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Abstract

Neurotrophins protect neurons against excitotoxicity; 
however the signaling mechanisms for this protection 
remain to be fully elucidated. Here we report that activa-
tion of the phosphatidyl inositol 3 kinase (PI3K)/Akt 
pathway is critical for protection of hippocampal cells 
from staurosporine (STS) induced apoptosis, charac-
terized by nuclear condensation and activation of the 
caspase cascade. Both nerve growth factor (NGF) and 
brain-derived growth factor (BDNF) prevent STS-in-
duced apoptotic morphology and caspase-3 activity 
by upregulating phosphorylation of the tropomyosin 
receptor kinase (Trk) receptor. Inhibition of Trk re-
ceptor by K252a altered the neuroprotective effect of 
both NGF and BDNF whereas inhibition of the p75 neu-
rotrophin receptor (p75NTR) had no effect. Impairment 
of the PI3K/Akt pathway or overexpression of domi-
nant negative (DN)-Akt abolished the protective effect 
of both neurotrophins, while active Akt prevented cell 
death. Moreover, knockdown of Akt by si-RNA was able 
to block the survival effect of both NGF and BDNF. 
Thus, the survival action of NGF and BDNF against 

STS-induced neurotoxicity was mediated by the acti-
vation of PI3K/Akt signaling through the Trk receptor.
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Introduction

The survival function of neurotrophins is mediated 
through the activation of two cell surface receptors, 
the Trk family and the p75 neurotrophin (p75NTR) 
receptor (Levi-Montalcini, 1987; Huang and Rei-
chardt, 2003). The latter binds to all neurotrophins 
with low affinity, whereas the TrkA, TrkB, and TrkC 
receptors bind to NGF, BDNF and NT-3 respec-
tively (Chao, 2003). TrkA activation is important for 
the survival and differentiation of neurons. When 
p75NTR is activated in the absence of a strong Trk 
signal, it induces apoptosis of neurons. However, 
in the presence of Trk, p75NTR enhances the res-
ponse to neurotrophins. These varying responses 
point to a complex interplay between neurotro-
phin-stimulated survival, differentiation, and apop-
tosis pathways (Kaplan and Miller, 1997). Through 
Trk receptors, neurotrophins activate many intra-
cellular signaling pathways including those con-
trolled by Ras, leading to the activation of the 
mitogen activated protein kinase (MAPK), pho-
spholipase C (PLC)-γ1, and phosphatidyl inositol 
3-kinase (PI3K)/Akt, thereby affecting both deve-
lopment and function of the nervous system 
(Patapoutian and Reichardt, 2001). However, 
PI3K/Akt pathway is particularly important for 
mediating neuronal survival under a wide variety of 
circumstances (Brunet et al., 2001) and has been 
found to be sufficient and, in some cases, nece-
ssary for the trophic-factor-induced cell survival of 
several neuronal cell types (Yao and Cooper, 1995; 
Dudek et al., 1997; Miller et al., 1997; Philpott et 
al., 1997). Akt acts both prior to the release of 
cytochrome c, by regulating Bcl-2 family member 
activity and mitochondrial function, and subsequent 
to the release of cytochrome c, by regulating 
components of the apoptosome. For instance, Akt 
phosphorylates the pro-apoptotic Bcl-2 family 
member BAD, thereby inhibiting BAD pro-apoptotic 
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functions (Datta et al., 1997; del Peso et al., 1997). 
Akt also directly phosphorylates and inhibits the 
caspase proteases including caspase 9 (Cardone 
et al., 1998). In addition to its effects on the 
cytoplasmic apoptotic machinery, the PI3K-Akt 
pathway also regulates apoptosis by suppressing 
the expression of death genes. For example, Akt 
controls a major class of transcription factors-the 
Forkhead box transcription factor by phosphory-
lating FOXOs (Forkhead box, group O) and 
inhibiting their ability to induce the expression of 
death genes (Biggs et al., 1999; Brunet et al., 
1999; Kops et al., 1999).
    It has been shown that there is a basic 
difference in the response of neurons in the peri-
pheral nervous system (PNS) and central nervous 
system (CNS) to neurotrophins (Meyer-Franke et 
al., 1998; Goldberg and Barres, 2000). In the PNS, 
neuronal survival is dependent on the action of 
distinct neurotrophins upon different cell types. For 
example, nerve growth factor (NGF) promotes cell 
survival in sympathetic and dorsal root ganglia 
neurons (Crowley et al., 1994; Smeyne et al., 
1994). Accumulating evidence suggests that in the 
CNS, neurons are dependent on a combination of 
multiple factors, including neurotrophins, for their 
survival by controlling apoptosis. For instance, 
brain derived neurotrophic factor (BDNF) and 
neurotrophin-3 (NT-3) are critical for the survival of 
newly generated granule neurons in the mouse 
cerebellum (Bates et al., 1999). Multiple studies 
have shown that the functions of PI3K in mediating 
the antiapoptotic effect of NGF in trophic deprived 
PNS neurons (Yao and Cooper 1995; Klesse et al., 
1999; Crowder and Freeman 1998; Klesse and 
Parada 1998; Meyer-Franke et al., 1998; Vaillant et 
al., 1999). However, in the CNS, it has been 
reported that PI3K only partially mediates BDNF 
mediated survival, revealing neuroprotection by 
BDNF is also partially dependent on Erk1/2 
signaling (Meyer-Franke et al., 1998; Skaper et al., 
1998; Takei et al., 1999).
       Neuronal apoptosis is not restricted to the 
developmental stage but also occurs in acute and 
chronic neurologic disease conditions eliciting the 
loss of neurons. In the adult CNS, neurons 
undergo excitotoxic cell death following excessive 
release of glutamate from presynaptic nerve 
termini and astrocytes (Olney and Sharpe, 1969; 
Choi, 1994). Excitotoxicity is considered a major 
inducer of cell death in acute neurodegenerative 
conditions. Recent advances indicate that apoptosis 
is a prominent contributor to excitotoxicity-induced 
neuronal loss (Martin et al., 1998; Zipfel et al., 
2000), which is characterized by the release of 
cytochrome C, allowing the activation of caspase 

cascades including the activation of caspase-9 and 
3. Although TrkA mRNA expression is restricted to 
sensory and sympathetic neurons in the peripheral 
nervous system, and cholinergic neurons in the 
basal forebrain (Koh et al., 1989; Ip et al., 1993; 
Muragaki et al., 1995), TrkB is broadly expressed 
in various brain regions, with a particular enri-
chment in hippocampal neurons (Barbacid, 1995). 
By contrast, TrkA expression was reported to be 
sparse or absent in hippocampal and cortical 
neurons under physiological conditions (Ip et al., 
1993; Cellerino, 1996; Lee et al., 1998; Friedman, 
2000). However, neuroprotection by NGF in 
hippocampal and cortical neurons has been 
demonstrated in vitro and in vivo (Zhang et al., 
1993; Culmsee et al., 1999, 2002; Kume et al., 
2000). In spite of the prominent effect of NGF and 
BDNF protecting neuronal death in many cell 
types, the possible comparative effects of these 
two neurotrophins on survival of hippocampal 
neurons, and underlying signaling mechanism 
have not yet been elucidated. In this study, we 
determined the role of NGF and BDNF in inhibiting 
apoptotic cell death and the intracellular signaling 
pathway responsible for this protection under 
staurosporine (STS) toxicity in H19-7 hippocampal 
progenitor cells. The H19-7 cells were generated 
by infecting rat E17 hippocampal cells with a 
retroviral vector expressing a temperature sensitive 
SV40 large T antigen; therefore this cell line has a 
number of features to measure in vivo 
differentiation and apoptosis during development 
(Eves et al., 1992, 1994). Our results showed that 
both NGF and BDNF protect hippocampal 
progenitor cells and primary hippocampal neurons 
from STS-induced apoptosis at the level of, or 
upstream of, caspase-3. Moreover, our data 
suggest that the PI3K/Akt is both necessary and 
sufficient for these neurotrophins mediated protec-
tion through Trk receptor activation.

Results

Staurosporine (STS) induces neuronal apoptosis in 
H19-7 cells and primary hippocampal neurons

Many important mechanisms involved in apoptosis 
have been determined using STS or mycotoxin, a 
general protein kinase inhibitor that triggers 
apoptosis in model cell lines (Xia et al., 1995; 
Jacobsen et al., 1996; Seo and Seo, 2009). The 
intracellular signaling of STS induced apoptosis is 
dependent on cell type. To determine the effect of 
STS induced apoptosis in hippocampal neurons, 
we exposed cultured hippocampal cells to 100 nM 
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Figure 1. Staurosporine induces neuronal apoptosis. (A) Cultured hippocampal neurons were exposed to 100 nM of STS. After 8 h, apoptotic cell death 
was determined after nuclei staining with DAPI. All the quantitative analysis of apoptotic nuclei in this report are given as the mean ± standard error 
(s.e.) from three separate experiments, *P ＜ 0.05 (Student's t-test), and all the pictures in this report were taken using a fluorescent microscope (×100). 
White arrows indicate apoptotic and fragmented nuclei. Scale bar = 5 μm. (B) H19-7 cells were treated with 100 nM STS from 2 to 10 h (upper) or with 
STS from 10 nM to 200 nM for 8 hours (lower). Cells were collected at the indicated times and stained with DAPI. (C) H19-7 cells were exposed to 100 nM 
STS and collected at the indicated times. 30 μg of cell lysate was immunoprobed with indicated antibodies. (D) H19-7 cells and cultured hippocampal 
cells were untreated or treated with caspase 3 inhibitor CHO for 30 min before exposure to 100 nM STS for 8 hours. (E) H19-7 cells were treated as de-
scribed in (D) and Tubulin was shown as a loading control. 
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Figure 2. NGF and BDNF protect neuronal cell death from STS. (A) Total RNA was extracted from H19-7 cells and reverse transcription was performed 
using 1 μg of RNA. (B) 30 μg of PC12, U87 and H19-7 cell lysates were used for immunoblots with anti-TrkA, anti-TrkB and anti-p75NTR antibodies. (C) 
H19-7 cells were stained with anti-TrkA, anti-TrkB and anti-p75NTR antibodies. (D) H19-7 cells were untreated or treated with STS in the presence or ab-
sence of NGF and BDNF and immunoprobed with indicated antibodies. (E) H19-7 cells were incubated with the indicated concentration of NGF or BDNF 
for 24 h, followed by exposure to 100 nM STS for 8 h. The cells were then fixed and DAPI stained. Condensed nuclei were counted under the fluorescent 
microscope. (F) H19-7 cells were untreated or treated with 100 nM STS in the presence or absence of 100 ng/ml NGF or BDNF. For counting of nuclear 
condensation, the cells were fixed and stained with DAPI. *P ＜ 0.05. For immunoblots, the cells were lysed and immunoprobed with anti-PARP and an-
ti-tubulin antibodies.  

STS and cell death was accessed by analyzing 
nuclear morphology after 8 hrs of apoptotic insult 
using DAPI staining. Apoptotic insult with STS 
elicited around 50% of apoptotic cell morphology 
with chromatin condensation (Figure 1A). Exposing 
H19-7 cells to increasing concentrations of STS 
over varying points periods reveals that cell death 
is both dose and time dependent (Figure 1B). 
    Activation of caspase-3 is a hallmark of apoptotic 

cell death that precedes change in nuclear 
morphology. Immunoblot analysis shows that a 
release of cytochrome C, mainly at hour 4 (Figure 
1C 1st panel), and activation of caspase-9 with the 
cleaved, inactive (19kDa) and active form (17kDa) 
(Figure 1C 2nd panel), engaged the apoptosome 
pathway. Caspase-3 activation was observed both 
directly and indirectly with the appearance of the 
caspase-3 cleavage form and poly (ADP-ribose) 
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Figure 3. NGF and BDNF protect neuronal apoptosis through Trk signaling. (A and B) H19-7 cells were pretreated with or without K252a or p75NTR in-
hibitor for 30 min and incubated with or without 100 ng/ml NGF or BDNF for additional an hour. The cells were then exposed to 100 nM STS in for 8 h. *P
＜ 0.05. (C) (left) Images of Trk inhibitor K252a-blocked NGF and BDNF prevented nuclear condensation. H19-7 cells were treated as indicated, and nu-
clei were stained with DAPI. White arrows inidicate apoptotic and fragmented nuclei. Scale bar = 5 μm. (right) K252a inhibits phosphorylation of Tyr490. 
H19-7 cells were treated as indicated and 30 μg of cell lysate was immunoprobed with anti-phospho-Tyr490 antibody. (D) Activation of Trk receptors in 
H19-7 cells by NGF and BDNF. H19-7 cells were treated with NGF or BDNF at the indicated times. Cell lysates then were probed with anti-phos-
pho-Tyr490 antibody. (E) H19-7 cells were pretreated with 100 ng/ml NGF or BDNF on the indicated times before exposing to STS. Condensed nuclei 
were counted under the fluorescent microscope and presented under bar graph.
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polymerase (PARP) cleavage, respectively (Figure 
1C 3rd and 4th panels). The Erk, control was not 
affected (Figure 1C 5th panel). Preincubation of 
either hippocampal neurons or H19-7 cells with the 
cell-permeable, irreversible caspase-3 inhibitor 
CHO markedly reduced STS-induced cell death 
(Figure 1D). However, treatment with the caspase 
inhibitor did not prevent cytochrome C release, and 
did not fully inhibit caspase-9 cleavage whereas it 
completely abolished the activation of caspase-3 
and PARP cleavage (Figure 1E). Since neurons 
undergoing apoptosis are mediated by the apopto-
some pathway, they require the release of 
cytochrome C and the execution of caspase 
cascades. Therefore, treatment with STS could 
mediate neuronal death via apoptosome activation, 
revealing cytochrome C release and caspase-cas-
cade activation.

NGF and BDNF provide neuroprotection from 
STS-induced cell death 

Although controversial reports exist on the expre-
ssion of TrkA in hippocampal neurons in culture 
and in vivo, we show here that H19-7 cells express 
p75NTR, TrkA, and TrkB receptor genes and their 
respective proteins by RT-PCR analysis and 
immunoblotting respectively (Figures 2A and 2B). 
PC12 cells or U87 MG (derived from human 
malignant glioma) cells, which produce endoge-
nous p75NTR or TrkA, but not TrkB, were used as 
a control. Immunofluorescent staining with antibo-
dies against p75NTR, TrkA, or TrkB further 
supports the production of these receptors in this 
cell line (Figure 2C). From the observation that 
H19-7 cells express and produce p75NTR, TrkA, 
and TrkB receptors, we tested whether NGF and/or 
BDNF protect STS-induced cell death. Pretreat-
ment of cells with both NGF and BDNF for 24 hrs 
before STS insult substantially decreased PARP 
cleavage, underscoring the reduction of caspase-3 
activity (Figure 2D). Pretreatment of NGF and 
BDNF before STS insult, reduced the number of 
apoptotic cells in a dose dependent manner, BDNF 
was slightly efficient in protecting the cells than 
NGF at the higher concentration used (50-200 
ng/ml) (Figure 2E). To further characterize the 
prosurvival effect elicited by NGF and BDNF, we 
examined cleavage of PARP. Proteolytic cleavage 
of PARP was completely antagonized by NGF and 
BDNF pretreatment (Figure 2F). Moreover, we also 
observed that the similar result of neuroprotection 
effect with shorter time pretreatment (an hour) of 
both NGF and BDNF (Supplemental Data Figures 
1A-1C). These observations suggest that both 
NGF and BDNF contribute to the suppression of 

apoptosis exerted by STS in H19-7 cells.

NGF and BDNF protect neuronal apoptosis through 
Trk signaling 

It is well known that activation of Trk receptors play 
a critical role in promoting cell survival. To examine 
whether Trk activation was required for the 
neuroprotective effect of NGF and BDNF, we 
examined the effect of K252a, an inhibitor of Trk 
family members, and a p75NTR inhibitor on STS 
insult. In the presence of K252a, both NGF and 
BDNF fail to show neuroprotection against 
STS-induced toxicity in H19-7 cells, however in the 
absence of neurotrophin, K252a did not affect the 
neurotoxicity of STS (Figure 3A). In contrast, the 
p75NTR inhibitor did not affect the protective 
function of NGF or BDNF (Figure 3B). Nuclei with 
condensed chromatin morphology are shown in 
Figure 3C. Presumably, both TrkA and TrkB 
receptors for NGF and BDNF, which are inhibited 
by K252a, are directly involved in regulation of 
neuroprotection by NGF and BDNF. Since 
phosphorylation of Trk receptors by neurotrophins 
was required for neuronal survival, we further 
determined the conserved phosphorylation of 
TrkA/B receptors by anti-phospho-tyrosine 490 
antibodies, followed by either NGF or BDNF 
exposure. Stimulation of hippocampal cells with 
100 ng/ml of NGF for 5 min elicited specific 
phosphorylation of tyrosine 490, and was 
sustained up to 20 min. After 40 min, phospho-
rylation of Trk receptor (presumably TrkA) by NGF 
was not detected. In contrast, treatment with 100 
ng/ml of BDNF for 5 min exhibited phosphorylation, 
and enhanced phospho-tyrosine-Trk immunoreac-
tivity at 10 min. The phosphorylation status of TrkB 
was sustained up to 40 min (Figure 3D). Since we 
observed rapid neuroprotection effect (an hour 
treatment of growth factor) and sustained effect (24 
hours treatment of growth factors) of both NGF and 
BDNF(Supplemental Data Figures 1A-1C) and our 
data demonstrated these growth factor mediated 
neuroprotection was provided maximal protection 
within 30 min and sustained for 24 h (Figure 3E), 
both NGF and BDNF exert rapid neuroprotective 
action through Trk receptor activation, although 
NGF induced the response to a slightly lesser 
extent, and may sustained this protective effect 
through their downstream signaling pathway.

Activation of PI3K/Akt pathways is essential for 
neurotrophin-mediated survival

Since both NGF and BDNF protect hippocampal 
cells against STS insult, we further investigated the 
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Figure 4. Akt and MAPK are in-
volved in NGF and BDNF protected 
H19-7 cell survival. (A) H19-7 cells 
were treated with 100 ng/ml NGF or 
BDNF at the indicated times. 30 μg 
of cell lysate was immunoprobed 
with anti-phospho-Akt, anti-Akt, an-
ti-phospho-Erk, and anti-Erk antibo-
dies. Tubulin was shown as the 
loading control. (B) H19-7 cells were 
pretreated with wortmannin (10 μM), 
PD980059 (10 μM), or both before 
applied to 100 ng/ml NGF and 
BDNF. After exposure to STS, nu-
clear condensation was determined 
by DAPI staining and counted under 
a fluorescent microscope. *P ＜
0.05. (C) The H19-7 cells were treat-
ed as described in (B). 30 μg of cell 
lysate was immunoprobed with the 
indicated antibodies. 

intracellular signaling pathways responsible for the 
NGF or BDNF-mediated neuroprotective effect. 
Hippocampal cells were treated with 100 ng/ml 
NGF or BDNF at different time points, and the 
activation of Akt and Erk/MAPK phosphorylation 
was determined. Figure 4A shows that both NGF 
and BDNF induced phosphorylation of Akt and 
Erk/MAPK in time dependent manner. Both NGF 
and BDNF rapidly induced Akt phosphorylation at 
as early as 5 min, and reached a maximum at 
around 10-20 min. Activation of Akt remained 

stable for at least 60 min by both NGF and BDNF 
stimulation (Figure 4A 1st panel). In contrast, 
Erk/MAPK phosphorylation by NGF was either 
transient or weak compared to the Erk/MAPK 
phosphorylation status by BDNF stimulation. The 
immunoreactivity of phospho-Erk2 was significantly 
diminished after 5 min with NGF and BDNF, 
although the total amount of Erk1 and Erk2 in cells 
was present at similar levels (Figure 4A 3rd and 4th 
panels). 
    To establish the role of PI3K/Akt and MAPK 
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Figure 5. Overexpression of Akt mediates the antiapoptotic effect of NGF and BDNF. (A) H19-7 cells were transfected with the indicated constructs of Akt 
or the vector control for 24 h. After exposure to 100 nM STS, genomic DNA was extracted and 10 μg was loaded in a 2% agarose gel. (B) Hippocampal 
neuronal cells and H19-7 cells were transfected with the indicated constructs of Akt. After exposure to STS, the nuclei were stained with DAPI and count-
ed under a fluorescent microscope. *P ＜ 0.05. (C) Hippocampal neuron cells and H19-7 cells were transfected and treated as described in (B). 30 μg of 
protein lysate was immunoprobed as indicated.

pathways in the prosurvival function of neurotro-
phins, H19-7 cells were pretreated with PI3K 
inhibitor, wortmannin, or the MEK (MAPK/Erk 
kinase) inhibitor PD98509 in STS-induced condi-
tions. Pretreatment with 10 μM wortmannin subs-
tantially prevented the protective effect of both 
NGF and BDNF, whereas the MEK inhibitor barely 
affected the neurotrophin effect (Figure 4B). The 
combination of wortmannin and PD98509 did not 
increase the rate of cell death above treatment with 
wortmannin alone. The corresponding immunoblo-
tting analysis was made regarding the phos-
phorylation of Akt (Figure 4C). Moreover, it was 
found that in the absence of neurotrophins, 
wortmannin treatment exerted up to 20% cell death 
while PD98509 treatment elicited only 6% cell 
death compared to control conditions (data not 
shown). Therefore our experiments demonstrate 
that neuroprotection of both NGF and BDNF are 
dependent on activation of the PI3K/Akt pathway 
against STS-mediated apoptosis in hippocampal 

cells; the MAPK pathway is not involved in this 
process.

Overexpression of Akt mediates antiapoptotic 
effects of NGF and BDNF 

To ascertain whether Akt activation is major 
contributor to the neurotrophin effect of STS-in-
duced apoptosis, H19-7 cells or cultured primary 
hippocampal neurons were transfected with 
various forms of Akt and followed by growth factor 
treatment. Pronounced DNA fragmentation occurred 
in control cells treated with STS, whereas 
overexpression of wild type Akt (WT-Akt) or a 
constitutively active Akt (CA-Akt) dramatically 
inhibited DNA fragmentation. However, a 
kinase-dead mutant Akt (KD-Akt) had no effect 
when treated with STS (Figure 5A lane 4). 
Quantitative analysis of apoptosis using both 
primary hippocampal neurons and H19-7 cells 
correlated with the DNA fragmentation activity 
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Figure 6. Knockdown of Akt impairs NGF and BDNF mediated cell survival. (A) Scr RNA or si-Akt transfected cells were exposed to 100 nM STS in the 
presence or absence of NGF or BDNF. Genomic DNA was extracted and 10 μg of DNA was loaded on a 2% agarose gel. (B) Scr RNA or si-Akt trans-
fected cells were stimulated with NGF or BDNF. After exposure to 100 nM STS, 30 μg of cell lysate was immunoprobed with anti-PARP antibody. The si-
lencing effect of si-Akt was examined by anti-Akt antibody. (C and D) The H19-7 cells (left) and hippocampal neuron cells (right) were transfected and 
treated as described in (B). The nuclei were stained with DAPI and counted under a fluorescent microscope. *P ＜ 0.05. (E) Genomic DNA was extracted 
from si-Akt trasnfected H19-7 cells and loaded on a 2% agarose gel (upper panel). 30 μg of cell lysate was immunoprobed with anti-PARP antibody. The 
knockdown effect and the loading control are shown by the anti-Akt and anti-β actin antibodies, respectively (lower panels). 

(Figure 5B). To further investigate the effect of Akt 
activation, we examined cleavage of PARP, a 
well-characterized marker of apoptosis. Proteolytic 
degradation of PARP was prevented by either 
overexpression of HA-WT-Akt or HA-CA-Akt under 
STS toxicity. In contrast, robust PARP cleavage 
occurred in HA-KD-Akt expressing cells (Figure 5C 
1st and 4th panels). Expression of HA-Akt was 
verified (Figure 5C 3rd and 6th panels). These 
observations suggest that Akt may mediate the 
antiapoptotic effect of NGF and BDNF through 
phosphorylation of its downstream targets. 

Knockdown of Akt expression impairs NGF and 
BDNF mediated cell survival

To further elucidate the role of Akt activation in 
mediating the antiapoptotic action of neurotrophins, 
we depleted cells of Akt using si-RNA. H19-7 cells 

were transfected with Akt-si-RNA for 36 h, followed 
by STS treatment in the presence or absence of 
neurotrophins. Both NGF and BDNF treatment 
inhibited STS-induced DNA fragmentation in 
wild-type cells. In contrast, depletion of Akt elicited 
substantial DNA fragmentation regardless of NGF 
or BDNF treatment (Figure 6A). The PARP 
cleavage pattern was consistent with DNA 
fragmentation (Figure 6B upper). Endogenous Akt 
levels were evidently decreased, whereas the actin 
loading control was not affected (Figure 6B middle 
and bottom). Quantitative analysis of cell death 
using DAPI staining demonstrated a similar effect 
(Figures 6C and 6D). However, knockdown of Akt 
itself, without apoptotic stimulation dose, did not 
impair cell survival, underscoring that Akt has three 
isoforms and they are redundant (Figure 6E). 
These results strongly suggest that Akt activation 
via stimulation by NGF and BDNF plays a critical 
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role in preventing apoptotic cell death elicited by 
STS insult in hippocampal cells.  

Discussion

In the current study, we demonstrated that NGF 
and BDNF protect hippocampal progenitor cells 
from apoptotic death against STS toxicity by 
influencing at the level of, or upstream of, 
caspase-3 activation. Neuroprotection by NGF and 
BDNF was shown to be dependent on the 
activation of the TrkA and TrkB receptors, which 
was verified by its phosphorylation. It is well known 
that Y490 of Trk is autophosphorylated after ligand 
binding, and this activation plays a direct role in Trk 
signaling (Loeb et al., 1994; Obermeier et al., 
1994). In addition, we also showed that the survival 
promoting effects of NGF and BDNF were 
mediated mostly through the activation of the 
PI3K/Akt pathway rather than the MAPK pathway. 
    As published evidence of TrkA expression in 
primary hippocampal neurons was controversial (Ip 
et al., 1993; Culmsee et al., 2002; Friedman, 2000; 
Kume et al., 2000), we provided evidence for the 
expression of TrkA in hippocampal progenitor 
H19-7 cells using RT-PCR and immunoreaction 
against anti-TrkA antibody (Figures 2A, 2B and 
2C). Accordingly, NGF potently prevents hippo-
campal H19-7 cell death to the similar extent as 
BDNF from apoptosis-induced cells by STS 
(Figures 2D and 2E). The protective effect of both 
NGF and BDNF observed in this work seems to be 
mediated by the activation of Trk receptors, presu-
mably, both TrkA and TrkB. Inhibition of Trk 
receptor signaling with specific Trk inhibitors pre-
vented the survival function of neurotrophins with 
the exception of the p75NTR inhibitor, suggesting 
that the blocking of hippocampal cell death 
occurred by STS required Trk phosphorylation by 
neurotrophins. 
    NGF or BDNF mediated neuroprotective signa-
ling in hippocampal neurons is most likely through 
the activation of the PI3K/Akt pathway, as only 
blocking PI3K/Akt signaling with the pharmaco-
logical inhibitor wortmannin disturbed the neuro-
protective effect of both neurotrophins. Activation 
of the MAPK pathway appears not to be involved, 
as the MAPK pathway inhibitor PD98059 was 
ineffective in altering the neuroprotective effect 
(Figure 4B). These results are in accordance with a 
recent study suggesting that MAPK was not 
implicated in the protective effects of BDNF in 
primary cultured neurons (Bonni et al., 1999; 
Zheng and Quirion, 2004). Indeed, PI3K/Akt 
signaling was characterized as the major regulator 

of neurotrophin mediated survival for various types 
of neurons including PC12 cells, cerebellar granule 
cells, sympathetic, sensory, and motor neurons 
(Yao and Cooper, 1995; Dudek et al., 1997; 
Crowder and Freeman, 1998; Hetman et al., 1999; 
Sarmiere and Freeman, 2001). NGF stimulation 
resulted in a transient activation of MAPK, and 
BDNF treatment exerted a transient and sustained 
MAPK activation in hippocampal cells (Figure 4A). 
However, there was little difference of neuropro-
tective effect between NGF and BDNF under STS 
insult (Figure 3). It is possible that the different 
activation pattern of MAPK by NGF and BDNF may 
differentially contribute to the differentiation of 
H19-7 cells. For example, NGF treatment has been 
shown to induce differentiation of PC12 cells, 
which is regulated by sustained activation of MAPK 
(Kao et al., 2001). Thus the PI3K/Akt pathway may 
preferentially regulate both NGF and BDNF-media-
ted cell survival. 
    Overexpression of Akt not only blocks DNA 
fragmentation, but also suppresses casapse-3 
substrate PARP degradation under growth factor 
stimulation (Figures 5A and 5C). However, a 
kinase-dead Akt mutant failed to suppress either 
PARP cleavage or DNA degradation in the pre-
sence of growth factor treatment, suggesting that 
Akt kinase activity is necessary for antiapoptotic 
actions of neurotrophins. In addition, knockdown of 
Akt stimulated PARP cleavage and DNA degra-
dation (Figures 6A and 6B), and neither NGF nor 
BDNF stimulation could restore its neuroprotection 
function. These findings indicate that Akt is 
important for mediating the effect of neurotrophin. 
Through Trk receptor activation in hippocampal 
cells and/or Akt mediates neurotrophin signaling 
through phosphorylation of its downstream targets. 
Evidence shows that Akt is implicated in 
antagonizing neuronal apoptosis upon neurotrophin 
stimulation. Akt has been shown to mediate IGF-1 
induced survival of cultured cerebellar granule cells 
(Dudek et al., 1997) and NGF-dependent survival 
of sympathetic neurons (Kaplan and Miller, 2000). 
The exact mechanism by which Akt mediates the 
survival effect of NGF and BDNF in cultured 
hippocampal neurons remains to be precisely 
understood. It is well accepted that Akt regulates 
apoptosis by impinging on the activity of proteins 
and gene expression both directly and indirectly. 
For example, Akt is known to phosphorylate the 
proapoptotic protein BAD or caspase-9, inhibiting 
their proapoptotic function (del Peso et al., 1997; 
Cardone et al., 1998). In addition, Akt is known to 
phosphorylate the forkhead transcription factor, 
FoxO, thereby inhibiting expression of death genes 
(Biggs et al., 1999; Brunet et al., 1999). 
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Accordingly, Akt mediates cell survival at different 
levels depending on cell type, target availability, or 
transcriptional regulation. Further studies will be 
necessary to verify the specific downstream events 
responsible for the neuroprotective effect of NGF 
and BDNF in hippocampal neurons. Collectively, 
our findings demonstrate that the neuroprotective 
function of both NGF and BDNF requires the 
activation of PI3K/Akt signaling through phospho-
rylation of the Trk receptor from apoptotic insult. 

Methods

Cell cultures and chemicals

PC12 cells were maintained in Dulbecco's Modified Eagle's 
Medium (DMEM) with 10% fetal bovine serum (FBS), 5% 
horse serum, and 100 units of penicillin-streptomycin (PS). 
U87 cells were maintained in DMEM with 10% FBS and 
100 units PS. Both PC12 and U87 cells were cultured at 
37oC, 5% CO2 in a humidified incubator. H19-7 cells were 
maintained in DMEM with 10% FBS, 2 μg/ml G418, and 
0.001 mg/ml puromycin and cultured at 34°C, 5% CO2 in a 
humidified incubator. Staurosporine, nerve growth factor 
(NGF), brain derived neurotrophic factor (BDNF), caspase 
3 inhibitor I, K252a, p75NTR inhibitor, wortmannin, and 
PD98059 were purchased from Calbiochem (San Diego, 
CA). Anti-PARP, anti-caspase 3, anti-caspase 9, anti-cyto-
chrome C, anti-Erk, anti-phospho-Erk, anti-Akt, anti-pho-
spho-Akt and anti-phosphoTrk-Y490 antibodies were 
purchased from Cell Signaling Technology (Danvers, MA). 
Anti-TrkA, anti-TrkB and anti-p75NTR antibodies were 
obtained from Upstate Chemicon (Temecula, CA). 
Anti-tubulin and anti-β actin antibodies were from Santa 
Cruz Biotechnology (Santa Cruz, CA). All other chemicals 
were purchased from Sigma (St. Louis, MO).

RT-PCR

Total RNA of H19-7 cells was extracted with TRIzolⓇ 
reagent (Invitrogen, Carlsbad, CA) according to manufac-
turer's instructions. The reverse transcription reaction was 
performed using the Superscript IITM kit (Invitrogen). 
Expression of TrkA, TrkB and p75NTR was verified by 
GoTaqⓇ Green Master mix (Promega, Madison WI). Pri-
mers used for amplification were as follows: TrkA, forward 
5'-AGGTGGCTGCTGGTATGGT-3' and reverse 5'-TCGCC-
TCAGTGTTGGAGAG-3’; TrkB, forward 5'- TGCTGTGG-
TGGTGATTGCCTCTGTG -3' and reverse 5'-GTTCTCC-
CTACCAAGCAGTTCCGG-3'; p75NTR, forward 5'-CCA-
GCAGACCCACACACAGACTG-3' and reverse 5'-CCCT-
ACACAGAGATGCTCGGTT C-3'. 

Immunostaining

Cells were grown on coverslips in 24-well plates. After 
growth, cells were fixed in PBS containing 4% parafor-
maldehyde for 15 min, permeabilized in PBS containing 
0.25% Triton X-100 for 10 min, and blocked in 2% BSA for 
30 min. Cells were immunostained using antibodies 
against anti-TrkA, anti-TrkB or anti-p75NTR with 

anti-rabbit-AlexaFluor-488 antibody (1:1000). Nuclei were 
counterstained with 4, 6-diamidino-2-phenylindole (DAPI). 
Imagines were observed under an Axiophot II fluorescent 
microscope (Zeiss, Oberkochen, Germany). Apoptotic rate 
was determined from a total 500 cells from different fields, 
and calculated as means ± the standard error from three 
independent experiments. Morphological changes in 
nuclear chromatin of cells undergoing apoptosis were 
detected by DAPI. Only nuclei possessing multiple conden-
sed and aggregated chromatins were counted. All data 
were statistically analyzed by student's t-test and arrows 
indicate condensed chromatin morphology.

Immunoblotting analysis

The cells were washed and harvested in ice-cold PBS and 
subsequently lysed in lysis buffer (50 mM Tris, pH 7.4, 40 
mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1.5 mM 
Na3VO4, 50 mM NaF, 10 mM sodium pyrophosphate, 10 
mM glycerolphosphate, 1 mM PMSF, and 10 mM protease 
inhibitor cocktail). 30 μg of each cell lysate was used for 
SDS-PAGE electrophoresis and immunoblotting. Immuno-
complexes were visualized with enhanced chemilumi-
nescence reagent (Pierce). 

Detection of released cytochrome C

The procedure has been described as "S-cytosol 
preparation using a sucrose-containing buffer" (Liu et al., 
1996). Briefly, cells were treated for the indicated time with 
STS with or without CHO. The cells were pelleted, washed 
with ice-cold phosphate-buffered saline (PBS) and 
resuspended in 5 volumes of buffer (20 mM Hepes [pH 
7.5], 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 
1 mM DTT and 0.1 mM PMSF), supplemented with 
protease inhibitor and 250 mM sucrose. After incubation on 
ice for 15 min, the cells were gently broken by douncing 
with a sandpaper-polished piston. Cells were then 
centrifuged at 1,000 g for 10 min to remove the nuclei and 
the supernatant was further centrifuged at 100,000 g for 30 
min. The resulting supernatant was used for immuno-
blotting of cytochrome C. 

Supplemental data

Supplemental Data include a figure and can be found with 
this article online at http://e-emm.or.kr/article/article_files/ 
SP-42-8-7.pdf.
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The authors would like to amend the title as shown below.
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