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Motoneurons require neurotrophic factors for their survival and
axonal projection during development, as well as nerve regen-
eration. By using the axotomy-induced neuronal death paradigm
and adenovirus-mediated gene transfer, we attempted to gain
insight into the functional significances of major growth factor
receptor downstream cascades, Ras–extracellular signal-
regulated kinase (Ras-ERK) pathway and phosphatidylinositol-3
kinase–Akt (PI3K-Akt) pathway. After neonatal hypoglossal nerve
transection, the constitutively active Akt-overexpressing neurons
could survive as well as those overexpressing Bcl-2, whereas
the constitutively active ERK kinase (MEK)-overexpressing ones

failed to survive. A dominant negative Akt experiment demon-
strated that inhibition of Akt pathway hastened axotomy-induced
neuronal death in the neonate. In addition, the dominant active
Akt-overexpressing adult hypoglossal neurons showed accel-
erated axonal regeneration after axotomy. These results sug-
gest that Akt plays dual roles in motoneuronal survival and
nerve regeneration in vivo and that PI3K-Akt pathway is prob-
ably more vital in neuronal survival after injury than Ras-ERK
pathway.
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An organized expression of various kinds of molecules would be
essential for injured neurons to survive and regenerate (for re-
view, see Persson and Ibáñez, 1993; Snider, 1994; Oppenheim,
1996; Pettmann and Henderson, 1998). In an attempt to explore
the molecular basis of this process, we have used differential
display–PCR to identify genes whose mRNA expression was
upregulated in injured hypoglossal motoneurons and succeeded
in isolating both novel and known molecules with possible asso-
ciation with neuronal survival and regeneration (Kiryu et al.,
1995b; Morita et al., 1996; Su et al., 1997; Namikawa et al., 1998;
Toki et al., 1998). In such gene screening studies, molecules
restricted to certain intracellular signaling pathways were repeat-
edly hit. These are, for instance, Shc, 14-3-3, extracellular signal-
regulated kinase 1 (ERK1), ERK kinase 1 (MEK1), phosphatidy-
linositol-3 kinase (PI3K), and Akt (Kiryu et al., 1995a; Ito et al.,
1996; Owada et al., 1997; Namikawa et al., 1998; Tanabe et al.,
1998), which are molecules located downstream of growth factor
receptor signaling pathways, in particular Ras-ERK and PI3K-
Akt cascades (for review, see Kaplan and Miller, 1997). The in

vitro studies using culture cells have also indicated that these two
pathways are vital for neuronal survival (for review, see Pettmann
and Henderson, 1998). Currently, serine/threonine kinase Akt,
also known as PKB (protein kinase B) or RAC-PK (related to A
and C protein kinase) (Burgering and Coffer, 1995; Franke et al.,
1995), has attracted much attention as a survival signal mediator,
stimulated not only by growth factors but also by calcium influx
(Dudek et al., 1997; Crowder and Freeman, 1998; Yano et al.,
1998). Akt inactivates BAD, caspase-9, and FKHRL1 by phos-
phorylation and thereby blocks BAD-, caspase-9-, or FKHRL1-
induced cell death in vitro (Datta et al., 1997; del Peso et al., 1997,
Cardone et al., 1998, Brunet et al., 1999). In addition to PI3K-Akt
pathway, Ras-ERK pathway is another well established survival
signaling pathway, at least in differentiated PC12 cells and Dro-
sophila (Xia et al., 1995; Bergmann et al., 1998; Kurada and
White, 1998). So far, both Ras-ERK and PI3K-Akt pathways have
been considered to be the most vital for neuronal survival, and
this fact strongly suggests some crucial roles of these pathways in
injured motoneurons for their survival. However, the controversy
remains as to whether they contribute equally to neuronal sur-
vival in vivo (in mammal). In the present study, we tried to
address this issue by using axotomy-induced neuronal death par-
adigm (Hamburger, 1934; Romanes, 1946; Snider et al., 1992).
Axotomy or the removal of peripheral targets in the neonate
causes neuronal death, whereas axotomy in mature animals in-
duces a regenerative response. In the present experimental par-
adigm, we attempted to gain insight into the functional signifi-
cance of Ras-ERK and PI3K-Akt pathways by using adenovirus
vectors (Akli et al., 1993; Davidson et al., 1993), carrying recom-
binant genes for the pivotal molecules to actively manipulate
these cascades in specific ways, in injured motoneurons of neo-
nate rats. Here, we have revealed distinct functional differences
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between these two signaling pathways. In addition, we have also
revealed a novel activity of Akt on neurite elongation both in vitro
and in vivo.

MATERIALS AND METHODS
Animals and surgery. The hypoglossal nerve was cut unilaterally in both
neonate (3-d-old) and adult (6-week-old) Wistar rats. Briefly, rats were
anesthetized with pentobarbital and positioned supine, and the unilateral
hypoglossal nerve was cut with a pair of scissors.

In situ hybridization and immunohistochemistry. In situ hybridization on
brain sections was performed using digoxigenin (DIG)-UTP-labeled
cRNA probe. For Akt mRNA detection, a cDNA (1147–1610) fragment
of rat Akt1 (Konishi et al., 1994) was isolated from rat whole brain
cDNA by using PCR. Hybridization were performed on fresh frozen
sections (18 mm) of neonatal rats 3 d after axotomy or adult rats 7 d after
axotomy. Briefly, the sections were prehybridized and then hybridized at
58°C for 16 hr in hybridization buffer [50% deionized formamide, 0.3 M
NaCl, 20 mM EDTA, 10 mM phosphate buffer (PB), 10% dextran sulfate,
13 Denhardt’s solution, 0.2% sarcosyl, 500 mg/ml yeast tRNA, and 200
mg/ml denatured salmon sperm DNA] containing 40 ng/ml DIG-labeled
RNA probe. After hybridization, washing was performed twice at 65°C
in 50% formamide and 23 SSC for each 30 min. The signal was detected
by using the DIG nucleic acid detection kit (Boehringer Mannheim,
Indianapolis, IN) according to the manufacturer’s protocol. Immunohis-
tochemical studies on brain sections were performed as described previ-
ously (Kiryu et al., 1995a). Neonate rats 3 d after axotomy or adult rats
7 d after axotomy were fixed in Zamboni’s fixative (0.1 M PB containing
2% paraformaldehyde and 0.2% picric acid), and brains were cryopro-
tected in 20% sucrose and then sectioned (20 mm). Anti-phospho Akt
polyclonal antibody (1:300; New England Biolabs, Beverly, MA) specific
to phosphorylated Akt at Ser 473 was used.

Construction of adenoviral vectors. Recombinant adenoviral vectors
were constructed in the following manner. The cDNA fragments com-
prising the entire coding regions for human MEK1 and human Akt1,
were isolated from human embryonic kidney 293 (HEK293) cDNA by
using PCR. Constitutively active MEK, which lacks its nuclear export
signal (Fukuda et al., 1997) (amino acid 32–51) and which has the
substitution of glutamic acid for two phosphorylation sites, Ser 218 and
Ser 222, were prepared by site-directed mutagenesis as described previ-
ously (Mansour et al., 1994). After that, c-Myc tag sequence was fused
to its N terminal by using PCR. Constitutively active Akt, which lacks
its pleckstrin homology domain (amino acid 4–129) but has src-
myristoylation signal sequence (MGSSKSKPKDPSQRR) (Resh, 1994)
fused to its N-terminal end and hemagglutinin epitope tag (HA tag) to its
C-terminal end (Kohn et al., 1996a), was also prepared by using PCR.
Akt-AA (rat Akt1 T308A/S473A), which also contains HA tag in its
N terminal and works as dominant negative mutant of Akt (Kitamura et
al., 1998), was kindly provided by Drs. M. Kasuga and W. Ogawa (Kobe
University, Kobe, Japan). Bcl-2 expression plasmid SSFV Bcl-2, carrying
the entire coding sequence of human Bcl-2, was kindly provided by Dr.
S. J. Korsmeyer (Harvard Medical School, Boston, MA). da-MEK was
subcloned into pAxCAwt (Miyake et al., 1996), an expression cosmid
cassette, which was created from the human type 5 adenovirus genome
from which the E1A, E1B, and E3 regions were deleted and which
replaced the expression unit under the control of CAG promoter (Niwa
et al., 1991) On the other hand, the fragments of myr-Akt, Akt-AA and
Bcl-2 were subcloned into pAxCALNLw Cre-lox P system mediated
expression cassette (Sato et al., 1998a) as described below. The recombi-
nant adenovirus vectors AxCAda-M EK , AxCAL N L myr-Akt,
AxCALNLAkt-AA, and AxCALNLBcl-2 were constructed by the
COS-terminal protein complex (TPC) method (Miyake et al., 1996).
Each expression cosmid cassette and EcoT22I digested adenovirus
DNA-TPC (Ad5dlX DNA-TPC) were cotransfected into HEK293 cells,
and the recombinant adenoviruses were generated by homologous re-
combination and amplified in HEK293 cells. Finally, high titered recom-
binant viral stocks were generated in HEK293 cells, purified by cesium
gradient centrifugation (Kanegae et al., 1994), and stored at 280°C until
use. The viral titers were determined by plaque-forming assay in HEK293
cells. AxCANLacZ (Terashima et al., 1997), AxCALNLNZ (Sato et al.,
1998a), and AxCANCre (Kanegae et al., 1995) were kindly provided by
Drs. I. Saito and Y. Kanegae (University of Tokyo, Tokyo, Japan).

Cell culture. PC12 cells were maintained in RPMI 1640 medium
containing 5% fetal bovine serum and 10% heat-inactivated horse serum.
The cells were differentiated for 9–10 d in the same medium containing

0.5% fetal bovine serum and nerve growth factor (NGF) (50 ng/ml;
Promega, Madison, WI).

Western blotting. Western blotting was done according to the following
procedure. Protein (20 mg) from adenoviral-infected whole-cell extracts
(the infections were performed as the described below) were separated
by SDS-PAGE, and blots were prepared on polyvinylidene difluoride
membranes (Bio-Rad, Richmond, CA). The following primary antibod-
ies were used as probes: for myr-Akt, anti-phospho Akt polyclonal
antibody (1:1000; New England Biolabs) and anti-HA monoclonal anti-
body (12CA5) (1:2000; Boehringer Mannheim); for Akt-AA, anti-Akt
polyclonal antibody (Kitamura et al., 1998) (kindly provided by Drs. U.
Kikkawa and H. Konishi) and anti-HA monoclonal antibody (12CA5);
for da-MEK, anti-c-Myc monoclonal antibody (9E10); for phosphoryla-
tion of ERKs, anti-phospho ERK polyclonal antibody (1:1000; New
England Biolabs); for Bcl-2, anti-Bcl-2 polyclonal antibody (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA); and for phosphorylation of c-Jun
N-terminal protein kinases (JNKs) or p38, anti-phospho JNK polyclonal
antibody (1:1000; New England Biolabs) or anti-phospho p38 polyclonal
antibody (1:1000; New England Biolabs), respectively. Blots were then
probed with horseradish peroxidase-conjugated goat anti-mouse or anti-
rabbit secondary antibody (Amersham, Arlington Heights, IL) and visu-
alized by using chemiluminescence system (ECL; Amersham)

In vitro kinase assay. To detect the activity of adenovirus-expressed
myr-Akt or Akt-AA under the presence or absence of NGF (100 ng/ml;
3 min after stimulation), we lysed the cells 36 hr after the infection in a
solution containing 20 mM Tris-HCl at pH 7.5, 1 mM EDTA, 1 mM
EGTA, 10 mM 2-mercaptoethanol, 1% Triton X-100, 150 mM NaCl,
10 mM NaF, 1 mM Na3VO4, and 25 mM phenylmethylsulfonyl fluoride.
The lysates were immunoprecipitated with protein A-Sepharose (Phar-
macia, Uppsala, Sweden) coupled with anti-HA polyclonal antibody
(1:100; Santa Cruz Biotechnology) for 3 hr at 4°C. After washing three
times in 20 mM Tris-HCl at pH 7.5 containing 150 mM NaCl and 1%
Triton X-100, the final immunoprecipitates were incubated for 30 min at
30°C in a reaction buffer (25 ml) containing 20 mM Tris-HCl at pH 7.5,
10 mM MgCl2, 20 mM cold ATP, 50 kBq g- 32P ATP (DuPont NEN,
Boston, MA), 1 mM protein kinase inhibitor (Sigma, St. Louis, MO), and
5 mg of histone H2B (Boehringer Mannheim) or 3 mg of glutathione
S-transferase (GST)-BAD fusion protein as substrates. The reactions
were terminated by adding SDS-PAGE sample buffer to the supernatants
and analyzed by 10% (for visualization of GST-BAD) or 15% (for
visualization of histone H2B) SDS-PAGE, followed by autoradiography.
The same immunoprecipitations were also used for Western blot analysis
with anti-Akt antibody. On the other hand, dominant negative effect
of Akt-AA was estimated by measuring endogenous Akt activity in
Akt-AA-overexpressing PC12 cells. In this study, LY294002 (Sigma) was
added into some dishes at the concentration of 100 mM 15 min before
NGF stimulation. The lysates were subjected to three sequential immu-
noprecipitations with anti-HA polyclonal antibody (1:100; Santa Cruz
Biotechnology) for 90 min to remove adenovirus-expressed Akt-AA.
The final supernatants were then subjected to immunoprecipitation with
polyclonal antibody to Akt, and Akt kinase assay with the resulting
immunoprecipitates and Western blot analysis using anti-Akt antibody
were performed as described above.

Immunostaining and survival assays using adenoviral expression in dif-
ferentiated PC12 cells. To estimate the survival activity of each virus,
neuronally differentiated PC12 cells were infected with AxCANLacZ
[multiplicity of infection (MOI) 100], AxCAda-MEK (MOI 100),
AxCALNLmyr-Akt plus AxCANCre (MOI 100/30), or AxCALNLBcl-2
plus AxCANCre (MOI 100/30) and then maintained in NGF-containing
(50 ng/ml) medium. Thirty-six hours later, cells were washed two times
with NGF-free medium followed by incubation in NGF-free medium
containing neutralizing antibody to 2.5S NGF (Sigma) at a 1:1000 dilu-
tion. Then, 18 hr later, immunocytochemistry was done to detect
b-galactosidase (b-Gal) or myr-Akt-expressing cells, using the anti-b-
Gal polyclonal antibody (1:500; Organon Teknika, West Chester, PA) or
the anti-HA polyclonal antibody (1:300; Santa Cruz Biotechnology),
respectively. FITC-conjugated antibody (Vector Laboratories, Burlin-
game, CA) was used as the secondary antibody. Subsequently, Hoechst
staining was done (Hoechst 33258, 2.5 mg/ml; Wako, Tokyo, Japan) to
visualize their nuclei. For cell viability assay, quantitative determinations
of surviving cells were done 0, 24, or 48 hr after NGF withdrawal. The
biochemical method using a highly water-soluble tetrazolium salt (WST-
1), neutral red and crystal violet (Ishiyama et al., 1996), was used to
determine the percent ratio of surviving cells following the manufactur-
er’s protocol (Nakalai Tesque, Kyoto, Japan). On the other hand, to
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evaluate the pro-apoptotic ability of Akt-AA under the presence of NGF,
differentiated PC12 cells were infected with AxCALNLAkt-AA plus
AxCANCre (MOI 100/30) or AxCALNLNZ plus AxCANCre (MOI
100/30). Twenty-four hours after infection, virus-infected cells were
stained as described above. Cell viability assay was done after 0, 24, 48,
and 72 hr after the virus infection under the presence of NGF using the
same method described above. In addition, the effect of LY294002 (100
mM) on the same cells was also estimated 0, 24, and 48 hr after the
treatment.

Effects of the adenoviral infection on rat neonatal hypoglossal motoneu-
rons af ter axotomy. AxCANLacZ (1.7 3 10 8 pfu/5 ml), AxCAda-MEK
(1.0 3 10 8 pfu/5 ml), AxCALNLmyr-Akt plus AxCANCre (1.3 3 10 8

pfu/5 ml and 1.9 3 10 7 pfu/5 ml, respectively), AxCALNLBcl-2 plus
AxCANCre (3.3 3 10 7 pfu/5 ml and 1.9 3 10 7/5 ml, respectively),
AxCALNLAkt-AA plus AxCANCre (1.8 3 10 8 pfu/5 ml and 1.9 3 10 7

pfu/5 ml, respectively), or AxCALNLNZ plus AxCANCre (3.3 3 10 8

pfu/5 ml and 1.9 3 10 7 pfu/5 ml, respectively) was injected unilaterally
into tongues of neonatal rats (1-d-old). Efficiency of viral infection was
assessed by 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal)
histochemistry (Terashima et al., 1997), counterstained with neutral red,
using the brainstem sections of AxCANLacZ-infected nonoperated an-
imals. Two days after injection of each virus, pups were operated (3-d-
old). For evaluation of survival activity by da-MEK-, myr-Akt-, Bcl-2-,
and LacZ-expressing virus, the infected animals were perfused transcar-
dially with 4% paraformaldehyde in 0.1 M PB on postaxotomy day 12. On
the other hand, for evaluation of death-promoting activity by Akt-AA,
the rats infected with AxCALNLAkt-AA plus AxCANCre were decap-
itated at 36 hr or 3, 5, or 7 d after axotomy. In this study, AxCALNLNZ
and AxCANCre were used as a control viruses. Sections (20 mm) were
taken through hypoglossal nuclei region and stained with thionin, and
neurons were counted on both operated and control sides. Survival
effects of recombinant viral infections were determined by calculating the
percent ratio of the surviving motoneurons in the operated side com-
pared with those on control side. In some experiments, the sections were
processed for immunohistochemistry as described above. To identify
recombinant adenoviral-infected neurons, anti-c-Myc antibody (9E10) or
anti-HA polyclonal antibody (1:300; Santa Cruz Biotechnology) was used
for the detection of c-Myc-tagged da-MEK, HA-tagged myr-Akt, or
HA-tagged Akt-AA, respectively, followed by thionin staining.

Death-promoting assay of Akt-AA adenovirus in the adult rat hypoglossal
motoneurons af ter axotomy. AxCALNLNZ plus AxCANCre(3.3 3 10 8

pfu/5 ml and 1.9 3 10 7 pfu/5 ml, respectively) or AxCALNLAkt-AA
plus AxCANCre (1.8 3 10 8 pfu/5 ml and 1.9 3 10 7 pfu/5 ml, respec-

tively) was infected through the cut axon tips immediately after the
transection of unilateral hypoglossal nerve in adult rats. Animals were
killed at 6, 10, or 14 d after axotomy, and the methods for preparations
of brain sections and the calculation of percent survival ratio of injured
motoneurons were performed as described above.

Infection of myr-Akt-expressing adenovirus into undifferentiated PC12
cells. AxCANLacZ (MOI 100) or AxCALNLmyr-Akt plus AxCANCre
(MOI 100/30) was infected into undifferentiated PC12 cells. For immu-
nostaining, cells were fixed 2 d after the infection and stained as de-
scribed above. For an estimation of neurite outgrowth, the number of
cells whose neurites are longer than their cell bodies was counted, and
the percent ratio of the number of neurite bearing cells was calculated.
(Four different experiments were performed for each value.)

In vivo assay for nerve regeneration. AxCANLacZ (1.7 3 10 8 pfu/5 ml)
or AxCALNLmyr-Akt plus AxCANCre (1.3 3 10 8 pfu/5 ml or 1.9 3 10 7

pfu/5 ml, respectively) was infected into injured motoneurons in adult
rats as described above. One week later, immunohistochemistry was done
with the brainstem sections for detection of b-Gal-positive neurons or
HA-positive myr-Akt-expressing neurons as described above. Nerve
regeneration was assessed by using the retrograde tracer Fluoro-Gold
(FG) (Fluorochrom Inc., Englewood, CO), 2, 3, and 4 weeks after
axotomy as described previously (Hirota et al., 1996).

RESULTS
Akt activation in response to nerve injury is oppositely
regulated between newborn and adult
In adult injured motoneurons, upregulated expressions of the
ligands (neurotrophic factors), the receptors, and the intracellular
signaling molecules have been proved; however, these responses
in neonate have not been so well characterized yet. If the activa-
tion of Akt is observed in the neonate paradigm in which the
injured neuron is fated to die, Akt may not be the crucial
molecule in survival. Therefore, before addressing the main is-
sue, we examined the possibility of differences in Akt response
after axotomy in neonate and adult hypoglossal motoneurons.
After hypoglossal nerve axotomy, Akt1 mRNA (Fig. 1A) was
markedly upregulated in injured hypoglossal neurons in adult rat.
For activation of Akt, the phosphorylation of Akt1 at serine 473
(Ser473) after the phosphorylation of threonine 308 (Thr308) is

Figure 1. Expression and activation of Akt in injured hypoglossal motoneurons are oppositely regulated between neonate and adult. A, Expression of
Akt1 mRNA demonstrated by in situ hybridization using DIG-labeled Akt1 antisense RNA probe. Photograph indicates markedly upregulated signal
in injured hypoglossal motoneurons (lef t) of adult rat 7 d after axotomy. B, C, Immunohistochemical demonstrations of phosphorylated Akt at Ser 473

(P-Akt). B, In the adult rat, enhanced P-Akt expression was observed in injured hypoglossal nucleus (lef t) compared with the control hypoglossal nucleus
(right) 7 d after axotomy. C, High-power magnification indicates that most of the injured motoneurons show intense P-Akt immunoreactivity. D, E,
Decreased Akt expression and activity in the neonate injured motoneurons in response to axotomy. D, Expression of Akt1 mRNA was downregulated
on the injured side (lef t) 3 d after axotomy. E, Immunohistochemistry also showed few P-Akt-positive neurons in the injured side (lef t), whereas many
immunostained motoneurons are observed on control side (right) 3 d after axotomy. Scale bars: A, 600 mm; B, 500 mm; C, 50 mm; D, E, 200 mm.
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necessary through the growth factor receptor stimulation (for
review, see Downward, 1998). Immunohistochemistry using an
antibody specific to phosphorylated Akt at Ser473 revealed that
phosphorylated Akt protein dramatically increased in injured
adult motoneurons (surviving after axotomy) (Fig. 1B,C),
whereas the expression of Akt1 mRNA and phosphorylated
Akt decreased after axotomy in injured neonate motoneurons
(Fig. 1D,E). Thus, injured neonate motoneurons that were des-
tined to die somehow failed to upregulate and phosphorylate Akt
in response to nerve injury.

Construction of adenoviral vectors and their activity
To activate two different pathways in injured motoneurons, we
attempted to use a dominant active form of Akt (for activation of
PI3K-Akt pathway) or MEK (for activation of Ras-ERK path-
way). A dominant negative form of Akt was also prepared to
inhibit the Akt signaling cascade in a specific manner. In addition,
Bcl-2, a well known molecule that promotes motoneuron survival
after axotomy as described previously (Farlie et al., 1995), was
also used for the quantitative analysis of the efficacy of our
experimental paradigm. By using adenovirus vectors, we con-
structed four recombinant genes, namely, HA-tagged constitu-
tively active Akt [myristoylated Akt1(myr-Akt): D4–129, desig-
nated AxCALNLmyr-Akt] (Kohn et al., 1996b), HA-tagged
dominant negative Akt [Akt1 T308A/S473A (Akt-AA), desig-
nated AxCALNLAkt-AA] (Kitamura et al., 1998), c-Myc-tagged
constitutively active MEK [dominant active MEK1(da-MEK):
D32–51; S218E/S222E, designated AxCAda-MEK] (Mansour et
al., 1994), and Bcl-2 (designated AxCALNLBcl-2).

By using an ordinary procedure (see Materials and Methods),
we failed to obtain recombinant viruses expressing myr-Akt and
Bcl-2. In addition, although we succeeded in getting Akt-AA-
representing adenovirus, it could not become a high-titered one
(,1010 pfu/ml) and was not effective enough to be used in animal
experiments. We concluded that very high expression of these
recombinant molecules under the control of the CAG promoter
(composed of the cytomegalovirus enhancer plus the chicken
b-actin promoter, and the rabbit b-globin polyadenylation signal
sequence), might be producing some deleterious effects in their
amplification in HEK293 cells. Consequently, these three gene
sequences were inserted into a novel type of adenoviral vector,
which bears an ON–OFF switching unit for activation by Cre
recombinase (Sato et al., 1998a,b). The switching unit in the vector
contained a stuffer sequence encoding Neo with a functional poly-
adenylation signal between the promoter and the inserted cDNA
fragment, thereby blocking its expression during viral amplification
in HEK293 cells. The stuffer is flanked by a pair of loxP sites,
allowing its excision by Cre leading to expression of the inserted
cDNA sequence. To obtain the expression of myr-Akt, Akt-AA, or
Bcl-2, we performed coinfection of the nuclear localization signal
(NLS)-tagged Cre recombinase expressing virus (AxCANCre)
(Kanegae et al., 1995) plus AxCALNLmyr-Akt, AxCANCre plus
AxCALNLAkt-AA or AxCANCre plus AxCALNLBcl-2, respec-
tively. The NLS-LacZ virus (AxCANLacZ) or Cre-mediated
NLS-LacZ virus (AxCALNLNZ) (Terashima et al., 1997; Sato et
al., 1998a) were used as control vectors.

The expression and efficiency of these recombinant viruses
were examined in PC12 cells. The expression of HA-tagged
myr-Akt (as detected by anti-phospho Akt at Ser473 or anti-HA
antibody) and Akt-AA (as detected by anti-Akt antibody or
anti-HA antibody) were observed only when they were coinfected
with AxCANCre (Fig. 2A,B). The functional efficacy of the

expressed myr-Akt and Akt-AA were assessed by phosphoryla-
tion of substrates, such as histone H2B and recombinant BAD
protein, in vitro. Although myr-Akt expressed by adenovirus had
a vital activity under both the absence and presence of NGF,
Akt-AA completely lost its activity, even after NGF stimulation
(Fig. 2C). In addition, overexpression of Akt-AA could succeed
in decreasing the endogenous Akt activity in NGF-stimulated
PC12 cells with a similar efficacy as the PI3K inhibitor LY294002
(Fig. 2D). The expressed c-Myc-tagged da-MEK (as detected
by anti-c-Myc antibody) was also effective in phosphorylating
ERK1 and ERK2 (as detected by anti-phospho ERK antibody)
(Fig. 2E). Furthermore, the expression of Bcl-2 was observed only
when both AxCALNLBcl-2 and AxCANCre were coinfected
(as detected by anti-Bcl-2 antibody) (Fig. 2F).

Survival activities of the recombinant viruses in
differentiated PC12 cells
Survival activities of myr-Akt-, da-MEK-, and Bcl-2-expressing
recombinant adenoviruses were evaluated in differentiated PC12
cells, because the previous studies demonstrated that these mol-
ecules are survival inducers in PC12 cells and/or sympathetic
primary neurons after NGF withdrawal (Batistatou et al., 1993;
Xia et al., 1995; Philpott et al., 1997; Crowder and Freeman,
1998). Before NGF deprivation, these adenoviruses were infected
into the differentiated cells. Then the medium was changed to
NGF-free medium. The Hoechst staining (Hoechst 33258) readily
demonstrated apoptotic profiles in the dying cells infected with
LacZ-expressing virus (Fig. 3A), and more than half of the virus
infected cells died within 24 hr (Fig. 3B). On the other hand, cells
infected with myr-Akt, da-MEK, and Bcl-2 carrying recombinant
adenoviruses showed almost no signs of any physical deteriora-
tion (Fig. 3B). Furthermore, Hoechst staining also showed no
apoptotic profiles in myr-Akt-overexpressing cells (Fig. 3A).
These observations indicated that adenoviral expression of both
myr-Akt and da-MEK had similar efficacies equivalent to that of
Bcl-2 in survival of NGF-deprived PC12 cells.

A dominant negative effect by Akt-AA-expressing virus was
also evaluated in PC12 cells with NGF. The cells infected
AxCALNLNZ plus AxCANCre were not represented apoptotic
profiles under the presence of NGF, but Akt-AA-overexpressed
cells did show shrunken cell soma, fragmented neurite, and con-
densed chromatin in their nuclei similar to NGF-deprived cells
(Fig. 3C). The survival ratios of the cells after the infection
of Akt-AA virus and that of the cells treated with LY294002
(100 mM) decreased substantially with the passage of time
(Fig. 3D). The results indicated that activation of PI3K-Akt
pathway is necessary for survival of NGF-dependent PC12 cells.

Akt, but not MEK, can prevent axotomy-induced
neuronal death
To further clarify the roles of PI3K-Akt and Ras-ERK pathways
in the prevention of axotomy-induced neuronal death in vivo,
these recombinant adenoviruses were injected into the tongues of
neonate rats (1-d-old) to allow retrograde infection into the
hypoglossal motoneurons. The efficacy of this method was pre-
liminarily verified in neonate rat pups using AxCANLacZ. When
AxCANLacZ was injected into unilateral sides of tongues of
neonates, .20% of ipsilateral hypoglossal motoneurons were
labeled as b-Gal-positive (Fig. 4A). Two days after injection,
ipsilateral hypoglossal nerve was axotomized (on postnatal day
3). Adenoviral expressions of myr-Akt and da-MEK in injured
motoneurons were observed immunohistochemically by using
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their corresponding tag (HA and c-Myc) antibodies (Fig. 4B).
Although da-MEK was expressed in the surviving hypoglossal
neurons on postaxotomy day 7, these cells clearly showed atrophic
and degenerative changes. On the other hand, myr-Akt-positive
motoneurons seemed to maintain a healthy profile with large cell
bodies and long processes, even on postaxotomy day 12. Concom-
itantly, surviving neurons were counted on adjacent Nissl-stained
sections (Fig. 4C). The surviving neurons were counted on both
the injured and control sides, and the survival ratio was obtained
(Fig. 4D). The expression of myr-Akt significantly protected
neonate motoneurons from axotomy-induced neuronal death
with an efficacy similar to that observed with Bcl-2-overexpressing
ones, although the infection efficacy is partial. On the other hand,
AxCAda-MEK failed to prevent axotomy-induced motoneuron
death, although it was expressed strongly.

Dominant negative Akt accelerated axotomy-induced
neuronal death in neonates but not in adults
Next, to gain more insight into significance of Akt, Akt-AA-
expressing adenoviral vector was introduced into the same animal
model as described above. Without nerve injury, we could not

observe any decrease of cell number in Akt-AA-overexpressing
animals, even 12 d after the viral infection (data not shown).
However, in axotomized animals, the number of surviving cells
was markedly decreased, especially in the early neuronal degen-
erative phase, which was not observed in LacZ-overexpressing
animals (Fig. 5A,B). At 36 hr after axotomy, Akt-AA-expressing
neurons seem atrophic profiles (Fig. 5A). These results indicated
that the reduction of Akt activity before axotomy might acceler-
ate injury-induced neuronal death.

In addition, we also infected Akt-AA-expressing virus into
injured adult motoneurons, which can normally survive, even
after axotomy. The recombinant adenoviruses were infected from
the cut end of the nerve immediately after nerve transection,
because in adult rats this procedure seemed to produce a more
efficient retrograde infection into the injured motoneurons than
infection via the tongue (see below). Contrary to neonate mo-
toneurons, overexpression of Akt-AA in injured adult motoneu-
rons fail to decrease the number of surviving neurons, as well as
LacZ virus-infected animals (Fig. 5C). This dominant negative
experiment suggested that injured motoneurons in the adult rat

Figure 2. Expression and activity of myr-Akt, Akt-AA,
da-MEK, and Bcl-2 in PC12 cells by recombinant ad-
enoviral gene transfer. These cells were lysed 36 hr after
viral infection. A, Expression of HA-tagged myr-Akt,
which is demonstrated by anti-P-Akt or anti-HA anti-
body, is found only in the case of the double infection
with AxCALNLmyr-Akt and AxCANCre. B, Expres-
sion of HA-tagged Akt-AA was also detected by anti-
Akt or anti-HA antibody only when the double infection
(AxCALNLAkt-AA plus AxCANCre) was performed.
C, LacZ-, myr-Akt-, or Akt-AA-expressing virus was
infected into the cells and lysed (36 hr after infection)
under the presence (100 ng/ml; 3 min after stimulation)
or absence of NGF. Thereafter, these lysates were im-
munoprecipitated with anti-HA polyclonal antibody
(IP: aHA), and the kinase activity of myr-Akt or
Akt-AA was examined with phosphorylation of sub-
strates such as histone H2B and recombinant BAD. The
same immunoprecipitations were also used for Western
blot analysis with anti-Akt antibody to confirm the ex-
pression. Note that the adenovirus-expressed myr-Akt
showed strong phosphorylation activity, whereas Akt-AA
completely lost the phosphorylation activity, even under
the existence of NGF. D, Adenovirus-expressed Akt-AA
could reduce endogenous Akt activity at a similar level to
LY294002 treatment (100 mM), even after NGF stimu-
lation. Akt kinase assay was performed after the im-
munoprecipitation with anti-Akt polyclonal antibody
(IP: aAkt). E, Expression of c-Myc-tagged da-MEK in
PC12 cells was detected by anti-c-Myc antibody. The
da-MEK expression also induced phosphorylation of
ERKs (ERK1 and ERK2) in the same cells, which were
detected by anti-phospho ERK antibody. F, Expression
of Bcl-2 in PC12 cells was observed (detected by anti-
Bcl-2 antibody) only in the case of the double infection
(AxCALNLBcl-2 plus AxCANCre). Migration position
of prestained molecular weight protein marker is shown
on the lef t (A–F). IgG(H) indicated by arrows in C and D
shows the position of IgG heavy chain.
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might be protected from neuronal death by not only Akt pathway
but also another survival signaling pathway.

Akt promotes neurite elongation in PC12 cells without
NGF stimulation
Interestingly, the present study using undifferentiated PC12 cells
showed that adenovirus-expressed myr-Akt induced process
elongation, even without NGF application (Fig. 6A). After the
infection, the number of process bearing cells increased dramat-
ically, and the efficacy was comparable with that of NGF-
stimulated (50 ng/ml) cells (Fig. 6B). Because in PC12 cells,
Ras-ERK (Cowley et al., 1994), Rac-Jun N-terminal kinase (Rac-
JNK) (Kita et al., 1998), and p38 MAP kinase (MAPK) pathway
(Morooka and Nishida, 1998) were demonstrated to have some
process elongation activity, we verified whether myr-Akt have any
role in activation of any of these MAPK family members. Over-
expression of myr-Akt in PC12 cells did not produce concomitant
phosphorylation of any of the above kinases (Fig. 6C), which
suggests the possibility that this process elongation occurs via a
pathway other than the above mentioned ones.

Akt promotes nerve regeneration in vivo
Because neurite elongation was observed in myr-Akt-expressing
cells in vitro, we expected that the axon elongation activity might
be enhanced in myr-Akt-overexpressing axotomized motoneu-
rons. To evaluate axon regeneration, we used the retrograde
tracer FG, which, when injected into tongue, is uptaken from
axon terminals, and retrogradely transported into the cell bodies
(Hirota et al., 1996). FG was injected into both sides of tongue 2 d
before the rats were killed to allow retrograde transport of the dye
into the neuronal cell bodies. Animals were killed at 2, 3, and 4
weeks after nerve transection, and FG-positive cells were counted
on both injured and control sides. The axon regenerating rate was
evaluated by comparing FG-positive cell number in the intact and
the injured hypoglossal nuclei. By two weeks after axotomy,
;20% of myr-Akt-overexpressing motoneurons succeeded in re-
generating into tongue, whereas the injured motoneurons over-
expressing LacZ as control failed to do so during the same period
(Fig. 7A). The number of successfully regenerating cells in-
creased with the passage of time. The regeneration ratios in the
myr-Akt-expressing neurons exceeded those in the LacZ-

Figure 3. Effects of adenovirus-expressed myr-Akt and Akt-AA on neuronal survival in vitro. A, Photographs show PC12 cells infected with
AxCANLacZ (top row) or AxCALNLmyr-Akt plus AxCANCre (bottom row) 18 hr after NGF withdrawal. Infected cells were detected by anti-b-Gal
antibody or anti-HA antibody followed by FITC-conjugated secondary antibody (lef t column). Right column shows Hoechst 33258 staining. The red arrows
indicate cells that show condensed or fragmented chromatin. B, Viability of adenovirus-infected PC12 cells 24 and 48 hr after NGF withdrawal. Each
dot represents the average of values from four different experiments. C, Photographs show PC12 cells infected with AxCANLacZ plus AxCANCre
(top row) and AxCALNL Akt-AA plus AxCANCre (bottom row) under the presence of NGF. The infected cells were detected by the same antibody
described in A (lef t column). Hoechst staining (right column) demonstrated that Akt-AA-expressing cells show apoptotic profiles (red arrows) as seen in
NGF-deprived cells (A; red arrows). D, Viability of Akt-AA-expressed and LY294002-treated PC12 cells under the presence of NGF. Viability of
LacZ-expressing PC12 cells is also examined as control. LY294002-treated cells show marked decrease of viability, and Akt-AA-expressed cells also
demonstrated apparent decrease of viability. Scale bars: A, C, 20 mm. Error bars indicate SEM in B and D.
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overexpressing ones by .20% (Fig. 7B). This result clearly indi-
cates that Akt overexpression has a significant effect in enhancing
axonal regeneration in vivo.

DISCUSSION
In the present study, dual functions of Akt in neuronal survival
and axonal regeneration were demonstrated in vivo. Both Ras-
ERK and PI3K-Akt pathways are known to have equivalent
survival potentials in some cell lines; however, the present study
clearly revealed that PI3K-Akt pathway is essential in vitro and
significantly more vital in vivo, at least in the present experimental
paradigm. Another novel finding that Akt has neurite elongation
activity both in vitro and in vivo is also demonstrated. These in
vivo results emphasize that Akt could be one of the major mol-
ecules for repair and regeneration of injured neurons.

Activation of Akt in response to nerve injury
Because many growth factors could rescue axotomy-induced neu-
ronal death (for review, see Lindsay, 1995; Oppenheim, 1996), the
most likely signals for the activation of Akt are the growth factors
(or neurotrophins). In fact, various growth factors and their
receptors together with their downstream signaling molecules are
expressed in response to nerve injury. For instance, the expres-
sion of glial cell line-derived neurotrophic factor (GDNF), which

has the most potent activity among various neurotrophins in
terms of the survival-promoting activity (Henderson et al., 1994;
Oppenheim et al., 1995; Yan et al., 1995), is enhanced in the
denervated muscle and distal Schwann cells after axotomy (Trupp
et al., 1997). In addition, GDNF receptors, both GFRa-1 and
c-Ret, are also upregulated in injured motoneurons in response to
nerve injury (Trupp et al., 1997). Because both Ras-ERK and
PI3K-Akt pathways are located downstream of these growth factor
receptors, the activation of both pathways could be possible in vivo.
Likewise, brain-derived neurotrophic factor, neurotrophin-3,
neurotrophin-4/5, and some other factors seem to effect the in-
jured motoneurons in a similar manner. Therefore, the synergis-
tic stimuli by these factors might lead to activation of PI3K-Akt
and/or Ras-ERK pathways after nerve injury. Both previous (Xia
et al., 1995) and our present studies have demonstrated that
activation of either of these two pathways did enhance cell sur-
vival in PC12 cells. However, the present animal study revealed
that activation of Akt is more effective than MEK activation in
survival of injured motoneurons. This apparent discrepancy be-
tween in vitro study using PC12 cells and our in vivo study reminds
us of similar discrepancies that frequently exist within in vitro
approaches themselves (Pettmann and Henderson, 1998). A re-
cent study using primary sensory neurons showed that activation

Figure 4. Expression of myr-Akt prevents axotomy-induced neuronal death in vivo. A, Ten days after injection of AxCANLacZ into the left side of the
tongue, NLS-tagged b-Gal-positive staining is detected in the ipsilateral side of hypoglossal motoneurons. This indicates a typical rate of infection
efficacy in the present study. B, Immunohistochemical detection of c-Myc-tagged da-MEK (lef t) and HA-tagged myr-Akt (right) in injured motoneurons
(3P7 or 3P12). (After the viral infection, ipsilateral nerve was transected on third day after birth and observed on postoperative day 7 or 12.) C, The
survival activity by the infection of adenovirus expressing LacZ, da-MEK, myr-Akt, or Bcl-2. Sections are obtained 12 d after hypoglossal nerve
transection and stained with thionin. D, The mean percentage of survival ratio of injured motoneurons 12 d after axotomy. For statistical analysis, at
least 10 sections prepared from seven different animals were studied. *p , 0.001, significant differences between survival ratio of injured motoneurons
in each viral infected animals and that in animals without virus infection (ANOVA). Error bars indicate SEM. Scale bars: A, C, 500 mm; B, 100 mm.
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of MEK failed to promote neuronal survival (Klesse and Parada,
1998). In addition, studies using MEK inhibitor or the dominant
negative mutant of MEK or ERK have demonstrated that Ras-
ERK pathway may be dispensable for neuronal survival induced
by NGF both in primary sensory (Klesse and Parada, 1998) and
sympathetic neurons (Creedon et al., 1996; Virdee and Tolk-
ovsky, 1996). Furthermore, inhibition of PI3K or Akt activity did
cause cell death in these cells (Yao and Cooper, 1995; Crowder
and Freeman, 1998) or cerebellar granule cell culture (D’Mello et
al., 1997; Dudek et al., 1997). These in vitro findings together with
our present result strongly suggest that PI3K-Akt pathway is
more potent for the survival of neuronal cells, at least in the
axotomy-induced neuronal death paradigm.

The distinct expression profiles between Akt and ERK were
clearly evident in our animal model. The present study demon-
strated that Akt activation was enhanced in response to nerve
injury in the adult (surviving neurons), whereas its activity was
downregulated in injured neonate motoneurons (dying neurons).
This suggests the importance of Akt activation in response to
nerve injury for survival. In contrast, expression of ERK1
mRNA, which is a pivotal kinase in Ras-ERK pathway, was
transiently upregulated in both adult and neonate (Kiryu et al.,
1995a; and K. Mansur, unpublished data). The transient upregu-
lation of ERK alone in the neonate seems not to promote
neuronal survival. Although the role of ERK in axotomized
motoneurons remains unclear, these opposite responses in axo-
tomized neonate motoneurons suggest that these two down-
stream signaling cascades might not be subserving identical func-
tion, at least in our nerve injury model. Consequently, the failure
of Akt activation in neonates in response to nerve injury may be
one of the major reasons why axotomy induces neuronal death in
neonate.

How Akt prevents axotomy-induced neuronal death
How activated Akt rescues injured motoneurons after axotomy is
not yet clearly known, but previous studies have established that
Akt phosphorylates death promoter BAD in culture cells (Datta
et al., 1997; del Peso et al., 1997). Phosphorylated BAD binds
with 14-3-3 in cytoplasm and thereby loses its capacity to interact
with anti-apoptotic Bcl-XL (Zha et al., 1996). The freed Bcl-XL

can thereby inhibit the downstream activation of caspase death
cascade (Hu et al., 1998). Although BAD phosphorylation by Akt
in surviving neurons has yet to be demonstrated in vivo, the
activation of Bcl-2-related family members seems to be crucial for
neuronal survival after axotomy. The transgenic motoneurons
overexpressing Bcl-2 (Farlie et al., 1995) or Bcl-XL (Parsadanian
et al., 1998) prevented axotomy-induced cell death, which we also
confirmed by our present study using Bcl-2-expressing adenovi-
rus. Similar survival activity in axotomized neonate motoneurons
was also observed in pro-apoptotic BAX-deficient mice (Deck-
werth et al., 1996). In the present study, the survival activity of
Akt both in vitro and in vivo is similar to that of Bcl-2. Thus, one
of the most likely targets of Akt seems to be the Bcl-2-related
anti-apoptotic molecules, which prevent neuronal death via BAD
phosphorylation. One recent report showed that Akt can phos-
phorylate caspase-9 and inhibit its protease activity in vitro (Car-
done et al., 1998) and thereby can block its downstream cascade.
This might be an alternative mechanism of Akt for the prevention
of cell death. Some animal experiments demonstrated that ex-
pression and activity of caspase-3, a substrate of caspase-9, were
enhanced in the dying neurons after experimental brain trauma,
ischemia, or transection of optic nerve, and a caspase-3 inhibitor
significantly reduced such induced neuronal cell death (Yakovlev
et al., 1997; Chen et al., 1998; Kermer et al., 1998), suggesting that

Figure 5. Effects of Akt pathway inhibition in in-
jured motoneuron. A, Top, An immunohistochemical
detection of adenovirus-expressed Akt-AA (detected
by anti-HA antibody) in injured neonate motoneu-
rons [3P1.5; the axotomy was done on the third day
after birth, and the rats were killed 1.5 d (36 hr) after
the operation]. Scale bar, 50 mm. Middle, Three days
after axotomy, approximately half of motoneurons on
the injured side (left) disappeared in Akt-AA-
expressed animal (3P3; axotomized on the third day
after birth and observed on postoperative day 3).
Bottom, Many surviving neurons were observed in
LacZ-expressing rat at the same time point (3P3).
Scale bar, 200 mm. B, C, The mean percentage of
surviving hypoglossal motoneurons after infection of
either Akt-AA- or LacZ-expressing adenovirus in the
neonate (P3) (B) and the adult (C). x-Axis indicates
days after axotomy. The statistical analysis was per-
formed as described in the previous experiment. *p ,
0.01, significant differences between survival ratio of
injured motoneurons in Akt-AA-expressing animals
and that in LacZ-expressing ones at each time point
(Student’s t test). Error bars indicate SEM.
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activation of caspase-9–caspase-3 cascade might be induced after
various kinds of neuronal injury, as well as in the developing
nervous system during programmed cell death (Kuida et al., 1996,
1998). More recent study demonstrated Akt also phosphorylates
FKHRL1, one of the Forkhead transcription factor family mem-
bers, and transcriptionally regulates Fas-dependent apoptosis in
cerebellar granule neurons. After phosphorylation of FKHRL1,
it translocates to cytoplasm from nucleus and also binds to 14-3-3.
As a result, this transcription factor loses its death-promoting
activity, which induces Fas ligand expression and apoptosis (Bru-
net et al., 1999). Although it is not clear whether Fas-dependent

death system is involved in injury-induced motoneuron death in
the neonate, other similar transcriptional regulation by Akt is
likely to be involved in the survival mechanism.

Another possible effect of activated Akt might be an enhance-
ment of cell metabolism to maintain the integrity of injured
neurons. Among its many possible functions, Akt activates p70S6

kinase, which enhances protein synthesis (Burgering and Coffer,
1995; Kohn et al., 1998). It also promotes glucose uptake by
translocating GLUT4 glucose transporter to the cell membrane
(Kohn et al., 1996b, 1998). By effective multiple processes, Akt
might activate glucose metabolism to provide ample energy dur-
ing critical period, and additionally by promoting protein synthe-
sis it supplies essential molecules that are necessary for survival.

Possible Akt-independent survival pathway in injured
adult motoneurons
In addition to survival activity of dominant active Akt in injured
motoneurons in the neonate, dominant negative Akt hastened
axotomy-induced neuronal death in the neonate. These dominant
active and negative studies clearly indicate that injury-induced
neuronal death observed in the neonate is attributable to failure
of activation of Akt. On the other hand, the present dominant
negative Akt experiment in the adult rat suggests that another
Akt-independent survival signaling pathway is likely to exist in
matured motoneurons. At least in vitro, a number of signaling
molecules were identified as potent survival-promoting factors in
addition to Akt. Of these molecules, PKA seems to have a similar
activity to Akt. PKA could also phosphorylate BAD (at a differ-
ent phosphorylated site) in IL3-dependent hematopoietic cells
and thereby results in promoting cell survival (Harada et al.,
1999). In fact, elevation of cAMP levels could inhibit apoptosis,
which is independent of growth factors in several neuronal cul-
tures, including motor systems (Rydell and Greene, 1988;
Creedon et al., 1996; Hanson et al., 1998). Although it is unclear
whether the cAMP–PKA system is an alternative mechanism for
adult motoneurons to prevent injury-induced cell death, coordi-
nate activation of such survival mediators in addition to Akt
might be crucial to protect neurons from axotomy-induced neu-
ronal death in the adult.

Possible mechanism underlying neurite elongation
by Akt
It is well known that Ras-ERK activation is necessary and suffi-
cient for neurite elongation in NGF-stimulated PC12 cells
(Kaplan and Miller, 1997), but here we demonstrated that acti-
vation of Akt induces a similar phenomenon not only in PC12
cells but also in vivo. We examined the possibility whether Akt
activated MAP kinase family members (ERKs, JNKs, and p38)
via some unknown pathways for the neurite elongation, but we
could not detect any enhancement of these kinase activities in
myr-Akt-overexpressing cells. Thus, the present study suggests a
possible other Akt downstream pathway for neurite elongation. A
previous study implicated PI3K in maintenance and neurite ex-
tension in PC12 cells (Kimura et al., 1994). Another study dem-
onstrated that primary dopaminergic neuron cultures required
activation of PI3K for its GDNF-stimulated morphological dif-
ferentiation (Pong et al., 1998). Moreover, in primary sensory or
sympathetic neuronal cultures, blockade of ERK activity failed to
inhibit neurite outgrowth (Klinz et al., 1996; Klesse and Parada,
1998). These culture studies suggest that PI3K activity leads to
neuronal differentiation, at least in some primary neurons, and
the present study further suggested that these morphological

Figure 6. Expression of myr-Akt induces process elongation in PC12
cells. A, PC12 cells infected with AxCANLacZ show no significant change
in cell shapes, but the infection with AxCALNLmyr-Akt plus AxCANCre
caused clear process elongation 2 d after the infection. Infected cells were
immunodetected by using anti-b-Gal antibody or anti-HA antibody, re-
spectively (right column). Scale bar, 20 mm. B, Time course of percentages
of process bearing cells after the infection of each recombinant virus or
application of NGF (50 ng/ml). C, Detection of activated MAPK family
members (MAPKs, ERKs, JNKs, and p38 MAPK) by antibodies specific
to phosphorylated MAPKs (aP-ERK, aP-JNK, aP-p38). In PC12 cells,
phosphorylation of MAPKs were not observed 36 and 72 hr after the
infection of AxCALNLmyr-Akt plus AxCANCre, whereas all of MAPKs
were phosphorylated 15 min after NGF stimulation (50 ng/ml).
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changes are likely to be induced via Akt activation. Although how
Akt induces neurite formation in PC12 cells is not clear, cAMP
response element-binding protein (CREB) (Du and Montminy,
1998) and GSK-3 (glycogen synthase kinase-3) (Cross et al., 1995)
may be other possible targets of Akt. An implication of CREB–
ATF1 heterodimer in cAMP-induced neurite elongation in
PC12D cells has been demonstrated (Shimomura et al., 1998).
Before addressing the issue of Akt-induced axonal regeneration
in vivo, the details of Akt-induced neurite elongation in vitro
should receive priority.

Potentials for recombinant Akt gene delivery in
neurological disorders
The pervious studies showed motoneuron death caused by nerve
injury can be prevented by neurotrophic (growth) factors. This
fact has generated a great deal of interest in the therapeutic
potentials of neurotrophic factors in clinical neurodegenerative
conditions. However, there are numerous growth factors that
appears to promote motoneuronal survival, and probably most
motoneurons require multiple factors from diverse sources for
optimal survival (Oppenheim, 1996). Attempts to obtain the most
optimal composition of cocktails of growth factors have been
made, and it seems that such cocktails provide a significant
synergistic effect (Vejsada et al., 1995; Gravel et al., 1997). Most
of these growth factor mediated-signals are conveyed via PI3K-
Akt and/or Ras-ERK pathways, and our present study clearly
demonstrated that PI3K-Akt pathway does have a major role in
preventing injury-induced neuronal death. In this respect, we
would like to conclude that Akt, being at a convergent point of
growth factor receptor signaling cascades for neuronal survival
and regeneration, might be the most effective target in providing
both neuronal survival and nerve regeneration. To activate this
target in vivo, the use of recombinant adenovirus was found to be
highly effective in our present study. Therefore, the present
approach using a specific signaling molecule, such as Akt, may

provide a potential therapeutic intervention aimed at functional
recovery in a number of clinical conditions, such as brain trauma,
ischemia, or neurodegenerative diseases, such as amyotrophic
lateral sclerosis and Parkinson’s disease.
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