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Lysophosphatidic acid (LPA) is a lipid growth factor that 

exerts diverse biological effects, including rapid neurite 

retraction and cell migration. Alterations in cell morphol-

ogy, including neurite retraction, in neurodegenerative di-

sorders such as Alzheimer’s disease involve hyperphos-

phorylation of the cytoskeletal protein tau. Since LPA has 

been shown to induce neurite retraction in various cul-

tured neural cells and the detailed underlying molecular 

mechanisms have not yet been elucidated, we investigated 

whether LPA induced neurite retraction through tau-

mediated signaling pathways in differentiated neuroblas-

toma cells. When Neuro2a cells differentiated with retinoic 

acid (RA) were exposed to LPA, cells exhibited neurite 

retraction in a time-dependent manner. The retraction of 

neurites was accompanied by the phosphorylation of tau. 

The LPA-induced neurite retraction and tau phosphoryla-

tion in differentiated Neuro2a cells were significantly abol-

ished by the glycogen synthase kinase-3β (GSK-3β) inhibi-

tor lithium chloride. Interestingly, the LPA-stimulated tau 

phosphorylation and neurite retraction were markedly pre-

vented by the administration of H89, an inhibitor of both 

cyclic-AMP dependent protein kinase (PKA) and cyclic-

AMP response element-binding protein (CREB). Transfec-

tion of the dominant-negative CREBs, K-CREB and A-

CREB, failed to prevent LPA-induced tau phosphorylation 

and neurite retraction in differentiated Neuro2a cells. Taken 

together, these results suggest that GSK-3β and PKA, 

rather than CREB, play important roles in tau phosphoryla-

tion and neurite retraction in LPA-stimulated differentiated 

Neuro2a cells. 

 
 
INTRODUCTION 

 
Normal development of the nervous system requires remark-
able alterations in cell morphology that are dependent upon 
dynamic changes in cytoskeletal proteins. Differentiating neu-
rons actively extend and retract cytoplasmic processes, known 
as neurites, during the course of brain development (Sayas et 
al., 2002a). Rearrangements of the cytoskeleton in response to 
extracellular stimulations play a key role in the developmental 

process through which undifferentiated neuroblasts become 
differentiated functional neurons. Two major components of the 
cytoskeleton are involved in axonogenesis: actin microfilaments 
and microtubules. Microfilaments appear to regulate the initial 
events that are part of the growth cone tip, filopodia, and lamel-
lipodia progression, and in a second step, microtubules stabi-
lize the extended neurite (Tanaka et al., 1995).  

In particular, tau, one of the most abundant axonal micro-
tubule-associated proteins (MAPs), may play a key role in axo-
nogenesis (Mandell and Banker, 1996). It can be phosphory-
lated by several protein kinases (Steiner et al., 1990). Phos-
phorylation by tau protein kinase II at serine 404 is primarily 
responsible for the functional loss of tau-mediated tubulin po-
lymerization. In addition, phosphorylation of microtubule-asso-
ciated tau results in the dissociation of tau from the micro-
tubules and tubulin depolymerization (Evans et al., 2000; Steiner 
et al., 1990). Tau phosphorylation is developmentally regulated, 
and is lower in the adult than in the fetal brain. Additionally, tau 
hyperphosphorylation occurs in the aberrant structures known 
as paired helical filaments that are a neuropathological hallmark 
in neuronal disorders such as Alzheimer’s disease (Greenberg 
and Davies, 1990).  

Tau phosphorylation and neurite retraction by lysophos-
phatidic acid (LPA; 1-acyl-sn-glycerol-3-phosphate) stimulation 
have been shown in neuroblastoma cell lines (Jalink et al., 
1993) and in PC-12 cells (Tigyi and Miledi, 1992). In addition, 
Saito showed that LPA promoted growth cone collapse in some 
primary neurons (Saito, 1997). LPA, one of the simplest natural 
phospholipids, acts on cognate G protein-coupled receptors 
(GPCRs) to induce a host of cellular responses, including cell 
proliferation and differentiation, platelet aggregation, protection 
from apoptosis, promotion of cell survival, stress fiber formation, 
tumor cell invasion, and cell morphological change (Contos et 
al., 2000; Fukushima et al., 2002; Moolenaar, 1999; Nam et al., 
2010). LPA signals act through at least five specific cell mem-
brane-bound GPCRs. Several members (Edg-2/Vzg-1, Edg-4, 
and Edg-7, which are also known as LPA1, LPA2, and LPA3, 
respectively) of the endothelial cell differentiation gene family 
have been identified as high-affinity receptors for LPA 
(Fukushima and Chun, 2001; Goetzl and An, 1999). In contrast 
to the three highly related LPA receptors, LPA4/GPR23 and 
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LPA5/GPR92 are more closely related to nucleotide receptors 
of the P2Y GPCR family (Anliker and Chun, 2004; Lee et al., 
2006). 

LPA-induced tau phosphorylation and neurite retraction have 
been shown in neuroblastoma cells. However, the signaling 
pathways of LPA-regulated tau phosphorylation and neurite 
retraction are not very clear. Thus, this study was undertaken in 
order to determine signaling pathways responsible for the acti-
vation of glycogen synthase kinase-3β (GSK-3β), cyclic-AMP 
dependent protein kinase (PKA), and cyclic-AMP response 
element-binding protein (CREB). Herein, we provide evidence 
that LPA-induced neurite retraction is caused by the activation 
of GSK-3β and PKA, rather than CREB. 
 
MATERIALS AND METHODS 

 
Materials 
All chemicals used were of analytical grade unless stated oth-
erwise. LPA (1-oleoyl-sn-glycerol 3-phosphate), lithium chloride 
(LiCl), all-trans retinoic acid (RA), anti-β-Tubulin, Y27632, and 
pertussis toxin (PTX) were purchased from Sigma-Aldrich Co. 
(USA). LPA was dissolved in 0.1% fatty-free bovine serum 
albumin at 5 mM in stock solution. Antibodies to phospho-GSK-
3β, GSK-3β, CREB, and β-actin were obtained from Cell Sig-
naling Technology, Inc. (USA). Antibodies to phosphor-tauser396 
and phosphor-tauser404 were purchased from Santa Cruz Bio-
technology, Inc. (USA). PD98059 and SB203580 were from 
Tocris Bioscience (UK). Modified Eagle’s Medium (MEM), fetal 
bovine serum (FBS), and Lipofectamine 2000 were obtained 
from Invitrogen Corporation (USA). The dominant-negative 
CREBs, K-CREB and A-CREB, were gifts from Dr. David Ginty 
and Dr. Hiroshi Ishiguro (Johns Hopkins Univ., USA). 
 
Cell culture  
Neuroblastoma neuro2a cells were grown at 37°C under a 
humidified atmosphere of 5% CO2. Cells were cultured in MEM 
containing 10% FBS, penicillin (50 U/ml), and streptomycin (50 
μg/ml). For differentiation, cells were maintained in MEM con-
taining 2% FBS and 10 μM RA for 24 h. For LPA-stimulation, 
differentiated cells were treated with various inhibitors, as de-
scribed in the figure legends, prior to LPA stimulation. 
 
RNA extraction and reverse transcriptase  
(RT)-polymerase chain reaction (PCR) 
Total RNA was isolated from cells and tissue by the guanidine 
isothiocyanate method (Chomczynski and Sacchi, 1987), and 
cDNA was made using 1 μg of total RNA and AMV reverse 
transcriptase (Promega Corporation, USA) in 20 μl reaction 
mixtures in the presence of 2.5 μM oligo(dT) primer and 20 μM 
dNTP mixture for 60 min at 42°C. For PCR amplification, spe-
cific oligonucleotide primer pairs (0.5 μM each) were incubated 
with 200 ng cDNA, 2 units of Taq polymerase (PerkinElmer, 
Inc., USA), 1× Taq buffer [10 mM Tris-HCl (pH 8.3), 50 mM KCl, 
1.5 mM MgCl2] and 10 μM dNTP in 20 μl reaction mixtures. The 
sequences of primers used in this study were as follows: LPA1 
forward primer, 5′-TCTTCTGGGCCATTTTCAAC-3′; LPA1 re-
verse primer, 5′-TGCCTGAAGGTGGCGCTCAT-3′; LPA2 for-
ward primer, 5′-CCTACCTCTTCCTCATGTTC-3′; LPA2 re-
verse primer, 5′-TAAAGGGTGGAGTCCATCAG-3′; LPA3 for-
ward primer, 5′-AGTGTCACTATGACAAGC-3′; LPA3 reverse 
primer, 5′-GAGATGTTGCAGAGGC-3′; LPA4 forward primer, 
5′-TGAAGGCTTCTCCAAACGTGTCTG-3′; LPA4 reverse primer, 
5′-GTTCAGAGTTGCAAGGCACAAGGT-3′; β-actin forward 
primer, 5′-TGGAATCCTGTGGCATCCATGAAA-3′; and β-actin 
reverse primer, 5′-TAAAACGCAGCTCAGTAACAGTCCG-3′. 

PCR cycling conditions were 95°C for 30 s, 55-60°C for 45 s, 
and 72°C for 60 s, for a total of 30-33 cycles. The PCR prod-
ucts were applied to a 1.5% agarose gel and visualized with 
ethidium bromide.  
 
Isolation of total protein and Western blot analysis 
Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 
mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 1 mM 
Na3VO4, 5 mM NaF, and protease inhibitor cocktail). After incu-
bation on ice for 30 min with vortexing every 10 min, the lysates 
were centrifuged (15,000 × g, 15 min). Supernatants were col-
lected and protein concentrations were determined by a Brad-
ford assay (Bio-Rad Laboratories, Inc., USA). Equal amounts of 
protein were separated by SDS-PAGE (10% or 12% reducing 
gels), transferred to polyvinylidene difluoride membranes (Milli-
pore, USA), and blocked with 5% non-fat milk. Membranes 
were incubated in primary antibodies overnight at 4°C. Mem-
branes were then washed in TBST (10 mM Tris, 140 mM NaCl, 
0.1% Tween 20, pH 7.6), incubated with appropriate secondary 
antibodies, and washed again in TBST. Bands were visualized 
by enhanced chemiluminescence and exposed to X-ray film. 
 
Transient transfection with K-CREB and A-CREB 
Neuro2a cells were plated in 6-well cell culture dishes to 80% 
confluence (Corning, Inc., USA). Twenty-four h later, they were 
incubated with OPTI-MEM media containing 10% FBS without 
antibiotics. DNA and the Lipofectamine 2000 reagent were 
diluted separately in 250 μl of serum-free OPTI-MEN media 
without antibiotics, mixed together, and incubated at room tem-
perature for 20 min. The culture plates were washed with phos-
phate-buffered saline (PBS, pH 7.4), and 1.5 ml of antibiotic-
free OPTI-MEM medium containing 10% FBS was added. 
Then, 500 μl of the plasmid/Lipofectamine 2000 reagent mix-
ture was gently added to each well, and the plates were incu-
bated at 37°C for 24 h.  
 
Immunocytochemistry 
Cells were plated onto four-well chamber slides at a density of 
60-70% confluency. After chemical stimulation, cells were fixed 
in 4% paraformaldehyde and permeabilized with 0.2% Triton X-
100, each for 10 min at room temperature. Following three 
rinses in PBS, cells were blocked with 10% normal goat serum 
in PBS for 1 h at room temperature. Cells were incubated over-
night with the primary antibody (β-tubulin at 1:800 dilution) at 
4°C. Cells were washed three times with PBS and then stained 
using the ABC Kit (Vector Laboratories, Inc., USA) and 0.05% 
diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich Co.). 
Following three rinses in PBS, the stained coverslips were 
mounted and observed under a microscope (200X; Olympus 
PROVIS AX-70, Olympus Corporation, Japan). 
 
Statistical analysis 
Results are presented as the mean ± S.E. from more than three 
independent experiments. Differences between the groups 
were assessed with paired t-tests in Prism 4 (GraphPad Soft-
ware, Inc., USA). 
 
RESULTS 

 
LPA induced neurite retraction in differentiated Neuro2a  
cells 
In order to examine the expression of the LPA receptors in 
Neuro2a cells, we utilized RT-PCR (Fig. 1G). Primers were 
designed from sequences conserved in the mouse, as well as 
with mouse tissues, including hippocampus, cortex, ovary, and
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testis (Chun et al., 2002). The RT-PCR reaction showed the 
expression of LPA1 and LPA2 receptor and a little LPA4 receptor 
mRNA. However, the LPA3 receptor mRNA expression was not 
detectable in both undifferentiated and differentiated Neuro2a 
cells. In addition, there were no differences in the levels of ex-
pression of the mRNA of all LPA receptors between Neuro2a 
cells and differentiated Neuro2a cells. 

We characterized the neuronal-like phenotype of Neuro2a 
cells after RA treatment (Mao et al., 2000). The differentiated 
Neuro2a cells were obtained after addition of 10 μM RA in the 
MEM culture media containing 2% FBS. After 24 h incubation 
with RA, most of the Neuro2a cells exhibited a neuron-like phe-
notype with long neurites (Fig. 1B). Before the LPA treatment, 
more than 90% of the differentiated cells showed processes. 
After a 5 min treatment with LPA, differentiated cells showed 
growth cone collapse and membrane ruffling. Neurite retraction 
was time-dependent, and the extended processes were almost 
completely reduced after 1 h with LPA addition (Figs. 1B-1F). In 
addition, LPA-induced neurite retraction was maintained 12 h 
after LPA treatment (data not shown). 
 
 

Activation of the GSK-3β cascade was involved in the  

LPA-induced neurite retraction 

Recent evidence suggests that GSK-3β may be involved in 
neurite retraction in certain cell types (Bhat et al., 2000; Harti-
gan and Johnson, 1999; Mandell and Banker, 1996). Addition-
ally, these previous reports prompted us to test the involvement 
of the GSK-3β cascade in the LPA-stimulated neurite retraction 
in differentiated Neuro2a cells. To test this possibility, we per-
formed immunoblot analyses. As shown in Fig. 2A, treatment of 
differentiated Neuro2a cells with LPA resulted in a time-depen-
dent increase of the level of tyrosine-phosphorylated GSK-3β. 
In addition, the GSK-3β phosphorylated in serine did not 
change with the LPA treatment (Fig. 2A). The results from the 
immunoblot analysis demonstrated that GSK-3β is activated by 
LPA in differentiated Neuro2a cells. 

During neurite retraction, one of the most important elements 
that mediates the stability of microtubules is the phosphoryla-
tion level of MAPs (Mandell and Banker, 1996). A recent study 
reported that GSK-3β phosphorylates tau at sites of serine 
(Ser) 396 and Ser404, which is involved in neurite retraction, a 
key step in the development of neurofibrillary pathology in the 
Alzheimer’s disease brain (Li et al., 2006; Tatebayashi et al., 

Fig. 1. Lysophosphatidic acid (LPA)-induced

neurite retraction of differentiated neuroblas-

toma cells, Neuro2a. Neuro2a cells were

cultured on a chamber slide. Cells were incu-

bated with (B-F) or without (A) 10 μM retinoic

acid (RA) for 24 h. After incubating with RA,

cells were treated without (B) or with 5 μM

LPA for 5 min (C), 15 min (D), 30 min (E), or

60 min (F), respectively. Cells were immu-

nostained with an antibody against β-tubulin.

Scale bar: 50 μm. In order to examine the

levels of expression of the LPA receptor genes

in Neuro2a cells, we analyzed RT-PCR.

Primers were designed according to con-

served mouse sequences. Amplification of β-

actin was used as a relative loading control

for cDNA quantity (G). 
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Fig. 2. Phosphorylation of GSK-3β and tau in differentiated Neuro2a 

cells by LPA. After 24 h differentiation, Neuro2a cells were treated 

with 5 μM LPA in a time-dependent manner. Whole cell lysates 

were subjected to 10% SDS-PAGE and immunoblotted with phos-

phospecific antibodies GSK-3β (A) and tau (B). The amplification 

intensity of total-GSK-3β and β-actin were used as a loading control. 
 
 
2006). Considering these facts, we investigated the possibility 
of LPA-stimulated tau phosphorylation at the Ser396 and 
Ser404 sites in differentiated Neuro2a cells. Phosphorylation of 
tau was assessed by immunoblot analysis with phospho-
specific antibodies against Ser396 and Ser404 of tau. The level 
of phosphorylated tau rapidly increased at sites Ser396 and 
Ser404 after treatment for 5 min with LPA, and the levels were 
the highest 30 min after LPA addition and then decreased 
slowly (Fig. 2B). 

To further test which signaling pathway was involved in LPA-
induced neurite retraction in differentiated Neuro2a cells, the 
effects of various pharmacological inhibitors of protein kinases 
on the neurite retraction and phosphorylation of tau were exam-
ined. As shown in Fig. 3A, LPA-induced neurite retraction was 
significantly reduced by Y27632, a Rho-associated coiled-coil 
forming protein serine/threonine kinase (ROCK) inhibitor. Fur-
thermore, Y27632 also significantly prevented tau phosphoryla-
tion in differentiated Neuro2a cells (Fig. 3B). In order to confirm 
that GSK-3β is the kinase responsible for tau phosphorylation 
by LPA in differentiated Neuro2a cells, we treated cells with LiCl, 
which is an inhibitor of GSK-3β (Klein and Melton, 1996; 
Stambolic et al., 1996). Pretreatment with 20 mM LiCl partially 
prevented LPA-induced neurite retraction (Fig. 3A) and decrea-
sed the tau phosphorylation (Fig. 3B). Interestingly, although 
LPA-induced neurite retraction in differentiated Neuro2a cells 
was partially reduced by pretreatment with SB203580, a p38 
MAPK inhibitor, it failed to prevent LPA-induced tau phosphory-
lation (Fig. 3). These data suggest that p38 MAPK-mediated 
neurite retraction by LPA did not involve tau phosphorylation. 
Moreover, PTX (a Gi inhibitor) and PD98059 (a MAPK inhibitor) 
did not regulate LPA-induced neurite retraction in differentiated 
Neuro2a cells (Fig. 3A). Taken together, these results demon-
strate that the activation of ROCK, GSK-3β, and p38 MAPK 
were involved in LPA-induced neurite retraction of differentiated 
Neuro2a cells.  
 

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Involvement of GSK-3β in LPA-induced neurite retraction of 

differentiated Neuro2a cells. Differentiated Neuro2a cells were pre-

treated with 100 ng/ml pertussis toxin (PTX; 6 h), 4 μM Y27632 (Y; 

30 min), 2 mM db-cAMP (db; 1 h), 20 mM lithium chloride (LiCl; 2 h), 

20 μM SB203580 (SB; 1 h), and 50 μM PD98059 (PD; 1 h), fol-

lowed by incubation with 5 μM LPA for 1 h. The cells were then 

photographed at 200X magnification under a phase-contrast micro-

scope. With these photographs, the numbers of cells without or with 

the neurite shape were counted in four randomly selected fields. 

Results are expressed as the percentages of rounding cells among 

the total cells (A). Differentiated Neuro2a cells were pretreated with 

20 μM SB203580, 20 mM LiCl, 10 μM H89 or 4 μM Y27632 before 

exposure to 5 μM LPA for 30 min. The cytoplasmic extracts were 

used to study the levels of tau phosphorylation by western blot 

analysis probed with phospho-specific tau antibodies as described 

in “Materials and Methods”. (B). Results of the mean ± S.E. of four 

different rectangular areas of three independent experiments are 

shown. **P < 0.01; ***P < 0.001. 
 
 
CREB activation is not required for LPA-induced  

differentiated Neuro2a cell neurite retraction 

We found that H89 dramatically blocked tau phosphorylation 
(Fig. 3B) and significantly prevented neurite retraction in differ-
entiated Neuro2a cells (Figs. 4A-4C). H89, an inhibitor of PKA, 
has recently been shown to inhibit MSK-1 activity (Lee et al., 
2003; Thomson et al., 1999; Zhong et al., 2001). Previous stud-
ies have demonstrated that CREB is downstream of the GSK-
3  signaling pathway β (Grimes and Jope, 2001). To further in-
vestigate the mechanisms of LPA-induced neurite retraction in 
differentiated Neuro2a cells, we examined the role of CREB in 
LPA-stimulated neurite retraction by using the dominant-nega-
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tive CREBs, K-CREB and A-CREB. The protein levels of CREB 
were significantly increased when Neuro2a cells were trans-
fected with A-CREB and K-CREB (Figs. 4D and 4E). However, 
LPA-induced tau phosphorylation was not significantly different 
between the dominant-negative CREB-transfected cells and 
pcDNA-transfected cells (Figs. 4D and 4F). These findings 
indicate that LPA-stimulated activation of CREB may not result 
in LPA-stimulated neurite retraction and tau phosphorylation in 
differentiated Neuro2a cells. 
 
DISCUSSION 

 
The question addressed in this study was how LPA induced 
neurite retraction and tau phosphorylation in differentiated 
neuroblastoma Neuro2a cells. Our main finding was that GSK-
3β and PKA signaling pathways partially influenced the induc-
tion of neurite retraction and tau phosphorylation in LPA-
stimulated differentiated Neuro2a cells. In addition, we demon-
strated that phosho-p38 MAPK, which was activated by LPA, 
was partially involved in LPA-induced neurite retraction, but did 
not regulate tau phosphorylation in differentiated Neuro2a cells. 
Interestingly, although LPA-induced CREB phosphorylation is 
involved in various biological progresses, CREB seemed to be 
incapable of regulating neurite retraction in differentiated Neuro2a 
cells. Our results, incorporated with the findings of previous 
studies (Fukushima et al., 2002; Sayas et al., 1999), add new 
observations that are leading to a more detailed understanding 
of the role of CREB in LPA-induced neurite retraction and tau 
phosphorylation in differentiated neuroblastoma cells. 

A number of studies have shown that LPA mediates morpho-
logical changes in neuronal cells through the regulation of 
microtubule-binding proteins (Chun, 2005; Sayas et al., 2006). 
It has been proposed that these effects are mediated by LPA 
and LPA receptors, including LPA1, LPA2, and LPA4 (Fuku- 
shima, 2004; Yanagida et al., 2007; Ye et al., 2002). GSK-3β is 
a key regulatory component of a large number of cellular proc-
esses, and aberrant control of GSK-3-regulated pathways plays 
a role in a number of human diseases, such as diabetes, Alz-
heimer’s disease, and cancer. More than 40 proteins are phos-
phorylated by GSK-3β, and these substrates include metabolic 
proteins, cytoskeleton proteins, and transcription factors (Cai et 
al., 2006). Here, we found that LPA increased GSK-3β activity, 
which induced tau phosphorylation and neurite retraction in 
differentiated Neuro2a cells. Neurite retraction is a significant 
process not only during development (neurogenesis and neuri-
togenesis), but also in some pathological circumstances such 
as neurodegeneration (Sayas et al., 1999; 2002b). Previous 
studies have demonstrated that GSK-3β regulated AP-1, CREB 
activation, and CRE/CREB-dependent gene transcription (Boer 
et al., 2007; Hu et al., 2007). Recently, we demonstrated that 
LPA-induced CREB phosphorylation played an important role 
in the induction of c-fos expression, cyclin D1 accumulation, cell 
proliferation, and so on (Kwon et al., 2009). Thus, we investi-
gated the possibility of the involvement of CREB in LPA-
induced neurite retraction in differentiated Neuro2a cells. As 
shown in Fig. 3C, LPA-induced tau phosphorylation was nota-
bly reduced by the protein kinase inhibitor, H89, which is a 
CREB inhibitor. Furthermore, H89 significantly prevented LPA- 

Fig. 4. CREB is not a component of the

signaling cascade of LPA-induced neurite

retraction of differentiated Neuro2a cells.

Neuro2a cells were differentiated in Modi-

fied Eagle’s Medium containing 2% FBS

and 10 μM RA for 24 h (A). They were

pretreated with 10 μM H89 (C) for 1 h

before being incubated with 5 μM LPA (B

and C) for 1 h. Then, the cells were photo-

graphed at 200X magnification under a

phase-contrast microscope. Neuro2a cells

were transfected with pcDNA, K-CREB, or

A-CREB. After differentiation, cells were in-

cubated with 5 μM LPA for 30 min. Phos-

pho-tau and total-CREB were detected by

immunoblot analyses using phospho-spe-

cific antibodies that recognize phospho-tau

and CREB-1 antibodies, respectively (D).

The amplification intensity of β-actin was

used as a loading control. The intensities

of the total-CREB bands (E) and the phos-

pho-Tau bands (F) were determined by

densitometric scanning and analyzed by

Bio-Profil software. Results are mean ±

S.E. and representatives of three inde-

pendent experiments are shown. **P < 0.01.
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Fig. 5. A proposed model for the tau signaling cascade in LPA-

induced neurite retraction in differentiated Neuro2a cells. LPA in-

creased tau phosphorylation, which was followed by activation of 

the GSK-3β signaling pathway. The activated GSK-3β and PKA 

signaling pathway mediated the hyperphosphorylation of tau, which 

subsequently resulted in differentiated Neuro2a cell neurite retrac-

tion. 
 
 
induced neurite retraction in differentiated Neuro2a cells (Fig. 
4A). H89 has also been reported to inhibit PKA (Ginty et al., 
1991). In order to investigate whether PKA or CREB was in-
volved in LPA-induced neurite retraction in our study, we used 
the dominant-negative CREBs, K-CREB and A-CREB, as the 
selective inhibitors of CREB. As a result, we found that both K-
CREB and A-CREB failed to prevent LPA-stimulated tau phos-
phorylation in differentiated Neuro2a cells. Thus, we conclude 
that CREB is not involved in LPA-stimulated Neuro2a cell neu-
rite retraction. Previous studies have demonstrated that cAMP-
mediated neuritogenesis requires the activation of PKA and PI-
3K in order to initiate neurite elongation (Sanchez et al., 2001). 
The addition of db-cAMP, an activator of PKA, before LPA addi-
tion is known to prevent growth cone collapse and neurite re-
traction by maintaining the neuron-like phenotype (Sayas et al., 
1999). Our biochemical data confirm that the addition of db-
cAMP before LPA treatment partially blocked growth cone col-
lapse and neurite retraction in differentiated Neuro2a cells (Fig. 
3A). Taken together, LPA-induced neurite retraction in differen-
tiated Neuro2a cells occurred through the tau-mediated signal-
ing pathway, which involved an increase of GSK-3β and PKA 
activity, rather than CREB activation. 

Moreover, we found that LPA-induced neurite retraction in 
differentiated Neuro2a cells was partially reduced by pretreat-
ment with SB203580, a p38 MAPK inhibitor (Fig. 3A). Although 
SB203580 partially prevented LPA-stimulated neurite retraction, 

it failed to regulate tau phosphorylation (Fig. 3B). Thus, p38 
MAPK activation is required in LPA-induced neurite retraction, 
but it is not dependent on tau phosphorylation in differentiated 
Neuro2a cells. 

In summary, as shown in Fig. 5, we demonstrated tau phos-
phorylation and neurite retraction by extracellular LPA in differ-
entiated Neuro2a cells. The LPA-induced neurite retraction in 
differentiated Neuro2a cells occurred through a tau-mediated 
signaling pathway, which involved an increase of GSK-3β and 
PKA rather than CREB activation. Moreover, the p38 MAPK 
signaling pathway-induced neurite retraction by LPA was not 
dependent on tau phosphorylation. Tau protein phosphorylation 
and neurite retraction have been implicated in the cascade of 
events associated with Alzheimer’s disease. An increased un-
derstanding of tau phosphorylation and neurite retraction may 
open up possibilities for Alzheimer’s disease therapeutic proc-
esses. 
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