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Apolipoprotein E (apoE) is a ligand for members of
the low density lipoprotein (LDL) receptor family, re-
ceptors highly expressed in neurons. A study of one of
the mechanisms by which apoE might affect neuronal
cell metabolism is reported herein. ApoE can induce
Akt/protein kinase B phosphorylation in Neuro-2a via
two different pathways. Both pathways are mediated by
phosphatidylinositol 3-kinase and cAMP-dependent pro-
tein kinase. The first pathway is stimulated by apoE3
and E4, but not by E2, after a 1-h incubation. The
process requires the binding of apoE to the heparan
sulfate proteoglycan/LDL receptor-related protein
complex. The second pathway is activated after a 2-h
incubation of the cells, in another isoform-dependent
manner (E2 � E3 � E4) and is mediated by calcium.
Our results suggest that apoE might affect cell me-
tabolism and survival in neurons in an isoform-spe-
cific manner by inducing novel signaling pathways.
© 2002 Elsevier Science (USA)
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Apolipoprotein E (apoE) is a key-protein in lipid
transport in plasma and the brain (1). Plasma apoE is
mainly expressed in the liver and the apoE found in
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is polymorphic and it is known that apoE3 represents
the most common isoform. ApoE2 and E4 are the other
main variants and are the result of a single amino acid
mutation (1). ApoE is a ligand for members of the low
density lipoprotein receptor (LDL-R) family including
the low density lipoprotein receptor-related protein
(LRP). The localization of these receptors on the sur-
face of neuronal cells suggests that apoE might affect
neuronal cell metabolism.

ApoE has been shown to be involved in apoptosis, a
programmed process for cell death in neurons. This
neurotoxic effect of apoE is isoform-specific, with E4
being more toxic than E3 and might involve the prote-
olysis of apoE (5). Apoptosis is apoE-receptor mediated
(6) and requires calcium influx (5). Thus the possibility
that apoE neurotoxicity might involve multiple signal-
ing pathways cannot be excluded.

Recently, apoE receptors have been shown to play a
role in signal transduction (7, 8) and apoE, in addition
to its role in lipid metabolism, has been shown to be
involved in cell signaling (9): apoE inhibits platelet
aggregation (10) and vascular smooth muscle cell pro-
liferation via the activation of nitric oxide synthase
(11), and regulates inflammatory gene expression fol-
lowing stimulation with lipopolysaccharides (12). More
recently, apoE4 has been shown to modulate ERK
phosphorylation in rat hypocampal cells suggesting an
isoform-specific effect in neurons (13).

The serine/threonine kinase which is referred to as
Akt or protein kinase B (PKB) is a critical mediator of
cell survival in response to growth factor stimulation.
The mechanism for this activation requires the trans-
location of Akt to the membrane and its subsequent
binding to the PI3K-generated 3-phosphoinositides.
For full activation, Akt must be phosphorylated at both
positions Thr308 and Ser473. Caspase-9, and Bad, a
member of the pro-apoptotic Bcl-2 family, and glycogen
synthase kinase 3� (GSK3�) have been shown to be
CSF is produced by astrocytes in the brain (2–4). ApoE
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phosphorylated and inactivated by Akt. Akt regulates
a variety of cellular processes including gene transcrip-
tion, glucose metabolism and protein synthesis, and
thus plays an important role in cell metabolism and
survival (14–17).

To elucidate one of the mechanisms by which apoE
might affect cellular events in neurons, we examined
the effects of apoE isoforms on Akt phosphorylation, in
murine neuroblastoma cells. Our findings show that
apoE is able to induce Akt phosphorylation via two
different pathways both of which are mediated by PI3K
and PKA. These two pathways are independent of each
other and are activated in an apoE isoform-dependent
manner. Our results suggest that apoE may affect neu-
ronal cell metabolism and survival in an isoform-
specific manner.

EXPERIMENTAL PROCEDURES

Materials. Unless otherwise specified, the apoE used in this
study was isolated and purified from human plasma very low density
lipoproteins (Calbiochem, La Jolla, CA). Human recombinant apoE2,
E3 and E4 isoforms were prepared as described previously (18). A
tandem repeat dimer of apoE amino acids 141–155 (LRKLR KRLLR
DADDL LRKLR KRLLR DADDL) was synthesized by the Peptide
Institute (Osaka, Japan). Wortmannin and KT5720 were obtained
from Calbiochem. Heparinase I was purchased from Sigma (St.
Louis, MO). RAP was obtained from Progen Biotechnik (Heidelberg,
Germany). BAPTA-AM was obtained from Molecular Probes (Leiden,
The Netherlands).

Cell culture. Murine neuroblastoma cells (Neuro-2a) were a gift
from Dr. Masaya Tohyama (Department of Anatomy, Osaka Univer-
sity Medical School). Cells were cultured in Dulbecco’s modified
Eagle medium which contained 10% (v/v) fetal calf serum, penicillin
and streptomycin. Cells were grown to 60–80% percent confluence in
6-well tissue-culture plates before use in the experiments.

Western blotting. Cells were rinsed twice with ice-cold
phosphate-buffered saline (PBS), harvested in lysis buffer (20 mM
Tris–HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% (w/v) Nonidet
P-40, 10% (w/v) glycerol, 5 mM sodium pyrophosphate, 10 mM NaF,
1 mM sodium orthovanadate, 10 mM �-glycerophosphate, 1 mM
phenylmethylsulfonyl fluoride, 2 �g/mL aprotinin, 5 �g/mL leupep-
tin and 1 mM dithiothreitol). Cell lysates were centrifuged at
15,000g for 10 min at 4°C, the supernatants were collected, and
protein concentrations were determined using a protein assay CBB

kit (Nacalai tesque, Kyoto, Japan). For Western blot analysis, whole
cell lysates were subjected to 12.5% SDS–polyacrylamide gel electro-
phoresis (PAGE) and the resulting proteins were transferred to
nitrocellulose membranes (Schleicher & Schuell). The blots were
probed with anti-Akt or anti-phospho-serine 473 Akt antibodies (Cell
Signal, Tokyo, Japan). After the blots had been incubated with
peroxidase-conjugated secondary antibody, immunoreactive bands
were visualized using an ECL kit (Amersham Pharmacia Biotech,
UK).

RESULTS

ApoE Induces Akt Phosphorylation at Ser473
in Neuro-2a Cells

To determine whether apoE activates signaling
pathways in Neuro-2a cells, Akt activation was exam-
ined after apoE treatment. One �g/mL of human apoE,
purified from plasma very low density lipoproteins,
was added to the cells for the indicated times and
Western blotting of cell lysates was carried out fol-
lowed by probing with anti-Akt and anti-phospho-
serine 473 Akt antibodies. The results showed that
apoE induced Akt phosphorylation in Neuro-2a cells in
a time-dependent manner with 2 peaks at 1 and 2 h
(Fig. 1). The first peak was attenuated within less than
1 h whereas the second peak persisted for more than
2 h.

LRP Is Involved in Akt Phosphorylation Induced after
1-h but Not after 2-h Treatment with ApoE

To determine the receptor that is involved in modu-
lation of Akt phosphorylation by apoE, heparinase
which prevents apoE from binding to the heparan sul-
fate proteoglycan (HSPG)/LRP complex, and RAP
which blocks the binding of apoE to all the LDL-R
family members were used (19). Heparinase caused a
decrease, and RAP a total suppression of the phosphor-
ylation of Akt induced after a 1-h treatment with apoE
but these 2 reagents had no effect on the 2-h phosphor-
ylation peak (Fig. 2). We assumed from these results
that the first Akt phosphorylation peak requires the

FIG. 1. Time-course analysis of Akt phosphorylation induced by
apoE in Neuro-2a cells. Cells were treated with 1 �g/mL apoE for the
indicated times. Whole cell lysates were subjected to 12.5% SDS–
PAGE and transferred to a nitrocellulose membrane. The blots were
probed with anti-phospho-Akt (�-p-Akt, upper panel) and anti-Akt
(�-Akt, lower panel) antibodies as described under Experimental
Procedures.

FIG. 2. Identification of receptor(s) involved in Akt phosphory-
lation induced by apoE. Cells were preincubated with RAP (1 �M) or
heparinase (10 units/mL) for 2 h and then treated with 1 �g/mL apoE
for 1 or 2 h. Whole cell lysates were subjected to 12.5% SDS–PAGE
and transferred to a nitrocellulose membrane. The blots were probed
with anti-phospho-Akt (�-p-Akt, upper panel) and anti-Akt (�-Akt,
lower panel) antibodies as described under Experimental Proce-
dures.
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binding of apoE to the HSPG/LRP complex while the
second peak does not. Therefore, we hypothesized that
the 1- and the 2-h Akt phosphorylation peaks were
induced by different mechanisms.

PI3K is Involved in Akt Phosphorylation
Induced by ApoE

Akt is an important effector of survival signaling
downstream of PI3K. However, PI3K-independent ac-
tivation of Akt has been reported (20). To further in-
vestigate this, the effect of wortmannin, a specific in-
hibitor of PI3K, on the role of PI3K in the
phosphorylation of Akt was examined. Wortmannin
was found to inhibit the Akt phosphorylation induced
after the 1- and 2-h treatments with apoE (Fig. 3).
These results indicate that apoE activates Akt through
PI3K-dependent mechanisms.

PKA Activation Is Required for Akt Phosphorylation
Induced by ApoE

To elucidate the pathways involved in Akt phosphor-
ylation, cells were pre-incubated with KT5720, a PKA
inhibitor. KT5720 inhibited the formation of both the
1- and 2-h Akt phosphorylation peaks (Fig. 4). This

indicates that PKA is involved in the Akt phosphory-
lation that is observed following apoE treatment.

Calcium Is Required for Akt Phosphorylation Induced
after 2-h Treatment with ApoE

ApoE is known to induce an increase in intracellular
calcium levels in neuronal cells either via calcium re-
lease from the intracellular stores or via an influx of
extracellular calcium (21). To determine whether or
not calcium is required for the Akt phosphorylation
induced by apoE treatment, cells were incubated for 40
min with BAPTA-AM, a chelator of intracellular cal-
cium. As shown in Fig. 5, BAPTA-AM prevented the
Akt induced phosphorylation after the 2-h but not after
the 1-h treatment with apoE. These results show that
calcium is required for the Akt induced phosphoryla-
tion after the 2-h treatment with apoE.

ApoE Induces Akt Phosphorylation in an
Isoform-Dependent Manner

To assess the effect of apoE polymorphism on the Akt
phosphorylation, 1 �g/mL of recombinant apoE2, E3 or
E4 was incubated with cells for up to 4 h. All 3 apoE
isoforms were found to induce Akt phosphorylation
after a 2-h treatment. This activation was isoform de-
pendent: E2 � E3 � E4, but, only apoE3 and E4 were
able to stimulate Akt phosphorylation after the 1-h
treatment (Fig. 6).

An Apolipoprotein E Peptide Induces Akt
Phosphorylation in Neuro-2a

In this experiment, a peptide of apoE consisting of a
tandem repeat of amino acids 141–155 was used. This
apoE peptide, which contains the region responsible for
the binding of apoE to its receptors, was examined for
its ability to induce Akt phosphorylation in Neuro-2a.
The apoE peptide (2 �M) was added to cells for the
indicated times. Figure 7 shows that the apoE peptide
induced Akt phosphorylation, after 30 min and later
than 1 h.

FIG. 3. Role of PI3K in Akt phosphorylation induced by apoE.
Cells were pre-incubated with wortmannin (100 nM) for 60 min and
then treated with 1 �g/mL apoE for 1 or 2 h. Whole cell lysates were
subjected to 12.5% SDS–PAGE and transferred to a nitrocellulose
membrane. The blots were probed with anti-phospho-Akt (�-p-Akt,
upper panel) and anti-Akt (�-Akt, lower panel) antibodies as de-
scribed under Experimental Procedures.

FIG. 4. Examination of the role of PKA in Akt phosphorylation
induced by apoE. Cells were preincubated with KT5720 (5 nM) for 60
min and then treated with 1 �g/mL apoE for 1 or 2 h. Whole cell
lysates were subjected to 12.5% SDS–PAGE and transferred to a
nitrocellulose membrane. The blots were probed with anti-phospho-
Akt (�-p-Akt, upper panel) and anti-Akt (�-Akt, lower panel) anti-
bodies as described under Experimental Procedures.

FIG. 5. Examination of the role of calcium in Akt phosphoryla-
tion induced by apoE. Cells were pre-incubated with BAPTA-AM (10
mM� for 45 min and then treated with 1 �g/mL apoE for 1 or 2 h.
Whole cell lysates were subjected to 12.5% SDS–PAGE and trans-
ferred to a nitrocellulose membrane. The blots were probed with
anti-phospho-Akt (�-p-Akt, upper panel) and anti-Akt (�-Akt, lower
panel) antibodies as described under Experimental Procedures.
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DISCUSSION

We report herein on a study of the effect of apoE on
Akt phosphorylation in Neuro-2a. Akt phosphorylation
was significantly increased after 1- and 2-h incubations
with apoE at a concentration of 1 �g/mL. To better
understand the mechanisms by which Akt was phos-
phorylated, inhibition experiments were performed.
Pre-treatment with wortmannin, a specific inhibitor of
PI3K, was found to prevent the formation of both the 1-
and 2-h Akt phosphorylation peaks. This suggested
that the phosphorylation of Akt induced by apoE was
PI3K-dependent. We further showed that Akt phos-
phorylation after both a 1- and 2-h incubation with
apoE was inhibited by KT5720. In contrast to recent
reports which showed that cAMP or PKA stimulates
Akt via a PI3K-independent pathway (20, 22), the find-
ings here indicate that the activation of Akt by apoE
requires both PI3K and PKA activation. Li et al. (23)
have shown that Akt can be activated in primary rat
hepatocytes by cAMP level-elevating reagents. This
cyclic-nucleotide mediated activation is blocked by
both PI3K and PKA inhibitors. Others (24) have re-
ported that a cAMP reagent directly activates PI3K in
sympathetic neurons. However, the mechanism of ac-
tivation of Akt by apoE in Neuro-2a remains to be
investigated.

ApoE binds to all the LDL-R family members. Our
data demonstrate that the LDL-R family members are
not involved in the 2-h phosphorylation peak whereas
formation of the 1-h phosphorylation peak may require

the binding of apoE to the HSPG/LRP complex. Li et al.
(25) have shown that LRP tail is phosphorylated by
PKA and that this phosphorylation facilitates the en-
docytosis of the LRP. Thus the possibility that apoE
binding to LRP regulates signal transduction via an
enhanced phosphorylation of the receptor by PKA can-
not be excluded at this time.

ApoE2, E3 and E4 isoforms differ in primary struc-
ture at 2 sites: residue 112 and 158. ApoE3 contains
cysteine at residue 112 and arginine at residue 158
while in the case of E2 cysteine is present at both sites
and E4 has arginine residues at these sites. We found
that, unlike apoE2, apoE3 and E4 induce Akt phos-
phorylation after a 1-h incubation of the cells. Ohkubo
et al. (13) reported that the apoE4 and apoE peptide
induce ERK activation in rat sympathetic neurons af-
ter 1-h and 15-min incubations of the cells, respec-
tively, via a mechanism which involves a member of
the LDL-R family. The authors suggested that this
time difference was due to the proteolysis of full-length
apoE in the medium, and that the activation of the
signaling pathway was linked to the apoptotic effect of
apoE4. Our results are consistent with their work in
terms of the delayed signaling which suggests that
activation of the first pathway might be a consequence
of apoE proteolysis.

The 2-h phosphorylation peak requires calcium as
shown in the experiment with BAPTA-AM. Since
BAPTA-AM completely inhibits the 2-h peak but has
no effect on the 1-h peak, we conclude that the 1-h Akt
phosphorylation peak is attenuated within less than
1 h whereas the 2-h phosphorylation peak persists for
more than 2 h. This result is particularly relevant,
considering the fact that apoE isoforms have distinct
effects on these 2 peaks. The activation of the 2-h
phosphorylation peak by apoE4 is weak. Therefore, the
activation of the 1-h Akt phosphorylation by apoE4
might be related to its apoptotic effect, which is respon-
sible for the refractory relationship to central nervous
system injury and disease. In addition, the apoE2-
inducing effect on the 2-h pathway only could account
for this isoform-specific “protective” effect (26–28). Our

FIG. 7. Time-course analysis of Akt phosphorylation induced by
apoE peptide. Cells were treated with 2 �M of apoE peptide for the
indicated times. Whole cell lysates were subjected to 12.5% SDS–
PAGE and transferred to a nitrocellulose membrane. The blots were
probed with anti-phospho-Akt (�-p-Akt, upper panel) and anti-Akt
(�-Akt, lower panel) antibodies as described under Experimental
Procedures.

FIG. 6. Akt phosphorylation by apoE: Comparison of apoE iso-
forms. Cells were treated with 1 �g/mL of recombinant apoE2 (a), E3
(a, b) and E4 (b) for the indicated times. Whole cell lysates were
subjected to 12.5% SDS–PAGE and transferred to nitrocellulose
membranes. The blots were probed with anti-phospho-Akt (�-p-Akt,
upper panel) and anti-Akt (�-Akt, lower panel) antibodies as de-
scribed under Experimental Procedures.
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findings provide a possible explanation for the reported
beneficial effect of apoE in terms of neuronal degener-
ation. ApoE expression is increased following injury to
the brain (29–31) and apoE �4 allele is associated with
a poor prognosis following traumatic injury (32) and
with many brain disorders.

We were able to confirm that the induction of the
phosphorylation of Akt leads to its activation: our find-
ing show that GSK3�, which is a known substrate of
Akt, was phosphorylated in a PI3K-dependent manner
after incubation of cells with apoE for 1- or 2-h (unpub-
lished data). It is interesting to note that GSK3� sub-
strates include protein bound to microtubules (33)
since apoE has been reported to regulate Tau phos-
phorylation (34).
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