
40. In the alternative arrangement, p53 finger 2 spans a 
4-bp subsite (3'-ACAG-5') and finger 3 recognizes 
the adjacent 3'-GGT-5' subsite. A similar spacing 
occurs at one point in the GLI-DNA complex (12). 
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Regulation of Neuronal Survival by the 
Serine-Threonine Protein Kinase Akt 

Henryk Dudek, Sandeep Robert Datta,* Thomas F. Franke,* 
Morris J. Birnbaum, Ryoji Yao, Geoffrey M. Cooper, 

Rosalind A. Segal, David R. Kaplan, Michael E. Greenberg? 

A signaling pathway was delineated by which insulin-like growth factor 1 (IGF-1) pro- 
motes the survival of cerebellar neurons. IGF-1 activation of phosphoinositide 3-kinase 
(P13-K) triggered the activation of two protein kinases, the serine-threonine kinase Akt 
and the p70 ribosomal protein S6 kinase ( ~ 7 0 ~ ~ ~ ) .  Experiments with pharmacological 
inhibitors, as well as expression of wild-type and dominant-inhibitory forms of Akt, 
demonstrated that Akt but not ~ 7 0 ~ ~ ~  mediates PI3-K-dependent survival. These find- 
ings suggest that in the developing nervous system, Akt is a critical mediator of growth 
factor-induced neuronal survival. 

T h e  intracellular signaling pathways by 
which growth factors promote survival-in 
particular, survival of neurons of the central 
nervous svstem-are not well characterized. 
The survival of certain subsets of neurons of 
the peripheral nervous system can be promot- 
ed by the activation of a pathway that in- 
cludes the guanosine triphosphate (GTP)- 
binding protein Ras and a series of protein 
kinases leading to mitogen-activated protein 
kinase (MAPK) ( I ,  2). In addition, a pathway 
that includes the lipid kinase PU-K is impor- 
tant for the survival of several cell lines (3,4), 
although the mechanisms by which PI3-K 
promotes survival are unclear. We investigat- 
ed the contribution of two targets of PI3-K, 
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the serine-threonine kinase Akt (5-7) and 
p70S6K (8), to the IGF-1-mediated survival of 
cerebellar neurons. We found that Akt has a 
critical role in promoting IGF-1-dependent 
survival. 

For these studies, we used a well-charac- 
terized culture system of cerebellar neurons 
(9, 10). Large numbers of neurons of relative- 
ly homogeneous composition (consisting pri- 
marily of granule neurons) can be obtained, 
thus allowing biochemical analyses (9). With- 
drawal of survival factors leads to the rapid 
and synchronous apoptosis of cerebellar neu- 
rons (9). About 50% of the cells were apo- 
ptotic within 1 day (Fig. I), and almost all of 
the cells died within 3 to 4 days. The dying 
neurons showed characteristic features of ap- 
optosis, including nuclear condensation and 
cleavage of chromatin into oligonucleosomal 
fragments (Fig. 1E) (9, 11). The apoptosis 
could be inhibited by defined trophic factors 
(9), including IGF-1 (Fig. 1C); insulin at 
superphysiological concentrations (Fig. ID), 
which is believed to act through the IGF-1 
receptor (10); and membrane-depolarizing 
concentrations of KC1, which lead to in- 
creased concentrations of intracellular calci- 
um and may therefore simulate neuronal ac- 
tivity (9). The effects of IGF-1 and high con- 
centrations of insulin on cerebellar neuron 
survival may reflect an in vivo function of 
IGF-1, because both IGF-1 and its receptor 
are expressed in the cerebellum, and trans- 
genic mice overexpressing IGF-1 show in- 
creases in cell number in the brain (1 2). 
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Fig. 1. Induction of apopto- E 2448 

sis or survival of cerebellar 
neurons (10). (A) Phase- 
contrast photomicrograph 
of cerebellar neurons in 3,7- 

complete medium [contain- 
ing 25 rnM KC1 (high KCI) 1.4- 

and 10Y0 calf serum]. Cells ,,,- were healthy, as indicated 
by large size and phase- 
brightness. (6) After 22 
hours of deprivation (5 mM KCI, no serum/. Tany 
neurons died. Death of cells was also confirmed 
by staining with trypan blue ( 7  1).  (C and D) Death 
was inhibited by IGF-1 (25 ng/ml) (C) or insulin (10 
p.g/ml) (D). (E) Deprivation of cerebellar neurons 
induces chromatin cleavage. Starting at 4 to 8 
hours after deprivation of trophic factors, exten- 
sive DNA laddering was present (2). U,  untreated; 
positions of molecular size markers (in kilobases) 
are indicated on the left. 

We first identified the signal transduc- 
tion pathways that are activated in cerebel- 
lar neurons by IGF-1 or insulin. We exam- 
ined activation of the Ras-MAPK pathway, 
because this pathway has been implicated in 
the control of nerve growth factor (NGF)- 
induced survival (1, 2). Insulin and IGF-1 
failed to activate MAPK, although brain- 
derived neurotrophic factor (BDNF) effi- 
ciently activated MAPK (Fig. 2, A and B) 
(13). These results suggest that activation 
of the Ras-MAPK pathway is not critical for 
IGF-1-promoted or insulin-promoted sur- 
vival of cerebellar neurons, and they also 
corroborate reports that insulin fails to ac- 
tivate MAPK in certain cell types, includ- 
ing chick forebrain neurons (14). 

Activation of PU-K is required for growth 
factor-induced survival of the PC12 neuronal 
cell line (3). By several criteria, we established 
that IGF-1 and insulin efficiently activate 
PI3-K in cerebellar neurons. First, IGF-1 and 
insulin induced binding of PU-K to the recep- 
tor-associated protein IRS-1 (insulin receptor 
substrate 1) (Fig. 2C) (13), an interaction 
that mediates activation of PU-K (1.5). Sec- 
ond, IGF-1 and insulin caused increased lipid 
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Fig. 2. Activation of sig- 
naling pathways in cere- 
bellar neurons. (A and B) 
Lack of activation of 
MAPK by insulin (13). 
Cells were left untreated 
in complete medium 
containing 25 mM KC1 
and calf serum (10%) (U), 
or were placed in medi- 
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E 45 60 45 60 so @ min F - t~mes. In (A), activation of MAPK is accompanied by phosphorylation that reduces its mobility i 

U - lnsul~n - IGF , p upon SDS-PAGE (38). Untreated cells (U) contained a basal amount of MAPK activation: BDNF, 
108- -112 S6 , 7 "Ta but not insulin, caused increased activation. In (B), similar results were seen when MAPK activity 
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was measured with an immune-complex kinase assay with MBP as substrate (1 0 min treatment). 
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(C) Induction of association between IRS-1 and p85 by insulin and IGF-1. Cells were left untreated or were placed in 

61- 
70 medium containing no stimulant (-), insulin, or IGF-1. At the indicated times, cells were lysed, IRS-1 was immunopre- 

89- 
'57 cipitated, and associated p85 was detected by immunoblotting (73). Untreated cells contained a basal amount of p85 

+wort associated with IRS-1, which was lost when cells were starved (-) but increased when cells were stimulated with insulin 
n------ -p70 or IGF-1 . (D) Activation of P13-K lipid kinase activity (76). IGF-1 [and insulin (7  1)) rapidly activated P13-K, leading to increased 
61- production of the reaction products phosphatidylinositol-3-phosphate (PIP) and phosphatidylinositol-3,4,5-trisphosphate 

(PIP,). (E and F) Induction of p70SBK phosphorylation and activation (73). Cells were left unstimulated, or were placed in media containing insulin, no stimulant (-), or 
IGF-1, in the absence or presence of wortmannin (Wort, 100 nM). At the indicated times, cells were lysed, and lysates were used in (E) for immunoblotting with antibody 
C2 to p70SBK (37) or in (F) for immune-complex kinase assays with ribosomal protein S6 as substrate. Activation of p70SeK is accompanied by p70SBK phosphorylation, 
which reduces its mobility upon SDS-PAGE (8). Insulin (and IGF-I) induced phosphorylation of p70SBK, which was blocked by wortmannin, and also activated p70S6K 
activity. For (A), (C), and (E), the migration positions of prestained molecular size markers (in kilodaltons) are indicated. 

kinase activity of PU-K (Fig. 2D) (16). Third, 
IGF-1 and insulin activated p70S6K (Fig. 2, E 
and F) (13). As seen in many cell lines (8), 
phosphorylation of p70S6K was blocked by the 
PU-K inhibitor wortmannin (Fig. 2E) (I I), 
suggesting that IGF-I-induced or insulin-in- 
duced p70S6K activation in cerebellar neurons 
is dependent on PU-K. 

Consistent with a role for PI3-K in cell 
survival, we found that the PU-K inhibitor 
LY294002 (3, 4) inhibited insulin-depen- 
dent survival of cerebellar neurons (Fig. 3) 
(17). LY294002 had little effect on cells 
grown in 25 mM KC1 plus serum (Fig. 3) [or 
25 mM KC1 plus insulin (1 7)]. This suggests 
that the inhibition of insulin-dependent 
survival by LY294002 did not represent 
nonspecific toxicity, and also suggests that 
additional survival pathways may be acti- 
vated by stimuli such as KC1. 

We considered the possibility that the 
effects of PU-K on cell survival might be 
mediated by the protein kinase Akt (also 
known as PKB-a or RAC-a) (18, 19), 
which is activated by a number of growth 
factors, including insulin, through a PI3-K- 
dependent mechanism (5-7, 20). Akt is a 
widely expressed cytoplasmic serine-threo- 
nine kinase, and its aberrant expression has 
been implicated in tumorigenesis ( 18, 19, 
21). Akt contains at its NH,-terminus a 
domain termed the pleckstrin homology 
(PH) domain, which may regulate the acti- 
vation of Akt by binding D3-phosphorylated 
phosphoinositides that are the products of 
PU-K (6, 22). Phosphorylation of Akt also 
influences its activation (5,20, 23), and the 
PH domain may influence the activation of 

Akt by promoting its dimerization (24). The 
functions of Akt are mostly unknown, with 
the exception of the identification of glyco- 
gen synthase kinase-3 (GSK-3) as a sub- 
strate; phosphorylation of GSK-3 by Akt is 
believed to regulate glycogen synthesis (20). 
To determine whether Akt might mediate 
survival, we stimulated cerebellar neurons 
with IGF-1 or insulin and assayed the activ- 
ity of Akt (25). Both insulin and IGF-1 
activated Akt (Fig. 4A). Activation of Akt 
was blocked by wortmannin (Fig. 4A) and 
by LY294002 (1 1 ), which suggested that this 
activation was dependent on PI3-K. KC1 was 
found not to activate Akt or p70S6K (1 1 ), 
consistent with the possibility that KC1 ac- 
tivates other survival pathways. 

To determine the importance of Akt for 
insulin-dependent survival, we transfected 
expression vectors encoding wild-type Akt 
(HA-Akt) or two mutant forms of Akt, a 
catalytically inactive mutant [HA(K179M)] 
and a mutant encoding the PH domain 
(HA-PH) (26), into cerebellar neurons. 
Transfected neurons were identified by co- 
transfecting an expression vector for p-ga- 
lactosidase (p-Gal) and immunostaining 
cells for P-Gal expression (Fig. 4B). To 
assess the effects of Akt, we scored trans- 
fected cells in a blinded manner as healthy 
or apoptotic by nuclear morphology. Apo- 
ptotic cerebellar neurons showed pro- 
nounced nuclear condensation, which was 
visualized with the DNA dye bisbenzimide 
(Hoechst 33258) (2); these nuclei also 
stained positively for DNA degradation in 
the TUNEL assay (1 1, 27). 

We first tested whether expression of the 

2 Days 4 Days 

Fig. 3. Inhibition-of insulin-promoted survival by 
the P13-K inhibitor LY294002. Cells were placed in 
medium containing insulin (10 pg/ml), 25 mM KC1 
plus serum (1 0%), or no survival factor (-), in the 
absence or presence of LY294002 (LY, 10 pM) 
(1 7). After 2 or 4 days, cells were fixed, and the 
number of healthy cells was determined by stain- 
ing with the DNA dye propidium iodide and count- 
ing nonapoptotic nuclei. Survival in the presence 
of both serum and 25 mM KC1 (complete media) is 
defined as 100%. LY294002 inhibited the promo- 
tion of survival by insulin. Data are from three ex- 
periments; error bars indicate SEM. 

mutant forms of Akt would interfere with 
survival; both mutants have been found to 
have dominant-inhibitory activity toward 
wild-type Akt kinase activity (28). Neurons 
transfected with HA-Akt had a normal, non- 
condensed nuclear morphology (Fig. 5A, in 
insulin). In contrast, cells transfected with 
either HA-Akt(K179M) or HA-PH showed 
increased apoptosis, as evidenced by nuclear 

662 SCIENCE VOL. 275 31 JANUARY 1997 



m. 4. ~ct ivt ty and wpm- A - -  l s m h  l m m  mmh B 
sionof AMproteins. oP13- 
K-dependent-of s ? 
Mhcerebellerneuons 
0. Cells  ere left W- 

- $ 6  
=am-= - 

e d ( q o r m M f o  - 
ilxkated ttmes with no 
stkntlsnt(-), hsulkr, or=- 
l , i n t h e ~ o r p r e s e n c e o f ~ ( ~ j . ~ e l ) y s e t e s w l e r e , i m n b  

w l t h a n € i m o c f y t o A k t , a n d ~ ~ a s -  
~ ~ g d b r m e d M e i t h e f N s t o n e H 2 B o r r e c o m b h a r # ~ - 3 a s  
Bubsbate.WthH2Bass&stmte,~ofPWinceLstreatedwl(h 
hsu&fw15nJn@=3)~~~3.3 + 0 . 4 4 t b n e s t h a t i n ~ c e l l s . ( B )  
~oftransfectedAl<tirlcerebelarneuans(26).Neuonsm 
mhmfeded M HA-Akt and CMV-gGal, and 2 dg9 Mw thej wlere 

condensation and disintegration of processes 
and the cell body (Fig. 5, A and B). The 
extent of apoptosis in cells transfected with 
HA-Akt(K179M) or HA-PH and then grown 
with insulin as the sole survival factor 
(-60%) was as large as that in vector control 
transfectants in the presence of no survival 
factor (Fig. 5C) (I I). Cells transfected with 
HA-Akt(K179M) or HA-PH showed less ap- 
optosis when grown in the presence of both 
KC1 and insulin [or KC1 and serum (29)], 

consistent with the possibility that KC1, se- 
rum, or combinations of these factors may 
activate survival pathways in addition to the 
Akt pathway (29). Taken together, these re- 
sults suggest that the promotion of survival by 
insulin requires Akt. 

We next tested whether exogenously ex- 
pressed Akt is sufficient to enhance survival. 
Cerebellar neurons were transfected with 
HA-Akt or with control vector and were 
deprived of survival factors after 1 day. Ex- 

pression of H A - ~ k i  markedly reduced the 
amount of apoptosis (Fig. 5C); control trans- 
fectants showed -60% apoptosis after 1 day 
of deprivation, whereas HA-Akt transfectants 
showed only 35% apoptosis [P = 0.0013 by 
analysis of variance (ANOVA)] (29). The 
ability of HA-Akt to block apoptosis was not 
reduced in the presence of LY29W2 (I 1 ), 
consistent with Akt acting downstream of 
PU-K. 

Because both PI3-K and Akt can pro- 
mote activation of p70S6K (5, 23), p70S6K is 
a potential mediator of the survival effects 
of IGF-1. Originally identified as a ribosom- 
al protein S6 kinase (30), p70S6K has since 
been shown to regulate progression from 
the GI  to the S phase of the cell cycle (3 1 ). 
We inhibited the activation of p70S6K with 
rapamycin, which blocks phosphorylation 
of p70S6K (31 ). Rapamycin had no effect on 
the promotion of survival by insulin or by 
serum plus KC1, at a range of concentra- 
tions that blocked the activation of p70S6K 
(1 1). This is consistent with the reported 
lack of requirement for p70S6K activity for 
PU-K-mediated survival of PC12 cells (4). 

Taken together, our findings reveal that a 
critical function of Akt is to mediate the 
effects of IGF-1 on neuronal survival. Akt 
may promote the survival of a range of cell 
types in response to various growth factors, 
particularly those that activate PU-K. The 
observation that Akt promotes survival may 
partially explain the oncogenic potential of 
Akt (18, 21 ). The promotion of survival by 
Akt may also be relevant to situations of 
pathological neuronal cell death, such as hy- 
poxic-ischemic injury, for which IGF-1 can be 
protective (32). Because Akt is believed to be 
activated at least in part by lipid products of 
PU-K (6), Akt may prove a propitious target 
for small-molecule therapeutics that promote 
cell survival. 
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Direct Regulation of the Akt hibitor wortmannin ( 9 ) .  Activation of HA- 
Akt by piSH2-pl lO.MT in NIH 3T3 cells was 

P r ~ t ~ - O n ~ ~ g e n e  Product by enhanced by platelet-derived growth factor 

Phosphatidylinositol-3,4-bisphosphate (PDGF) (Fig. 1 ~ ) .  Mutant piSH2- 
pllO(K227E).MT [in which Lvs (K) at posi- 

Thomas F. Franke,* David R. Kaplan, Lewis C. Cantley, ;ion 227 is mutated to Glu (E)] that is defi- 

Alex Tokert cient in Ras binding (10) stimulated the ac- 
tivitv of HA-Akt in serum-starved cells. but it 
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was 'less effective than p i ~ ~ 2 - p l l ~ . ~ ~  at 
The regulation of the serine-threonine kinase Akt by lipid products of phosphoinositide enhancing PDGF stimulation of HA-Akt (9). 
3-kinase (PI 3-kinase) was investigated. AM activity was found to correlate with the The activity of HA-Akt(R25C), which con- 
amount of phosphatidylinositol-3,4-bisphosphate (Ptdlns-3,4-P,) in vivo, and synthetic tains a point mutation of Arg (R) to Cys (C) 
Ptdlns-3,4-P, activated AM both in vitro and in vivo. Binding of Ptdlns-3,4-P, occurred in the Akt PH domain, was not significantly 
within the Akt pleckstrin homology (PH) domain and facilitated dimerization of Akt. AM increased by PDGF treatment or coexpression 
mutated in the PH domain was not activated by PI 3-kinase in vivo or by Ptdlns-3,4-P, of piSH2-pllO-MT (Fig. 1B). The Akt PH 
in vitro, and it was impaired in binding to Ptdlns-3,4-P,. Examination of the binding to domain was therefore important for Akt acti- 
other phosphoinositides revealed that they bound to the AM PH domain with much lower vation by PDGF and by PI 3-kinase. 
affinity than did Ptdlns-3,4-P, and failed to increase Akt activity. Thus, Akt is apparently We next examined the relation of Akt 
regulated by the direct interaction of Ptdlns-3,4-P, with the Akt PH domain. activity to phosphoinositide amounts in vivo. 

After treatment of human platelets with 
thrombin receptor-activating peptide 
(TRAP), the amounts of the PI 3-kinase prod- 

Stimulation of cells by several growth fac- ways that can also lead to Akt activation (7). ucts PtdIns-3,4-P2 and PtdIns-3,4,5-P3 in- 
tors activates PI 3-kinase (1). In vivo, the To examine whether PI 3-kinase is suffi- crease with distinct times (1 1). We measured 
activation of PI 3-kinase increases the intra- cient to stimulate Akt activity, we coex- Akt autophosphorylation (Fig. 2A), Akt phos- 
cellular amounts of PtdIns-3,4-P2 and phos- pressed hemagglutinin epitope-tagged Akt phorylation of histone H2B (Fig. 2B), and 
phatidylinositol-3,4,5-trisphosphate (PtdIns- (HA-Akt) and activated PI 3-kinase (8). Ac- phosphorylation of phosphoinositides (Fig. 
3,4,5-P,) (1 ). Various downstream targets of tivated PI 3-kinase (piSH2-pllO-MT) in- 2B) as a function of time after the addition of 
PI 3-kinase have been identified, including duced the activity of HA-Akt in serum- TRAP (12). The concentration of PtdIns- 
the serine-threonine kinase Akt (1-5). Akt starved COS-1 and NIH 3T3 cells (Fig. l ) ,  3,4,5-P, peaked 25 s after TRAP addition, but 
(also referred to as PKBa or Raca) is encod- and stimulation of HA-Akt by activated PI full Akt activation did not occur until the 
ed by the Akt proto-oncogene and is defined 3-kinase was blocked by the PI 3-kinase in- concentration of PtdIns-3,4-P2 had peaked 
by an NH2-terminal regulatory domain of 
protein-protein interaction [Akt homology 
(AH) domain)] that contains a PH domain A 
(2). Akt participates in the activation of the 

1 
p70 ribosomal protein S6 kinase (p70S6K) 
(2) and inhibits glycogen synthase kinase-3 

2 (3), and it has a role in proliferative and 
anti-apoptotic cell responses (4, 6). Akt ac- 

3 tivation by growth factors requires PI 3-ki- 
nase activity (2), but there are other path- 4 rr 
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