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Phosphatidylinositol (PI) 3-kinase has been suggested to mediate cell survival. Consistent with this possi-
bility, apoptosis of conditionally (simian virus 40 Tts) immortalized rat hippocampal H19-7 neuronal cells was
increased in response to wortmannin, an inhibitor of PI 3-kinase. Downstream effectors of PI 3-kinase include
Rac1, protein kinase C, and the serine-threonine kinase Akt (protein kinase B). Here, we show that activation
of Akt is one mechanism by which PI 3-kinase can mediate survival of H19-7 cells during serum deprivation
or differentiation. While ectopic expression of wild-type Akt (c-Akt) does not significantly enhance survival in
H19-7 cells, expression of activated forms of Akt (v-Akt or myristoylated Akt) results in enhanced survival
which can be comparable to that conferred by Bcl-2. Conversely, expression of a dominant-negative mutant of
Akt accelerates cell death upon serum deprivation or differentiation. Finally, the results indicate that Akt can
transduce a survival signal for differentiating neuronal cells through a mechanism that is independent of
induction of Bcl-2 or Bcl-xL or inhibition of Jun kinase activity.

Programmed cell death is a characteristic of the normal
developmental process as well as a response of cells to stress or
other environmental insults (55, 59). While the mechanisms
leading to programmed cell death are not yet understood,
several factors have been implicated in apoptosis. For example,
expression of exogenous bcl-2 or bcl-xL genes can substitute for
neurotrophic survival factors by delaying or preventing apo-
ptosis in primary neuronal cells and established neuronal cell
lines, but the mechanism by which this occurs is not known (7,
34, 35, 37, 50, 62, 73). Moreover, p53, originally described as a
tumor suppressor protein has been implicated in apoptosis
following DNA damage as well as growth factor or nutrient
deprivation in cells lacking Rb or expressing an activated on-
cogene such as c-myc (8, 15, 49, 67). The ICE (interleukin-1b-
converting enzyme)-like family of cysteine proteases (also
termed caspases [9]) has also been implicated in apoptosis in a
wide range of cell types and species (25, 51, 68).

Neuronal cells undergo differentiation-induced apoptosis
during development as a mechanism for eliminating nonessen-
tial cells (59, 66). Diverse factors have been implicated in
neuronal survival, such as neurotrophic factors, glial cell-de-
rived factors, and cell-cell contacts. However, the specific
mechanisms by which these factors operate remain largely un-
known (71). Treatment of PC12 cells, a pheochromocytoma
cell line derived from a vascular tumor of adrenal medulla
chromaffin tissue (36), with nerve growth factor (NGF) or
fibroblast-derived growth factor (FGF) induces the cells to
differentiate into cells with neuronal characteristics that sur-
vive in culture for an extended time. PC12 cells transfected
with the platelet-derived growth factor (PDGF) receptor also
differentiate in response to PDGF. These factors activate phos-

phatidylinositol (PI) 3-kinase, a lipid and protein kinase that
triggers key signaling cascades in growth and development (22,
41). Studies based upon transfections of mutant PDGF recep-
tors or addition of wortmannin, an inhibitor of PI 3-kinase
(65), provided evidence that PI 3-kinase activation by NGF or
PDGF may be responsible for the survival phenotype exhibited
by PC12 cells in response to these factors (72).

Akt kinase, the cellular homolog of the viral oncoprotein
v-Akt, is related to protein kinase C (PKC) within the catalytic
domain. However, c-Akt differs from the PKC family members
by the presence of a pleckstrin homology (PH) domain at its N
terminus that is involved in the regulation of the activity of the
enzyme by growth factors and intracellular signaling molecules
(17). v-Akt results from the fusion of c-Akt and a retroviral
Gag protein with the inclusion of an additional 21 amino acids
derived from the translation of 63 nucleotides of the c-akt 59
untranslated region placed in phase between Gag and Akt (10,
11). The myristoylation sites in the Gag sequence target Akt to
the plasma membrane and result in high basal kinase activity
(2, 43). It has recently been shown that phosphorylations at
Thr308 and Ser473 are required for full activation of Akt
kinase activity. These phosphorylations are mediated by up-
stream kinases that are regulated by phospholipid products of
PI 3-kinase (6, 63). In addition, interactions of phospholipid
with the PH domain of Akt may also be required for full
activation (13, 16, 31, 32).

To investigate the potential role of Akt in the survival of
differentiating neuronal cells, we utilized a cell line (H19-7)
derived from E17 rat hippocampal cells that have been condi-
tionally immortalized by expression of a temperature-sensitive
simian virus 40 (SV40) large T antigen (Tts) (30). Thus, the
H19-7 cells offer the advantage of temporary immortalization,
enabling the cells to be propagated and transfected while they
are immortalized and then differentiated to a neuronal pheno-
type in the absence of an immortalization signal. As is the case
for PC12 cells and isolated hippocampal neuronal precursors
(60), addition of FGF but not epidermal growth factor induces
differentiation of H19-7 cells. The differentiated Tts-immortal-
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ized hippocampal cells do not divide in response to serum,
express neuronal markers such as neurofilaments and brain
type II sodium channels, and display action potentials (27, 28,
30). However, unlike PC12 cells, differentiated H19-7 cells
undergo apoptosis within 2 to 6 days following induction of
differentiation (26). They can be partially rescued from apo-
ptosis by expression of Bcl-2 or Bcl-xL. The death of H19-7
cells during in vitro differentiation appears to reflect the in vivo
process (33, 57, 69), illustrating the utility of these cells as a
model system for neuronal cell death within the developing
central nervous system.

In the present study, we demonstrate that treatment of dif-
ferentiating H19-7 neuronal cells with wortmannin, a PI 3-ki-
nase inhibitor, inhibits c-Akt activation and induces apoptosis.
Expression of activated Akt rescues cells from death induced
by wortmannin, serum deprivation, or neuronal differentiation,
suggesting a mechanism whereby neurotrophic factors pro-
mote neuronal survival through the successive activation of PI
3-kinase and Akt. Ectopic expression of an Akt mutant which
has a dominant-negative phenotype enhances the rate of cell
death. Inhibition of apoptosis via the PI 3-kinase–Akt pathway
appears to be independent of induction of Bcl-2 and Bcl-xL or
suppression of Jun kinase activity.

MATERIALS AND METHODS

Cells. The parental neuronal cell line H19-7 was derived from embryonic day
17 (E17) rat hippocampal cells by immortalization with SV40 Tts (30). Cell lines
H19-7 and Bcl2-R10 have been described previously (26, 30). The immortalized
cell lines were induced to differentiate by switching the cells from Dulbecco’s
modified essential medium (DMEM) containing 10% fetal bovine serum (FBS)
at 33°C, the permissive temperature for the Tts, to serum-free DMEM with N2
supplements (12) and 10 ng of basic FGF (bFGF) per ml at 39°C, the nonper-
missive temperature for the Tts. PC12 cells were maintained in DMEM plus 10%
FBS plus 5% horse serum. v-akt and c-akt constructs (32) were introduced into
H19-7 or Bcl2-R10 cells along with pBabepuro (52) by standard CaPO4 trans-
fection techniques (61). Colonies were isolated following selection in 1 mg of
puromycin per ml.

Vectors. The c-Akt and v-Akt vectors and the hemagglutinin (HA) antigen-
tagged vectors used have been described previously (32, 43). The kinase-dead
Akt (Akt kin2) is mutated at the ATP binding site (K179M) (10). For the
retroviral vectors, the puromycin resistance gene was removed from pBabepuro
(52) and replaced with enhanced green fluorescent protein (EGFP) (Clontech).
Subsequently, c-Akt was cut from the pLXSN vector (2) at the 59 EcoRI and 39
BamHI sites, cloned into pSP73, cut out with BglII and BamHI, and finally
cloned into the BamHI site of pBabe 59 to EGFP. Myristoylated Akt (myrAkt)
was removed from the retroviral SRa vector (3) as a BglII-BamHI fragment and
cloned into the BamHI site of pBabeEGFP.

Cell viability determinations. Viability was determined as previously described
(26). Cells were plated at 105 per 35-mm-diameter well in DMEM plus 10% FBS.
The following day, they were rinsed with phosphate-buffered saline (PBS) and
shifted to differentiation or other test conditions. Cell counts for each cell line on
day 1 following the shift are defined as 1.0 to normalize for any differences such
as plating efficiency or proportion of cells undergoing division at the time of
plating.

Immunoblotting. Immunoblotting was performed as previously described (26)
with 15 mg of protein from whole-cell lysates. On the immunoblots, the Akt
forms were detected with polyclonal antiserum raised against the 15 C-terminal
amino acids of Akt (32). Akt phosphorylated at Ser473 was detected with phos-
pho-specific Akt antibody from New England BioLabs (Beverly, Mass.). On the
same blots, total Akt was detected by using a phosphorylation-independent
antibody raised against the same peptide as the phospho-specific Akt antibody.
Bcl-2 was detected with polyclonal antiserum from Santa Cruz (N-19). Polyclonal

FIG. 1. Apoptosis resulting from differentiation of H19-7 cells is increased by
wortmannin. Cells were processed and counted as described in Materials and
Methods. (A) Undifferentiated H19-7 cells (left panel) and H19-7 cells differ-
entiated by 10 ng of FGF per ml in N2 medium at 39°C for 3 days (right panel).
The cells were fixed and the nuclei were stained with Hoechst 33258. Examples
of condensed or fragmented nuclei indicative of apoptosis are indicated (arrow-
heads). Scale bar 5 100 mm. (B) Plot of the survival of H19-7 cells that were
differentiated by FGF for 2 days and then treated with the indicated concentra-
tions of wortmannin or PD098059. Cell survival was determined 24 h after
treatment. Survival of untreated cells was defined as 100%. Each point is the
mean 6 standard deviation of triplicate samples. The results are representative
of two (PD098059) or three (wortmannin) independent experiments.
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antiserum to Bcl-x was obtained from C. Thompson (University of Chicago). On
some immunoblots, the optical density was quantified by using an Ambis system.

Detection and quantification of apoptotic nuclei. For nuclear staining, cells
were fixed with 2% formalin in methanol (220°C) for 10 min, rinsed three times
with PBS, and stained with 1 mg of Hoechst 33258 (Molecular Probes) per ml in
PBS for 10 min. For quantification, normal, condensed, and fragmented nuclei in
10 randomly chosen fields (20 on very sparse coverslips) were counted at 340
magnification.

Kinase inhibitors. Wortmannin (Sigma) was dissolved in dimethyl sulfoxide
(DMSO) (2 mM) and stored at 4°C. PD098059 was dissolved in DMSO (10 mM)
and stored at 280°C. For viability studies, immortalized cells were plated at 105

per 35-mm-diameter tissue culture well and differentiated for 2 days. Wortman-
nin or PD098059 in DMSO or DMSO alone was added, and the cells were
cultured under differentiation conditions for an additional 24 h. The number of
cells in each of triplicate wells was then determined for each concentration of
inhibitor.

Microinjections. H19-7 cells were plated on 15-mm poly-lysine-coated glass
coverslips 2 days before injection. Cells were injected by using an Eppendorf
(Madison, Wis.) Micromanipulator 5171 and Transjector 5246. Control vector
DNA or Akt construct DNA was mixed with a green fluorescent protein (GFP)
vector DNA (Green Lantern; Life Technologies, Gaithersburg, Md.), and the
mixtures were injected into equal numbers of cells for each experimental con-
struct. The final DNA concentration was 1 mg/ml in 50 mM HEPES (pH 7.4)–40
mM NaCl. Following injection, the coverslips were placed at 33°C in growth
medium overnight. The next day, the number of green (GFP-expressing) cells
was determined for each injection, and the coverslips were transferred to 39°C in
N2 medium or in N2 medium plus 10 ng of bFGF per ml. Twenty-four hours
later, the number of surviving green cells was determined; floating and other
obviously dead cells were excluded from the counts. Although Hoechst 33258
staining of nuclei was used to detect apoptotic cells (see Fig. 1), this method was
not quantitative because of the very rapid detachment and loss of the apoptotic
H19-7 cells which are exacerbated by the fixation procedure for Hoechst staining.

For each experiment, all the cells analyzed in a culture condition (i.e., N2 or
differentiation) were resident on a single coverslip.

Transfections. For transient transfections of HA–v-Akt, 10 mg of vector DNA
mixed with 40 ml of TransIT-LT1 (PanVera Corp., Madison, Wis.) was added to
a 10-cm-diameter plate of cells according to the recommendations of the man-
ufacturer. After 1 day, the cells were divided into the number of cultures re-
quired. After 24 h, the medium was changed to DMEM with N2 supplements at
either 33°C, to maximize protein expression, or 39°C, as indicated. On the third
day after transfection, the cells were treated with 1 mM okadaic acid and har-
vested for Akt assays as described below.

Transductions. All retroviruses used expressed EGFP. Retroviral superna-
tants were added to 30% confluent cultures in the presence of 8 mg of hexad-
imethrine bromide (Sigma) per ml and incubated for 16 h at 33°C. The super-
natants were replaced with fresh growth medium, and the cells were transferred
to the required number of cultures. The cells were transferred to DMEM plus N2
supplements at 39°C with or without 10 ng of bFGF per ml to induce differen-
tiation. After 4 days, the proportion of green cells in each control or treated
culture was determined by counting the green cells in an equal number of
randomly chosen microscopic fields for each culture. To verify ectopic Akt
expression in these cells, a portion of each population was expanded, and cells
expressing GFP were isolated by fluorescence-activated cell sorting. Protein
extracts from those populations were analyzed by immunoblotting with anti-Akt
antibody (32).

Immunocomplex in vitro kinase assays. Akt kinase assays were carried out
essentially as previously described (32). Protein concentrations in cell extracts
were determined by the Bradford assay, and equal amounts of protein were used
for each assay in an experiment. The antibodies, anti-C-terminal Akt (32) or
anti-HA (12CA5; BAbCo, Richmond, Calif.), were precoupled to protein A-aga-
rose beads for 1 h at 4°C with rotation, and immunoprecipitation was done at 4°C
for 3 h. The Akt substrates used were a branched peptide of a modified PKC ε

FIG. 2. PI 3-kinase and Akt activities in H19-7 cells. (A) Stimulation of PI
3-kinase activity by differentiation factors in H19-7 and PC12 cells. The cells were
either untreated (U) or treated for 1 min with 10 ng of FGF per ml or 100 ng of
NGF per ml. PI 3-kinase was immunoprecipitated from cell lysates with an-
tiphosphotyrosine antibody and assayed for PI 3-K activity as described in Ma-
terials and Methods. The position of the PI 3-kinase product, PI 3-phosphate, is
indicated (PIP). (B) (Upper panel) Stimulation of Akt activity by FGF in H19-7
cells. H19-7 cells were cultured in N2 medium at 39°C for 24 h and then
untreated (U), treated for 15 min (159 FGF), or differentiated for 3 days (3d.
FGF) with 10 ng of FGF per ml. Endogenous Akt was immunoprecipitated from
cell lysates and assayed by phosphorylation of a pseudosubstrate peptide as
described in Materials and Methods. (Lower panel) Inhibition of FGF activation
of Akt by wortmannin. Cells were cultured in DMEM at 39°C for 24 h and then
untreated (U) or pretreated with 200 nM wortmannin (wort) for 10 min. In some
samples, 10 ng of FGF per ml was added to untreated (FGF) and wortmannin-
pretreated (wort FGF) cells, which were then incubated for 15 min. Akt activity
was assayed as described above. These results are representative of two inde-
pendent experiments. (C) Transient phosphorylation of Akt during H19-7 dif-
ferentiation. Whole-cell extracts from cultures treated without FGF (N2) or with
FGF for 15 min (159) or 3 days (3d) were probed with an antibody specific for
phosphorylated Akt (inset). The phosphorylated Akt bands were quantified by
optical densitometry and normalized to the amounts of Akt protein detected on
the same blot with the phosphorylation state-independent antibody (see Mate-
rials and Methods). These results are representative of three independent ex-
periments.
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FIG. 3. v-Akt protects against differentiation-induced cell death. v-Akt and c-Akt constructs were introduced into H19-7 or Bcl2-R10 cells as described in Materials
and Methods. (A and B) Immunoblots of cell extracts from cell lines stably transfected with c-Akt or v-Akt; samples were immunoblotted with anti-Akt antibody for
enhanced c-Akt or v-Akt expression, respectively. (C) Activity of Akt in wild-type H19-7 cells and H19-7 cells overexpressing c-Akt (HCAP-5). H19-7 and HCAP-5 cells
were serum starved at 33°C in DMEM for 24 h and then pretreated with 1 mM okadaic acid for 15 min. Cultures were untreated (DMEM) or treated with 20% FBS
for 5 min (Serum). Akt was assayed as described in Materials and Methods, and the final activity is expressed relative to Akt activity in untreated cells. These data are
from two experiments. The error bars represent the range and in some cases are too small to be visible. (D) Activity of v-Akt transiently expressed in H19-7 cells.
Epitope-tagged v-Akt or the vector control was transfected into H19-7 cells as described in Materials and Methods. The transfected populations were serum starved
for 24 h in defined medium (N2) at 33 or 39°C. Cells transfected with HA–v-Akt or the control vector were treated for 25 min with 1 mM okadaic acid and then harvested
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pseudosubstrate containing a phosphorylation site (14) or histone H2B (Boehr-
inger Mannheim). In some cases, the resulting autoradiograph bands were quan-
tified by optical density with an Ambis system.

For PI 3-kinase assays, PC12 or H19-7 cells at 70 to 80% confluency in
150-mm-diameter culture dishes were serum starved for 16 h and treated with
NGF (100 ng/ml) or bFGF (10 ng/ml) for the times indicated in the figures. The
cells were lysed with 1% Nonidet P-40 in 20 mM Tris (pH 7.5)–150 mM NaCl–5
mM EDTA at 4°C. Lysates were precleared with rabbit immunoglobulin G-
agarose at 4°C for 15 min. PI 3-kinase activity was immunoprecipitated with
antibodies to phosphotyrosine (05-321) from Upstate Biotechnology Inc., Lake
Placid, N.Y., and protein A-agarose. The immunoprecipitates were washed three
times with lysis buffer, once with Ca21-free PBS, once with 100 mM Tris (pH
7.5)–0.5 M LiCl, once with H2O, and once with 10 mM Tris (pH 7.5)–100 mM
NaCl–0.1 mM EDTA. All washes were done at 4°C, and all buffers and washes
contained 10 mg of leupeptin per ml, 10 mg of aprotinin per ml, 200 mM
phenylmethylsulfonyl fluoride, and 1 mM Na3VO4 added fresh. The 50-ml reac-
tion mixture contained 10 mM Tris (pH 7.5), 100 mM NaCl, 20 mM MgCl2, 0.2
mM EGTA, 20 mg of PI, 10 mM ATP, 10 mCi of [g-32P]ATP, and inhibitors as
described above. The reactions were allowed to proceed for 20 min at room
temperature. The reactions were terminated, and the lipids were extracted by
addition of 100 ml of CHCl3-methanol (MeOH)-HCl (100:200:2) and mixing,
followed by addition of 100 ml of CHCl3 and then 100 ml of H2O. The mixture
was vortexed and centrifuged. The organic phase was collected and dried, then
redissolved in 25 ml of CHCl3-MeOH (1:1), and spotted on thin-layer chroma-
tography plates. The plate was developed with CHCl3-MeOH-H2O-NH4OH
(43:38:7:5), dried, and exposed to X-Omat film (Kodak).

Jun kinase assays. Cells were differentiated as described above. Day 0 samples
were collected at 6 h following the shift to differentiation conditions. Assays of
Jun kinase activities were carried out according to the solid-phase assay protocol
of Hibi et al. (40). The glutathione S-transferase (GST)–c-Jun construct pGEX-
3XJ1-93 was provided by E. Wattenberg (University of Minnesota). GST–c-Jun
was purified from bacterial lysates by using a Pharmacia Biotech Bulk Purifica-
tion Module according to the instructions provided by the manufacturer.

RESULTS
Wortmannin accelerates cell death in H19-7 cells. To test

whether PI 3-kinase might play a role in the survival of differ-
entiating neuronal cells, we determined the effect of the PI
3-kinase inhibitor wortmannin on H19-7 cells induced to un-
dergo differentiation. Following incubation for 2 days with 10
ng of FGF per ml at 39°C to induce differentiation, H19-7 cells
were treated with 0, 50, or 200 nM wortmannin. As shown
previously, differentiating H19-7 cells undergo apoptosis as
manifested by terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL), condensed nuclei,
and a decrease in cell survival (26) (Fig. 1A). After 1-day
exposure to wortmannin, the survival of the differentiated
H19-7 cells was further decreased by 25% (50 nM wortmannin)
or 50% (200 nM wortmannin) relative to that of the untreated
H19-7 cells (Fig. 1B). Wortmannin is not acting as a nonspe-
cific toxic agent, since even 10 mM wortmannin had no effect
on the survival of differentiated H19-7 cells expressing Bcl-2
(Bcl2-R10 [26]) (see Fig. 3F).

It has previously been suggested that mitogen-activated pro-
tein (MAP) kinase mediates survival of some neuronal cells
(70), and wortmannin has been shown to indirectly suppress
MAP kinase activity in some cells (38). However, treatment of
cells with 30 mM PD098059, an inhibitor of MAP kinase kinase
(24, 58), decreases survival by only 17% (Fig. 1B). At this
concentration, PD098059 inhibits the activation of MAP ki-
nase completely in H19-7 cells (48). These results indicate that

the effects of wortmannin on H19-7 cells cannot be attributed
to suppression of MAP kinase activity and are consistent with
a role for PI 3-kinase in the survival of neuronal cells upon
differentiation by FGF.

Transient activation of Akt in differentiating H19-7 cells. To
determine whether the PI 3-kinase signaling pathway might
mediate neuronal survival through activation of Akt, we first
examined whether FGF activates PI 3-kinase and Akt in
H19-7 cells. Analysis of PI 3-kinase activity showed three-
fold (mean 6 standard deviation, 3.0 6 1.0; n 5 3) stimulation
by 10 ng of FGF per ml (Fig. 2A). The level of endogenous Akt
activity in H19-7 cells was determined before and after neuro-
nal differentiation. H19-7 cells at 39°C were treated with 10 ng
of FGF per ml in N2 medium and then assayed for Akt activity.
Treatment of cells for 15 min with FGF resulted in activation
of the Akt serine-threonine kinase when a PKC pseudosub-
strate peptide or histone H2B (29) was used as a substrate (Fig.
2B, upper panel). The activation of Akt by FGF appeared to be
transient. When lysates from H19-7 cells that had been differ-
entiated for 3 days (39°, N2 medium, FGF) were assayed, no
significant increase in Akt kinase activity over that observed in
unstimulated cells was detected (Fig. 2B, upper panel). Pre-
treatment of cells with 200 nM wortmannin prior to growth
factor addition suppressed FGF-induced activation of c-Akt, a
finding consistent with earlier observations that Akt is acti-
vated via a PI 3-kinase-dependent pathway (Fig. 2B, lower
panel).

The transient activation of Akt during differentiation was
also demonstrated by monitoring Akt phosphorylation. It has
recently been determined that growth factor-activated Akt is
phosphorylated at a minimum of two sites, Thr308 and Ser473,
and that a high level of Akt activation is dependent on phos-
phorylation at these two sites (5). An antibody that specifically
recognizes Akt phosphorylated at Ser473 was used in order to
determine the activation state of endogenous Akt. Lysates
from cultures of cells that were either undifferentiated, treated
for 15 min with FGF, or differentiated for 3 days with FGF
were probed for phosphorylated Akt. The bands were quanti-
fied and normalized to total Akt protein. As shown in Fig. 2C,
phosphorylated Akt is induced fourfold (mean 6 standard
deviation, 3.8 6 0.6) within 15 min of FGF treatment. After 3
days of differentiation, the amount of phosphorylated Akt was
decreased to 40% (39% 6 8%) of that detectable after 15 min
of FGF treatment, reducing it to a level slightly above back-
ground. Thus, reduced Akt activity during differentiation re-
sults, at least in part, from dephosphorylation of the enzyme.

Activated Akt inhibits apoptosis of H19-7 cells. To deter-
mine whether activation of Akt is able to promote survival,
H19-7 cells were stably transfected with vectors expressing
c-Akt, the wild-type enzyme, or v-Akt, a constitutively active
enzyme (13, 32). We have shown previously (26) that the ex-
pression of ectopic Bcl-2 enhances survival of differentiating
H19-7 cells. Since the action of Akt could be additive or syn-
ergistic to that of Bcl-2, v-Akt was also stably introduced into
H19-7 cells expressing human Bcl-2 (Bcl2-R10 cells [26]). Akt

for Akt assays as described in Materials and Methods. These data are from two independent experiments. The error bars represent the range and in some cases are
too small to be visible. (E) Viability of cell lines expressing v-Akt and Bcl-2. The parental cell line (H19-7) and cell lines expressing v-Akt (HAP-5), Bcl-2 (Bcl2-R10),
Bcl-2 and v-Akt (BAP-9), or Bcl-xL (XL-12) were differentiated and their viabilities were determined as described in Materials and Methods. Each time point represents
the mean 6 standard deviation of triplicate samples. In some cases, the standard deviation is too small to be seen beyond the margins of the symbols. These data are
representative of at least two independent experiments. (F) Plot of survival of HAP-5 or Bcl2-R10 cells that were differentiated and treated with the indicated
concentrations of wortmannin as described in Materials and Methods. Each point represents the mean 6 standard deviation of triplicate samples. (G) Immunoblot
comparing the levels of v-Akt in H19-7, HAP-5, and HAP-54 cells. Cells were grown and assayed as described in Materials and Methods. (H) Viability of cell lines
expressing v-Akt and c-Akt. HCAP-5, a cell line expressing ectopic c-Akt, and HAP-54, a second line expressing v-Akt, were differentiated, and their viabilities were
determined as described above. H19-7 and HAP-5 viability curves are included here for comparison. Each time point represents the mean 6 standard deviation of
triplicate samples. In some cases, the standard deviation is too small to be seen beyond the margins of the symbols.
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expression was monitored by immunoblotting with anti-Akt
antibody (Fig. 3A and B). Expression of ectopic c-Akt in the
stably transfected H19-7 cell lines (e.g., HCAP-2, -5, and -6)
was greater than that of the endogenous c-Akt (Fig. 3A). The
levels of v-Akt in the highest-expressing clone (HAP-5) and in
the Bcl-2-expressing H19-7 cells (e.g., BAP-2 and BAP-9) were
low relative to that of the endogenous c-Akt (Fig. 3B), raising
the possibility that a high level of expression of oncogenic Akt
may not be well tolerated by these cells. c-Akt activity was
assayed at 33°C following treatment with serum in the presence
of okadaic acid to maximize Akt protein expression and activ-
ity (47) (Fig. 3C). The results showed higher Akt activity in
HCAP-5 than in the parent H19-7 cell line, indicating that the
ectopic c-Akt is functional. Although the low levels of v-Akt
expression in these lines prevented detectable immunoprecipi-
tation and assay of v-Akt activity, transient expression of HA-
tagged v-Akt in H19-7 cells confirmed that the expressed pro-
tein is an active kinase in H19-7 cells (Fig. 3D), as observed
previously for other cell lines (32, 43).

Analysis of differentiation-associated apoptosis indicated
that H19-7 cells stably expressing v-Akt survive longer than the
parental cell line. Whereas .90% of the H19-7 cells normally
die after 5 days of FGF treatment in serum-free N2 medium at
39°C, 50% of the v-Akt-expressing HAP-5 cells were still viable
at this time (Fig. 3E). This protection against differentiation-
associated cell death due to v-Akt expression was comparable
to that obtained by expression of Bcl-2 (Fig. 3E) or the Bcl-2-

related protein Bcl-xL in H19-7 cells (26). Coexpression of
v-Akt and Bcl-2 in H19-7 cells provided protection against
differentiation-associated cell death similar to that of either
v-Akt or Bcl-2 alone, although a small increase in survival was
observed at early time points in two Bcl-2-expressing cell lines
(Fig. 3E, BAP-9). Cells expressing v-Akt were also less sensi-
tive to treatment with 200 nM wortmannin (Fig. 3F). This
effect is presumably due to wortmannin-insensitive Akt activ-
ity, as observed in other v-Akt-expressing cells (43).

The extent of cell survival appeared to reflect the relative
expression of v-Akt. Another clonal line (HAP-54) that ex-
presses less v-Akt than HAP-5 exhibited a survival phenotype
intermediate between those of HAP-5 and H19-7 (Fig. 3G and
H). Expression of additional c-Akt in H19-7 cells conferred a
slight increase in survival, but it was significantly less than that
obtained with v-Akt (Fig. 3H). The failure of overexpressed
c-Akt to significantly enhance survival can be explained by the
inactivation of c-Akt that occurs during differentiation (Fig.
2B). Thus, the antiapoptotic action of v-Akt is not due simply
to increased expression of Akt protein, since transfected c-Akt
was expressed at significantly higher levels. Furthermore, ex-
pression of ectopic v-Akt or c-Akt did not affect the rate or
extent of morphological differentiation of the cells or promote
transformation, indicating that Akt is not acting by blocking
the differentiation process (29). These results indicate that
v-Akt can protect neuronal cells against differentiation-in-
duced apoptosis, a process which is p53 independent (26, 69).

In order to further demonstrate that activated Akt enhances
viability in H19-7 cells undergoing differentiation, we tested a
second constitutively active Akt, myrAkt (3), which has previ-
ously been shown to enhance viability in other apoptotic sys-
tems (3, 43). Since the low v-Akt expression levels in the stable
cell lines suggested that activated Akt is lethal at high levels,
we used retroviral transduction to introduce myrAkt or c-Akt
along with EGFP into H19-7 cells. Expression of the Akt
constructs was verified by immunoblotting (Fig. 4A). Following
differentiation with FGF, the green cells expressing myrAkt-
GFP exhibited better survival than the green cells transduced
with viral vectors expressing either c-Akt–GFP or GFP alone
(Fig. 4B). As observed previously for the stably transfected cell
lines, green cells transduced with virus expressing c-Akt did not
exhibit enhanced survival upon differentiation.

FIG. 4. Retroviral transduction of c-Akt and myrAkt into H19-7 cells. (A)
Immunoblot demonstrating expression of transduced Akt vectors. Retroviruses
expressing either EGFP alone, EGFP and c-Akt, or EGFP and myrAkt were
introduced into H19-7 cells, and protein extracts from those populations were
analyzed by immunoblotting with anti-Akt antibody as described in Materials
and Methods. (B) Survival of virally transduced cells upon differentiation. Ali-
quots of the transduced populations were transferred to 39°C in DMEM plus N2
supplements with or without bFGF to induce differentiation. After 4 days, the
proportion of green cells in each culture was determined. To factor out differ-
ences in viral titers, the proportion of green cells in the differentiating (FGF)
cultures was normalized to the proportion of green cells in the untreated (con-
trol) cultures for each vector. The numbers above each column are the total
number of cells counted in each culture.

FIG. 5. v-Akt protects against cell death from serum deprivation. Cell lines
expressing v-Akt (HAP-5 and BAP-9), their parent lines (H19-7 and Bcl2-R10,
respectively), and the Bcl-xL-overexpressing line XL-12 were shifted to 39°C in
N2 medium, and their viability was determined.
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Activated Akt inhibits cell death resulting from serum de-
privation. Undifferentiated H19-7 cells undergo cell death
upon cultivation in serum-free medium at 39°C (26) but at a
much lower rate than during differentiation. A shift of the cells
from 33 to 39°C results in the inactivation of the SV40 large T
antigen and the release of p53 that had been bound to the large
T antigen (26). Cell death incurred upon switching of prolif-
erating, undifferentiated H19-7 cells to 39°C in serum-free
medium is rescued by v-Akt to the same extent as by Bcl-2 or
Bcl-xL (Fig. 5). These results suggest that v-Akt can also rescue
undifferentiated H19-7 cells from cell death resulting from
serum deprivation in the presence of p53 and other factors that
bind to large T antigen.

A dominant-negative Akt mutant accelerates H19-7 cell
death. Expression of a mutant of Akt that has a dominant-
negative phenotype would be a useful and direct demonstra-
tion of the involvement of Akt in mediating H19-7 neuronal
survival. We therefore tested the effect on H19-7 viability of a
kinase-dead mutant (Akt kin2) (32, 45). DNA plasmids ex-
pressing wild-type Akt or Akt kin2 as well as a control vector
were each microinjected into cells along with a plasmid ex-
pressing GFP. The cells were incubated overnight under
growth conditions to allow recovery from microinjection, and
the number of green cells was determined. The cells were
processed to monitor the effect of the wild-type Akt or Akt
kin2 on the survival of undifferentiated H19-7 cells in N2
medium at 39°C or of cells undergoing differentiation in re-
sponse to FGF in N2 medium at 39°C. The number of surviving
green cells after 24 h under each of these two conditions was
then determined directly by counting. The results indicate that
wild-type Akt has minimal effect on survival of undifferentiated
or differentiating cells, consistent with the results obtained with
cells overexpressing ectopic c-Akt either stably or following
transduction. In contrast, the mutant Akt kin2 reduced sur-
vival of cells by 40 to 55% (Fig. 6). Note that the cells are
normally undergoing apoptosis during this time. Thus, loss of
Akt function accelerates cell death in both undifferentiated
and differentiating cells, indicating that Akt is a mediator of
survival in these cells.

v-Akt does not induce bcl-2 or bcl-xL and does not inhibit
Jun kinase activity. One potential mechanism by which v-Akt
may enhance neuronal survival is to increase expression of

endogenous Bcl-2 or Bcl-xL. To test this possibility, we ana-
lyzed extracts from cells expressing v-Akt by Western blotting
with antibodies against Bcl-2 or Bcl-xL. The results show no
significant increase in either Bcl-2 or Bcl-xL protein in re-
sponse to activated Akt relative to that in control H19-7 cells
(Fig. 7).

Recent studies based upon transient expression of activators
and inhibitors of the Jun kinase stress pathway have suggested
that Jun kinase can mediate cell death in PC12 cells (70).
Analysis of Jun kinase activation in H19-7 cells showed that
Jun kinase activity gradually increased for the first several days
following the induction of differentiation by FGF (Fig. 8), a
time course consistent with a role for Jun kinase in apoptosis.
No transient increases in Jun kinase activity were detected in
the first few hours following differentiation (1). To test whether
v-Akt inhibits apoptosis by suppressing Jun kinase activation,
we analyzed Jun kinase activity in v-Akt-expressing cells
(HAP-5 and BAP-5 cells) and their parent lines (H19-7 and
Bcl2-R10) before and after FGF-induced differentiation. The
results indicate that v-Akt does not inhibit Jun kinase activity
(Fig. 8). Therefore, the inhibition of apoptosis by v-Akt is also
Jun kinase independent.

DISCUSSION

The present studies demonstrate that activated Akt is able to
promote survival in differentiating neuronal cells. The activi-
ties of both Akt and its upstream activator, PI 3-kinase, are
induced by the differentiating factor FGF. Treatment with
wortmannin suppresses activation of these enzymes and re-
duces cell viability. Furthermore, the acceleration of cell death
induced by the dominant-negative mutant Akt kin2 indicates
that endogenous Akt has a role in the survival of H19-7 rat
hippocampal cells deprived of serum or undergoing neuronal
differentiation. Finally, expression of activated Akt renders the
cells resistant to wortmannin treatment and delays cell death
during serum deprivation or differentiation.

The mechanism by which Akt promotes cell survival is not
yet understood. Jun kinase has been implicated as a mediator
of apoptosis in some neuronal cells (70). Consistent with this
possibility, Jun kinase activity increases in H19-7 cells during
differentiation and subsequent apoptosis. However, our results

FIG. 6. Effects of microinjection of wild-type or mutant Akt DNA on the survival of H19-7 cells. A control vector and vectors expressing wild-type Akt or
kinase-dead Akt (Akt kin2) were each microinjected into H19-7 cells along with GFP DNA as described in Materials and Methods. After incubation at 33°C in growth
media overnight, the green (GFP-expressing) cells were counted, and the cells were shifted to defined N2 medium (A) or to FGF differentiation conditions (B) at 39°C.
Twenty-four hours later, the remaining green cells were counted. The data for N2-treated cells are derived from two (wild-type Akt) or three (Akt kin2 and control
vector [Cont.]) independent experiments, and those for FGF-differentiated cells are derived from four (wild-type Akt) or 5 (Akt kin2 and control vector) independent
experiments. The total number of cells initially expressing GFP is indicated above each column. Each point is the mean 6 1 standard deviation Poisson error. The slight
decrease in survival of the wild-type Akt relative to that of the control in panel B is within one s error and therefore not significant.
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indicate that Akt does not act as an inhibitor of Jun kinase
activity. An alternative possibility is that Akt acts to enhance
the activity of MAP kinase, which has been proposed to pro-
mote survival in some neuronal cells (70). However, this mech-
anism is unlikely in H19-7 cells, since inhibition of the MAP
kinase pathway has no major effect on survival, in contrast to
inhibition of the PI 3-kinase pathway. Previous studies have
suggested that Akt activates the p70S6 kinase via a rapamycin-
sensitive pathway. Akt therefore may function upstream or in
a pathway that parallels the rapamycin-inhibited step (13).

The extent of v-Akt-enhanced survival is similar to that
obtained with peptide inhibitors of the ICE family of proteases
or with Bcl-2 or Bcl-xL (26). Furthermore, Bcl-2 and v-Akt
when expressed together do not significantly enhance the level
of protection over that obtained with either factor alone, con-
sistent with a common mechanism of action. Although v-Akt
does not appear to be acting by increasing the levels of Bcl-2 or
Bcl-xL protein, it is possible that Akt does modulate the func-
tion of one or more members of the Bcl-2 family by either
changing their phosphorylation state or selectively altering
their expression. Recent data indicate that BAD, a proapo-
ptotic Bcl-2-related protein, is a substrate of Akt (18, 19), and
phosphorylation of BAD appears to block BAD-induced apo-

ptosis in cerebellar granule neurons in culture (19). Whether a
similar pathway is responsible for the action of Akt on H19-7
cell survival remains to be determined.

The ability of activated Akt to promote survival is not lim-
ited to differentiating neuronal cells. Recent studies using a
similar approach with fibroblasts, epithelial cells, and pro-B
cells have shown that activated Akt inhibits apoptosis due to
growth factor deprivation, matrix detachment, or c-myc acti-
vation (3, 42–44, 46). Constitutive activation of Akt and sub-
sequent cell survival do not require fusion of Akt to a viral Gag
protein, since myrAkt has also been shown to promote cell

FIG. 7. v-Akt expression does not enhance Bcl-2 or Bcl-xL protein levels in
H19-7 cells. (A) Whole-cell extracts from cells differentiated for 3 days were
fractionated on sodium dodecyl sulfate–10% polyacrylamide gels and immuno-
blotted for Bcl-2 or Bcl-xL. (B) Plot of relative Bcl-2 or Bcl-xL expression after
normalization to tubulin levels. Immunoblots for Bcl-2 and Bcl-xL were reprobed
with a monoclonal antibody to tubulin. Following determination of protein levels
by optical density using an Ambis scanner, the amount of Bcl protein per lane
was normalized to the amount of tubulin per lane. Since the Bcl-2 and Bcl-xL
scans were done independently, the plot does not reflect the relative amounts of
these proteins in a single cell line. D, differentiated.

FIG. 8. v-Akt does not suppress Jun kinase activity in differentiating H19-7
cells. (A) c-Jun kinase was assayed over 3 days of differentiation (d0 to d3) in cell
lines expressing v-Akt (HAP-5 and BAP-9) and their parent lines. (B and C) Plot
of time course of Jun kinase activity in H19-7 and HAP-5 cells or Bcl2-R10 and
BAP-9 cells, respectively. Jun phosphorylation was analyzed by optical density
using an Ambis scanner, and all values were normalized to Jun kinase activity on
day 0. The data are from two to five independent experiments.
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survival in our system and others (3, 43). It was recently re-
ported that transient transfection of dominant-negative Akt
promoted death of cerebellar granule neurons in insulin-con-
taining medium, and wild-type Akt promoted limited survival
of the neurons under conditions of serum and KCl deprivation
(23). In our studies and those cited above, little or no enhance-
ment of survival was observed even with stable overexpression
of wild-type Akt. These differences may reflect cell type dif-
ferences in the induction and maintenance of Akt activation.

Cellular Akt activity is a function of an equilibrium between
the rates of enzyme activation and deactivation. Survival could
be enhanced either by inducing the activation or inhibiting the
inactivation of Akt. The observations that the activation of
c-Akt by FGF is transient and that the presence of okadaic acid
increases the activity are consistent with the limited effective-
ness of Akt as a survival factor in the H19-7 cells. If Akt activity
were sustained, as in the case of v-Akt, then FGF would be a
more efficient mediator of survival. It is possible that mecha-
nisms modulating Akt activity differ in developing versus ma-
ture neurons; thus, multiple neurotrophic factors might be
required to act in concert during development to maintain Akt
activation and prevent or delay programmed cell death.

Akt is activated via lipid products of PI 3-kinase and at least
one other protein kinase (6, 63), its activation is inhibited by
wortmannin, and activated Akt can rescue wortmannin-in-
duced death of H19-7 cells; these results together suggest that
neuronal survival can be mediated by a signal transduction
pathway whereby a receptor activates PI 3-kinase, which in
turn activates Akt. However, it is unlikely that activation of Akt
is the only mechanism by which PI 3-kinase might promote cell
survival. PI 3-kinase has been shown to activate the small
GTP-binding protein Rac (39), as well as a number of other
kinases, including the atypical PKC subfamily l/tPKC and
zPKC (4, 54), other nonclassical PKCs (εPKC and hPKC) (53,
64), and PKC-related kinase 1 (56). Interestingly, Akt shows
homology with the PKC family within the catalytic domain, and
recent evidence supports a role for the atypical PKCs in sur-
vival of NIH 3T3 cells (21). It is possible that Akt and these
PKCs promote survival by phosphorylating targets that either
directly or indirectly regulate mediators of cell death, such as
members of the ICE protease (caspase) family. Furthermore,
these results do not preclude the possibility that mechanisms
protecting neurons or other cells against programmed cell
death other than those initiated by PI 3-kinase activation are
also utilized in vivo.

Mechanisms of neuronal apoptosis can differ depending on
the maturation state of the cell. For example, immature cere-
bellar granule neurons are rescued from apoptosis by various
growth factors and cytokines when maintained in vitro in the
absence of depolarizing potassium concentrations, but the
same cells allowed to differentiate in culture are refractory to
the same factors (20). The studies presented here demonstrate
that activated Akt can rescue cells from apoptosis even during
differentiation and that down regulation of Akt activity may
facilitate the apoptotic process.
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