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Abstract
Intracellular signaling pathways that regulate the production of lethal proteins in central neurons
are not fully characterized. Previously, we reported induction of a novel neuronal protein neuronal
pentraxin 1 (NP1) in neonatal brain injury following hypoxia-ischemia (HI); however, how NP1 is
induced in hypoxic-ischemic neuronal death remains elusive. Here, we have elucidated the
intracellular signaling regulation of NP1 induction in neuronal death. Primary cortical neurons
showed a hypoxic-ischemia time-dependent increase in cell death and that NP1 induction preceded
the actual neuronal death. NP1 gene silencing by NP1-specific siRNA significantly reduced
neuronal death. The specificity of NP1 induction in neuronal death was further confirmed by using
NP1 (−/−) null primary cortical neurons. Declines in phospho-Akt (i.e. deactivation) were
observed concurrent with decreased phosphorylation of its downstream substrate GSK-3α/β (at
Ser21/Ser9)(i.e. activation) and increased GSK-3α and GSK-3β kinase activities, which occurred
prior to NP1 induction. Expression of a dominant-negative inhibitor of Akt (Akt-kd) blocked
phosphorylation of GSK-3α/β and subsequently enhanced NP1 induction. Whereas,
overexpression of constitutively activated Akt (Akt-myr) or wild-type Akt (wtAkt) increased
GSK-α/β phosphorylation and attenuated NP1 induction. Transfection of neurons with GSK-3α
siRNA completely blocked NP1 induction and cell death. Similarly, overexpression of the
GSK-3β inhibitor Frat1 or the kinase mutant GSK-3βKM, but not the wild-type GSK-3βWT,
blocked NP1 induction and rescued neurons from death. Our findings clearly implicate both
GSK-3α and GSK-3β dependent mechanism of NP1 induction and point to a novel mechanism in
the regulation of hypoxic-ischemic neuronal death.
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Introduction
Cerebral hypoxic-ischemia during the pre/perinatal period is the single most important cause
of acute mortality, chronic neurological disabilities and intellectual impairment in the
surviving infants and children [1–5]. The mechanism(s) involved in the pathogenesis of
hypoxic-ischemic brain injury remain inadequately understood, precluding the development
of effective therapies. Several studies have emphasized that cell death mechanism requires
de novo synthesis of both RNA and lethal proteins [6,7], and that intracellular signaling
pathways andtranscription factors are ideally placed to mediate protein synthesis-dependent
processes [8]. However, the cellular signaling pathways that regulate the production of lethal
proteins in degenerating neurons are not completely understood. Previously, we reported the
induction of a novel neuronal protein neuronal pentraxin 1 (NP1) in central neurons in
hypoxic-ischemic brain injury [9]. This indicates that the cellular mechanism(s) that induce
NP1 might play an important role in neuronal cell death. However, the mechanism of
cellular regulation of NP1 expression is still remains unknown.

NP1 is exclusively express in central neurons [10–13]. Members of this family include
neuronal activity regulated pentraxin (Narp) (also called NP2) and neuronal pentraxin
receptor (NPR). NP1and Narp are 54% identical [12], and share similar structural features
including a ~200 amino acid unique N-terminal coiled-coil domain that is likely to mediate
self aggregation and a single C-terminal pentraxin domain required for axonal transport and
secretion [10,13–15]. The long pentraxins have several characteristics that might play a role
in promoting excitatory synapse formation and remodeling [10,16,17]. We propose, based
on our previous findings [9], that NP1 is part of the molecular cascade of neuronal death
program participating in hypoxic-ischemic neuronal death.

The glycogen synthase kinase-3 (GSK-3), a serine/threonine protein kinase, has been
implicated as an important factor contributing to neuronal cell death induced by ischemia
[18,19] and excitotoxicity [20,21]. GSK-3 exists as two structurally different isoforms α (51
kDa) and β (47kDa) [22], which is a dual specificity kinase that can be both activated or
inhibited [23,24]. GSK-3α/β in its unphosphorylated form is active and promotes neuronal
death, whereas, phosphorylation at serine21 of the α- and serine9 of β-subunit by protein
kinse B (Akt/PKB) or by cAMP-dependent protein kinase A (PKA) renders the GSK-3α/β
inactive [25–29]. Since, both PI3-K/Akt and PKA signaling pathways are neuroprotective
and negatively regulate GSK-3 activity, GSK-3 may be an important downstream
proapoptotic target involves in NP1 induction that contributes to neuronal death. However,
the majority of previous studies have implicated GSK-3β function only in cell death [26–
29]. Enguita et al (2005) have reported that K+ deprived apoptotic cell death is linked to
GSK-3β activity and NP1 overexpression [30]. However, the specific involvement of
GSK-3α and/or GSK-3β function, and their relative role in NP1 expression underlying the
hypoxia-ischemia elicited cell death remain unclear. In the present study, we have elucidated
the intracellular signaling regulation of NP1 expression in cultured primary cortical neurons
following hypoxia under glucose deprived conditions and directly demonstrated the link
between NP1 induction and neuronal death in using NP1−/− vs. wildtype mouse cortical
neurons. We particularly focused on the role of GSK-3α and/or GSK-3β isoform-specific
signaling pathway to search for the differential roles for both isoforms, known to be
associated with proapoptotic cell death mechanisms [18,19,31], in regulating NP1 induction
in neuronal death. Our findings identify both GSK-3α- and β-dependent cellular signaling
mechanisms of NP1 induction in neuronal death and point to a novel regulatory mechanism
by which neuronal death can be prevented.
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Materials and methods
Embryonic cortical neuronal culture

Primary cortical neuronal cultures were prepared from embryonic day 16 (E16) F344 rats
(National Cancer Institute, MD) as described previously [9]. NP1-knockout mice are
provided by Dr. Paul Worley, Dept. of Neuroscience, School of medicine, JHU. Primary
cortical neurons were grown in a culture medium consisting of Neurobasal™ medium
(Invitrogen), 2% B27 supplement (Invitrogen), 2-mM L-glutamine, and 1% penicillin-
streptomycin as described [9]. At 3 day in vitro (DIV), one-third of the media were replaced
with fresh medium (without L-glutamine) containing cytosine arabinofuranoside (AraC, 5
μM; Sigma) to arrest the growth of non-neuronal cells. Experiments were conducted at DIV
8–10, when cultures consisted primarily of neurons (>95% MAP-2 immunoreactive cells)
(MAP-2; Chemicon, Temecula, CA).

Induction of hypoxia-ischemia, modeled in vitro, in cultured primary cortical neurons
To induce hypoxic-ischemic conditions, cultured cells at DIV 8 were placed in a glucose-
free medium (Neurobasal™ without glucose; Invitrogen) for at least 1–2 h and exposed to
humidified 95% N2/5% CO2 using anaerobic modular incubator chambers (Billups-
Rothenberg, Del Mar, CA) as described previously [32]. This medium contains B27
supplement minus anti- oxidant (Invitrogen), which otherwise may interfere with oxidative
stress, toxicity, apoptosis and free-radical damage to neurons. After indicated period of
hypoxia, cells were washed with ice-cold PBS and harvested to examine various
biochemical end points.

Assessment of cell viability/toxicity—Immediately after the indicated periods of
exposure, cell viability and cell death were determined by independent and complementary
methods as described previously [9,33].

MTT assay: Mitochondrial dehydrogenase activity cleaves 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma) and is a biochemical index for cellular
viability. A quantitative colorimetric assay of MTT [21] used to determine cell survival as
described previously [9,34]. The results were expressed as a percentage of control culture
viability.

LDH assay: Lactate dehydrogenase (LDH) activity released in the media after hypoxic
exposure was measured using the CytoTox96 Non-radioactive Cytotoxicity Assay kit
(Promega, Madison, WI) as described previously [9,33]. Percent cell death was determined
using the formula: % cytotoxicity = hypoxic LDH release (OD490)/maximum LDH release
(OD490) after correcting for baseline absorbance of LDH release at 490 nm.

TUNEL staining: The DeadEnd Fluorometric TUNEL System (Promega) was used to
detect cell death in cultured cerebellar granule neurons exposed to hypoxia (10–12 h) as
described previously [35]. Fluorescein fluorescence was visualized in a fluorescence
microscope (Carl Zeiss Axioplan 1) with an excitation at 485 nm and an emission at 535 nm.
DAPI fluorescence (blue) was visualized with an excitation and emission filters at 365 nm
and 450 nm, respectively.

Comet assay—Comet assays were conducted to assess DNA damage in cortical neurons
exposed to hypoxic-ischemic conditions. DNA fragmentation was monitored by monitoring
DNA integrity with SYBR green staining using a CometAssay Kit for single cell gel
electrophoresis (Trevigen, Inc., Gaithresburg, MD USA; Catalog # 4250-050-K) according
to manufacturers’ instructions as described by Wang et al (2004) [36]. Briefly, control and
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hypoxia-exposed neurons were washed with ice-cold PBS and harvested by centrifugation at
720 × g for 10 min. After re-suspending at 1 × 105 cells/ml in ice cold PBS (Ca2+ and Mg2+-
free), the cells were combined with 1% low melting point agarose in PBS (37°C) in a ratio
of 1:10 (v/v) and immediately pipetted 75 μl onto the CometSlide. The samples were then
placed flat at 4°C in the dark for 30 min to enhance the attachment. After being lysed in a
lysis buffer, samples were washed with 1 × TBS and then transferred and electrophoresed
for 15 min in a horizontal electrophoresis apparatus. The samples were fixed in ethanol and
stained with SYBR Green. Comet slides were visualized under fluorescence microscope at
excitation/emission of 494/521 nm, respectively. Cells with intact DNA has compact
circular staining, whereas cell with damage DNA have bright tails that resembles comets.
We observed that a significant portion of cells exhibited DNA damage after 6–8 h of
exposure.

Immunofluorescence analysis
For immunofluorescence analysis, cells were incubated with mouse anti-rat monoclonal NP1
antibody (1:250, Transduction Laboratories, Tamecula, CA), washed 3 × with PBS and
incubated with FITC-conjugated goat anti-mouse secondary antibody (1:500) (Jackson
Immunochemicals, West Grove, PA) and 4,6-diamino-2-phenylindole (DAPI; that stains
nuclei) for 1 h at RT as described previously [9]. For negative controls appropriate non-
immune IgG was used instead of primary antibody. Immunofluorescence was visualized
using a fluorescence microscope (Carl Zeiss Axiplan 1 fitted with Axiovision 3.0 software)
as described [9,33].

Transient transfection of primary cortical neurons
Primary cortical neurons were isolated from E16 embryonic rat brain cerebral cortex and
transfected by nucleofection system using Rat Neuron Nucleofector kit (Amaxa, Inc., Cat
No. VPG-1003) as described previously [33]. Primary neuronal cells in a suspension
containing 12 × 106 cells were mixed with 1–2 μg of either control CMV or with a kinase-
inactive dominant-negative form of Akt (Akt-kd), wild-type Akt (wtAkt), constitutively
active Akt (Akt-myr) (kindly provided by Dr. M.E. Greenberg, Harvard Medical School,
Boston, MA) [37]. All forms of Akt were tagged with a hemagglutinin A (HA) epitope. For
inhibition of GSK-3β experiments, cells were nucleofected with either control CMV6 vector
DNA (2 μg) or with Frat1, GSK-3β WT (wild type) or GSK-3β KM (kinase mutant) vector
DNA (kindly provided by Dr. Robert Freeman, University of Rochester School of Medicine,
Rochester, NY) [27]. Following nucleofection, cells were seeded at a density of 2.5 × 105

cells per cm2 area. We have achieved >65% transfection efficiencies in primary cortical
cultures as determined by GFP expression [33].

Short interference RNA directed against NP1 mRNA
We generated siRNA constructs directed against rat NP1 target sequences corresponding to
nucleotides of 460-478 (5′-AATTCTTCCAGCCAAACCAAC-3′) (construct #3) and
nucleotides 574–592 (5-AAGAACGACACAGAGGAAAGG-3′) (construct #5) of NP1
mRNA and the corresponding control scramble siRNA (SsiRNA) using Silencer™ siRNA
construction kit (Cat # 1620) (Ambion, Inc. Austin, TX). The ODN sequences exhibited no
similarity to any other known mammalian genes as determined by BLAST.

Commercially available control scramble siRNA and GSK-3α-specific siRNA (Cell
Signaling Technology, Baverly, MA Cat #6312) were transfected (~100 nM) into cells using
LipofectAMINE RNAiMAx (Invitrogen) as described previously [33]. Experimental
treatments were initiated ~ 48 h after transfection. Using siRNA specific for NP1 and
GSK-3 α, we have achieved >90%reduction in NP1 and GSK -3α protein levels compared to
control siRNA.

Russell et al. Page 4

Cell Signal. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Generation of lentivirus constructs for in vitrotransduction
Lentivirus production and infection were performed following procedures described by
Janas et al (2006) [38] using a ViraPower Lentiviral expression system (Invitrogen)
according to manufacturer s instruction. In briefly, the pLenti6V5-NP1 was generated by co-
transfection with four plasmids including Rev gene (Rev), vesicular stomatitis virus G-
protein (VSV-G) and self-inactivating (SIN) plasmids into HEK293FT cells by
Lipofectamine LTX Reagent, and removed the medium 6h-post-transfection. The
conditioned media were harvested 72h-post-transfection, then filtered at a 0.45 μm pore size,
and ultra-centrifuged at 120,000 × g at 4°C for 3 hrs. The pellet was re-suspended in 100 μl
of PBS. Mouse primary cortical neurons were cultured for 7 days followed by infection with
lentiviral vector at 2 MOI. The medium was replaced with conditioned medium 8h-post-
infection, and the cells (NP1-V5) were assayed 72h-post-infection.

SDS-PAGE and Western blot analyses
SDS-PAGE and immunoblottings were performed according to the method of Laemmli [39]
as described previously [34]. Total cellular proteins (20 μg) were electrophoretically
resolved on a 4–20% gradient PAGEr Gold Tris-Glycine precast gel (Cambrex Bio Science,
Rockland, ME) at 130 V for 1 h, and immunoblotted with specific antibody to NP1 (BD
Transduction Laboratories), Akt and phospho-Akt (Ser 473) (Cell Signaling; Cat #9272 and
at #9271, respectively) or total and phospho-GSK-3α/β (Cell Signaling, Cat #9331and
#93932). Blots were washed and incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Jackson Immonoresearch Laboratories) at 1:1,000 dilutions for 1 h at
RT. Specific bands were visualized by enhanced chemiluminescence using an ECL western
blotting detection kit (Amersham-Pharmacia). Digitized images were quantified by
densitometry (Molecular Dynamics).

GSK -3α and GSK-3β kinase activity assay
The GSK-3α and GSK-3β activity was measured by using the PKLight® HTS protein kinase
assay kit according to the manufacturer’ s instructions (Cambrex Bio Science Rockland,
Rockland, ME; Cat No. LT07-500). PKLight® assay exploits kinases’ intrinsic ATPase
activity resulting in the cleavage of the γ-phosphate from ATP and requires a relatively pure
kinase. For this assay we employed the immunoprecipitation technique to completely
immunoprecipitate GSK-3α or GSK-3β from whole cell extracts. Briefly, cells were lysed in
immunoprecipitation lysis buffer (20 mM Tris-Hcl, pH 7.4, 0.1% Triton X-100, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA) containing phosphatase inhibitors (1 mM Sodium
vanadate, 2 mM sodium pyrophosphate and 1 mM sodium β-glycerophosphate) and 1 ×
Protease inhibitor cocktail (Calbiochem, La Jolla, CA) as described previously [9]. Protein
concentrations was determined using the Bradford protein assay reagent according to the
manufacturer’s instructions. One hundred micrograms of total proteins were incubated with
either 1 μg of GSK-3α (Cell Signaling) or GSK-3β (BD Biosciences) specific primary
antibody at 4°C. After 2 h, 30 μl of Protein A/G agarose conjugated beads (Santa Cruz) was
added to each sample in a volume of 500 μl and then incubated overnight with constant
shaking at 4°C. Negative controls were performed under identical conditions by incubating
with equal amount of non-immune IgG instead of primary antibody. Immunoprecipitates
were collected by centrifugation (1,000 × g for 5 min), and washed twice with lysis buffer.
Kinase activity was assayed by adding 40 μl of kinase assay buffer (25 mM sodium
glycerophosphate, 20 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 5 mM dithiotheritol) containing
100 μM GSK-3 peptide substrate (Biomol, Cat No. P-151), 1–3 μM ATP to each sample and
was incubated at 30°C for 30 min. The GSK-3 inhibitor LiCl (20 mM) was added in vitro to
a set of samples to confirm that phosphorylation was mediated by GSK-3α or GSK-3β
isoforms. Ten microliters of kinase stop solution (PKLight kit) was added to each sample
and incubated for 10 min at RT to stop further kinase activity. Twenty microliters of
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reconstituted ATP-DR (detection reagent) from the assay kit were added to each samples
and further incubated at RT for 10 min to measure remaining ATP present after kinase
activity. Control for ATP was prepared by excluding the immunoprecipitated protein from
the reaction mixtures. The bioluminescent signal is inversely proportional to the kinase
activity. Luminescence was measured as relative light units (RLU) and results were
expressed as a percentage of controls.

Statistical analysis—We used analysis of variance StatView 5.0 software program (SAS
Institute, Inc. Cary, NC, USA) for statistical comparisons involving multiple groups,
followed by Bonferroni/Dunn post-hoc test to determine significance (p<0.05).

Results
Induction of NP1 andhypoxic-ischemic neuronal death in primary cortical neurons

Primary neuronal cultures provide an excellent model for investigating the molecular and
intracellular signaling events that regulate cell death and survival [6,37]. We used an
established model of primary cortical cultures to study cellular mechanisms of neurotoxicity
triggered following hypoxic-ischemic exposure (Fig. 1) [9]. Cortical neurons cultured for 8
days in vitro (DIV 8) were placed in glucose-free neurobasal medium containing B27 minus
antioxidant for at least 1–2 h before exposure to hypoxia (0–10 h). Light microscopic
analysis showed characteristic morphological changes of dying cells at 8–10 h of exposure;
which were round, smaller and translucent with disintegration of processes and cell bodies
compared to control normoxic neurons (Fig. 1A). Control cells were healthy and retained
normal morphology, as indicated by larger size, phase brightness and intact processes. To
explore the potential mechanism by which neuronal death occurred, we monitored DNA
damage as a measure of cell death after hypoxic-ischemic exposure. DNA fragmentation
was monitored by comet assay using CometAssay Kit for single cell gel electrophoresis
(Trevigen, Inc.,) (Fig. 1B). Comet assay detects DNA fragmentation after electrophoresis of
cells, and monitoring DNA integrity by SYBR Green staining [36]. Cells with intact DNA
have compact circular staining, whereas cells with DNA damage have bright tail resemble
comets. By comet assay, hypoxic-ischemic exposure elicits DNA damage by 2–4 h of
exposure and continues to increase up to 8 h of exposure examined (Fig. 1B) indicating
DNA damage. Comet tails were almost absent over 10 h of exposure (not shown), consistent
with the death of cortical neurons.

Quantification of neuronal cell death under similar conditions by LDH release cytotoxicity
assay showed a hypoxic-ischemic time-dependent increase in cell death with ~40% (P<0.01)
cell death occurred at 8 h of exposure (Fig. 1C). To elucidate the relationship between
hypoxic-ischemic neuronal death and NP1 induction, we next examine NP1 protein levels
by Western blot analysis of total cellular extracts of cortical neurons under similar time
period of exposure (Fig. 1D). Densitometric quantification of NP1-specific protein band
with apparent molecular mass of ~ 47 kDa and normalization to actin (42 kDa) revealed a
temporal pattern of increase in NP1 induction with >2.0-fold induction observed at ~ 4 h of
exposure compared to the normoxic control (0 h) set at 100% (Fig. 1D). We found no
difference in NP1 protein levels under normoxic conditions and 0 h hypoxia time. These
results confirmed our detection of hypoxia time-dependent NP1 induction, and revealed that
NP1 induction occurred before neuronal death was observed, which is consistent with a role
for NP1 in the death cascade.

NP1 knockdown by NP1-siRNA prevents hypoxic-ischemic neuronal death
To elucidate if there is a direct link between NP1 induction and the neuronal death, we used
NP1-siRNA gene silencing strategy to knockdown NP1 protein. First, we determined NP1
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protein levels in cultured cortical neurons (at DIV 8) ~ 48 h after transfection with NP1-
siRNA constructs (Fig. 2). We found that NP1-siRNA almost completely knockdown NP1
protein levels compared to normal controls and cells transfected with control scramble
siRNA (SsiRNA) (Fig. 2A). The NP1-siRNA constructs (#3 and #5) effectively inhibited
NP1 protein levels and were used in subsequent experiments. Next, we asked if the NP1
induction was directly associated with neuronal death then knocking down of NP1 might
prevent hypoxic-ischemic neuronal death. Neuronal death was assessed independently by
LDH release cytotoxicity and TUNEL assays. Hypoxic-ischemic exposure (8 h) caused
>35% cell death (p<0.001 vs. normoxia controls) (Fig. 2B). Transfection of cells with NP1-
specific siRNA, but not the control scrambled SsiRNA, resulted in significant
neuroprotection (p<0.01) against cell death (Fig 2B). Quantification of TUNEL (+) cells
showed significant reduction (~2.5-fold, p<0.01) in the number of TUNEL (+) cells in NP1-
siRNA transfected neurons compared to that observed in control scramble siRNA
transfected cortical neurons (Fig. 2C). These results show that direct inhibition of NP1
induction by NP1 siRNA rescued cortical neurons from hypoxic death.

To further demonstrate the specificity of NP1 induction we used NP1 (−/−) null mouse
primary cortical neurons. We found that NP1 (−/−) null primary cortical neurons showed
significantly reduced LDH release cytotoxicity under identical conditions. Whereas,
reintroduction of NP1 into WT and NP1 (−/−) null cells by infecting with NP1 expressing
lentivirus (pLenti6v5-Nptx1) further enhanced the hypoxic-ischemic neuronal death (Fig. 3).

Akt deactivation increases GSK-3α/βkinase activity and induces NP1 expression
Activation of the PI3-K/Akt signaling pathway protects cells from pro-apoptotic stimuli
[19,24,27]. Previously we found dephosphorylation of Akt (e.g. deactivation) in NMDA-
elicited excitotoxicity as a causal mediator of cell death [40]. Here, we examined activation
of Akt, which was monitored by phospho-Akt levels, in primary cortical cultures (DIV 8)
exposed to hypoxic-ischemic conditions (Fig. 4). Western blot analysis of total cellular
extracts revealed a decline in phospho-Akt levels that was evident at 1 h, with negligible
levels of p-Akt was observed at 8 h of exposure (Fig. 4A). By contrast, total Akt protein
levels did not change. Results show a temporal pattern of Akt dephosphorylation under the
conditions we observed significant neuronal death, demonstrating a link between Akt
deactivation and hypoxic-ischemic neuronal death as we previously observed with NMDA-
elicited excitotoxicity [40].

The GSK-3α/β is a downstream substrate of activated Akt [25] which negatively regulates
the GSK-3 function by phosphorylation of GSK-3α (at Ser21) and 3β (at Ser9) to inactivate
GSK-3 [37,41]. Next, we examined the levels of phospho-GSK-3α/β protein relative to total
GSK-3α/β protein levels under identical experimental conditions (Fig. 4B). Western blot
analysis showed that levels of p-GSK-3α/β significantly declined within 1–2 h of hypoxic-
ischemic exposure with negligible p-GSK-3α/β levels observed at 4 h onset, suggesting
activation of GSK-3 α/β under such conditions (Fig. 4B). In contrast, total GSK-3 α/β levels
were unaffected.

Next, we examined if the decline in p-GSK-3 α/β levels (i.e. activation) altered NP1
induction by performing a similar time-course of hypoxic-ischemic exposure (0–8h) of
cortical cultures. Quantification of NP1-specific protein band by Western blot analysis
revealed significantly increased NP1 protein levels at 4h of exposure onset, which persisted
till 8 h examined (Fig. 4C). Most importantly, we observed that the increase in NP1
induction occurred (4 h) following significant decline in phosphorylation of GSK-3 at Ser21
(α subunit) and Ser9 (β subunit) occurred between 1–2 h of exposure, which is consistent
with a role for GSK-3 α/β in the regulation of NP1 induction.
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Upregulation of GSK-3 and GSK-3 activity in hypoxic-ischemic neurons
To directly demonstrate that decrease in phosphorylation of GSK-3 α/β (at Ser21 and Ser9)
was indeed led to increase in its kinase activity, we assayed GSK-3α and GSK-3β kinase
activity (Fig. 5) under identical conditions that exhibited dephosphorylation of GSK-3α/β
(Fig. 3). Kinase activity assay showed significantly increased (P<0.01) kinase activity of
both GSK-3α and GSK-3β at 2 h of exposure with ~ 40% increase in activity occurred at 6 h
compared to that of respective control (Fig. 5A and B). Kinase activity, however, decreased
significantly by 8 h of exposure. Results revealed that decrease in phosphorylation of
GSK-3α and GSK-3β directly correlated with their increased kinase activities observed
under hypoxic-ischemic condition.

Akt deactivation is required for GSK-3-dependent NP1 induction in hypoxic-ischemic
neuronal death

Next, we examined if there is any direct regulatory link among Akt dephosphorylation (i.e.
deactivation) and the declines in phosphorylation of the downstream target GSK-3 α/β (i.e.
activation) with NP1 induction by hypoxia (Fig. 6). Primary cortical neurons were
nucleofected with either control CMV6 plasmid DNA (2 μg) or vectors encoding the wild
type Akt (wtAkt), a kinase-inactive dominant-negative mutant form AktK179A (Akt-kd), or
constitutively activated Akt (Akt-myr) as described and GSK-3 α/β phosphorylation was
examined using phospho-specific GSK-3 α/β antibody. Quantification of p-GSK-3 α/β-
specific protein bands over total GSK-3 α/β revealed significant decrease in phosphorylation
at Ser21/9 sites of GSK-3 α/β (i.e. activation) in Akt dominant-negative inhibitor Akt-kd
transfected cells compared to the control CMV6 transfected cells (Fig. 6A). In contrast,
transfection with the Akt-myr and wtAkt further enhanced GSK-3 α/β phosphorylation at
Ser21/9 (i.e. inhibition). Subsets of parallel cultures similarly transfected as above and were
exposed to 6 h of hypoxia to determine NP1 induction (Fig. 6B). We found >2-fold increase
(p<0.01) in NP1 expression in hypoxic-ischemic CMV6 transfected cells compared to
control normoxia cells (Fig. 6B). Inhibition of Akt by Aktkd also resulted >2.5-fold
(p<0.001) increase in NP1 expression. In contrast, overexpression of the constitutively
active Akt-myr or the wild type wtAkt caused a marked decrease in NP1 expression as
evidenced by densitometric quantification of NP1 bands (normalized to actin) (Fig. 6B). To
further establish the involvement of GSK-3 in NP1 induction, we pretreated cells with the
pharmacological inhibitor ‘GSK-3 inhibitor IX’ {Bio; 2′Z,3′E)-6-Bromoindirubin-3′-
oxime}, a potent inhibitor of both GSK-3α and GSK-3β, 8–10 h. GSK-3 inhibitor IX
pretreatment significantly blocked NP1 induction in a concentration-dependent manner (Fig.
6C). Our results show that deactivation of Akt function increased GSK-3 α/β activity that
subsequently induced NP1 expression in hypoxic-ischemic neuronal death.

Inhibition of GSK-3α and GSK-3β function blocked NP1 expression and neuronal death
Above results suggest a mechanism in which NP1 induction in hypoxic-ischemic neuronal
death is regulated by GSK-3α and GSK-3β activity under the control of upstream Akt
signaling pathway. Selective inhibition of GSK-3 has been shown to protect primary
neurons against apoptotic stimuli [42]. We asked whether GSK-3α and/or GSK-3β were
contributing to NP1 induction. To delineate the specificity of GSK-3α and GSK-3β in NP1
induction, we applied a loss-of-function strategy to inhibit individual subunit by using
GSK-3α specific siRNA (Fig. 7), or a dominant negative inhibitor of GSK-3β Frat1 (Fig. 8).
Specificity of GSK-3α siRNA was examined by Western blot analyses of cellular extracts
from respective group. Immunofluorescence analysis shows intense NP1-specific
immunofluorescence in hypoxic-ischemic cortical neurons transfected with control scramble
siRNA (Fig. 7A). Whereas, cells transfected with the GSK-3α-siRNA showed almost
complete knockdown of NP1 proteins under both normoxia and hypoxia (6 h) as evident by
decreased intensity of NP1-specific immunofluorescence (Fig. 7A). Western blot analysis
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and quantification of NP1-specific protein band (~47 kDa molecular mass and normalized to
actin) confirmed significant inhibition of NP1 protein accumulation (Fig. 7B).

To further examine the specific involvement of GSK-3β relative to GSK-3α in NP1
induction, cells were transfected with Frat1, a protein that binds to GSK-3β and inhibits its
kinase activity and serves as a dominant negative inhibitor [27,43,44]. Both
immunofluorescence microscopy (Fig. 8A) and Western blot (Fig. 8B) analyses revealed
significant inhibition of NP1 expression following hypoxic-ischemic exposure (6 h)
compared to control normoxia (Fig. 8A and B). To test whether the inhibition of NP1
expression by Frat1 was dependent on GSK-3β kinase function, a subset of sister cultures
were transfected with a kinase-deficient GSK-3β mutant (GSK-3 KM) or wild-type GSK-3β
(WT) and exposed to hypoxia as indicated. Results showed that the kinase mutant GSK-3β
KM partially blocked NP1 induction, whereas, overexpression of WT GSK-3β further
enhanced NP1 expression (Fig. 8A and B). GSK-3β function, therefore, appears to be
contributing to NP1 induction. Together these results clearly demonstrate specific
requirements of both GSK-3α and GSK-3β signaling contributing to NP1 induction in
hypoxic-ischemic neurons.

We next examined whether the GSK-3α/β-dependent NP1 induction could contribute to
hypoxic-ischemic neuronal death. Neuronal death was assessed independently by
complementary LDH release cytotoxicity and MTT reduction cell viability assays. Cultured
cortical neurons were transfected with either control scramble siRNA, or GSK-3α-specific
siRNA as above (Fig. 7C). Similarly, a subset of culture cells was also nucleofected with
either control CMV6 vector DNA (2 μg) or Frat1, wildtype GSK-3β vector DNA (Fig 8C).
Transfection with GSK-3α-siRNA that knocked down NP1 expression rescued cortical
neurons from hypoxic-ischemic neuronal death as evidenced by decreased LDH release and
enhanced cell viability compared to control scramble siRNA-transfected cells (Fig. 7C).
Similar results were also observed in cells transfected with the GSK-3β inhibitor Frat1 (Fig.
8C). On the other hand, overexpression of WT GSK-3β resulted increased cell death under
conditions we observed higher magnitude of NP1 expression (Fig. 8A and B). Collectively
these results demonstrate a direct link between induction of NP1 expression and hypoxic-
ischemic neuronal death that occurred via both GSK-3α-and GSK-3β-dependent-signaling
mechanisms, and that inhibition of NP1 induction rescues cortical neurons from neuronal
death.

Discussion
This study identifies the cellular signaling pathways involved in the regulation of a novel
neuronal protein NP1 expression, which we found are induced in hypoxic-ischemic neuronal
death [9]. The experiments presented here demonstrate that the GSK-3 α/β kinase signaling
pathways, which is implicated in the apoptotic cell death mechanism, regulate NP1
induction. Our results provide direct evidence for both GSK-3α -and GSK-3β-specific
activities as key regulators of NP1 induction participating in hypoxic-ischemic cell death
program. Particularly interesting are those molecular manipulations to selectively silencing/
inhibiting the GSK-3α and/or GSK-3β signaling significantly blocked NP1 induction, and
thus, rescuing primary cortical neurons from hypoxic-ischemic cell death. Our findings
provide a novel mechanism of regulating hypoxic-ischemic neuronal death in brain.

We observed a temporal pattern of NP1 induction in hypoxic-ischemic neuronal cells that
preceded the time course of neuronal death observed in our experimental model. In
demonstrating this we also found that NP1 gene silencing by NP1 target specific siRNA
prevented this hypoxic-ischemic neuronal death, which is in agreement with our previous
findings [9]. The link between NP1 induction and neuronal death was further validated in
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NP1−/− cortical neurons. Furthermore, comparing the time period of NP1 induction relative
to cell death, it appears that NP1 induction occurred before the actual appearance of
morphological signs and biochemical evidences for neuronal death. This is consistent with a
role for NP1 in the injury mechanisms. It is now widely accepted that the cell fate of mature
neurons depends on the balance between the survival and death signals. In this report, we
applied loss/gain-of-function strategies to examine the specific involvement of GSK-3α and
GSK-3β cellular signaling pathways known to be associated with the apoptotic death
mechanism [18–20,30]. In addition, we examined the upstream survival promoting
regulatory kinases Akt that suppresses neuronal death and negatively regulates the GSK-3 α/
β function. We asked if Akt signaling influences NP1 expression. Previously, we observed
activation of the Akt kinase involved in the neurotrophin FGF-1-elicited neuroprotection
against NMDA-mediated excitotoxicity [34]. On the other hand, we also found that
dephosphorylation of Akt (e.g. deactivation) is a causal mediator of NMDA-elicited
excitotoxicity [40], a process that contributes to cell loss in brain following HI, trauma,
stroke, epilepsy and in many neurodegenerative diseases [45,46]. Interestingly, the present
results show that the deactivation of Akt kinase signaling under hypoxic-ischemic conditions
significantly enhanced NP1 induction. Blockade of Akt kinase function by the dominant
negative inhibitor Akt-kd showed similar increase in NP1 induction. On the other hand,
overexpression of the wtAkt or the constitutively active Akt-myr in cortical neurons
significantly blocked NP1 induction in hypoxic-ischemic neurons. Our interpretation of
these results is that inhibition of the survival promoting pathways potentially shifts the cell
fate balance towards the prodeath signaling mechanism of GSK-3, which in turn triggers
NP1 induction and ultimately lead to the cell death.

To investigate the intracellular signaling mechanism(s) regulating the NP1 expression, we
next examined the role of the prodeath signaling kinase GSK-3. GSK-3 has been implicated
in apoptotic neuronal death induced by ischemia [18,19] and glutamate-induced
excitotoxicity [20,21]. Although, several studies have emphasized the role of GSK-3β
isoforms in the mechanism of apoptotic cell death [18–20,30], the efficacy of GSK-3α in the
neuronal cell death program triggered by hypoxia-ischemia is unclear. GSK-3 is a dual
specificity kinase that can be both activated or inhibited through phosphorylation and
dephosphorylation of its α and the β isoforms [25–29]. Enguita and co-workers (2005) have
shown a role for GSK-3β in NP1 overexpression in cerebellar granule neurons undergoing
apoptosis [30], but the relative role of the GSK-3α isoform of this prodeath signaling kinase
in their findings was not described. We found that Akt deactivation occurred in cortical
neurons following exposure to hypoxic-ischemic condition as evidenced by decreased levels
of phospho-Akt. Our findings suggest that Akt, under basal conditions, exerts a restraining
effect on cytotoxic process. Hypoxic-ischemic exposure of cortical neurons deactivated Akt,
terminating its protective effect. Moreover, this Akt deactivation is in agreement with Akt
deactivation we previously observed in multiple cell death models including NMDA
excitotoxicity [40]. Since, GSK-3 is a downstream substrate for activated Akt, it is likely
that deactivation of Akt leads to decrease in phosphorylation of GSK-3α and GSK-3β
isoforms resulting in disinhibition of kinase activity of both GSK-3α and GSK-3β isoforms.
The fact that this GSK-3 signaling pathway is activated in cortical neurons under our
experimental conditions is further supported by our findings of increased kinase activity of
both GSK-3α and GSK-3β isoforms with a time course that preceded that of NP1 induction.
Activation of GSK-3 has been proposed to regulate transcription of many genes through
directly phosphorylation or indirectly as a consequence of changes in GSK-3 activity, thus,
shifting the cell fate towards the prodeath pathway [47–49]. This is evident from our
findings that silencing GSK-3α and/or inhibiting GSK-3β signaling significantly inhibited
NP1 induction, resulting significant decreases in cell death.
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Conclusions
Together, our results demonstrate that hypoxic-ischemia, in vitro, in central neurons
deactivated the survival promoting Akt signaling pathway with concurrent activation of a
prodeath intracellular signaling mechanism underlying the dephosphorylation i.e. activation
of both GSK-3α and GSK-3β signaling pathways leads to neuronal death through induction
of a novel neuronal protein NP1 expression. Furthermore, this induction of NP1 precedes
cell death and is directly regulated by both GSK-3α and GSK-3β kinase activities and,
hence, the hypoxic-ischemic neuronal death. Our results present a novel mechanism of
neuronal death following hypoxic-ischemic insult, which triggers NP1 induction through the
regulation of the multifunctional GSK-3 α/β kinase, and suggest a preventive strategy
against hypoxic-ischemic neuronal death in brain.
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Fig. 1.
Hypoxic-ischemic exposure of primary cortical neurons resulted NP1 induction and
substantial neuronal death. A) Morphological evidence of injury and death in cortical
neurons after 10 h of hypoxic-ischemic exposure. Scale bar 20 μm. B) Hypoxic-ischemic
time- dependent DNA damage in primary cortical neurons. Representative images from the
comet assay are shown. ‘Tails’ can be observed at 2 h of exposure and continues to increase
upto 8 h due to the difference in mobility of denatured cleaved DNA fragments, indicating
DNA damage. C) Total cellular proteins (20 μg/lane) were analyzed by SDS-PAGE and
immunoblotted for NP1 protein. Chemiluminescent detection showed an intense NP1
immunoreactive protein band at ~47 kDa and bands were quantified by densitometry and
normalized to actin (mean ± SEM, n=4; *p<0.01). D) Quantification of cell death by LDH
release revealed cell death with ~30–40% cell death occurring at 6–8 h of exposure. Data is
expressed as percent LDH release from control normoxic cells (mean ± SEM, n=8; *p<0.05,
**p<0.01).
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Fig. 2.
Knockdown of NP1 by siRNA targeted against NP1 mRNA protected against hypoxic-
ischemic neuronal death. A) Western immunoblot analysis of total cellular extracts using
NP1 primary antibody (1:500) and densitometric quantification of NP1 bands revealed
complete abolishment of NP1 protein levels in cells transfected with NP1-siRNA. Mean
SEM (n=4; *p <0.01 vs. scrambled siRNA). Representative blots are shown. B) Magnitude
of cell death after 8 h of exposure was assessed by LDH release cytotoxicity. NP1-siRNA
significantly reduced cell toxicity compared to control scramble-transfected cells. Data
represents mean ± SEM (n=8; *p <0.01, vs. normoxia control; +p <0.01 vs. respective
hypoxia group. C) TUNEL-staining of cortical neurons transfected with either control
scramble or NP1-siRNA and exposed to hypoxic- ischemic condition (8 h). Quantification
of TUNEL (+) cells (green) over total cells (DAPI staining; blue) revealed 5-fold increased
TUNEL (+) cell in scramble siRNA transfected cells, which was significantly reduced in
cells transfected with NP1-siRNA. Representative TUNEL (+) cells are shown. Values
represent mean ± SEM (n=5) relative to controls (*p<0.01 vs. normoxia control; +p<0.01 vs.
scrambled siRNA group).
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Fig. 3.
NP1 (−/−) null primary cortical neurons are significantly protected against hypoxic-
ischemia induced neuronal death. Primary cortical neurons (WT and NP-KO cultures) were
exposed to OGD at DIV 10 for 4–6 h. LDH cytotoxicity assay showed significantly less cell
death in NP1 −/− cells vs. WT cells. Whereas, reintroduction of NP1 into NP1 −/− neurons
further enhanced LDH release. Data are expressed as percentage of control cells (normoxia
vs. OGD) mean ± SEM; n=8; *p<0.01 vs. WT. **p<0.001 and ***p<0.01 vs. parent WT
and NP1-KO, respectively.
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Fig. 4.
GSK-3 α/β dephosphorylation (i.e. activation) occurred concurrent with Akt kinase
deactivation following hypoxic-ischemic exposure and resulted induction of NP1 in
neuronal death. A) Total protein extracts from hypoxic-ischemic and control cortical
cultures were collected at indicated time points, resolved by SDS/PAGE and immunoblotted
with phospho (Ser473)-specific Akt and total Akt antibodies. Deactivation of Akt is indicated
by the decreased p-Akt/total Akt ratio. Data represent mean SEM (n=4–5; *p<0.001 vs.
control Akt activity. Western blot analyses were performed using antibodies specific for
phospho (Ser21/9)-specific GSK-3 α/β, total GSK-3/(B) and NP1 normalized to actin (C) as
described in the “Experimental Procedures”. Results show decreased p-GSK-3 α/β/total
GSK-3 α/β ratio (i.e. activation) followed by significant accumulation of NP1 protein levels
at 4 h onset. Data represent mean ± SEM (n=5; +P<0.05, ++p,<0.001 vs. control NP1;
*p<0.001 vs. control GSK-3 α/β. Controls are taken as 100%. Representative blots are
shown.
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Fig. 5.
Increase in GSK-3α and GSK-3β activities in hypoxic-ischemic cortical neurons. Total
cellular extracts were prepared from control and hypoxic-ischemic cells and
immunoprecipitated with GSK-3α - and GSK-3β-specific antibodies. GSK-3α - and GSK-3β
activity was assayed separately as described under the Experimental procedures”. Results
showed hypoxia time-dependent increase in kinase activity of both GSK- 3α and GSK-3β in
cortical neurons. Data are mean ± SEM (n=4; *p<0.01, **p<0.001 vs. control normoxia
group.
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Fig. 6.
Inhibition of Akt kinase is required for GSK-3 α/β activation and subsequent NP1 induction.
Primary cortical neuronal cultures were transfected with control CMV, Akt-myr, Akt-kd or
wtAkt plasmid DNA (2 μg) as described in the “Experimental Procedures”. Total cellular
extracts were prepared after hypoxia as indicated and analyzed by SDS/PAGE
electrophoresis. Western immunoblotting was performed (A) with total and phospho
(Ser21/9)-specific GSK- 3 α/β, and (B) with NP1 and actin antibodies. Densitometric
quantification show increased accumulation of NP1 levels and decreased ratio p-GSK-3 α/β/
total GSK-3 α/β following inhibition of Akt kinase by Akt-kd. Data represent mean ± SEM
(n=4; *p<0.01 vs. control CMV; +p<0.01 vs. CMV + Hypoxia; and **p <0.001 vs. Akt-myr
+ Hypoxia group. Controls are taken as 100%. C) Cells were pretreated with varying
concentrations (0–250nM) of GSK-3 inhibitor IX for 8–10 h. Total cellular extract were
analyzed by Western blot analyses. Data represent mean ± SEM (n=4; +P<0.05, ++p<0.001
vs. control). Representative blots are shown.
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Fig. 7.
Knockdown of GSK-3α by GSK-3α-specific siRNA blocked NP1 expression. Primary
cortical cultures at DIV 6 were transfected with either control scramble siRNA or GSK-3α-
siRNA and exposed to hypoxic-ischemic condition as described under “Experimental
procedures”. A) Immunofluorescence microscopy demonstrates almost complete inhibition
of NP1expression in cells transfected with GSK-3α-siRNA that completely knockdown
GSK-3α (not shown). IgG immunofluorescence (−ve control) show no evidence of NP1
protein. B) Western immunoblotting of total cellular proteins and densitometric
quantification (normalized to actin) show significant abolishment of NP1 protein
accumulation in GSK-3α-siRNA compared to that in control scramble siRNA transfected
cells. Data are mean ± SEM (n=4; *p<0.01 vs. control; +p<0.01 vs. Scramble siRNA +
Hypoxia) of control taken as 100%. Representative blots are shown. Neuronal death was
assessed independently by complementary LDH release cytotoxicity (C) and MTT reduction
cell viability assays (D). Inhibition of GSK-3α significantly reduced cell toxicity and
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increased cell viability (mean ± SEM, n=8; *p<0.01 vs. control normoxic cells, +p<0.01 vs.
hypoxia + control scramble siRNA transfected group).
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Fig. 8.
Inhibition of GSK-3β function inhibits induction of NP1 in hypoxic-ischemic cortical
neurons. Cortical neurons were transfected with control CMV, dominant-negative inhibitor
Frat 1,kinase mutant GSK-3β (GSK-3βKM) or WT-GSK-3β (GSK-3βWT) plasmid DNA (2
μg) as described under “Experimental procedures”. Fluorescence microscopy (A) and
Western immunoblotting with NP1 antibody showed effective inhibition of GSK-3β by
Frat1 that resulted significant decrease in NP1 accumulation. Whereas, overexpression of
the GSK-3βWT significantly enhanced NP1 expression. Data represent mean ± SEM (n=4;
*p<0.001 vs. control CMV6 and +p <0.001 vs. Frat1 + Hypoxia group. Representative blots
are shown. Neuronal death was assessed by LDH release cytotoxicity (C) and MTT
reduction cell viability assays (D). Inhibition of GSK-3β significantly reduced cell toxicity
and increased cell viability (mean ± SEM, n=8; *p<0.01 vs. control normoxic cells, +p<0.01
vs. hypoxia + control CMV6 transfected group).
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