
essential medium containing 10% fatty acid-free BSA (Sigma, cat-
alog no. A0281), and added to the culture medium (final concen-
trations: 1 uM, DHA; 40 wm, vitamin E). For control cells, the same
procedure was performed without DHA.

Cortical neurons were transfected by calcium phosphate pre-
cipitation as described previously (19). To obtain higher trans-
fection efficiencies for the exogenous S6K expression and
reporter assay, nucleofection was performed using a rat neuron
nucleofector kit (Lonza). All procedures involving animals and
their care were approved by the Animal Care Committees of
Iwate Medical University and were carried out according to
their guidelines.

Plasmids—EGFP (enhanced GFP), CA-S6K (ACT(T389)),
DN-S6K (T229A), Tau, and CRMP2 were expressed in the
pCAGGS expression vector and have been described previously
(19). The reporter plasmids pGL4.14-Tau (WT 5'-TOP),
pGL4.14-Tau (mutated 5'-TOP), pGL4.14-CRMP2 (WT
5'-TOP), and pGL4.14-CRMP2 (mutated 5'-TOP) have been
described previously (19). The coding region of B-galactosidase
was amplified by PCR and cloned into pGL3 (pGL3-B-gal).

Luciferase Reporter Assay—The above-mentioned reporter
plasmids were transfected into cortical neurons by nucleofec-
tion along with pGL3-B-gal, which was used to normalize the
transfection efficiency. The transfected neurons were treated
with 1 uM DHA or left untreated and lysed with passive lysis
buffer (Promega) after 3 days of in vitro culture (3 DIV). Lucif-
erase and B-galactosidase activities were measured using the
ONE-Glo luciferase assay system (Promega) and the lumines-
cence B-galactosidase detection kit II (Clontech), respectively.
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Quantitative Real-time RT-PCR—The neurons were lysed
using the RealTime Ready cell lysis kit (Roche) and reverse-
transcribed with the Transcriptor Universal cDNA Master
(Roche). The cDNA was amplified with gene-specific primer
pairs using the SYBR FAST quantitative PCR kit (Kapa Biosys-
tems). The primer sequences used in this study were as follows:
GAPDH forward, CTCCCTTTCTTCCACCTTTGATG;
GAPDH reverse, CCACCACCCTGTTGCTGTAG; tau for-
ward, GATTGGCTCCTTGGATAACATCAC; tau reverse,
GCGGACACTTCATCGGCTAA; CRMP2 forward, GCACA-
AGGGCATCCAGGAG; CRMP2 reverse, AACCGATCTTT-
GAAAGCCATGTAC; MAP2 forward, CTTGCCTATGTCT-
TGCCTTGATTC; MAP2 reverse, GCTTGCTCTGTCTTAT-
CTTCTTCCT; Tujl forward, CGTCTCTAGCCGAGTGAA-
GTC; and Tujl reverse, GTAGTAGACACTGATGCGTTCC.
Gene expression measured by real-time PCR was normalized to
the GAPDH expression in each experiment. For evaluation of
the reporter assay, the following primer pairs were used: 3-ga-
lactosidase forward, ACTATCCCGACCGCCTTACT; B-ga-
lactosidase reverse, TAGCGGCTGATGTTGAACTG; luc-
iferase forward, GCTCAGCAAGGAGGTAGGTG; and
luciferase reverse, TCTTACCGGTGTCCAAGTCC.

Imaging—Neurons cultured on coverslips were fixed using
4% paraformaldehyde and then incubated with primary anti-
body (1:200 dilution), followed by the appropriate Alexa Fluor-
conjugated secondary antibody (1:200 dilution). The stained
samples were observed under a Biorevo BZ-9000 (Keyence) fluo-
rescence microscope with a X10 (numerical aperture 0.45) dry
lens or X60 (numerical aperture 1.4) oil immersion lens or
under an Axiovert 200M fluorescence microscope (Carl Zeiss)
with a X63 (numerical aperture 1.4) oil immersion lens. For
time-lapse imaging, neurons were observed under an Axiovert
200M microscope with a X20 (numerical aperture 0.8) lens.
The images were captured over a 180-min time span with inter-
vals of 10 min. The captured images were contrast-enhanced
using Adobe Photoshop software.

Western Blotting Analysis—Western blotting analysis was
performed as described previously (20). The detected band
intensities were quantified using Image] software.

Statistical Analysis—All values represent mean * S.E. All
experiments were performed with at least three independent
replicates. We used Excel Statistics add-in software (Social Sur-
vey Research Information Co., Ltd.) for statistical analyses. Sta-
tistical differences between pairs of values were analyzed by
Mann-Whitney U test or Student’s ¢ test depending on the sam-
ple size. One-way analysis of variance (ANOVA) with Tukey-
Kramer post hoc test was used for group comparisons. p < 0.05
was considered significant.

Results

DHA Treatment Promotes Axon Outgrowth in Cortical Neu-
rons—Cultured cortical neurons prepared from rat embryos
were plated and treated with 1 um DHA on the same day.
Because DHA was dissolved in ethanol supplemented with vita-
min E, the control samples were treated with the same mixture
lacking DHA. To visualize the cell morphology, the neurons
were transfected with EGFP before plating. We found that cor-
tical neurons treated with DHA exhibited a 1.52-fold increase
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FIGURE 1. DHA treatment promotes axon outgrowth in cortical neurons. A, EGFP-transfected cortical neurons were treated with or without 1 um DHA for
the indicated number of days. Representative images are shown. Scale bar = 50 um. B, measurement of the longest neurite (axon) length at 1,2,and 3DIV (n =
3).1DIV:control, 41 neurons; DHA, 41 neurons. 2 DIV: control 66 neurons; DHA, 51 neurons. 3 DIV: control, 61 neurons; DHA, 52 neurons. C, cortical neurons were
treated with or without 1 um DHA fixed at 3 DIV, and then stained with anti-Tau1 (green) and anti-MAP2 (red) antibodies. Representative images are shown.
Scale bar = 50 um. D, measurement of Tau-positive axon length at 1, 2,and 3 DIV (n = 4). 1 DIV: control, 75 neurons; DHA, 67 neurons. 2 DIV: control, 68 neurons;
DHA, 73 neurons. 3 DIV: control, 60 neurons; DHA, 60 neurons. E, neurons were classified according to their polarity: no axon, single axon, or multiple axons (n =
4; control, 227 neurons; DHA, 213 neurons). F, measurement of MAP2-positive dendrite length at 3 DIV (n = 4; control, 25 neurons; DHA, 51 neurons). Error bars

indicate mean = S.E., Student’s t test. *, p < 0.05; **, p < 0.01; n.s., not significant.
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FIGURE 2. DHA treatment enhances the axon elongation rate. A, DHA
enhances the axon elongation rate in cortical neurons. Representative time-lapse
images are shown. The neurons were imaged at 0, 60, 120, and 180 min. The
positions of the growth cone of the axon at 0 min (arrowhead) and at 180 min
(arrow) are marked. Scale bar = 25 um. B, quantification of axon elongation rates
on the basis of the time lapse images shown in A. Error bars indicate mean = SE,
Student'sttest.*, p < 0.05. C, distribution of axon elongation speed. The sum of three
independent experiments is shown (n = 3; control, 38 neurons; DHA, 40 neurons).

in neurite outgrowth compared with controls at 3 DIV (Fig. 1, A
and B). The DHA-mediated effect was observed at 1 DIV and
became more apparent with increased treatment time. The lon-
gest neurites were identified as axons at 3 DIV by immuno-
staining with antibodies against Tau, an axon marker, and
MAP?2, a dendrite marker (Fig. 1C). Although axon length was
increased significantly by DHA treatment (Fig. 1D), axon num-
bers were not affected significantly (Fig. 1E). In addition, there
was no significant effect of DHA on dendrite outgrowth, at least
until 3 DIV (Fig. 1F).

DHA Treatment Enhances Axon Elongation Rates—The DHA-
induced axon outgrowth could be a result of various cellular
processes, including neuronal differentiation, polarity determi-
nation, and/or increased axon elongation rates. We examined
the developmental process of axon outgrowth by time-lapse
imaging. Our observations revealed that DHA treatment
enhanced the axon elongation rate 1.41-fold compared with the
control at 3 DIV (Fig. 2, A-C).

DHA Treatment Activates Akt and S6K Activities and Up-
regulates Tau and CRMP2 Expression—To elucidate the
molecular mechanisms underlying DHA-induced axon out-
growth, we analyzed the expression of several neuronal pro-
teins whose functions are known to be related to neurite out-
growth and polarity determination. Among them, we found
that the expression levels of Tau and CRMP2 were up-regulated
markedly in DHA-treated neurons (Fig. 3, A and B). In contrast,
the expression levels of Tau and CRMP2 mRNAs were not up-
regulated significantly in response to DHA (Fig. 3D). These
results suggested that the increased expression of Tau and
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CRMP2 was regulated at the translational level. We have
reported previously that the expression of Tau and CRMP2 is
regulated translationally by the p70 S6 kinase (S6K)-dependent
pathway during neuronal polarity determination (19). The Akt-
mTOR-S6K signaling pathway is a critical regulator of transla-
tional activity and plays important roles in regulating neuronal
polarity and neurite elongation (19, 21-23). Here we found that
S6K phosphorylation at Thr-381 and Thr-421/Ser-424, which
correlates with S6K activation, was increased in DHA-treated
neurons at 3 DIV (Fig. 3, A and C). Similarly, Akt phosphoryla-
tion at Thr-308 and Ser-473 was also increased in DHA-treated
neurons at 3 DIV (Fig. 3, A and C). The up-regulated phosphor-
ylation levels of S6K and Akt were evoked by DHA treatment
only. It was not affected significantly by treatment with other
fatty acids, such as stearic acid (18:0, saturated), oleic acid (18:1,
monounsaturated, 7#-9), and arachidonic acid (20:4, polyunsatu-
rated, n-6) at the same concentration of DHA (1 um) (Fig. 3E). The
promoting effect on axon outgrowth was also evoked by DHA only
but not by other fatty acids (data not shown). These results
strongly suggest that DHA treatment of cortical neurons activates
the Akt-mTOR-S6K signaling pathway, which, in turn, up-regu-
lates the expression of translational target proteins.

Rapamycin Abrogates the Effect of DHA on Axon Out-
growth—We next examined the effect of rapamycin, a small
molecule inhibitor of the mTOR signaling pathway. Rapamycin
treatment of cortical neurons clearly abrogated the DHA-in-
duced enhancement of axon outgrowth (Fig. 4, A and B). DHA-
induced phosphorylation of Akt and S6K was also prevented by
rapamycin treatment (Fig. 4C), resulting in reduced protein
expression of Tau and CRMP2 (Fig. 4C). Furthermore, DHA-
mediated enhancement of the axon elongation rate was also
inhibited by rapamycin treatment (Fig. 4, D—F).

S6 Kinase Is Critical for DHA-dependent Enhancement of
Axon Outgrowth—S6K phosphorylates ribosomal protein S6 at
several residues, including Ser-235, and activates protein syn-
thesis (21). We examined the contribution of S6K activity to
DHA-induced axon outgrowth. A constitutively active form of
S6K (CA-S6K) and an inactive dominant-negative form of S6K
(DN-S6K) were co-transfected with an EGFP-expressing plas-
mid into cortical neurons before plating. CA-S6K expression
enhanced axon outgrowth irrespective of DHA treatment (Fig.
5, A and B). CA-S6K-transfected neurons also exhibited an
increase in axon number (data not shown) in contrast to DHA-
treated neurons (Fig. 1E). Notably, DN-S6K expression abro-
gated DHA-mediated enhancement of axon outgrowth (Fig. 5,
A and B) but did not inhibit the basal axon outgrowth observed
under control conditions. Furthermore, we examined the effect
of exogenous expression of S6K on Tau and CRMP2 expres-
sion. Cortical neurons were transfected with CA-S6K or DN-
S6K with a high transfection efficiency (up to ~50%) by nucleo-
fection and treated with or without DHA. Similar to the result
of neurite length with DHA, CA-S6K expression up-regulated
Tau and CRMP2 without DHA treatment, and DN-S6K expres-
sion suppressed DHA-dependent up-regulation of Tau and
CRMP2 (Fig. 5C). Combined with results showing that CA-S6K
and DN-S6K did not significantly affect the mRNA expression
levels of Tau and CRMP2 by real-time quantitative PCR (data
not shown), our data indicate that DHA-dependent activation
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FIGURE 3. DHA treatment enhances Akt and S6K activities and up-regulates Tau and CRMP2 expression. A, Western blotting analysis of cell lysates prepared
from neurons treated with or without DHA for 3 DIV. B, quantified values of expression levels of Tau and CRMP2. The values were normalized to GAPDH expression
(Tau,n = 5;CRMP2, n = 6). C, quantified values of phosphorylation levels of Ser(P)-473 Akt, Thr(P)-308 Akt, Thr(P)-389 S6K, and Thr(P)-421/Ser-424 S6K. The values were
normalized to each expression level of the total protein, respectively (n > 3). D, mRNA expression quantified by real-time quantitative PCR. The values were normalized
to GAPDH expression (n = 5). E, Western blotting analysis of cell lysates prepared from neurons treated with 1 um DHA, stearic acid, oleic acid, or arachidonic acid for
3 DIV. Error bars indicate mean = S.E.,, Mann-Whitney U test. *, p < 0.05; **, p < 0.01; n.s., not significant.

of Akt-S6K translational control is responsible for DHA-in-
duced axonal elongation.

Up-regulation of Tau and CRMP2 Enhances Axon Out-
growth—To determine the contribution of up-regulated Tau
and CRMP2 to axon elongation, cortical neurons were trans-
fected with exogenous Tau and/or CRMP2. Either or both Tau
and CRMP2 expression enhanced axon elongation (Fig. 6, A
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and B). Tau and CRMP2, particularly Tau, promoted increased
axon numbers as well as axon elongation (data not shown),
whereas DHA did not significantly promote the formation of
multiple axons (Fig. 1E).

DHA Promotes the 5'-TOP-dependent Translational Up-reg-
ulation of Tau and CRMP2—The activation of S6K induces the
translational activation of a series of 5'-TOP-containing
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FIGURE 4. Rapamycin abrogates DHA-induced axon outgrowth. A, EGFP-transfected neurons were treated with or without 1 um DHA in the presence of
rapamycin and fixed at 3 DIV. Representative images are shown. Scale bar = 50 um. B, longest neurite (axon) measurement (n = 4; control, 55 neurons; control +
rapamycin, 72 neurons; DHA, 53 neurons; DHA + rapamycin, 48 neurons). Error bars indicate mean = S.E., one-way ANOVA with Tukey-Kramer post hoc test.
* p < 0.05; **, p < 0.01; n.s., not significant. C, Western blotting analysis of cell lysates prepared from neurons treated with or without DHA in the presence of
rapamycin for 3 DIV. D, rapamycin abrogated the enhanced elongation rate of axons by DHA. Representative time-lapse images are shown. The neurons were
imaged at 0, 60, 120, and 180 min. The positions of the growth cone of the axon at 0 min (arrowheads) and at 180 min (arrows) are marked. Scale bar = 25 um.
E, quantification of axon elongation rates on the basis of the time-lapse images shown in D. Error bars indicate mean = S.E. One-way ANOVA with Tukey-Kramer
post hoc test. *, p < 0.05; **, p < 0.01. F, distribution of axon elongation speed. The sum of five independent experiments is shown (n = control, 41 neurons;
control + rapamycin, 38 neurons; DHA, 47 neurons; DHA -+ rapamycin, 44 neurons).
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32 neurons; DN-S6K-control, 28 neurons; DN-S6K + DHA, 25 neurons). Error bars indicate mean = S.E., one-way ANOVA with Tukey-Kramer post hoc test.*, p <
0.05; **, p < 0.01; n.s., not significant. C, Western blotting analysis of cell lysates prepared from CA-S6K or DN-S6K-transfected neurons treated with or without

DHA for 3 DIV.

mRNAs. Both Tau and CRMP2 mRNAs have been identified as
targets of 5'-TOP-dependent translational regulation (19). We
therefore examined the translational regulation of Tau and
CRMP2 by using 5" UTR-containing luciferase reporter con-
structs (19). DHA significantly enhanced the luciferase activity
of the wild-type 5'-TOP-containing Tau reporter but not that
of a Tau reporter with a mutated 5'-TOP (Fig. 7A). The tran-
scription level of luciferase mRNA was not altered in response
to DHA (Fig. 7B). Similar results were obtained using CRMP2
reporter constructs (Fig. 7, C and D). Furthermore, it was con-
firmed that exogenous CA-S6K expression up-regulated both
Tau and CRMP2 reporter activities without DHA and that
DN-S6K expression suppressed the DHA-induced reporter
activities (Fig. 7, E-H). These results indicated that the DHA
treatment of cortical neurons resulted in the 5'-TOP-depen-
dent translational up-regulation of Tau and CRMP2.

Discussion

Recent studies have reported that DHA has various benefi-
cial effects for patients with cardiovascular diseases and those
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with psychiatric, neurodevelopmental, and neurodegenerative
disorders (24). Although there is controversy regarding the
clinical significance of DHA supplementation, #-3 PUFAs are
thought to be important for the development and maintenance
of learning and memory functions throughout life. However,
the molecular mechanisms underlying the effects of DHA on
neuronal function have been unclear.

The results of this study revealed that DHA promoted axon
but not dendrite outgrowth by increasing the axon elongation
rate during the early stages of neuronal development (Figs. 1
and 2). We also found that DHA, an n-3 PUFA, specifically
activated the Akt-mTOR-S6K signaling pathway, resulting in
increased translational activity and up-regulation of Tau and
CRMP2 expression (Figs. 3—7). This is the first report to dem-
onstrate the importance of translational control in DHA-medi-
ated axon outgrowth.

Translational control is thought to be important for the spa-
tiotemporal expression of neuronal target genes. Because neu-
rons have polarized and extended cell structures, rapid protein
synthesis in response to extracellular stimuli is often required at
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FIGURE 6. Up-regulation of Tau and CRMP2 enhances axon outgrowth. A, cortical neurons were transfected with plasmids expressing Tau and/or CRMP2
or with empty plasmid in combination with EGFP, cultured with or without DHA, and fixed at 3 DIV. Representative images are shown. Scale bar = 50 um. B, the
longest neurite (axon) measurement (n = 5; control-control, 127 neurons; control + DHA, 93 neurons; Tau, 107 neurons; CRMP2, 125 neurons; Tau + CRMP2,
140 neurons). Error bars indicate mean = S.E., one-way ANOVA with Tukey-Kramer post hoc test. *, p < 0.05; **, p < 0.01; n.s., not significant.

sites that are distal to the cell body (25). Tau is a major micro-
tubule-associated protein that is predominantly expressed in
axons and promotes microtubule assembly and stability in
growing axons (26). CRMP2 is a microtubule-binding protein
that regulates microtubule dynamics and promotes the differ-
entiation of axons from immature neurites (27, 28). Notably,
the forced expression of either Tau or CRMP2 promotes axon
outgrowth in cortical neurons (Fig. 6), as reported previously in
other experimental systems (29, 30). Both Tau and CRMP2 are
microtubule-associated proteins and regulate microtubule
dynamics, although their binding properties to tubulin are dif-
ferent (26, 28). Tau binds preferentially to microtubules, but

4962 JOURNAL OF BIOLOGICAL CHEMISTRY

CRMP2 prefers tubulin dimers to microtubules. Tau stimulates
tubulin polymerization and the stability of microtubules (29,
31), and CRMP2 promotes microtubule assembly and stability
(28). Both of them may contribute to axon elongation via regu-
lation of microtubule dynamics. We have demonstrated previ-
ously that Tau and CRMP2 are important for axon develop-
ment and that their expression is regulated translationally by
the mTOR-S6K signaling pathway (19). Tau and CRMP2
mRNAs possess 5'-TOP sequences in their 5 UTRs that are
crucial for mediating selective translational control (Fig. 7) (19).
The expression of CA-S6K promoted axon elongation (Fig. 5)
and axon formation (data not shown). This result is consistent
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with our previous findings indicating that CA-S6K expression
activates 5'-TOP-dependent translation and up-regulates Tau
and CRMP2 expression, which leads to axon formation and
elongation (Fig. 6). Although our previous study has reported
the importance of the mTOR-S6K translational regulation in
cell-autonomous establishment of cell polarity (19), this study
revealed DHA-dependent Akt activation as the upstream sig-
naling for the mTOR-S6K translational pathway. Our findings
will shed new light on the significance of the regulatory mech-
anism in DHA-mediated neuronal function.

Here we found that DHA treatment did not induce multiple
axon formation (Fig. 1E) but did induce Akt and S6K activation
and the translational up-regulation of CRMP2 and Tau. Other
fatty acids, such as saturated, monounsaturated, or #-6 polyun-
saturated fatty acids, did not activate Akt and S6K (Fig. 3). Akt
is targeted to the plasma membrane by its pleckstrin homology
domain and plays an important role in directional cell move-
ment (32). Akt and its localization are also critical for establish-
ing neuronal polarity and neurite outgrowth. Akt is activated by
its phosphorylation on Thr-308 by 3-phosphoinositide-depen-
dent protein kinase 1 (PDK1) and on Ser-473 by either TOR
complex 2 (TORC2) or integrin-linked kinase (33). Notably,
DHA treatment promoted Akt activation but did not disturb
neuronal polarity (Fig. 1). These results suggest that DHA may
lower the threshold for Akt activation. This hypothesis is sup-
ported by the findings that DHA increases phosphatidylserine
levels in the cell membrane and that phosphatidylserine accu-
mulation in the membrane causes the translocation and activa-
tion of Akt (34, 35). As shown by our data (Fig. 3E), Akt activa-
tion is promoted in an n-3 PUFA-specific manner (34). In
contrast, DHA does not induce activation of PI3K or produc-
tion of phosphatidylinositol 3,4,5-trisphosphate (33). Taken
together, these findings suggest that Akt may be targeted more
accurately to the tips of neurites and activated more effectively
by the presence of phosphatidylserine in DHA-treated neurons.
Exogenous CA-S6K, Tau, or CRMP2 expression increased mul-
tiple axon formation as well as axon elongation (Fig. 6). Because
of the ectopic and strong expression, multiple axon formation
might be promoted. It is noteworthy that both Tau and CRMP2
are phosphorylated by GSK3f and inhibited their activities for
microtubule stabilization (36). It is also known that GSK3p is
inhibited by activated Akt (37). In growing axons, DHA-depen-
dent Akt activation may synergistically enhance the function of
Tauand CRMP2 in the regulation of microtubule dynamics and
translational up-regulation of their expression. Alternatively,
DHA and/or its metabolites may function as signaling mole-
cules that interact with cell surface or intracellular receptors.
Future studies are required to determine the precise mecha-
nism of DHA-induced Akt activation.

In conclusion, our study demonstrated that DHA promoted
axon outgrowth through the activation of Akt-mTOR-S6K-
dependent translational control in cortical neurons. Tau and
CRMP2, which play important roles in axon differentiation
and elongation, were shown to be regulated translationally
by this DHA-affected pathway through the 5’-TOP se-
quences in their mRNA. Our findings revealed a novel molec-
ular mechanism for the pleiotropic effects of n-3 PUFAs on
brain development.
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