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Abstract. 

 

In this report, we have examined the mecha-
nisms whereby neurotrophins and neural activity coor-
dinately regulate neuronal survival, focussing on sym-
pathetic neurons, which require target-derived NGF 
and neural activity for survival during development. 
When sympathetic neurons were maintained in subop-
timal concentrations of NGF, coincident depolarization 
with concentrations of KCl that on their own had no 
survival effect, synergistically enhanced survival. Bio-
chemical analysis revealed that depolarization was
sufficient to activate a Ras-phosphatidylinositol
3-kinase–Akt pathway (Ras–PI3-kinase–Akt), and 
function-blocking experiments using recombinant ade-
novirus indicated that this pathway was essential for 

 

z

 

50% of depolarization-mediated neuronal survival. 
At concentrations of NGF and KCl that promoted syn-
ergistic survival, these two stimuli converged to pro-
mote increased PI3-kinase–dependent Akt phosphory-

lation. This convergent PI3-kinase–Akt pathway was 
essential for synergistic survival. In contrast, inhibition 
of calcium/calmodulin-dependent protein kinase II re-
vealed that, while this molecule was essential for depo-
larization-induced survival, it had no role in KCl-
induced Akt phosphorylation, nor was it important for 
synergistic survival by NGF and KCl. Thus, NGF and 
depolarization together mediate survival of sympa-
thetic neurons via intracellular convergence on a
Ras–PI3-kinase–Akt pathway. This convergent regula-
tion of Akt may provide a general mechanism for coor-
dinating the effects of growth factors and neural activ-
ity on neuronal survival throughout the nervous system.
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 developmental period of naturally occurring
neuronal death is critical to the establishment of ap-
propriate neural circuitry. In the mammalian pe-

ripheral nervous system, the ultimate survival or death of
any given neuron during this period is regulated both by
target-derived trophic support and by neuronal activity
(Oppenheim, 1991). In this regard, the sympathetic ner-
vous system provides one model system in which the role
of growth factors and activity has been well-studied. In
particular, a large body of work indicates that sympathetic
neurons undergo developmental apoptosis during the first
three weeks of neonatal life, and that survival during this
period is determined largely by competition for limiting
concentrations of target-derived NGF acting through the

TrkA tyrosine kinase receptor (reviewed in Kaplan and
Miller, 1997; Francis and Landis, 1999). Moreover, recent
studies indicate that other members of the same neurotro-
phin family may actively signal sympathetic neuron apop-
tosis by binding to the p75 neurotrophin receptor (Aloyz
et al., 1998; Bamji et al., 1998). Together, these findings
support a model wherein the repertoire of target-derived
neurotrophins encountered by a developing sympathetic
neuron determines its life versus death by differential sig-
naling through the TrkA versus p75 neurotrophin recep-
tors (Majdan and Miller, 1999).

Although these studies have largely emphasized the role
of target-derived growth factors in regulating develop-
mental sympathetic neuron apoptosis, a significant num-
ber of findings indicate that establishment of appropriate
neuronal activity is also essential (Oppenheim, 1991; Frank-
lin and Johnson, 1992). Of particular relevance is the
finding that blockage of either pre- or postganglionic
transmission during naturally occurring cell death led to
enhanced sympathetic neuron apoptosis (Maderdrut et al.,
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1988), indicating that, in addition to NGF, endogenous
neural activity is essential for survival of these neurons.
Similar conclusions derive from studies of other neuronal
populations in both the peripheral and central nervous
systems (Franklin and Johnson, 1992). Moreover, for some
neuronal subtypes, the presence of both trophic support
and depolarization are required for survival in culture
(Ghosh et al., 1994; Meyer-Franke et al., 1995, 1998).

Neurotrophins and neural activity have been proposed
to interact at a number of levels to promote neuronal sur-
vival. In cultured cortical neurons, the survival elicited by
KCl acting through voltage-sensitive calcium channels is
thought to be due to increased synthesis and secretion
of autocrine brain-derived neurotrophic factor (BDNF;
Ghosh et al., 1994). Conversely, IGF (insulin-like growth
factor)

 

1

 

 treatment leads to potentiation of L-type calcium
channels in cerebellar granule cells (Blair and Marshall,
1997), an effect that is thought to be largely responsible for
IGF-mediated survival of these neurons. As a third exam-
ple of such interactions, Meyer-Franke et al. (1998) have
demonstrated that activity rapidly recruits the TrkB recep-
tor to the membrane of cultured retinal ganglion cells and
spinal motor neurons, thereby allowing these neurons to
survive in response to BDNF (Meyer-Franke et al., 1998).

An alternative mechanism, whereby neurotrophins and
neural activity could interact to promote neuronal sur-
vival, derives from the fact that these two different stimuli
activate at least some of the same intracellular signaling
pathways. Neurotrophin binding to TrkA leads to activa-
tion of a number of signaling pathways, including the
phosphatidylinositol 3-kinase (PI3-kinase)–Akt and Ras–
mitogen-activated protein kinase kinase (MEK)–mitogen-
activated protein (MAP) kinase pathways (reviewed in
Kaplan and Stephens, 1994; Kaplan and Miller, 1997). Of
these signaling proteins, Ras, PI3-kinase, and Akt have all
been shown to be essential for NGF-mediated survival of
sympathetic neurons (Bartlett et al., 1997; Markus et al.,
1997; Crowder and Freeman, 1998). In contrast, depolar-
ization-mediated survival of sympathetic neurons requires
calcium influx via L-type calcium channels (Franklin et al.,
1995). This calcium influx can result in activation of the
calmodulin/calmodulin-dependent protein kinase pathway
(Hanson and Schulman, 1992) and in increased Ras activ-
ity (Farnsworth et al., 1995). The resultant activation of
the Ras–MEK–MAP kinase pathway (Rosen et al., 1994),
therefore, provides at least one point of convergence be-
tween neurotrophin and depolarization-induced signaling.

In this report, we have chosen to utilize neonatal sympa-
thetic neurons, which require both NGF and neural activ-
ity for survival during naturally occurring cell death in
vivo, to examine the cellular interactions between these
two extrinsic cues. Our data demonstrate that NGF and
depolarization synergize to regulate neuronal survival,

 

and that this synergy is mediated intracellularly by con-
vergence on the Ras–PI3-kinase–Akt pathway. Such con-
vergence may play an essential role in regulating neu-
ronal survival in both the peripheral and central nervous
systems.

 

Materials and Methods

 

Primary Neuronal Cultures 

 

Mass cultures of sympathetic neurons were derived from the superior cer-
vical ganglia of postnatal day 1 Sprague-Dawley rats, as previously de-
scribed (Ma et al., 1992), except that neurons were dissected into plating
Ultraculture medium (serum free) containing 2 mM 

 

L

 

-glutamine, 100 U/ml
penicillin, and 100 

 

m

 

g/ml streptomycin (all from Biowhittaker). Neurons
were plated in the medium supplemented with 3% rat serum (Harlan
Sprague Dawley Inc.), 50 ng/ml mouse 2.5 S NGF prepared from mouse
salivary gland (Cedarlane Labs, Ltd.), and 0.5% cytosine arabinoside
(Sigma Chemical Co.). For 3[4,5-dimethylthio-zol-2-yl]2,5-diphenyltetra-
zolium bromide (MTT; Sigma Chemical Co.) assays and biochemistry,
neurons were plated on tissue culture dishes (Falcon Plastics) coated with
rat-tail collagen. For microscopy, cells were plated on 16-well glass cham-
ber slides (Nunc Inc.) coated first with collagen/poly-

 

D

 

-lysine, followed by
a second coating of collagen. Neurons were plated at a density of 2,500–
3,000/well of a 96-well plate for the MTT assays and 40,000 cells/well of a
6-well plate for biochemistry. In all cases, neurons were cultured for 5 d in
the above-mentioned medium. After 5 d of culture, cells were washed
three times for 1 h in Ultraculture supplemented with 2 mM 

 

L

 

-glutamine,
100 U/ml penicillin, and 100 

 

m

 

g/ml streptomycin. After the washes, cells
were induced in the same media used for the washes, supplemented with
NGF or KCl in the presence or absence of kinase inhibitors. MTT and
TdT-mediated dUTP nick end labeling (TUNEL) assays were performed
48 h after induction, and cell extracts for Western blotting were taken 15
min after induction. The kinase inhibitors KN-62, K-252a, LY294002, and
PD98059 were obtained from Calbiochem-Novabiochem Corp. Ni-
fedipine was obtained from BIOMOL.

 

Adenoviral Infection

 

For adenoviral infection, cells were grown for 3 d in plating medium as de-
scribed earlier and then switched into similar media containing the desired
MOI (multiplicity of infection 

 

5 

 

pfu/cell) of adenovirus and no cytosine
arabinoside. Infection was allowed to proceed for 24 h, after which the
cells were switched back to plating media containing cytosine arabinoside
without virus for an additional 24 h before the washout and induction with
NGF or KCl.

Recombinant adenoviruses expressing dominant-negative Ras (N

 

17

 

-
Ras), dominant-negative Akt (dnAkt; Boudreau, M., C. Tudan, and D.R.
Kaplan, manuscript submitted for publication), and dnTrkA (Ferrari et
al., 1995) were amplified, purified, and titered as previously described
(Slack et al., 1996; Aloyz et al., 1998).

 

Survival Assays and TUNEL

 

Survival assays were performed 48 h after washout and induction of neu-
rons as previously described (Aloyz et al., 1998; Bamji et al., 1998). In
brief, 20 

 

m

 

l of MTT reagent was added to the medium in each well of a 96-
well plate containing the cultured neurons. After a 2.5 h incubation at
37

 

8

 

C, the medium/MTT mixture was removed and the cells were lysed
with 100 

 

m

 

l of isopropanol containing 2 

 

m

 

l/ml of concentrated HCl. The
absorbance of the lysate at 570 and 630 nm was determined using a Biotek
model EL

 

X

 

-800 UV plate reader (Mandel Scientific Inc.).
For the TUNEL experiments, cells were briefly rinsed in PBS, pH 7.2,

and fixed for 15 min in 4% paraformaldehyde (Sigma Chemical Co.),
0.25% glutaraldehyde (Fluka AG), and 0.2% Triton X-100 (Sigma Chem-
ical Co.) in PBS, pH 7.2. Cells were then permeabilized with 0.5% Triton
X-100 for 5 min and washed three times with PBS. TUNEL reaction was
performed for 1 h at 37

 

8

 

C. Each 100 

 

m

 

l of TUNEL reaction mixture con-
tained 20 

 

m

 

l of TdT buffer, 1.5 

 

m

 

l of TdT enzyme (both from Promega
Corp.), and 1 

 

m

 

l of biotin-16-dUTP (Boehringer Mannheim Corp.). After
the TUNEL reaction, cells were rinsed three times in PBS and incubated
for 45 min at room temperature with Cy3-conjugated streptavidin (Jack-
son ImmunoResearch Laboratories) diluted 1:500 in PBS. Cells were then

 

1. 
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counterstained for 1 min with Hoechst 33258 (Sigma Chemical Co.) and
diluted 1:1,000 in PBS. Cells were washed three times with PBS after each
of these incubations and then mounted. For each treatment, random im-
ages were captured and processed. Digital image acquisition and analysis
was performed with the Northern Eclipse software (Empix Inc.) using a
Sony XC-75CE CCD video camera.

 

Western Blot Analysis and Immunoprecipitation

 

Sympathetic neurons were rinsed briefly in cold TBS and then lysed in
TBS lysis buffer (137 mM NaCl, 20 mM Tris, pH 8.0, 1% vol/vol NP-40,
and 10% vol/vol glycerol; Knusel et al., 1994) supplemented with Mini
Complete protease inhibitor cocktail (Boehringer Mannheim Corp.) and
1.5 mM sodium vanadate. Lysates were scraped into Eppendorf tubes and
rocked for 10 min at 4

 

8

 

C. Samples were then cleared by centrifugation.
Protein concentration was determined by the BCA assay (Pierce Chemi-
cal Co.) using BSA as a standard.

For immunoprecipitation, samples were diluted into immunoprecipita-
tion buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% vol/vol NP-40, 0.5%
wt/wt sodium deoxycholate, 0.1% wt/vol SDS, 5% vol/vol glycerol, 10 mM
sodium fluoride, 5 mM EGTA, 1 mM EDTA, and 30 mM glycerolphos-
phate) containing the primary antibody, and incubated with gentle agita-
tion for 4 h at 4

 

8

 

C. 30 

 

m

 

l of protein A–Sepharose beads (Pharmacia Bio-
tech, Inc.), which were preincubated 1 h in cold immunoprecipitation
buffer, were added and the samples were further incubated overnight at
4

 

8

 

C. After immunoprecipitation, beads were washed four times in 3%
NETF buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 5 mM EDTA, 50 mM
NaF, 3% vol/vol NP-40). The NETF buffer was then replaced with 2

 

3

 

sample buffer and placed in a boiling water bath for 10 min. Immunopre-
cipitated samples were then separated by SDS-PAGE.

For SDS-PAGE, samples were diluted in sample buffer (Laemmli,
1974) and placed in a boiling water bath for 5 min. Equal amounts of pro-
tein were separated on 7.5–15% gradient gels and transferred onto nitro-
cellulose overnight at 100 mA. For all antibodies, except antiphosphoty-
rosine (which was blocked with 3% BSA in TBS), blots were blocked in
5% skim milk (Carnation) in TBS overnight at 4

 

8

 

C. Primary antibodies
used included antiphosphotyrosine (mAb 4G10; Upstate Biotechnology
Inc.), anti-panTrk 203 (Hempstead et al., 1992), antiextracellular signal-
regulated kinase (anti-ERK) 1 and 2 (pAb C-18; Santa Cruz), anti-tyr/thr
phosphorylated ERK1 and 2 (Promega Corp.), anti-Akt and antiphospho-
serine 473 Akt (New England Biolabs). For Western blots, secondary an-
tibodies used were HRP-conjugated anti-mouse (1:10,000) and anti-rabbit
(1:10,000) pAbs (Boehringer Mannhiem Corp.). All incubations were per-
formed in 2.5% skim milk in TBS 

 

1

 

 0.1% Tween-20 (Sigma Chemical
Co.). For detection, blots were washed with TBS and antibody localiza-
tion visualized using the ECL chemiluminescence kit (Nycomed Amer-
sham Inc.).

 

Kinase Assays

 

100 

 

m

 

g of total protein was immunoprecipitated, except that after immuno-
precipitation, beads were washed twice in 3% NETF buffer, followed by
two washes in NETF buffer without NP-40, and a single wash in reaction
buffer (20 mM MOPS, pH 7.2, 25 mM 

 

b

 

-glycerolphosphate, 5 mM EGTA, 2
mM EDTA, 20 mM MgCl

 

2

 

, 2 mM sodium orthovanadate, 1 mM dithio-
threitol, PKA inhibitor peptide [Upstate Biotechnology, Inc.], and 5%
glycerol). The beads were resuspended in 20 

 

m

 

l of reaction buffer and 10

 

m

 

l of myelin basic protein cocktail (2 mg/ml MBP in reaction buffer) for
ERK assays, or histone H2B cocktail (1.6 mg/ml histone H2B in reaction
buffer) for Akt assays. The reactions were initiated with 10 

 

m

 

l of 50 

 

m

 

M

 

g

 

[

 

32

 

P]ATP (

 

z

 

3,000 cpm/pmol) in a final volume of 40 

 

m

 

l and incubated
for 20 min at 30

 

8

 

C. The reactions were terminated with the addition of 5

 

3

 

SDS sample buffer for 5 min and loaded onto an SDS-PAGE gel. After
transfer of protein, the membrane was immunoblotted for the appropriate
protein, exposed to film, and the bands excised and subjected to Cerenkov
counting.

Akt peptide assays were conducted similarly, except an Akt specific
substrate peptide was used in place of histone H2B. In brief, the beads
were suspended in 20 

 

m

 

l reaction buffer with 10 

 

m

 

l Akt-1 substrate peptide
(RPRAATF; Santa Cruz) dissolved as 1 mg/ml in assay buffer, and the re-
action was started with the addition of 10 

 

m

 

l of 250 

 

m

 

M 

 

g

 

[

 

32

 

P]ATP
(3,000 Ci/mmol prepared in assay dilution buffer). The reaction proceeded
for 20 min at 30

 

8

 

C and was stopped by spotting 25 

 

m

 

l on 2.5-cm P81 filter
paper (Whatman Inc.) and the remaining protein was charged with load-
ing buffer for Western analysis. The P81 filter papers were washed 10

times in 0.75% phosphoric acid and counted in the scintillation counter to
monitor incorporation of 

 

g

 

[

 

32

 

P]ATP.

 

Results

 

NGF and Depolarization Synergistically Promote 
Sympathetic Neuron Survival

 

To test the hypothesis that neurotrophins and neuronal ac-
tivity together regulate neuronal survival in a fashion dis-
tinct from either alone, we focussed on postnatal day 1
sympathetic neurons of the neonatal rat superior cervical
ganglion (SCG). Survival of these neurons, which are cul-
tured at the time when they undergo naturally occurring
cell death in vivo, can be maintained with either NGF
(Belliveau et al., 1997) or depolarization as induced by
chronic KCl treatment (Franklin et al., 1995).

To perform these experiments, sympathetic neurons
were selected for five days in 50 ng/ml NGF, were
switched to varying concentrations of NGF and/or KCl for
two days, and survival was then measured using MTT as-
says, which measure mitochondrial function. As previ-
ously reported, maximal sympathetic neuron survival was
obtained with either 10 ng/ml NGF or 50 mM KCl (Fig. 1
a; Franklin et al., 1995; Belliveau et al., 1997). Interest-
ingly, when suboptimal concentrations of NGF and KCl
were added together, these two stimuli acted synergisti-
cally to promote neuronal survival (Fig. 1 a). Specifically,
while 2.5 ng/ml NGF supported only 29% survival and 5 or

Figure 1. NGF and KCL synergistically regulate sympathetic
neuron survival. a, Sympathetic neuron survival in response to
various combinations of NGF and KCl, as monitored using MTT
assays. Neonatal sympathetic neurons were cultured in 50 ng/ml
NGF for five days, washed free of neurotrophin-containing me-
dium, and then incubated for two days in various concentrations
of NGF (ng/ml) and/or KCl (mM), as indicated on the x-axis.
Data is derived from one representative experiment performed
in triplicate. Similar results were obtained in three separate ex-
periments. In these assays, absolute values are normalized so that
the value obtained with 20 ng/ml NGF is considered 100% sur-
vival. Error bars represent SD. *Indicate those NGF plus KCl
values that are significantly different (P , 0.01, t test) from 2.5
(*) or 5 ng/ml NGF (**). b, Quantitative analysis of sympathetic
neuron apoptosis in response to various combinations of NGF
and KCl, as monitored by TUNEL. NGF-selected neurons were
incubated for two days in different concentrations of NGF (ng/ml)
and/or KCl (mM), as indicated on the x-axis. Each point repre-
sents combined data from three separate experiments, each of
which was performed in triplicate. The data are expressed as per-
centage of TUNEL-negative cells/total Hoechst-labeled nuclei.
Error bars and significance are as in a.
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10 mM KCl supported no survival, the combination of 2.5
ng/ml NGF plus 5 or 10 mM KCl supported 46 and 59%
neuronal survival, respectively. Similarly, 5 ng/ml NGF
caused 53% survival, but the addition of 10 mM KCl,
which on its own has no survival effect, supported 

 

z

 

100%
neuronal survival (Fig. 1 a).

One possible explanation for this synergy is that KCl
causes enhanced synthesis and/or secretion of a non-
neurotrophin growth factor, thereby conditioning the me-
dia and causing enhanced survival. If this hypothesis were
true, the synergistic survival should be density-dependent.
To test this possibility, sympathetic neurons were plated in
50 ng/ml NGF at densities of 350 and 1,500 cells/well for
five days (Fig. 2). Neurons were then switched to varying
concentrations of NGF and/or KCl for an additional two
days. The survival of these cultures was measured by MTT
assay. This analysis (Fig. 2) demonstrated that the cell
density had no effect on synergistic survival mediated by
NGF and KCl.

To confirm that the MTT assays were accurately mea-
suring increases in neuronal survival, we performed simi-
lar experiments, but measured the extent of neuronal apop-
tosis rather than mitochondrial function. 48 h after being
switched into various concentrations of NGF and/or KCl,

neurons were stained for apoptotic nuclei using TUNEL-
labeling and stained for all nuclei using Hoechst 33258
(Figs. 1 b and 3). We then determined the percentage of
TUNEL-negative cells in representative fields from each
survival condition. This analysis confirmed the results ob-
tained with the MTT assays. Specifically, 57% of cells
treated with 5 ng/ml NGF were TUNEL-negative (Figs. 1
b and 3, a and b) and 17% of cells treated with 10 mM KCl

Figure 2. Sympathetic neuron survival in response to NGF and
KCl is similar at different cell densities. Sympathetic neuron sur-
vival at different densities, as monitored by MTT assays. Neona-
tal sympathetic neurons were cultured in 50 ng/ml NGF for five
days at 350 or 1,500 cells/well, washed free of neurotrophin-con-
taining medium, and then incubated for two days in various con-
centrations of NGF (ng/ml) or KCl (mM), as indicated on the
x-axis. Data is derived from one representative experiment per-
formed in triplicate. In these assays, absolute values are normal-
ized so that the value obtained with 10 ng/ml NGF is considered
100% survival. Error bars represent SD. *Indicate the NGF plus
KCl values that are significantly different (P , 0.01, t test) from
2.5 (*) or 5 ng/ml NGF (**). Insets are phase-contrast photo-
graphs of representative fields of neurons at the different cell
densities.

Figure 3. Quantitation of sympathetic neuron apoptosis in re-
sponse to NGF and KCl. Immunofluorescence microscopy show-
ing Hoechst 33258 (left) and TUNEL (right) of the same field of
sympathetic neurons treated with NGF and/or KCL. Neurons
were cultured five days in 50 ng/ml NGF, and then switched into
the following concentrations of NGF and/or KCl for an addi-
tional two days before analysis: 5 ng/ml NGF (a and b); 10 ng/ml
NGF (c and d); 10 mM KCl (e and f); 50 mM KCl (g and h); and 5
ng/ml NGF 1 10 mM KCl (i and j). TUNEL labeling is markedly
reduced in j, compared with that seen in b or f. Bar, 100mm.
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were TUNEL-negative (Figs. 1 b and 3, e and f). In con-
trast, when neurons were cultured in 5 ng/ml NGF plus
10 mM KCl, the number of TUNEL-negative neurons was
increased to the same level as observed with 10 ng/ml
NGF or 50 mM KCl (5 ng/ml NGF 

 

1

 

 10 mM KCl 

 

5 

 

78%;
10 ng/ml NGF 

 

5 

 

79%; 50 mM KCl 

 

5 

 

77%; Fig. 1 b and 3, i
and j). Thus, suboptimal amounts of NGF and KCl syner-
gistically support sympathetic neuron survival in a density-
independent fashion.

 

Depolarization Signals Survival via a
TrkA-independent Mechanism

 

Previous work with cortical neurons indicates that depo-
larization-induced survival requires an autocrine neuro-
trophin loop (Ghosh et al., 1994). To determine if a similar
mechanism could explain the functional synergy observed
here, we asked whether KCl-mediated survival requires
Trk receptor activation. Lysates of neurons maintained in
varying concentrations of NGF or KCl were immunopre-
cipitated with anti-panTrk, and the level of Trk receptor
activation monitored by Western blot analysis with an-
tiphosphotyrosine (Fig. 4 a). Both 5 and 10 ng/ml NGF led
to a robust increase in Trk autophosphorylation, but Trk
autophosphorylation was undetectable in the presence of
KCl, as previously reported by ourselves and others (Frank-
lin et al., 1995; Bamji et al., 1998).

We then determined whether TrkA activation was nec-
essary for KCl-mediated survival using a recombinant ade-
novirus that expresses a kinase-inactive form of TrkA that
dimerizes with, and inhibits the activity of, endogenous
TrkA (dnTrkA; Ferrari et al., 1995). NGF-selected neu-
rons were infected with this dnTrkA adenovirus at various
MOIs, and were then switched to 10 ng/ml NGF or 50 mM
KCl. MTT assays revealed that dnTrkA caused a concen-
tration-dependent decrease in NGF-mediated survival,
but had no effect on KCl-mediated survival (Fig. 4 b). In
contrast, infection with a control adenovirus had no effect
on survival in either condition (Fig. 4 b).

We confirmed that Trk activity is not necessary for KCl-
induced survival using the pharmacological Trk antago-
nist, K-252a (Tapley et al., 1992); neurons were exposed
to varying concentrations of NGF or KCl plus or minus
200 nm K-252a, and were then analyzed biochemically for
TrkA activation, using MTT assays and TUNEL to moni-
tor survival. Western blot analysis of anti-panTrk immu-
noprecipitates with antiphosphotyrosine (Fig. 4 c) re-
vealed that, as predicted, K-252a completely eliminated
NGF-mediated TrkA autophosphorylation. MTT assays
revealed that 200 nM K-252a decreased NGF-dependent
sympathetic neuron survival by 60%, but had no effect on
survival mediated by KCl (Fig. 4 d). In addition, 200 mM
K252a did not support survival in the absence of NGF or
KCl (Fig. 4 d). TUNEL confirmed these results; in 10
ng/ml NGF, K-252a treatment led to the same percentage
of TUNEL-negative neurons as did NGF withdrawal
(10%), while having no effect on the number of TUNEL-
negative nuclei in 50 mM KCl (82%; Fig. 4 e).

 

Figure 4.

 

KCl signals via a TrkA-independent mechanism. a, KCl
does not cause Trk autophosphorylation. NGF-selected sympa-
thetic neurons were washed free of neurotrophin, and then ex-
posed to various concentrations of NGF (ng/ml) or KCl (mM) for
15 min. Cellular lysates were immunoprecipitated with anti-pan-
Trk and probed with antiphosphotyrosine (p-tyr) to visualize Trk
autophosphorylation. All samples were normalized for equal
amounts of protein. b, Dominant-negative TrkA inhibits NGF-
mediated, but not KCl-mediated sympathetic neuron survival.
NGF-selected neurons were infected with recombinant adenovi-
rus expressing dnTrkA at titers ranging from 10 to 150 MOI, or
with 200 MOI of a control adenovirus expressing the TTA trans-
activator, and were then switched to 10 ng/ml NGF (10N) or 50 mM
KCl (50K) one day later. After 48 h, cell survival was measured
by MTT assays. As controls, uninfected sister cultures were ei-
ther withdrawn from NGF (0N), or maintained in 10 ng/ml NGF
or 50 mM KCl. Results are those obtained in one representative
experiment performed in triplicate, and represent the mean 

 

6

 

SD. Similar results were obtained in three separate experiments.
*Represents those values that are significantly different from 10
ng/ml NGF alone (

 

P

 

 

 

, 

 

0.01). c, K252a blocks Trk activation in
response to NGF, whereas nifedipine has no effect. NGF-
selected neurons were treated with various concentrations of
NGF (ng/ml) or KCl (mM) for 15 min in the presence of 200 nm
K-252a or 1 

 

m

 

M nifedipine (NIF), and then probed for phosphoty-
rosine (p-tyr). All samples were normalized for equal amounts of
protein. d and e, K252a selectively blocks NGF-mediated sympa-
thetic neuron survival, whereas nifedipine selectively blocks KCl-
mediated survival. d, NGF-selected neurons were treated for two
days with 200 nm K-252a in the presence of 10 ng/ml NGF (10N)
or 50 mM KCl (50K) and survival was measured by MTT assays.
Results derive from one representative experiment performed in
triplicate and each point is the mean 

 

6 

 

SD. Similar results were
obtained in three separate experiments. *Indicates those values
that are significantly different from 10 ng/ml NGF (

 

P

 

 

 

, 

 

0.01). e,
Quantitative analysis of TUNEL-labeled sympathetic neurons
treated with 200 nm K-252a or 1 

 

m

 

M nifedipine (NIF) in the pres-
ence of 10 ng/ml NGF (10N) or 50 mM KCl (50K) for two days.
Data are expressed as the percentage of TUNEL-negative cells/
total Hoechst-positive nuclei. Each point represents combined
data from three separate experiments, each performed in tripli-

 

cate, and is the mean 

 

6 

 

SD. *Indicates those values that are sig-
nificantly different from 10 ng/ml NGF (*

 

P

 

 , 

 

0.01) or 50 mM
KCl (**

 

P

 

 , 

 

0.01).
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Finally, we confirmed (Franklin et al., 1995) that KCl-
mediated, but not NGF-mediated, sympathetic neuron
survival requires activation of L-type calcium channels, us-
ing the L-type calcium channel blocker, nifedipine (Fox
et al., 1987; Triggle et al., 1990). TUNEL-labeling of sym-
pathetic neurons maintained in NGF or KCl plus or minus

1 

 

m

 

M nifedipine revealed that this drug completely inhib-
ited KCl-, but not NGF-mediated survival (Fig. 4 e).
Moreover, biochemical analysis confirmed that nifedipine
had no effect on Trk receptor activation in the presence of
NGF or KCl (Fig. 4 c). Thus, KCl-dependent survival re-
quires activation of L-type calcium channels, and NGF-
dependent survival requires TrkA.

 

Depolarization Activates ERK and Akt Kinases in 
Sympathetic Neurons

 

To determine potential intracellular convergence points
for KCl and NGF-mediated survival, we examined two
downstream substrates; the ERKs (MAP kinases), which
are activated in sympathetic neurons by depolarization
(Franklin et al., 1995) and by NGF (Creedon et al., 1996),
and the serine–threonine kinase Akt, which is activated
by TrkA (Andjelkovic et al., 1998), and is required for
NGF-mediated sympathetic neuron survival (Crowder
and Freeman, 1998). To perform these experiments, NGF-
selected sympathetic neurons were acutely stimulated with
varying concentrations of NGF or KCl for 15 min, and
then analyzed biochemically. Western blot analysis of neu-
ronal lysates with phospho-specific ERK antibodies re-
vealed that both NGF and KCl caused a dose-dependent
increase in ERK phosphorylation, as monitored by phos-
pho-specific antibodies for tyrosine and threonine (tyr/thr)
or for tyrosine alone (Fig. 5 a). We also performed in vitro
kinase assays using myelin basic protein as a phospho-
acceptor substrate to monitor ERK activity. This analysis
revealed that while both NGF and KCl induced increased
phosphotransferase activity of ERK in a concentration-
dependent fashion, higher levels of activation were ob-
served with NGF than with KCl (Fig. 5 b).

Similar results were obtained when Akt activity was
assessed. Western blot analysis with a phospho-specific
(serine 473) Akt antibody revealed that NGF and KCl
both caused a concentration-dependent increase in Akt
phosphorylation, with NGF being more effective than KCl
(Fig. 5 c). To more accurately measure Akt activity, we
also performed in vitro kinase assays using two substrates,
histone H2B (Franke et al., 1995) and the Akt specific sub-
strate PRPAATF. With histone H2B, results were similar
to those obtained using the phospho-Akt antibody (Fig. 5
d). Results differed slightly, however, with the Akt-spe-
cific substrate; in this case, both NGF and KCl increased
Akt phosphotransferase activity in a dose-dependent fash-
ion to approximately similar levels (Fig. 5 e). Thus, some-
what surprisingly, depolarization was able to increase Akt
activity to levels similar to NGF-induced TrkA activation
at doses where both NGF and KCl mediate maximal sur-
vival.

 

The Ras–PI3-kinase–Akt Pathway Is Involved in 
Depolarization-induced Neuronal Survival

 

Together, these results indicate that depolarization leads
to robust activation of both the ERKs and Akt in sympa-
thetic neurons. Since both of these substrates are known
downstream targets of Ras (Rosen et al., 1994; Datta et al.,
1996), and because Ras previously has been shown to be
activated by calcium influx (Farnsworth et al., 1995), we
hypothesized that depolarization-induced neuronal sur-

Figure 5. Activation of ERK and Akt kinases by NGF and KCl.
a and b, ERK activation in response to increasing concentrations
of NGF or KCl. a, Western blot analysis of equal amounts of pro-
tein derived from sympathetic neurons treated for 15 min with
increasing concentrations of NGF (ng/ml) or KCl (mM), as
detected with antibodies to tyrosine/threonine-phosphorylated
ERKs (P-tyr/thr ERKs), tyrosine-phosphorylated ERKs (P-tyr
ERKs), or to total ERK protein (total ERKs). The upper band in
the doublet is ERK1 and the lower is ERK2. Note that all three
panels are reprobes of the same blot. b, In vitro ERK activation
assay using myelin basic protein (MBP) as a substrate in lysates
of sympathetic neurons treated for 15 min with increasing con-
centrations of NGF (ng/ml) or KCl (mM). All samples were nor-
malized for equal amounts of protein. c–e, Akt activation in re-
sponse to increasing concentrations of NGF or KCl. c, Western
blot analysis of equal amounts of protein derived from sympa-
thetic neurons treated for 15 min with increasing concentrations
of NGF (ng/ml) or KCl (mM), as detected with antibodies to
serine-phosphorylated Akt (P-ser Akt) or to total Akt protein
(Total Akt). Note that both panels are reprobes of the same blot.
d, In vitro Akt activation using histone H2B as a substrate in ly-
sates of sympathetic neurons treated for 15 min with increasing
concentrations of NGF (ng/ml) or KCl (mM). All samples were
normalized for equal amounts of protein. e, Quantitative in vitro
Akt activity assay using an Akt-specific substrate in lysates of
sympathetic neurons treated for 15 min with increasing concen-
trations of NGF (ng/ml) or KCl (mM). In sister cultures, neurons
were coincidently treated with 100 mM of the PI3-kinase inhibi-
tor LY294002 (LY). Bars represent the mean 6 SD. Note that in-
hibition of PI3-kinase with LY294002 abolishes Akt activity in-
duced by NGF or KCl.
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vival required Ras-dependent stimulation of either the
PI3-kinase–Akt pathway or the MEK–ERK pathway. To
test this hypothesis, we selectively blocked Ras and/or
each of these two signaling pathways.

We first determined whether KCl-mediated survival re-
quired Ras activation, using an adenovirus expressing a
dominant-inhibitory form of Ras (dnRas, N

 

17

 

Ras; Howe
and Marshall, 1993). NGF-selected neurons were infected
with 200 MOI of adenovirus, expressing either dnRas or
green fluorescent protein (GFP), and then were switched
to KCl for two days. MTT assays revealed that dnRas ex-
pression decreased survival 60% in the presence of 50 mM
KCl, a decrease similar to that observed in 10 ng/ml NGF
(Fig. 6 a). The GFP adenovirus had no effect on neuronal
survival.

We next determined if either of the two downstream
Ras pathways, PI3-kinase–Akt or MEK–ERK, were also
essential for KCl-induced survival using two pharmacolog-
ical agents; LY294002, which selectively inhibits PI3-
kinase (Vlahos et al., 1994), and PD98059, which selec-
tively inhibits MEK (Alessi et al., 1995). NGF-selected
neurons were maintained for 48 h in 50 mM KCl or 10 ng/
ml NGF plus or minus 100 

 

m

 

M LY294002 or 75 

 

m

 

M
PD98059, and were then analyzed by MTT assays and
TUNEL. MTT assays revealed that inhibition of PI3-
kinase with LY294002 reduced KCl-induced sympathetic
neuron survival by 

 

z

 

40%, while treatment with PD98059
had no effect (Fig. 6 b). The effect of cotreatment with
both drugs was similar to LY294002 alone (Fig. 6 b). In
contrast, LY294002 completely inhibited survival medi-
ated by NGF (Fig. 6 b), as previously reported (Bartlett
et al., 1997; Crowder and Freeman, 1998). TUNEL con-
firmed these results; PD98059 had no effect on numbers of
TUNEL-negative neurons in either KCl or NGF, whereas
LY294002 decreased the proportion of TUNEL-negative
neurons to 42 and 10% respectively, in the presence of 50
mM KCl and 10 ng/ml NGF (Fig. 6 c).

To confirm that this concentration of PD98059 inhibited
MEK, in spite of having no effect on neuronal survival, we
examined the downstream MEK substrates, the ERKs.
Western blot analysis of sympathetic neurons treated with
10 ng/ml NGF or 50 mM KCl plus or minus 75 

 

m

 

M PD re-

 

Figure 6.

 

Ras, PI3-kinase, and Akt activity are important in KCl-
mediated sympathetic neuron survival. a, Ras is involved in KCl-
mediated survival. NGF-selected sympathetic neurons were in-
fected with 200 MOI of adenovirus expressing either dnRas or
GFP, and one day later were switched to 10 ng/ml NGF (10N) or
50 mM KCl (50K). 48 h later, survival was monitored by MTT as-
say. Results derive from one representative assay performed in
triplicate; values represent the mean 

 

6 

 

SD. Similar results were
obtained in three separate experiments. *Indicate values that are
significantly different (

 

P

 

 

 

, 

 

0.01) from 10 ng/ml NGF (*) or 50
mM KCl (**). b and c, PI3-kinase, but not MEK activity, is in-
volved in KCl-mediated survival. NGF-selected neurons were
maintained for two days in 10 ng/ml NGF (10N) or 50 mM KCl
(50K), plus or minus 100 

 

m

 

M of the PI3-kinase inhibitor
LY294002 (LY) and/or 75 

 

m

 

M of the MEK inhibitor PD98059
(PD). Survival was then monitored by MTT assay (b) or TUNEL
(c). In b, results represent data from one representative experi-
ment performed in triplicate, and each point is the mean 

 

6 

 

SD.
In c, results represent the mean percentage of TUNEL-negative
cells/total Hoechst-positive nuclei from three separate experi-
ments, each performed in triplicate. *Asterisks indicate values
that are significantly different (

 

P

 

 

 

, 

 

0.01) from 10 ng/ml NGF (*)
or 50 mM KCl (**). d, Akt is essential for a portion of KCl-medi-
ated survival. NGF-selected sympathetic neurons were infected
with 10–100 MOI of an adenovirus expressing dnAkt and one
day later were switched into 10 ng/ml NGF (10N) or 50 mM KCl
(50K). All neurons were also coinfected with 50 MOI of an ade-
novirus expressing the transactivator TTA. As controls, neurons
were infected with 200 MOI of the TTA adenovirus alone. Neu-
ronal survival was then measured two days later by MTT assay.
Results represent data from one representative experiment per-
formed in triplicate, and each point is the mean 

 

6 

 

SD. Similar re-
sults were obtained in three separate experiments. *Indicate val-

ues that are significantly different (

 

P

 

 

 

, 

 

0.01) from 10 ng/ml NGF
(*) or 50 mM KCl (**). e, Western blot analysis for ERKs and
Akt kinase in sympathetic neurons treated for 15 min with NGF
(ng/ml) or KCl (mM), as analyzed using antibodies specific to ty-
rosine/threonine-phosphorylated ERKs (P-tyr/thr ERKs), ty-
rosine phosphorylated ERKs (P-tyr ERKs), serine-phosphory-
lated Akt (P-ser Akt), or total ERK or Akt protein. Some
cultures were coincidently treated with 100 

 

m

 

M LY294002 (LY)
or 75 

 

m

 

M PD98059 (PD). All samples were normalized for equal
amounts of protein. The three ERK panels are reprobes of the
same blot, as are the two Akt panels. f, Ras activity is necessary
for KCl-mediated Akt phosphorylation. Western blot analysis for
ERKs and Akt kinase in sympathetic neurons infected with 200
MOI dnRas, and then induced for 15 min with KCl (mM), using
the same antibodies as in e. All ERK panels derive from reprobes
of one blot, and the Akt panels derive from reprobes of another.
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vealed that, as predicted, this drug inhibited both tyrosine/
threonine and tyrosine phosphorylation of the ERKs, but
had no effect on Akt phosphorylation (Fig. 6 e). Thus, the
MEK–ERK pathway is apparently not required for depo-
larization-induced sympathetic neuron survival.

Since PI3-kinase is necessary for 40–50% of KCl-medi-
ated neuronal survival, we next determined whether KCl-
induced survival also required the PI3-kinase substrate
Akt, using an adenovirus expressing dnAkt from a TTA-
inducible promoter (Boudreau, M., C. Tudan, and D.R.
Kaplan, unpublished data). NGF-selected sympathetic
neurons were infected with 10 to 100 MOI dnAkt adenovi-
rus and 50 MOI TTA-expressing adenovirus (which trans-
activates the promoter for dnAkt), and were then main-
tained in 50 mM KCl for two days. As a control, neurons
were infected with 50 or 200 MOI of the TTA adenovirus
alone. MTT analysis revealed that dnAkt reduced KCl-
mediated survival 

 

z

 

40%, whereas the TTA adenovirus on
its own had no effect (Fig. 6 d). In contrast, similar experi-
ments with 10 ng/ml NGF revealed that, as previously re-
ported (Crowder and Freeman, 1998), dnAkt completed
inhibited NGF-induced survival (Fig. 6 d).

Together, these data indicate that blocking either Ras,
PI3-kinase, or Akt is sufficient to reduce KCl-mediated
survival by 40–50%. To test whether these results reflect
the presence of a linear Ras–PI3-kinase–Akt survival
pathway, we determined whether inhibiting Ras or PI3-
kinase blocked the KCl-induced phosphorylation of Akt.
Initially, we examined Ras: neurons were infected with
the dnRas adenovirus and were then acutely activated
with 50 mM KCl or 10 ng/ml NGF for 15 min. Western
blot analysis with antiphospho-Akt revealed that dnRas
blocked Akt activation in response to 50 mM KCl (Fig. 6
f), suggesting that Akt activity is dependent upon Ras ac-
tivity. Similarly, inhibition of PI3-kinase with 100 

 

m

 

M
LY294002 revealed that treatment with LY294002 com-
pletely blocked the KCl-induced phosphorylation of Akt,
as assayed either by Western blot analysis with antiphos-
pho-Akt (Fig. 6 e) or Akt kinase assays using the Akt-
specific substrate (Fig. 5 e). Thus, calcium influx through
L-type calcium channels causes activation of a Ras–PI3-
kinase–Akt pathway that is essential for 

 

z

 

50% of KCl-
induced neuronal survival.

 

Depolarization and NGF Converge on Akt and ERKs, 
but only Akt Is Necessary for Synergistic Survival

On the basis of these data, we hypothesized that the syner-
gistic survival seen with NGF and KCl might be mediated
by a convergent stimulation of the Ras–PI3-kinase–Akt
pathway. To test this hypothesis, NGF-selected neurons
were induced for 15 min with 5 ng/ml NGF plus 10 mM
KCl, a combination that mediated survival synergistically
(Fig. 1 a), and were then analyzed biochemically. Western
blot analysis with antiphospho-Akt, followed by quantita-
tive densitometry, revealed that while 10 mM KCl had no
detectable effect on Akt phosphorylation (Fig. 7, a and c),
the addition of 10 mM KCl to either 2.5 or 5 ng/ml NGF
led to levels of Akt phosphorylation that were higher than
either of these concentrations of NGF alone (Fig. 7, a and
c). Similar results were obtained when ERK phosphoryla-
tion was examined. 10 mM KCl did not detectably increase

ERK tyrosine/threonine phosphorylation above controls,
but the addition of 10 mM KCl to either 2.5 or 5 ng/ml
NGF led to significantly higher levels of ERK phosphory-
lation than did treatment with either concentration of
NGF alone (Fig. 7, a and b).

We then determined the functional necessity of this con-
vergent activation for sympathetic neuron survival. We
first examined Ras: NGF-dependent neurons were in-
fected with the dnRas adenovirus, were switched to 5
ng/ml NGF plus 10 mM KCl, and survival was determined
two days later by MTT assays. This analysis (Fig. 8 a) re-
vealed that inhibition of Ras decreased the synergistic sur-
vival z50%, a result similar to that seen with NGF or KCl
alone (Fig. 6 a). Coincident with the decrease in neuronal
survival observed with dnRas, we also observed a partial
decrease in the downstream activation of Akt and the
ERKs, as assessed by Western blots with phosphorylation-
specific antibodies (Fig. 8 b).

We then examined the necessity for PI3-kinase or MEK
in synergistically-mediated survival using the pharmaco-
logical inhibitors LY294002 and PD98059. MTT assays
of neurons maintained in 50 ng/ml NGF with 10 mM
KCl plus or minus one of these inhibitors revealed that
inhibition of PI3-kinase with LY294002 completely
blocked neuronal survival, whereas inhibition of MEK
with PD98059 had no effect (Fig. 8 c). Cotreatment with
both LY294002 and PD98059 gave results similar to those
observed with LY294002 alone (Fig. 8 c). Thus, PI3-kinase

Figure 7. Suboptimal con-
centrations of NGF and KCl
synergistically increase ERK
and Akt kinase phosphoryla-
tion. a, Western blot analysis
of sympathetic neurons in-
duced for 15 min with vari-
ous concentrations of NGF
(ng/ml) and/or KCl (mM),
using antibodies specific to
tyrosine/threonine-phosphory-
lated ERKs (P-tyr/thr ERK),
serine-phosphorylated Akt
(P-ser Akt) or total ERK or
Akt protein. All samples
were normalized for equal
amounts of protein. All ERK
panels derive from reprobes
of one blot, and the Akt pan-
els reprobes of another. b
and c, Quantitative analysis
of ERK (b) or Akt (c) phos-
phorylation in response to
various concentrations of
NGF and/or KCl, obtained
by scanning densitometry of
Western blots similar to
those shown in a. Note that
10 mM KCl (10K) does not
produce signals that are de-
tectably increased over con-

trol (0N) neurons, but treatment with 2.5 ng/ml NGF (2.5N) and
5 ng/ml NGF (5N) plus 10 mM KCl results in levels of ERK and
Akt phosphorylation that are higher than either 2.5 or 5 ng/ml
NGF alone, respectively.
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activity is essential for all of the synergistic survival effects
seen with NGF plus KCl.

Finally, we examined the necessity for Akt using the
dnAkt adenovirus: neurons were infected with 50 MOI of
the TTA-expressing adenovirus and 10 to 100 MOI of the
dnAkt adenovirus, and then switched to 5 ng/ml NGF plus
10 mM KCl for two days. MTT assays revealed that inhibi-
tion of Akt completely blocked the ability of NGF plus
KCl to maintain sympathetic neuron survival (Fig. 8 d).
Together with the LY294002 experiments, these data indi-
cate that the synergistic survival observed with depolariza-
tion and NGF is mediated via convergence onto the PI3-
kinase–Akt pathway.

CaMKII Activity Is Required for
Depolarization-induced Survival, but Not Synergistic 
Survival Mediated by NGF and Depolarization

Together, these data indicate that Ras–PI3-kinase–Akt is
one of the survival pathways induced by activation of neu-
ronal L-type channels, and that this pathway is essential
for the synergy between NGF and depolarization. A sec-
ond, calcium-activated pathway that might also be in-
volved in neuronal survival involves calcium/calmodu-
lin-dependent protein kinase II (CaMKII; Hanson and
Schulman, 1992; Ghosh and Greenberg, 1995). To deter-
mine the potential importance of this pathway for sympa-
thetic neuron survival, neurons were maintained in various
concentrations of NGF and/or KCl plus or minus 10 mM
KN-62, a specific pharmacological blocker of CaMKII
(Tokumitsu et al., 1990). MTT assays two days later re-
vealed that 10 mM KN-62 dramatically reduced neuronal
survival in 50 mM KCl, but had no effect on survival medi-
ated by 10 ng/ml NGF or by 5 ng/ml NGF plus 10 mM KCl
(Fig. 9 a). TUNEL assays confirmed this result: the num-
ber of TUNEL-negative cells was similar in NGF plus or
minus KN-62, but a large decrease in TUNEL-negative
cells was observed when KN-62 was added to 50 mM KCl
(Fig. 9 b). Thus, in addition to a Ras–PI3-kinase–Akt path-
way, calcium influx through L-type channels also mediates
neuronal survival through a CaMKII-dependent pathway.

To determine whether Akt activation was also down-
stream of CaMKII, we assessed KCl-mediated Akt phos-
phorylation in the presence of 10 mM KN-62. Western blot
analysis revealed that inhibition of CaMKII with KN-62
had no effect on Akt phosphorylation as induced by NGF,
KCl, or combinations of NGF plus KCl (Fig. 9 c). In con-
trast, KN-62 dramatically reduced KCl-induced ERK ty-
rosine/threonine phosphorylation, but had no effect on
NGF-induced ERK phosphorylation (Fig. 9 c). Interest-
ingly, KN-62 partially blocked ERK phosphorylation in-
duced by 5 ng/ml NGF plus 10 mM KCl (Fig. 9 c), indicat-
ing that the synergistic activation of ERKs seen in NGF
plus KCl is partially due to CaMKII. Together, these data
indicate that: CaMKII is a component of an important de-
polarization-induced survival pathway in sympathetic neu-
rons; Akt is not downstream of CaMKII in this survival
pathway; and this CaMKII pathway is not an important
player in the synergistic survival observed with NGF and
KCl. Instead, NGF and depolarization apparently con-
verge onto a distinct Ras–PI3-kinase–Akt pathway to syn-
ergistically regulate survival.

Figure 8. The Ras–PI3-kinase–Akt pathway is required for the
synergistic survival observed with NGF and KCl together. a, Ras
activity is necessary for z50% of synergistic survival. NGF-
selected sympathetic neurons were infected with 200 MOI of
dnRas or GFP adenovirus, and one day later were switched into
5 ng/ml NGF (5N) plus or minus 10 mM KCl (10K). Neuronal
survival was monitored two days later by MTT assay. Results
represent the mean 6 SD of one representative experiment per-
formed in triplicate. Similar results were obtained in three sepa-
rate experiments. *Indicates those results that are significantly
different (P , 0.01) from 5 ng/ml NGF plus 10 mM KCl. b, Dom-
inant-negative Ras partially inhibits Akt and ERK phosphoryla-
tion induced by NGF plus KCl. Western blot analysis for Akt and
ERK phosphorylation in sympathetic neurons infected with 200
MOI dnRas adenovirus and then maintained in 5 ng/ml NGF
(5N) and/or 10 mM KCl (10K). Lysates were analyzed with anti-
bodies specific for serine-phosphorylated Akt (P-ser Akt), ty-
rosine/threonine-phosphorylated ERKs (P-tyr/thr ERKs), or to-
tal Akt or ERK protein. All samples were normalized for equal
amounts of protein. All ERK panels are reprobes of one blot,
and Akt panels reprobes of another. c, PI3-kinase is necessary for
all of the survival seen with NGF plus KCl. MTT assays of sym-
pathetic neurons maintained in various concentrations of NGF
(ng/ml) and/or KCl (mM) treated coincidently with 100 mM
LY294002 (LY) and/or 75 mM PD98059 (PD). Results represent
data obtained from one representative experiment performed in
triplicate, and each point is the mean 6 SD. Similar results were
obtained in three separate experiments. *Indicates those values
that are significantly different from 5 ng/ml NGF plus 10 mM KCl
(*) or 10 ng/ml NGF plus 10 mM KCl (**). d, Akt activity is nec-
essary for all of the survival seen with NGF plus KCl. NGF-
selected sympathetic neurons were infected with 10–100 MOI
dnAkt adenovirus and, one day later, were switched to 5 ng/ml
NGF plus 10 mM KCl. All neurons infected with dnAkt adenovi-
rus were also infected with 50 MOI of an adenovirus expressing
the TTA transactivator. Control neurons were infected with 100
MOI of the TTA adenovirus alone. Results represent the
mean 6 SD of one representative experiment performed in trip-
licate. Similar results were obtained in three separate experi-
ments. *Indicates those values that are significantly different
(P , 0.01) from 5 ng/ml NGF plus 10 mM KCl.
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Discussion
Data presented here demonstrate that combinations of
trophic support (NGF) and neuronal activity (KCl-
induced depolarization) have a positive, synergistic effect
on the survival of peripheral sympathetic neurons at con-
centrations of NGF and KCl that are themselves subopti-
mal for neuronal survival. Moreover, these experiments
demonstrate that the synergistic survival is due to conver-
gence onto the PI3-kinase–Akt survival pathway, and that
in the case of KCl, activation of this pathway is a conse-
quence of calcium-mediated Ras activation (Fig. 10). In
contrast, although KCl-mediated survival also requires
concomitant activation of CaMKII, this protein is dispens-
able when both KCl and NGF are both present (Fig. 10),
and it is not involved in activating Akt under any of the
conditions studied here. This convergent activation of
Akt, a signaling protein known to be essential for the sur-
vival of several neuronal populations (Dudek et al., 1997;

Crowder and Freeman, 1998), may provide a general
mechanism for coordinating the survival effects of growth
factors and neural activity throughout the developing ner-
vous system.

These findings have important implications for neuronal
survival in the developing and mature injured nervous sys-
tem. During development, z50% of central and periph-
eral neurons undergo apoptosis. Although neurotrophin
signaling has traditionally been considered to be the major
mechanism for the matching of neurons to their targets
(Barde, 1989; Majdan and Miller, 1999), a large body of
work indicates that establishment of appropriate neural

Figure 9. The role of CaMKII in survival mediated by NGF and/
or KCl. a and b, CaMKII is necessary for KCl-mediated survival,
but plays no role in the synergistic survival seen with NGF plus
KCl. NGF-selected sympathetic neurons maintained in NGF
and/or KCl for two days with or without 10 mM KN-62 and sur-
vival was then monitored by MTT assay (a) or TUNEL (b). In a,
results represent the mean 6 SD of one representative experi-
ment performed in triplicate. Similar results were obtained in
three separate experiments. In c, results represent the mean per-
centage of TUNEL-negative cells/total Hoechst-positive nuclei
as determined in three separate experiments, each of which was
performed in triplicate. In both panels, *indicates values that are
significantly different (P , 0.01) from 50 mM KCl. c, CaMKII is
necessary for ERK, but not Akt phosphorylation in response to
KCl. Western blot analysis of equal amounts of protein derived
from sympathetic neurons stimulated for 15 min with NGF (ng/ml)
and/or KCl (mM) with or without 10 mM KN-62. Blots were
probed with antibodies specific to tyrosine/threonine-phosphory-
lated ERKs (P-tyr/thr ERK), serine-phosphorylated Akt (P-ser
Akt), or to total ERK or Akt protein. The ERK panels derive
from reprobes of the same blot, and the Akt panels from re-
probes of another.

Figure 10. Proposed models for signal-transduction pathways
mediating survival in NGF or KCl alone (a) or synergistically in
the presence of both NGF and KCl (b). a, Illustrates the pro-
posed pathways that support sympathetic neuron survival when
either NGF or KCl are alone. b, Illustrates the proposed conver-
gence onto the Ras–PI3-kinase–Akt pathway that is essential for
the synergistic survival seen at concentrations of NGF and KCl,
which on their own are not sufficient for maximal survival.
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activity is also important (Oppenheim, 1991; Franklin and
Johnson, 1992). Evidence presented here demonstrates
that, when NGF is limiting, levels of depolarization that
themselves have no survival effect, synergize with NGF to
support sympathetic neuron survival. Since NGF concen-
trations in vivo during naturally occuring sympathetic
neuron death are limiting (Barde, 1989; Levi-Montalcini,
1987), our findings imply that developing neurons that are
active will have a competitive survival advantage over
those that are not, even when both are exposed to similar
limiting amounts of target-derived NGF. This mechanism,
therefore, ensures selection of neurons that pathfind their
way to an appropriate target early enough to sequester
target-derived NGF and participate in a functional circuit.
The validity of such a model derives from the finding that
inhibition of either pre- or postganglionic activity is suffi-
cient to enhance developmental sympathetic neuron apop-
tosis (Maderdrut et al., 1988).

Does this mechanism generalize to neurons other than
sympathetic neurons? Results presented here demonstrat-
ing synergistic survival effects of neurotrophins and depo-
larization are strikingly similar to those previously re-
ported for central neurons, such as retinal ganglion cells
(Meyer-Franke et al., 1995, 1998), which require both
growth factors and either depolarization or neurotransmit-
ters for their survival in culture. Thus, central and periph-
eral neurons may not be as different in this regard as
previously thought. It may simply be that cooperative in-
teractions between growth factors and activity are always
essential for survival of central neurons, whereas they are
only essential for peripheral neurons when trophic support
is suboptimal. However, since NGF concentrations are
suboptimal during development (Barde, 1989; Levi-Mon-
talcini, 1987) and neural activity is essential for survival
during naturally occurring sympathetic neuron death (Ma-
derdrut et al., 1988), then these apparent differences may
be a function of culture conditions, rather than a reflection
of the in vivo situation. In this regard, convergent activa-
tion of Akt by growth factors and activity may be just as
important to central neurons as to peripheral neurons,
since Akt is a necessary survival protein for CNS neurons,
such as cerebellar granule cells (Dudek et al., 1997). It is also
clear, however, that in the case of central neurons, growth
factors and depolarization collaborate to regulate neu-
ronal survival by more than one mechanism (Ghosh et al.,
1994; Blair and Marshall, 1997; Meyer-Franke et al., 1998).

How do NGF and KCl converge to activate Akt? Neu-
rotrophin binding to TrkA leads to activation of the PI3-
kinase–Akt pathway (reviewed in Kaplan and Stephens,
1994; Kaplan and Miller, 1997). The activation of PI3-
kinase is thought to occur both via Ras (Rodriguez-Vici-
ana et al., 1994) and Gab-1 (Holgado-Madruga et al., 1997).
Moreover, Ras, PI3-kinase, and Akt activity have all been
shown to be essential for NGF-mediated survival of sym-
pathetic neurons (Bartlett et al., 1997; Markus et al., 1997;
Crowder and Freeman, 1998). With regard to KCl, cal-
cium influx has been shown to activate Ras via Ras–GRF
(Farnsworth et al., 1995) and, depending on the neuronal
context, may or may not activate PI3-kinase (D’Mello et
al., 1997; Miller et al., 1997; Soler et al., 1998). In this pa-
per, we demonstrate that calcium influx also activates
Akt, and that this activation involves both Ras and PI3-

kinase (Fig. 10). Moreover, our data demonstrate that
synergistic survival is dependent on Ras, PI3-kinase, and
Akt activity, indicating that NGF and KCl converge di-
rectly on these proteins to coordinately regulate neuronal
survival.

The synergistic activation of signaling proteins by two
growth factors previously has been observed in a number
of systems, such as Erk 2 by stem cell factor and IL-3
(Pearson et al., 1998), and p38MAPK by IL-2 and IL-12
(Gollob et al., 1999). Such biochemical synergy can occur
on several levels. We favor a hypothesis in which KCl
causes a nonlinear activation of Ras or PI-3 kinase beyond
the activation or localization observed by NGF alone,
stimulating the production of PI3-kinase–derived second
messenger molecules that function as activators of PDK1,
PDK2, and Akt itself, and which recruit Akt to the plasma
membrane, an event necessary for increasing Akt activity
(Coffer et al., 1998; Downward, 1998). The synergistic acti-
vation of Akt would therefore be due to the combined ac-
tions of multiple Akt activators, some of which are acti-
vated linearly and others nonlinearly.

In a recent study examining depolarization-induced sur-
vival of neuroblastoma cells, Yano et al. (1998) showed
that in neuroblastoma cells, calcium influx mediates cell
survival via a PI3-kinase–independent CaMK kinase–Akt
pathway. In contrast, our findings indicate that depolariza-
tion-induced Akt activation in primary sympathetic neu-
rons is totally dependent upon PI3-kinase. Moreover,
although KCl-mediated sympathetic neuron survival is
highly dependent on CaMKII, this protein is dispensable
for the Akt-dependent synergistic survival effect seen with
NGF and KCl. These findings do not imply that CaMKII is
unimportant for sympathetic neurons exposed to both
NGF and depolarization. In fact, data presented here indi-
cate that CaMKII activity is essential for the synergistic
ERK activation seen in response to these two extrinsic
cues. Although this ERK activation is not essential for
sympathetic neuron survival, it may well be essential for
other neuronal responses. In particular, the MEK–ERK
pathway is required for neurite extension in PC12 cells
(reviewed in Kaplan and Stephens, 1994), and our recent
data indicate that MEK is equally important for growth of
sympathetic neurons in vivo and in vitro (Zirrgeibel, U.,
D. Lederfein, J. Atwal, J. Toma, F. Miller, and D. Kaplan,
unpublished data). Thus, the biochemical convergence of
NGF and KCl on the ERKs may well be important for
neuronal growth and plasticity (Impey et al., 1999). The in-
volvement of CaMKII in this convergence fits well with its
proposed role in neuronal plasticity (reviewed in Ghosh
and Greenberg, 1995).

In summary, these findings demonstrate that, like cen-
tral neurons, NGF and depolarization synergistically reg-
ulate the survival of peripheral sympathetic neurons un-
der conditions where trophic support is suboptimal, such
as during naturally occurring neuronal death. This syner-
gistic survival effect is mediated by intracellular conver-
gence on a Ras–PI3-kinase–Akt pathway. Since Akt is an
essential survival molecule for several neuronal popula-
tions, this intracellular convergence may represent a gen-
eral mechanism for coordinating the survival effects of
growth factors and neural activity throughout the nervous
system.
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