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Summary
Phencyclidine is an N-methyl D-aspartate receptor (NMDAR) blocker that has been reported to
induce neuronal apoptosis during development and schizophrenia-like behaviors in rats later in life.
Brain derived neurotrophic factor (BDNF) has been shown to prevent neuronal death caused by
NMDAR blockade, but the precise mechanism is unknown. This study examined the role of the
phosphatidylinositol-3 kinase (PI3K)/Akt and extracellular signal-regulated kinase (ERK) pathways
in BDNF protection of PCP-induced apoptosis in corticostriatal organotypic cultures. It was observed
that BDNF inhibited PCP-induced apoptosis in a concentration dependent fashion. BDNF effectively
prevented PCP-induced inhibition of the ERK and PI-3K/Akt pathways and suppressed GSK-3β
activation. Blockade of either PI-3K/Akt or ERK activation abolished BDNF protection. Western
blot analysis revealed that the PI-3K inhibitor LY294002 prevented the stimulating effect of BDNF
on the PI-3K/Akt pathway, but had no effect on the ERK pathway. Similarly, the ERK inhibitor
PD98059 prevented the stimulating effect of BDNF on the ERK pathway, but not the PI-3K/Akt
pathway. Co-application of LY294002 and PD98059 had no additional effect on BDNF-evoked
activation of Akt or ERK. However, concurrent exposure to PD98059 and LY294002 caused much
greater inhibition of BDNF-evoked phosphorylation of GSK-3β at serine 9 than did LY294002 alone.
Finally, either BDNF or GSK-3β inhibition prevented PCP-induced suppression of cyclic-AMP
response element binding protein (CREB) phosphorylation. These data demonstrate that the
protective effect of BDNF against PCP-induced apoptosis is mediated by parallel activation of the
PI-3K/Akt and ERK pathways, most likely involves inhibition of GSK-3β and activation of CREB.
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Introduction
The non-competitive glutamatergic NMDA receptor antagonist, phencyclidine (PCP), has long
been recognized to induce acute schizophrenia-like symptoms in humans (Javitt and Zukin,
1991; Luby et al., 1962). Schizophrenia is a severe neuropsychiatric disorder which affects
approximately one percent of the population worldwide. Unfortunately, its etiology and
pathophysiology are poorly defined. Reduced glutamatergic and increased dopaminergic
transmission have been hypothesized to represent a major deficit in schizophrenia (Jentsch and
Roth, 1999; Marc et al., 1999). Since the symptoms of schizophrenia do not usually appear
until early adulthood, Weinberger et al (1987) postulated that the etiology of schizophrenia
may involve developmental factors. It suggested that aberrant apoptosis during early brain
development disrupts normal neuronal circuitry formation and may underlie the expression of
some mental diseases in later life, including schizophrenia (Benes, 2000; Weinberger, 1987).
Interestingly, it has been consistently shown that blocking the NMDAR during brain
development triggers neuronal death in brain regions in a pattern that is similar to the
neuropathology observed in post-mortem brains of schizophrenics (Ikonomidou et al., 1999;
Wang and Johnson, 2005). Furthermore, animals that received perinatal administration of PCP
or MK801 developed schizophrenia-like behaviors in later life, some of which could be
prevented by anti-psychotics (Anastasio and Johnson, 2008; Beninger et al., 2002; Wang et
al., 2001). These data suggest that a perinatal PCP insult may be suitable for modeling the
pathology of schizophrenia and that knowledge of the mechanisms of PCP-induced apoptosis
in developing brain may provide insight into the cellular basis of schizophrenia-like behaviors
and suggest novel pharmacotherapeutic approaches.

The mechanisms underlying neuronal death following NMDAR blockade are incompletely
understood. Recently, this laboratory reported that PCP inhibits the phosphatidylinositol-3
kinase (PI3K)/Akt and extracellular signal-regulated kinase (ERK) pathways that normally
serve a trophic function during early development (Lei et al., 2008; Xia et al., 2008). Further,
stimulating these pathways prevented PCP-induced apoptosis. The potential for preventing
PCP-induced apoptosis by diminishing the pro-survival effects of NMDAR activation caused
us to further investigate the role of brain-derived neurotrophic factor (BDNF), a neurotrophin
that promotes neuronal survival via the ERK and PI-3K/Akt pathways (Hetman et al., 1999).
Indeed, several laboratories have demonstrated that NMDAR-regulated survival is mediated
via BDNF (Jiang et al., 2005; Xu et al., 2007) and decreased BDNF signaling might participate
in NMDAR antagonist-induced neurotoxicity (Fumagalli et al., 2003; Semba et al., 2006).
BDNF has also been shown to prevent MK801-induced death in cultured cortical neurons,
though the precise mechanisms were not investigated (Hansen et al., 2004). However, using
HSP-70 expression as an indicator of toxicity, it was reported that activation of the BDNF
receptor, TrkB, had no influence on MK-801-induced neurotoxicity in the posterior cingulate
cortex of mouse brain (Väisänen et al., 2003). This inconsistency prompted us to investigate
the effect of BDNF on PCP-induced neuronal death in organotypic corticostriatal cultures,
using caspase-3 activation and DNA fragmentation as two indices for neuronal apoptosis. We
also determined the cellular mediators of BDNF activity, mainly focusing on the roles of the
ERK and PI-3K/Akt pathways.

Methods
Animals

Timed pregnant female Sprague–Dawley rats were obtained on day 14 or 18 of pregnancy from
Charles River. They were housed individually with a regular 12-hour light: 12-hour dark cycle
(lights on at 07:00 h, off at 19:00 h) with food and water available ad libitum. On postnatal
day (PN) 2.5, the pups were killed by decapitation and their brains were removed and processed
for slice culture as described below. All experiments were conducted in accordance with the
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NIH and the University of Texas Medical Branch at Galveston Institutional Animal Care and
Use Committee.

Reagents
PCP was acquired from the National Institute on Drug Abuse (Rockville, MD, USA) and
dissolved in distilled water. Slice culture media including Hank’s balanced salt solution, heat
inactivated horse serum, OPTI-MEM medium, neurobasal medium and B-27 supplement were
purchased from Invitrogen Corporation (Carlsbad, CA, USA). 10% D-(+)-Glucose solution,
200 mM L-glutamine, and penicillin/streptomycin solution were purchased from Sigma-
Aldrich (St. Louis, MO, USA). 7-amino-4-trifluorocumarin (AFC), the caspase-3 substrate
acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluorocumarin (Ac-DEVD-AFC) and the caspase-3
inhibitor z-DEVD-FMK were purchased from MP Biomedicals (Livermore, CA, USA).
Primary antibodies against phopho-GSK-3β (Ser9), phospho-AKT (Ser473), phospho-p44/42
ERK (Thr202/Tyr204) were obtained from Cell Signaling Technology, Inc. (Danvers, MA
01923). Mouse monoclonal anti-actin antibody, HRP-conjugated anti-mouse and anti-rabbit
secondary antibodies were obtained from Chemicon (Temecula, CA). Deoxynucleotidyl
transferase (TdT) and biotin-16-dUTP were purchased from Roche Diagnostics (Indianapolis,
IN, USA). The ABC Elite Kit and Vector SG peroxidase substrate were purchased from Vector
Laboratories (Burlingame, CA, USA). LY294002 (PI-3K inhibitor), AR-A014418 (GSK-3β
inhibitor), PD98059 (ERK inhibitor) were purchased from CalBiochem/EMD Biosciences.
BDNF was purchased from Sigma (St. Louis, MO, USA). The Akt inhibitor, triciribine (TCN,
(Yang et al., 2004), was a generous gift from the laboratory of Dr. Xiaodong Cheng at the
University of Texas Medical Branch, Galveston, TX.

Organotypic slice culture
Corticostriatal slice cultures were prepared as previously described (Sherwood and Timiras,
1970; Xia et al., 2008). In brief, 2.5 day-old rat pups were sacrificed by decapitation and the
brains were cut into 400-μm-thick coronal sections under sterile conditions. Three adjacent
frontal corticostriatal slices with morphology comparable to levels between A5.3 and A6.8 mm
in P10 rats (Wang and Johnson, 2007) were cultured in inserts that have a porous and translucent
membrane (Culture Plate Insert, MILLIPORE Co, Bedford, MA) at the interface between a
CO2-enriched atmosphere and medium. The initial culture medium was a mixture of 25%
inactivated horse serum, 25% Hank’s balanced salt solution, and 50% OPTI-MEM culture
medium, supplemented with 25 mM D-glucose and 1% penicillin/streptomycin. After three
days, it was switched to serum-free, Neurobasal medium supplemented with 25 mM D-glucose,
1 mM glutamine, 2% B-27, and 1% penicillin/streptomycin; it was changed twice a week
thereafter. Experiments were performed on DIV 10.

Caspase-3 Activity Assay
Caspase-3 activity in slices was measured as previously described (Wang and Johnson,
2007). Briefly, slices were homogenized in ice-cold lysis buffer containing 25 mM HEPES
(pH 7.4), 5 mM MgCl2, 1.5 mM EDTA, 1.0 mM EGTA, 1 mM dithiothreitol, 0.1% Triton
X-100 and 1% protease inhibitor cocktail. After centrifuging the homogenates at 13,000 g for
5 min at 4°C, supernatants were collected for measurement of protein levels and caspase-3
enzymatic activity. All samples were prepared in two parallel sets. One set of the sample
supernatants were incubated with the selective caspase-3 inhibitor, z-DEVD-FMK (0.5 μM)
in an equal volume of assay buffer (100 mM HEPES, pH 7.4, 2 mM dithiothreitol, 0.1%
CHAPS, and 1% sucrose), while the other set was incubated with equal volume of assay buffer
without z-DEVD-FMK. Fifteen minutes after initiating the incubation, the enzymatic reaction
was started by incubating 50 μl samples with 50 μl of the caspase-3 substrate Ac-DEVD-AFC
(25 μM) that was dissolved in assay buffer in 96-well plate at 37°C for 60 min in darkness.

Xia et al. Page 3

Neuropharmacology. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The resulting fluorescent product, 7-amino-4-trifluoromethyl-cumarin (AFC), was monitored
using a microplate fluorometer (Fluoroskan Ascent, Labsystems, Helsinki, Finland) at
excitation and emission wavelengths of 405 and 510 nm, respectively. Enzyme activity in each
sample was calculated according to a standard curve constructed with concentrations of AFC
ranging from 19.5 to 20,000 nM. Caspase-3 activity was calculated as the difference in apparent
activities in duplicate-samples incubated with and without the caspase-3 inhibitor, and then
normalized to protein concentration. The final caspase-3 activity shown in the figures was
presented as percentage of the corresponding control group.

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
After drug treatment, slices were fixed with ice-cold 2% paraformaldehyde in 0.1 M PB (pH
7.2) at room temperature for 1 hour and then washed with 0.01M PBS (pH 7.2). After
dehydration and re-hydration in a sequential series of ethanol concentrations (70%, 90%,
100%), the slices were incubated with pepsin (0.04% in 10 mM HCl) for 15 min to digest
protein and with 0.3% hydrogen peroxide in methanol for 10 min to quench endogenous
peroxidase. Slices were then placed in TdT (terminal deoxynucleotidyl transferase) reaction
buffer (30 mM Tris-HCl, pH 7.2, 140 mM Na cacodylate and 1 mM CoCl2) for 15 min after
a thorough wash with PBS. To stain fragmented DNA, slices were reacted with biotin-16-dUTP
(10 nmoles/ml) and TdT (200 U/ml) in the TdT buffer in a humidified chamber for 2 hours at
37°C and then incubated with ABC reagents (Avidin-Biotin-peroxidase Complex) for 60 min.
Sliced were then stained using the Vector SG peroxidase substrate kit. Stained TUNEL-positive
cells were quantified in a photomicrograph of layers II–IV of the parietal cortex in one
microscopic field of each slice was taken using a computer-based image analysis program,
SimplePCI (Compix Inc. Imaging Systems, Cranberry Township, PA).

Western blot analysis
Slices were collected and homogenized in 0.3 ml of sucrose buffer (320 mM sucrose, 25 mM
Tris-HCl, 1 mM EDTA, 1 mM EGTA) containing the protease inhibitor cocktail,
phenylmethlylsulfonyl fluoride (PMSF, 10 μl/ml), phosphatase inhibitor cocktail I and II. After
sitting on ice for 15 min, homogenates were centrifuged at 1,000 g for 5 min. The resulting
pellets (P1) were dissolved in Tris buffer (50 mM Tris-HCl, 150 mM NaCl, 0.25% sodium
deoxycholate, 1 mM EDTA, 1 mM EGTA) that was supplemented with 0.1% SDS, protease
inhibitors cocktail, phenylmethlylsulfonyl fluoride (PMSF, 10 μl/ml) and phosphatase
inhibitor cocktails I and II and used as the nuclear fraction. The supernatants (S1) were further
centrifuged at 10,000 g for 30 min. The resultant supernatants (S2) were collected as the
cytoplasmic fraction and the pellet was discarded. After measuring protein concentration, equal
amounts of protein (30 μg) were loaded and separated on 10% SDS-polyacrylamide gels with
a Tris–glycine running buffer system and then transferred to a polyvinylidene difluoride
(PVDF) membrane. After blocking in 5% non-fat milk in Tris-buffered saline containing 0.1%
Tween-20 (TBST), the membranes were incubated overnight at 4°C with specific antibodies
[anti-phospho-Ser-9-GSK-3β (1:2,000), anti-phospho-Ser473-Akt (1:2,000), anti-phospho-
Thr202/Tyr204 ERK1/2 (1: 2,000), anti-phospho-Ser133-CREB, ERK1/2, Akt, GSK-3β] and
then incubated with HRP-conjugated anti-mouse or anti-rabbit secondary antibody for 1 hour
at room temperature. After extensive washes in TBST, blots were visualized by enhanced
chemiluminescence (ECL regular or plus) according to the manufacturer’s instruction.
Phosphoproteins and non-phosphoproteins were probed on different membranes. To ensure
equivalent protein loading, membranes were stripped and reprobed with anti-actin antibody,
which was subsequently used to normalize the western analyses.

The bands were scanned and densitometrically analyzed using an automatic image analysis
system (Alpha Innotech Corporation, San Leandro, CA). All target proteins were quantified
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by normalizing to β-actin re-probed on the same membrane and then calculated as percentage
of the corresponding control group.

Statistical analysis
All experimental data are presented as mean ± S.E. One-way ANOVA, followed by Student-
Newman-Keuls test for multiple comparisons, was used to determine differences among more
than two groups. Differences were considered significant when p<0.05.

Results
BDNF prevents PCP-induced apoptosis

Cultured corticostriatal slices were challenged with 3 μM PCP and cell death was assessed 12
h after the insult by measuring caspase-3 and DNA fragmentation using TUNEL staining. A
series of increasing concentrations of BDNF was added to the medium 1 hour before PCP
treatment. As has been demonstrated previously (Wang and Johnson, 2007), PCP caused robust
caspase-3 activation and wide-spread DNA fragmentation in the superficial layers of the cortex
(Layer II to IV) (Fig 1A and 1B). BDNF pretreatment dose-dependently prevented PCP-
induced caspase-3 activation and DNA fragmentation; full protection was observed at a
concentration of 50 ng/ml (Fig 1. A and B).

To clarify the mechanism of BDNF’s protective effect, the Trk B receptor inhibitor, K252a
(500 nM), was added to medium 1 hour prior to BDNF (50 ng/ml). In the presence of K252a,
BDNF could no longer inhibit PCP-induced caspase-3 activation (Fig 1C). K252a alone did
not cause significant caspase-3 activation. These data indicate that BDNF protection against
PCP neurotoxicity is mediated through the Trk B receptor.

The role of PI-3K/Akt and ERK pathways
Upon binding to the TrkB receptor, BDNF activates several signaling pathways that are
important for neuronal survival, including the ERK and PI-3K/Akt pathways (Hetman et al.,
1999). PCP has been found to decrease levels of the active or phosphorylated forms of ERK
and Akt in developing brains (Xia et al., 2008). Therefore, we investigated whether protection
of BDNF against PCP neurotoxicity involves activation of these two pathways. We examined
the effect of BDNF on the activity of the two signaling cascades by Western analysis using
antibodies that specifically recognize the activated/phosphorylated forms of ERK and Akt.
Preincubation with BDNF (50 ng/ml) was found to effectively prevent ERK and Akt inhibition
by PCP (Fig 3. A, B).

In order to determine whether activation of these pathways are important for BDNF protection,
the activation of PI-3K/Akt or ERK pathways by BDNF was blocked pharmacologically with
a PI-3K inhibitor (LY294002, 30 μM), an Akt inhibitor (TCN, 10 μM), or an ERK inhibitor
(PD98059, 30 μM). We found that in the presence of these signaling inhibitors, BDNF
protection against PCP-evoked caspase-3 activation was completely abrogated (Fig 2A, B, C).
This strongly suggests that BDNF protects against PCP-induced apoptosis by counteracting
the inhibitory effect of PCP on the PI-3K/Akt and ERK pro-survival pathways and further, that
both pathways are indispensable. Control experiments revealed that LY294002 and TCN alone
induced significant caspase-3 activation in the corticostriatal slices (p<0.05, vs control).
Interestingly, BDNF was able to reverse the toxicity of each inhibitor (p<0.05, inhibitor alone
vs inhibitor +BDNF).

Relationship between the PI-3K/Akt and ERK pathways
To define the relationship between the ERK and PI-3K/Akt pathways involved in BDNF
protection in the cortical slice system, we determined the effect of inhibiting one pathway with
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a specific kinase inhibitor on the action of BDNF on the other pathway. The results revealed
that the ERK inhibitor PD98059 blocked BDNF’s effect on phosphorylation of ERK, but not
that of Akt (Fig. 3A); likewise, the PI-3K inhibitor LY294002 specifically blocked BDNF
activation of Akt, but had no effect on ERK (Fig 3. B). Concurrent exposure to PD98059 and
LY294002 did not further decrease BDNF-evoked phosphorylation of Akt or ERK. Protein
expression of ERK or Akt was not changed by the above treatments. These data suggest that
the two pathways are stimulated by BDNF in parallel. However, they may act cooperatively
on a downstream target.

The role of GSK-3β in BDNF protection
GSK-3β is a pro-apoptotic factor that is normally phosphorylated at serine 9 and inactivated
(Cross et al., 1995). The PI-3K/Akt pathway has been reported to promote neuronal survival
through inhibition of GSK-3β activity by increasing phosphorylation of the serine 9 residue
(Pap and Cooper, 1998). We previously found that inhibition of GSK-3β prevented PCP-
induced neuronal death (Lei et al., 2008; Xia et al., 2008), suggesting the involvement of
GSK-3β activation. In this study, we investigated the role of GSK-3β in BDNF protection.
Slices were pre-incubated with BDNF for 1 hour before they were challenged with PCP and
collected 8 hours later for western blot analysis of GSK-3β-ser-9 phosphorylation. As
previously reported (Xia et al., 2008), PCP caused significant GSK-3β activation/
dephosphorylation and BDNF pretreatment effectively prevented this activation (Fig 3. C).

To investigate the mechanism by which BDNF inhibits GSK-3β, we assessed the effect of
BDNF on GSK-3β phosphorylation in the presence of the PI-3K inhibitor, LY294002, or the
ERK inhibitor, PD98059, or both. The results of this experiment revealed that blocking the
PI-3K/Akt pathway with LY294002 significantly attenuated BDNF-evoked phosphorylation
of GSK-3β on serine 9. On the other hand, blocking ERK with PD98059 showed no effect.
However, concurrent exposure to PD98059 and LY294002 caused a significantly greater
inhibition of BDNF-evoked phosphorylation of GSK-3β at serine 9 than did LY294002 (Fig.
3C). These data suggest that ERK signaling may act as a regulator for the action of the PI-3K/
Akt pathway on GSK-3β-ser phosphorylation.

The role CREB in BDNF protection
BDNF has been found to exert its neuroprotective effects through phosphorylation of CREB
at serine 133 (Finkbeiner, 2000; Finkbeiner et al., 1997). Therefore, we proposed that BDNF
inhibition of GSK-3β results in CREB activation. We first examined the effect of PCP on CREB
activity. Slices were incubated with PCP for various times (0, 0.5, 2, 4 and 8 h) and then
collected for western blot analysis of phospho-CREB-ser133. We found that PCP decreased
CREB phosphorylation in a time-dependent manner. Two hours after PCP treatment, the
phospho-CREB level was decreased by about 50% and remained at this level until the end of
the experiment (8 h) (Fig 4.A). BDNF pretreatment prevented the decrease of phospho-CREB
induced by PCP (Fig 4.B). Suppressing GSK-3β activity with the GSK-3β inhibitor AR-
A014418 also restored the phospho-CREB level to normal (Fig 4. C). None of these treatments
altered the protein expression of CREB.

Discussion
BDNF and NMDAR-mediated glutamate transmission have been long recognized as two
important resources for supporting neuronal survival during brain development (Balazs,
2006; Binder and Scharfman, 2004). This study investigated for the first time the mechanisms
of BDNF protection in neuronal apoptosis caused by the NMDAR blocker, PCP. It was
observed that exogenous application of BDNF prevented PCP-induced apoptosis in cultured
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brain slices from developing brains and further, that this protective effect of BDNF is dependent
on stimulation of the ERK and PI-3K/Akt signaling cascades.

Among the Trk family, BDNF binds specifically to TrkB receptor with high affinity, but also
binds to the p75 neurotrophin receptor (p75NTR) with low affinity. Activation of TrkB has
been shown to be essential for the survival-promoting actions of BDNF (Reichardt, 2006). In
this study, inhibition of Trk B activation with K252a abolished the neuroprotective effect of
BDNF, suggesting that the survival-promoting effect of BDNF is indeed, mediated through
TrkB receptors. Upon binding of BDNF, the TrkB receptor activates multiple signaling
cascades, including the phosphatidylinositol 3-kinase (PI3K)/Akt pathway as well as the
extracellular signal-regulated kinase 1/2 (ERK1/2) pathway (Hetman et al., 1999). Depending
on the cell type and the nature of apoptotic insult, these signaling pathways are differentially
involved in BDNF protection. For example, in cortical neurons, BDNF prevented cell death
due to DNA damage by activating the ERK pathway (Hetman et al., 1999). ERK is also the
major pathway that is responsible for BDNF-induced cerebellar neuron survival (Bonni et al.,
1999). On the other hand, the PI-3K/Akt pathway is the major mediator for the prosurvival
effects of BDNF in the SH-SY5Y neuroblastoma cell line (Encinas et al., 1999) as well as for
the protective effects of BDNF against cortical neuronal death induced by serum withdrawal
(Hetman et al., 1999). There are also conditions in which both ERK and PI-3K pathways are
indispensable for BDNF protection (Almeida et al., 2005; Nguyen et al., 2009; Sun et al.,
2008). With regard to apoptosis induced by NMDAR blockade during brain development,
Hansen et al (2004) reported that exogenous BDNF inhibited MK-801-induced apoptosis,
though the underlying mechanisms were not studied. However, these authors did report that
the expression of constitutively active Ras enhanced ERK activity and prevented
MK-801induced apoptosis, suggesting a role of the Ras/ERK pathway. In agreement with that
report, we observed that BDNF prevented PCP-induced inhibition of ERK activity (Fig. 3A).
Furthermore, blocking ERK activation with PD98059 abrogated BDNF protection (Fig. 2A).
These data provided strong support for the involvement of ERK in protection by BDNF. On
the other hand, we also found that BDNF prevented PCP-induced inhibition of the PI-3K/Akt
pathways (Fig. 3B). In support of the involvement of this pathway, inhibitors of either PI-3K
or Akt largely attenuated BDNF protection (Fig. 2A and 2B). Interestingly, we previously
demonstrated that the protection by lithium against PCP-induced apoptosis also requires
activation of both the ERK and PI-3K/Akt pathways (Xia et al., 2008). Considering that PCP
treatment inhibits both ERK and PI-3K pathways, and these two pathways are simultaneously
involved in the pro-survival effects of NMDAR activation (Almeida et al., 2005), we postulate
that activation of both pathways is essential and necessary to rescue cell death in developing
brains caused by NMDAR blockade.

A major goal of this study was to elucidate the relationship between the PI-3K/Akt and ERK
pathways involved in BDNF protection. As shown in Fig. 3, chemical inhibition of PI-3K
activation with LY294002 specifically decreased phosphorylation of Akt, while it had no effect
on the phosphorylation of ERK. On the other hand, inhibition of ERK with PD98059 inhibited
ERK phosphorylation, but had no effect on Akt phosphorylation. These data indicate that
though both the ERK and PI-3K/Akt pathways are involved, they are activated by BDNF
independently. This result is contradictory to the finding in hippocampal neurons that there is
a crosstalk between the two pathways activated by BDNF to prevent glutamate-induced cell
death (Almeida et al., 2005). In that study, the PI-3K inhibitor LY294002 blocked BDNF-
induced ERK activation. There is a previous report showing that protection of BDNF against
hypoxic toxicity in cortical neurons also involves both PI-3K and MAPK pathways, but in that
study, no interaction between the two pathways was found (Sun et al., 2008). That is, LY294002
did not affect BDNF-induced ERK phosphorylation and the ERK inhibitor U0126 did not affect
BDNF-induced Akt phosphorylation. It is possible that cell type and the specific nature of the
insult determine not only the involvement of the diverse signaling pathways, but also their
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relationship to BDNF. In our cortical slice model, the ERK and PI-3K/Akt pathways are
independently activated by BDNF.

This independent activation and simultaneous contribution of the PI3-K/Akt and ERK
pathways to the protection afforded by BDNF against PCP-evoked apoptosis may be due to a
common mechanism that is downstream of the two pathways. Indeed, we previously observed
that GSK-3β inhibitor AR-A0144418 prevented PCP-induced cell death without altering the
inhibitory effect of PCP on ERK and Akt activity and therefore have proposed that GSK-3β is
the most likely candidate of the common mechanism (Xia et al., 2008). GSK-3β has been
demonstrated to be important for neuronal apoptosis and to be crucial for PI-3K-mediated
neuronal survival (Hetman et al., 2000) and in this study, we observed that LY294002
prevented BDNF-evoked GSK-3β phosphorylation at serine 9, while PD98059 did not.
Importantly, however, concurrent exposure to PD98059 and LY294002 caused significantly
greater inhibition of BDNF-evoked phosphorylation of GSK-3β at serine 9 than did LY294002
alone. These data imply that the ERK pathway may act as a regulator for PI-3K/Akt inhibition
of GSK-3β activity and provides support for our hypothesis that GSK-3β is the key downstream
target that mediates the anti-apoptotic effects of activating the PI-3K/Akt and ERK pathways.
The mechanism by which ERK regulates the activity of GSK-3β in our model is unclear. It has
been reported that ERK activation protects cortical neurons from GSK-3β activation-induced
apoptosis through an unknown mechanism that is independent of serine 9 phosphorylation
(Habas et al., 2006; Hetman et al., 2002). Recently, in the HepG2 cell line, it was reported that
ERK phosphorylates GSK-3β at the threonine 43 residue, which in turn facilitated its
consequent phosphorylation by other kinases at serine 9 (Ding et al., 2005). Although we did
not determine the possible site on which ERK might phosphorylate GSK-3β, it is quite possible
that in this model, ERK might regulate GSK-3β activity by phosphorylating other GSK-3β
residues that would facilitate its phosphorylation at serine 9 by PI-3K/Akt.

CREB has been shown to be the key mediator for BDNF-mediated cell survival (Finkbeiner,
2000; Finkbeiner et al., 1997). Muting the transcriptional activity of CREB impaired BDNF
protection (Bonni et al., 1999; Lee et al., 2009). CREB is phosphorylated at serine 133 and
therefore activated by various kinases, including ERK, Akt and GSK-3β (Bonni et al., 1999;
Du and Montminy, 1998; Salas et al., 2003). In accordance with reports from other groups
(Hansen et al., 2004), we found that blocking the NMDAR with PCP during brain development
decreased CREB-ser-133 phosphorylation time-dependently. We also observed that BDNF
pretreatment restored CREB ser-133 phosphorylation back to its normal level. The GSK-3β
inhibitor, AR-A014418, mimicked BDNF in that it prevented PCP-induced CREB
dephosphorylation. Considering that BDNF inhibited PCP-induced GSK-3β activation (Fig.
3), we postulate that BDNF may increase CREB activity by inhibiting GSK-3β activity.

Taken together, this study demonstrated that BDNF prevents PCP-induced neuronal apoptosis
in developing brain by activating the PI-3K/Akt and ERK pathways in parallel. In turn, the
PI-3K/Akt and ERK pathways may act cooperatively to suppress GSK-3β activity. It is
proposed that suppression of GSK-3β activity by BDNF may underlie BDNF-induced CREB
phosphorylation and protection against PCP-induced apoptosis.
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Figure 1.
TrkB receptor activation is required for BDNF protection against PCP-induced cell death. A:
BDNF prevented PCP-induced aspase-3 activation in a concentration-dependent manner; B:
Representative TUNEL staining showing that BDNF dose-dependently prevented PCP-
induced apoptosis in the superficial layers of the cortex. C: The TrkB inhibitor, K252a,
abolished the protective effect of BDNF. K252a (500 nM) was added to the medium 1 h before
BDNF and PCP (3 μM) was added 1 h after BDNF. Slices were collected 12 h after the addition
of PCP. N=5–6 for all experiments. *: p< 0.05, vs Con (no treatment); # p<0.05 vs PCP; ^:
p<0.05, vs PCP+BDNF (one-way ANOVA).
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Figure 2.
BDNF protection against PCP-induced neurotoxicity is mediated by activation of PI-3K/Akt
and ERK pathways. Inhibition of activation of PI-3K by LY294002 (30 μM) (A), Akt by TCN
(10 μM) (B), or ERK by PD98059 (30 μM) (C) each attenuated BDNF protection against PCP
neurotoxicity. Each inhibitor was added 1 h before BDNF (50 ng/ml). PCP (3 μM) was added
1 h after BDNF. Slices were collected 12 h after PCP treatment. N=6. *: p< 0.05, vs control
(no treatment); # p<0.05 vs PCP; ^: p<0.05, vs PCP+BDNF; &: p<0.05, vs kinase inhibitors
alone (one-way ANOVA).
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Fig 3.
Relationships between the PI-3K/Akt and ERK pathways that are activated by BDNF. The
ERK inhibitor, PD98059 (30 μM), or the PI-3K inhibitor, LY294002 (30 μM), or both, were
added 1 h before BDNF (50 ng/ml) treatment. PCP (3 μM) was added 1 h after BDNF. Slices
were collected 8 h after PCP for western blot analysis of protein expression and
phosphorylation of ERK1/2, Akt, and GSK-3β. The phospho-proteins and their non-phospho-
counterparts were probed on different membranes and the expression level of all target proteins
was normalized to the corresponding actin density probed on the same membrane. N=6. *: p<
0.05, vs control (no treatment); # p<0.05 vs PCP; ^: p<0.05, vs PCP+BDNF; &: p<0.05, vs
PCP+ BDNF+ LY294002 (one-way ANOVA).
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Fig 4.
The GSK-3 inhibitor AR-A014418 mimicked the stimulatory effect of BDNF on PCP-induced
CREB dephosphorylation/inactivation. BDNF (50 ng/ml) or AR-A014418 (AR-A, 10 μM) was
added 1 h before PCP (3 μM). Slices were collected 8 h after PCP treatment for western blot
analysis of phospho-CREB and CREB. Phospho-CREB and CREB were probed on different
membranes and normalized to the corresponding actin probed on the same membrane. N= 3–
6*: p< 0.05, vs control (0 h, no treatment); # p<0.05 vs PCP (one-way ANOVA).
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