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Protein S Protects Neurons from Excitotoxic Injury by
Activating the TAM Receptor Tyro3–Phosphatidylinositol
3-Kinase–Akt Pathway through Its Sex Hormone-Binding
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Zhihui Zhong,1* Yaoming Wang,1* Huang Guo,1* Abhay Sagare,1 José A. Fernández,3 Robert D. Bell,1
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The anticoagulant factor protein S (PS) protects neurons from hypoxic/ischemic injury. However, molecular mechanisms mediating PS
protection in injured neurons remain unknown. Here, we show mouse recombinant PS protects dose-dependently mouse cortical
neurons from excitotoxic NMDA-mediated neuritic bead formation and apoptosis by activating the phosphatidylinositol 3-kinase
(PI3K)–Akt pathway (EC50 � 26 � 4 nM). PS stimulated phosphorylation of Bad and Mdm2, two downstream targets of Akt, which in
neurons subjected to pathological overstimulation of NMDA receptors (NMDARs) increased the antiapoptotic Bcl-2 and Bcl-XL levels and
reduced the proapoptotic p53 and Bax levels. Adenoviral transduction with a kinase-deficient Akt mutant (Ad.AktK179A) resulted in loss
of PS-mediated neuronal protection, Akt activation, and Bad and Mdm2 phosphorylation. Using the TAM receptors tyrosine kinases
Tyro3-, Axl-, and Mer-deficient neurons, we showed that PS protected neurons lacking Axl and Mer, but not Tyro3, suggesting a require-
ment of Tyro3 for PS-mediated protection. Consistent with these results, PS dose-dependently phosphorylated Tyro3 on neurons (EC50 �
25 � 3 nM). In an in vivo model of NMDA-induced excitotoxic lesions in the striatum, PS dose-dependently reduced the lesion volume in
control mice (EC50 � 22 � 2 nM) and protected Axl�/� and Mer�/� transgenic mice, but not Tyro3 �/� transgenic mice. Using different
structural PS analogs, we demonstrated that the C terminus sex hormone-binding globulin-like (SHBG) domain of PS is critical for
neuronal protection in vitro and in vivo. Thus, our data show that PS protects neurons by activating the Tyro3–PI3K–Akt pathway via its
SHGB domain, suggesting potentially a novel neuroprotective approach for acute brain injury and chronic neurodegenerative disorders
associated with excessive activation of NMDARs.

Introduction
Protein S (PS) is a vitamin K-dependent anticoagulant plasma
glycoprotein (Dahlbäck, 2007). It has a modular structure
consisting of a �-carboxyglutamic acid (Gla)-rich domain, a
thrombin-sensitive region (TSR), four epidermal growth factor-
like (EGF) domains, and a sex hormone-binding globulin-like
region (SHBG) (Hafizi and Dahlbäck, 2006). Through its Gla
domain, PS enhances activated protein C (APC)-dependent

(Saller et al., 2005) and APC-independent (Dahlbäck, 2007) an-
ticoagulant activities and binds to negatively charged surfaces on
the plasma membranes of apoptotic cells, which promotes
phagocytosis by macrophages (Webb et al., 2002; Anderson et al.,
2003; Uehara and Shacter, 2008). In vascular cells, PS exerts a
potent mitogenic activity (Gasic et al., 1992; Benzakour et al.,
1995; Fernández et al., 2009).

The growth arrest-specific gene-6 (gas6) protein shares with
PS a unique arrangement of structural motifs and 43% amino
acid homology (Dahlbäck, 2007). Gas6 activates the tyrosine ki-
nase Tyro3 receptor in neurons (Prieto et al., 2007) and Axl re-
ceptor in oligodendroglia (Shankar et al., 2006) and vascular cells
(Dahlbäck, 2007), resulting in cytoprotection. Previous in vitro
studies have suggested that PS is a Tyro3 ligand (Stitt et al., 1995).
Recent studies have demonstrated that PS interacts with the Mer
receptor in the retina (Hall et al., 2005) and macrophages
(Uehara and Shacter, 2008) mediating phagocytosis of photore-
ceptors and apoptotic cells, respectively. Another study suggested
that PS is a biologically relevant ligand for both Mer and Tyro3
receptors in the retinal epithelium (Prasad et al., 2006).
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The Tyro3, Axl, and Mer (TAM) receptors are expressed in
mammalian reproductive, immune, vascular, and nervous sys-
tems (Lu et al., 1999; Prieto et al., 2000; Lu and Lemke, 2001;
Lemke and Lu, 2003; Lemke et al., 2008). Relatively little is known
about their role in brain except that Tyro3 single mutants develop
seizures later in life (Lu et al., 1999), whereas triple mutants dis-
play apoptosis of the nervous tissue (Lu and Lemke, 2001). PS is
expressed in brain (Jamison et al., 1995; Stitt et al., 1995) and in
neural tumor cells (Phillips et al., 1993), cultured Schwann cells,
and astrocytes (Stitt et al., 1995). Its expression in peripheral
nerves is upregulated in response to injury (Stitt et al., 1995). This
led to the hypothesis that PS provided neurotrophic support.
Indeed, systemically administered PS confers neuronal protec-
tion during ischemic brain injury in mice and protects neurons
from hypoxia/reoxygenation injury (Liu et al., 2003). Genetic
knock-out of PS in mice causes embryonic lethal coagulopathy,
thrombotic and ischemic injuries, intracerebral hemorrhages,
and necrosis of the nervous tissue (Burstyn-Cohen et al., 2009;
Saller et al., 2009). Brain damage in mice lacking PS could be
attributable to ischemic/thrombotic injuries, but it may suggest
that PS is needed during brain development for protection of the
nervous tissue and/or vascular tissue. Whether PS can protect
neurons from an acute injury and/or a neurodegenerative process
by activating the cell survival pathways via TAM receptors is not
known. To address this question, we studied PS activities using in
vitro and in vivo models of neuronal injury caused by overstimu-
lation of NMDA receptors (NMDARs) (Ayata et al., 1997; Du et
al., 1997; Budd et al., 2000; Tenneti and Lipton, 2000; Okamoto et
al., 2002; Guo et al., 2004, 2009a,b), and we identified PS domains
that are critical for its neuronal protective activity.

Materials and Methods
Reagents. Full-length properly �-carboxylated mouse recombinant PS was
prepared and characterized as we described previously (Fernández et al.,
2009). Human plasma-derived PS was purchased from Enzyme Research
Laboratories. 2-Morpholin-4-yl-8-phenylchromen-4-one (LY294002) and
1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene (U0126)
were purchased from Cell Signaling Technology. Pifithrin-� (PFT-�) and
caspase inhibitors, Ac-DEVD-CHO (caspase-3), z-IETD-fmk (caspase-8),
and z-LEHD (caspase-9), were purchased from Sigma-Aldrich.

Neuronal cultures. Primary mouse cortical cells were isolated from
mouse brain as described previously (Bonfoco et al., 1995; Guo et al.,
2004). Briefly, cerebral cortex was dissected from fetal mice at exactly
16 d of gestation, treated with trypsin for 10 min at 37°C, and dissociated
by trituration. Dissociated cell suspensions were plated at 5 � 10 5 cells
per well on 12-well tissue culture plates coated with poly-D-lysine, in
serum-free Neurobasal medium plus B27 supplement. As we reported,
astrocyte growth was suppressed between 0.3 and 1% (Guo et al., 2004,
2009a,b). Cultures were maintained in a humidified 5% CO2 incubator
at 37°C for 7 d in vitro (DIV7) or DIV21 to allow neurons to mature, as
reported previously (Zhong et al., 1994; Lesuisse and Martin, 2002a,b).

NMDA injury model. Neuronal cultures were treated for 10 min with
300 �M NMDA/5 �M glycine in Mg 2�-free HBSS or HBSS alone (con-
trols) followed by incubation with different concentrations of PS (i.e.,
from 5 to 100 nM) for up to 24 h in serum-free Neurobasal medium plus
B27 supplement. NMDA was purchased from Sigma-Aldrich.

Neuritic beading. Neuritic beading was assessed after incubation of
NMDA-treated neurons with or without PS with Cell Tracker Green
CMFDA (Invitrogen) for 30 min at 37°C. Cells were fixed with 4% para-
formaldehyde for 10 min followed by immunostaining with mouse
monoclonal anti-bovine Map2 antibody, which cross-reacts with mouse
Map2 (1:500; Millipore Bioscience Research Reagents). Alexa Fluor 568
donkey anti-mouse IgG (1:150; Invitrogen) was used as a secondary an-
tibody. Images were scanned using a Zeiss 510 meta confocal microscope
with a 488 nm argon laser to detect Cell Tracker Green and a 543 nm
HeNe laser to detect Alexa Fluor 568 for Map2.

Mitochondrial membrane potential. We used a MitoTracker Red
CMXROs (Invitrogen) to assess mitochondrial membrane potential.
Neurons were incubated with 20 nM MitoTracker for 30 min at 37°C.
Cells were fixed with 4% paraformaldehyde for 10 min. Images were
scanned using a Zeiss 510 meta confocal microscope with a 543 nm HeNe
laser. Fluorescent signal intensity was quantified with MetaMorph soft-
ware (Molecular Devices). Relative signal intensity was expressed as a
percentage of control.

Intracellular ATP. We used a luminometric assay (APOSENSER Cell
Viability Assay kit; BioVision) to assess intracellular ATP levels as de-
scribed previously (Takeuchi et al., 2005). Briefly, the NMDA-treated
neurons with or without PS were lysed and incubated with 100 �l of the
Nuclear Releasing Reagent at room temperature for 5 min. One micro-
liter of ATP Monitoring Enzyme was added to the cell lysate for 1 min,
and then the samples were read in a luminometer (PerkinElmer). ATP
concentration at each time point was calculated as a percentage of the
nontreated control.

Neuronal viability. Neuronal viability was detected by WST-8 assay
(Dojindo Molecular Technologies), which is a tetrazolium-based assay
measuring the activity of the dehydrogenases in cells. The amount of the
water-soluble formazan dye generated in the assay is directly propor-
tional to the number of living cells. The cell survival rate was expressed as
the viability percentage of the vehicle-treated cells.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling and Hoechst staining. Apoptosis was assessed by terminal
deoxynucleotidyl transferase-mediated biotinylated UTP nick end label-
ing (TUNEL) (DeadEnd Fluorometric TUNEL System; Promega) and
Hoechst (33,342; Invitrogen) staining using acetone-fixed cells. Images
were observed using a Zeiss 510 meta confocal microscope. The number
of apoptotic cells was expressed as the percentage of TUNEL-positive
cells of the total number of nuclei determined by Hoechst staining.

Caspase-9, caspase-8, and caspase-3 activities. The caspase-9, caspase-8,
and caspase-3 activities in neuronal cell lysates were determined using
caspase-9, caspase-8, and caspase-3 Colormetric Assay kits (BioVision).
Approximately 200 �g of protein was incubated with DEVD-pNA (for
caspase-3; 200 �M), IETD-pNA (for caspase-8; 200 �M) or LEHD-pNA
(for caspase-9; 200 �M), and 10 mM DTT at 37°C for 2 h. Substrate
hydrolysis was determined as absorbance change at 405 nm in a micro-
plate reader. Enzymatic activity was expressed in arbitrary units (OD) per
milligram of protein.

Immunoblotting analysis. Neuronal cells were lysed in Cell Lysis Buffer
(Cell Signaling Technology) with protease inhibitors. Nuclear proteins
were extracted using NE-PER nuclear extraction reagent (Pierce Biotech-
nology). Proteins (20 –50 �g) were analyzed by 4 –15% Tris-HCl gel and
transferred to nitrocellulose membranes (0.45 �m; Bio-Rad Laborato-
ries), which were then blocked by 5% nonfat milk or 5% bovine serum
albumin (BSA) in TBS for 1 h. The membranes were incubated overnight
with primary antibodies diluted in 5% nonfat milk or 5% BSA in TBS,
and then washed and incubated with a HRP-secondary antibody for 1 h.
Immunoreactivity was detected using the ECL detection system (GE
Healthcare). We used the following primary antibodies: rabbit poly-
clonal anti-human apoptosis-inducing factor (AIF) antibody, which
cross-reacts with mouse AIF (1:1000; Cell Signaling Technology); rabbit
polyclonal anti-mouse phospho-Akt (Ser473) antibody (1:1000; Cell Sig-
naling Technology); rabbit polyclonal anti-mouse Akt antibody (1:1000;
Cell Signaling Technology); rabbit polyclonal anti-mouse phospho-Bad
(Ser136) antibody (1:200; Cell Signaling Technology); rabbit polyclonal
anti-mouse Bad antibody (1:1000; Cell Signaling Technology); mouse
monoclonal anti-mouse Bcl-2 antibody (Santa Cruz Biotechnology); rabbit
polyclonal anti-mouse Bcl-XL antibody (Sigma-Aldrich); rabbit polyclonal
anti-human phospho-Mdm2 (Ser166) antibody, which cross-reacts with
mouse phospho-Mdm2 (Ser166) (1:1000; Cell Signaling Technology); rab-
bit polyclonal anti-human Mdm2 antibody, which cross-reacts with mouse
Mdm2 (1:500; Abcam); rabbit polyclonal anti-human p53 antibody, which
cross-reacts with mouse p53 (1:1000; Cell Signaling Technology); mouse
monoclonal anti-mouse Bax (1:100; Santa Cruz Biotechnology); goat poly-
clonal anti-human �-actin antibody, which cross-reacts with mouse �-actin
(1:1000; Santa Cruz Biotechnology); and sheep polyclonal anti-human his-
tone 1 antibody, which cross-reacts with mouse histone 1 (1:1000; United
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States Biological). The relative abundance of proteins was determined by
scanning densitometry and expressed relative to control groups that were
arbitrarily assigned as 1.

Intracellular Ca2� measurement. The intracellular calcium [Ca 2�]i

levels in mouse cortical neurons during NMDA stimulation were mea-
sured using a calcium-sensitive fluorescent dye fura-2 AM (Invitrogen)
using a similar method as we previously described in brain endothelial
cells (Dömötör et al., 2003). Briefly, neurons plated on poly-L-lysine-
coated coverslips were incubated with 2 �M fura-2 AM for 20 min in
Mg 2�-free HBSS at room temperature, and then rinsed and incubated
for 30 min at 37°C in Mg 2�-free HBSS. The coverslips were transferred
to a Warner RC-25F perfusion chamber fitted to a stage of an inverted
Nikon Eclipse Ti microscope and perfused with Mg 2�-free HBSS for 5
min. All reagents were infused via a multitube perfusion system. [Ca 2�]i

was measured by digital image fluorescence microscopy (objective, Fluor
40/1.3; Nikon) using Vision 4.0 software from TILL Photonics. Excita-
tion wavelengths were 340 and 380 nm generated by a polychromator
illumination system (TILL Photonics). Fluorescence emission was col-
lected at 510 nm. A fluorescence ratio image (340/380 nm) was acquired
every 2 s with a CCD camera (TILL Photonics) before, during, and after
HBSS infusion with vehicle, 100 nM PS, 300 �M NMDA, or 300 �M

NMDA with 100 nM PS. The images were analyzed with the NIH ImageJ
software integrated density measurement tool. Three to eight individual
cells in the image field were analyzed per coverslip and averaged. Six
coverslips were analyzed per group. Using the Fura-2 Calcium Imaging
Calibration kit (Invitrogen), a standard curve was generated to convert
the fura-2 fluorescence values obtained from experimental samples into
free Ca 2� concentrations using radiometric analysis according to the
manufacturer’s instructions using the following formula: [Ca 2�]i �
Kd � [(R � Rmin)/(Rmax � R)] � (F 380

max/F 380
min), where R is the ratio

of 510 nm emission intensity at 340 –380 nm excitation; Rmin is the ratio
at zero free Ca 2�; Rmax is the ratio at saturating Ca 2� (39 �M); F 380

max is
the fluorescent intensity using 380 nm excitation at zero free Ca 2�; and
F 380

min is the fluorescent intensity using 380 nm excitation at saturating
free Ca 2�. Kd was calculated from the x-intercept of the plot of [Ca 2�]
free on the x-axis versus [(R � Rmin)/(Rmax � R)] � (F 380

max/F 380
min)

on y-axis acquired from the calibration kit. The free Ca 2� for experimen-
tal samples was then calculated from the corresponding R values. Cali-
brated data were pooled and plotted as means � SEM.

Glutamate release. Glutamate release from cultured cortical neurons
was measured using an Amplex Red glutamic acid/glutamate oxidate
assay kit (Invitrogen) (Nakatsu et al., 2006; Kajimoto et al., 2007).
Cortical neurons were maintained for 7 d in vitro and treated with
NMDA with or without PS. The medium was collected and analyzed
for glutamate content according to the manufacturer’s instructions.
The resulting increase in fluorescence was measured at an excitation
of 540 nm and emission of 590 nm using a fluorescence microplate
reader (PerkinElmer).

Akt kinase activity assay. To assess Akt kinase activity, cells were washed
twice in cold PBS, and lysed in Cell Lysis Buffer (supplied in the Akt
Kinase Activity kit; Cell Signaling Technology) with protease inhibitors.
Immunoprecipitation was performed for 18 h using the immobilized
anti-Akt1G1 mAb (supplied with the kit) cross-linked to agarose. Immu-
noprecipitates were washed three times with lysis buffer and twice with
Akt kinase buffer (supplied with the kit). Kinase assays were performed
for 30 min at 30°C under continuous agitation in kinase buffer contain-
ing 200 �M ATP, 1 �g of glycogen synthase kinase-3 (GSK-3) fusion
protein (supplied with the kit), according to the manufacturer’s instruc-
tions for the nonradioactive Akt kinase assay. Samples were analyzed by
Western blotting using phospho-GSK-3�/� (Ser21/9) antibody (sup-
plied with the kit) as the primary antibody and a HRP-conjugated goat
anti-rabbit IgG antibody (Dako) as the secondary antibody.

Ad.AktK179A construct. The kinase-inactive AktK179A construct (Crowder
and Freeman, 1998) was cloned into a green fluorescent protein (GFP)-
containing adenoviral vector using AdEasy XL system (Stratagene). The ad-
enoviral product containing AktK179A was proliferated in HEK 293A cells
purchased from American Type Culture Collection and purified using Vira-
Kit (Virapur). Cortical neurons were transduced with adenoviral constructs
(200 multiplicities of infection) 24 h before studies. The transduction effi-

ciency was determined by GFP signal and immunoblotting analysis of total
Akt.

Silencing through RNA interference. Small interfering RNA (siRNA)
targeting mouse Mdm2, Bad, sphingosine 1-phosphate receptor 1
(S1P1), Tyro3, and negative control siRNAs were purchased from In-
vitrogen. siRNAs were delivered to the mouse cortical neurons by using
Lipofectamine provided by Invitrogen. After 48 h of transfection, neu-
rons were verified for target gene knockdown by immunoblotting anal-
ysis and subjected to NMDA treatment. The following pooled sequences
of siRNA oligonucleotides were used for targeted gene knockdown: Bad,
GACGACGUGUCUCAUGGCAGAGUUU and AAACUCUGCCAU-
GAGACACGUCGUC; Mdm2, AGGCUUGGAUGUGCCUGAUG-
GCAAA and UUUGCCAUCAGGCACAUCCAAGCCU; S1P1, GGC-
AUGGAAUUUAGCCGCAGCAAAU and AUUUGCUGCGGCU-
AAAUUCCAUGCC; Tyro3, GCAGACGCCAUAUGCUGGCAUUGAA
and UUCAAUGCCAGCAUAUGGCGUCUGC.

Bad/Bcl-2 and Bad/Bcl-XL complexes. Neurons were lysed in the Im-
munoprecipitation Kit Lysis Buffer (Roche), sonicated at 4°C for 30 min,
and centrifuged at 20,000 � g for 20 min. The supernatants were incu-
bated for 2 h at 4°C with a rabbit polyclonal anti-Bad antibody (Cell
Signaling Technology) to immunoprecipitate Bad and its complexes.
Nonimmune IgG was used as a negative control. Protein A beads were
added to the mixture and incubated overnight at 4°C. Immunoprecipi-
tated proteins were analyzed by 4 –15% Tris-HCl gel electrophoresis. To
assess the presence of Bad/Bcl-2 and Bad/Bcl-XL complexes, a mouse
monoclonal Bcl-2 antibody (Santa Cruz Biotechnology), a rabbit poly-
clonal Bcl-XL antibody (Sigma-Aldrich), and a rabbit polyclonal Bad
antibody (Cell Signaling Technology) were used for immunoblotting.
Donkey anti-goat or donkey anti-rabbit HRP-conjugated antibodies
(Santa Cruz Biotechnology) were used as secondary antibodies.

Immunostaining for Tyro3, Axl, and Mer. Cultured neurons were fixed
with 4% paraformaldehyde for 10 min and incubated overnight at 4°C
with goat polyclonal anti-mouse Tyro3 (1:50; R&D Systems), goat poly-
clonal anti-mouse Axl (1:50; R&D Systems), goat polyclonal anti-mouse
Mer (1:50; R&D Systems), and mouse monoclonal anti-bovine Map2
(1:500; Millipore Bioscience Research Reagents) antibodies. The follow-
ing day, the sections were incubated with fluorescently conjugated
secondary antibodies diluted 1:200 in PBS as follows: Alexa Fluor 488-
conjugated donkey anti-goat IgG (1:150; Invitrogen) to detect Tyro3,
Axl, or Mer, and Alexa Fluor 568-conjugated goat anti-mouse IgG (1:
150; Invitrogen) to detect Map2. Images were obtained using a Zeiss 510
meta confocal microscope. A 488 nm argon laser to excite Alexa Fluor
488 and the emission was collected through a 500 –550 bp filter, and a 543
nm HeNe laser was used to excite Alexa Fluor 568, and the emission was
collected through a 560 – 615 bp filter.

Immunoblotting for Tyro3, Axl, and Mer. Thirty micrograms of neuro-
nal lysate protein was subjected to 4 –12% NuPAGE Bis-Tris SDS-PAGE
(Invitrogen) gel electrophoresis and transferred to nitrocellulose mem-
branes (Bio-Rad). Membranes were blocked with 5% nonfat milk in
TBST for 1 h and incubated overnight with the following primary anti-
bodies: Tyro3 (1:100; R&D Systems), Axl (1:100; R&D Systems), and Mer
(1:100; R&D Systems). The membranes were washed and incubated with
a HRP-conjugated secondary antibody for 1 h. Immunoreactivity was
detected using SuperSignal West Pico chemiluminescent substrate
(Thermo Fisher Scientific).

TAM mutants. Male Tyro3 �/�, Axl �/�, Mer �/� transgenic mice were
originally on C57BL/6-129 background (Lu et al., 1999; Lu and Lemke,
2001). These mice were backcrossed for several generations (more than
eight) to attain the C57BL/6 background and were generated by null–null
breeding. The C57BL/6 mice were used as wild-type (wt) controls for the
TAM-null mice, as described in a previous publication (Rothlin et al.,
2007) and on The Jackson Laboratory website (http://jaxmice.jax.org/
strain/007937.html). Mice were studied at 2–3 months of age. The breed-
ing pairs were provided by Dr. G. Lemke (Salk Institute, La Jolla, CA).

Tyro3 tyrosine phosphorylation. Neurons were lysed with radioimmuno-
precipitation assay buffer (50 mM Tris, pH 8.0, 150 mM NaCI, 0.1% SDS,
1.0% NP-40, 0.5% sodium deoxycholate, and Roche protease inhibitor mix-
ture) and incubated with a rabbit anti-phospho-tyrosine antibody (Abcam)
or a control nonimmune IgG (Sigma-Aldrich) overnight at 4°C. The samples
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were then immunoprecipitated using a protein G
immunoprecipitation kit (Roche) followed by
SDS-PAGE separation and transfer onto nitro-
cellulose membranes (Millipore). After blocking
nonspecific sites with 5% milk, the membranes
were incubated with a rat monoclonal anti-
mouse Tyro3 antibody (R&D Systems) or a rab-
bit anti-mouse vascular endothelial growth factor
receptor 2 (VEGFR2) antibody (Millipore) for a
loading control. After incubation with an HRP-
conjugated donkey-anti-goat secondary antibody
(Santa Cruz Biotechnology), the immunoreac-
tivity was detected using the SuperSignal West
Pico chemiluminescent substrate (Thermo
Fisher Scientific). Cells were treated with
mouse PS for 15 min.

PS variants. The thrombin-cleaved PS was
prepared as described previously (Heeb and
Griffin, 2002). Briefly, human plasma-derived
PS (1.8 �M) was incubated with immobilized
thrombin (50 U/ml) and sampled at different
time points (20 min to 24 h). Aliquots were
resolved in SDS-PAGE under reducing or non-
reducing conditions, and applied to silver
staining (silver staining kit; GE Healthcare).
The reducing gel demonstrates rapid cleavage
on Arg49, and nonreducing gel demonstrates
slow cleavage on Arg70.

Synthetic human micro-PS containing the
Gla domain, the TSR region, and the first EGF
domain and exhibiting �30% of PS anticoag-
ulant APC-cofactor activity was prepared as
described previously (Hackeng et al., 2000).

The human recombinant rSHBG-like module
was a gift from Dr. Sophie Gandrille (University
of Paris, Paris, France). As reported, the recom-
binant rSHBG module of human PS does not ex-
hibit anticoagulant APC-cofactor activity but
appears to retain its native conformation as in
full-length PS (Saposnik et al., 2003).

Activated partial thromboplastin time assay.
The anticoagulant activities of PS variants were
determined by an activated partial thrombo-
plastin time (aPTT) assay, as described previ-
ously (Heeb and Griffin, 2002), using a ST
coagulameter (Diagnostica Stago). The antico-
agulant APC-cofactor activity of PS variants
was expressed as a percentage of wild-type, full-
length PS whose activity was taken as 100%.

NMDA-induced in vivo brain lesion. We
used an NMDA model of excitotoxic lesions in
the mouse brain in vivo, as described previ-
ously (Ayata et al., 1997; Guo et al., 2004,
2009b). Male C57BL/6 control mice and Tyro3 �/�, Axl �/�, and Mer �/�

mutants weighing 26 –30 g were used throughout the study. Mice were
anesthetized with 1.5% isoflurane (in 70% nitric oxide and 30% oxygen).
Animals received microinfusions into the right striatum (0.5 mm ante-
rior, 2.5 mm lateral, 3.2 mm ventral to the bregma) of either vehicle,
NMDA (20 nmol in 0.3 �l of PBS, pH 7.4) or NMDA and PS (0.002, 0.02,
and 0.2 �g in 0.3 �l of PBS) or NMDA and Ac-DEVD-CHO (240 �g in
0.3 �l of PBS), z-IETD-fmk (60 �g in 0.3 �l of PBS), z-LEHD (240 �g in
0.3 �l of PBS), or PFT-� (20 nmol in 0.3 �l of PBS). The solutions were
infused over 2 min using a microinjection system (World Precision In-
struments). In wt mice, the final concentrations of PS in brain tissue at
the site of injection after 2 min infusion ranged from 2.6 to 260 nmol/L as
determined from a dilution factor of Evans blue albumin infused simul-
taneously with PS in a separate series of experiments, as reported previ-
ously (Kakee et al., 1996) (see below). In TAM mutants and control
wild-type mice, the concentration of PS and PS variants at the site of

injection after 2 min infusion was 260 nM. Animals were killed 48 h later.
Brains were quickly removed, frozen on dry ice, and stored at �80°C
until processing. Thirty-micrometer-thick coronal sections were pre-
pared using a cryostat. Every fifth section 1 mm anterior and posterior to
the site of injection was stained with cresyl violet. The lesion area was
identified by the loss of staining as reported previously (Ayata et al., 1997;
Guo et al., 2004, 2009b). The lesion areas were determined using NIH
ImageJ software and integrated to obtain the volume of injury. All studies
were performed in a blind fashion. We studied four to six mice per group.
All procedures were approved by the Institutional Animal Care and Use
Committee at the University of Rochester using National Institutes of
Health guidelines.

Determination of the final concentration of PS and PS variants in brain
tissue. The final concentrations of PS and PS variants in brain tissue were
determined from the dilution factor of the injected proteins into the
brain interstitial fluid (ISF), as reported previously (Kakee et al., 1996).
Evans blue, a dye that avidly binds albumin (67 kDa), was used to deter-

Figure 1. PS protects mouse neurons against NMDA-induced excitotoxic injury. A, Cell Tracker (green) and cytoskeletal protein Map2
(red) in mouse cortical neurons 3 h after NMDA with and without PS. Scale bar, 10�m. B, The number of beads per neurite length in cortical
neuronsafterNMDAwithandwithoutPS(5,15,and50nM). C, IntracellularATPlevels inmousecorticalneuronsaftertreatmentwithNMDA
with or without PS. D, Mitochondrial membrane potential in cortical neurons after NMDA with and without PS (5, 15, and 50 nM). E, PS
dose-dependent survival of cortical neurons after NMDA. F, G, Caspase-9 (F ) and caspase-3 (G) activities in mouse cortical neurons (DIV7
and DIV21) 9 h after NMDA with and without PS. H, Survival of mouse cortical neurons (DIV7 and DIV21) 24 h after NMDA with and without
PS, z-LEHD-fmk (caspase-9 inhibitor; 5�M), and Ac-DEVD-CHO (caspase-3 inhibitor; 50�M). I, AIF nuclear levels in mouse cortical neurons
(DIV7 and DIV21) 12 and 18 h after NMDA with or without PS or Ac-DEVD-CHO (50 �M). Caspase inhibitors were added to the cultures 1 h
before NMDA treatment. Values are mean � SEM; n � 3– 6 independent cultures. In all studies, murine PS was used at 100 nM unless
otherwise specified. In A–E, cortical neurons at DIV7 were used.
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mine the dilution factor from its diffusion volume within the brain ISF.
The molecular weight of the Evans blue–albumin complex (68 kDa) is
similar to that of PS (69 kDa). In brief, Evans blue (4 mg/ml) was incu-
bated with the equimolar concentration of BSA in artificial CSF for 3 h at
room temperature, filtered using 0.2 �m filter and 0.3 �l microinjected
into the striatum over 2 min, as in the NMDA-induced in vivo brain
lesion experiments. After 30 min, the brain was rapidly removed, placed
in a brain matrix on an ice-cold dish, and cut into 1-mm-thick sections.
The Evans blue-stained areas of each section were carefully removed,
using a dissecting microscope, and weighed. The diffusion volume of
Evans blue was estimated assuming a brain-specific density of 1, as re-
ported previously (Kakee et al., 1996). The dilution factor (32.8 � 3.8;
n � 3) was determined by dividing the diffusion volume by the injected
volume (data not shown). The final concentration of PS and PS variants
in the brain tissue was determined by dividing their injected concentra-
tions by the dilution factor (data not shown).

Caspase-3 activity in the mouse striatum.
Mouse striatum ipsilateral to NMDA lesion
was collected 24 h after NMDA (20 nmol in 0.3
�l of PBS, pH 7.4) or NMDA and PS (0.2 �g in
0.3 �l of PBS) microinfusions. The tissue was
lysed using Cell Lysis Buffer (Cell Signaling
Technology) with protease inhibitors. Caspase-3
activity was determined using caspase-3 Colori-
metric Assay kit (BioVision), as described above.

Immunoblotting analysis in the mouse stria-
tum. Mouse striatum ipsilateral to NMDA le-
sion was collected 24 h after NMDA (20 nnmol
in 0.3 �l of PBS, pH 7.4) or NMDA and PS (0.2
�g in 0.3 �l of PBS) microinfusions. Tissue
samples were snap-frozen in liquid nitrogen
and homogenized using Cell Lysis Buffer (Cell Sig-
naling Technology) with protease inhibitors.

Nuclear proteins were extracted using NE-
PER nuclear extraction reagents (Pierce Biotech-
nology). Proteins (50 �g) were analyzed by
immunoblotting as described above. We used the
following primary antibodies: rabbit polyclonal
anti-human phospho-Mdm2 (Ser166) antibody,
which cross-reacts with mouse phospho-Mdm2
(Ser166) (1:1000; Cell Signaling Technology);
rabbit polyclonal anti-human p53 antibody,
which cross-reacts with mouse p53 (1:1000; Cell
Signaling Technology); mouse monoclonal anti-
mouse Bax (1:100; Santa Cruz Biotechnology);
rabbit polyclonal anti-mouse phospho-Bad
(Ser136) antibody (1:200; Cell Signaling Tech-
nology); goat polyclonal anti-human �-actin an-
tibody, which cross-reacts with mouse �-actin (1:
1000; Santa Cruz Biotechnology); sheep poly-
clonal anti-human histone 1 antibody, which
cross-reacts with mouse histone 1 (1:1000;
United States Biological).

Statistical analysis. We used S-plus 7.0 for
statistical calculations. Data were presented as
mean � SEM. One-way or two-way ANOVA
followed by Tukey’s post hoc test was used to
determine statistically significant differences.
A value of p � 0.05 was considered statistically
significant.

Results
PS protects neurons from excitotoxic
NMDA-mediated injury via
Akt signaling
First, we studied whether exogenous mouse
PS can protect cultured neurons from
NMDA-mediated injury. Overstimula-
tion of glutaminergic NMDARs is a com-

mon mechanism of neuronal injury in several neurological
disorders. For example, neuritic beading (focal bead-like swelling
of dendrites and axons) through NMDARs signaling occurs after
ischemia (Hori and Carpenter, 1994), in Alzheimer’s disease
(Tan et al., 2007; Woodhouse et al., 2009), and in other neurode-
generative conditions (Takeuchi et al., 2005). Our data show that
addition of recombinant full-length properly �-carboxylated
mouse recombinant murine PS (Fernández et al., 2009) dose-
dependently reduced neuritic bead formation after NMDA treat-
ment by as much as �80% (Fig. 1A,B) with a half-maximal
effective concentration (EC50) of �25 nM; the effect plateaued
between 50 and 250 nM PS (data not shown). As seen previously
(Takeuchi et al., 2005), beads colocalized with the cytoskeletal
proteins Map2 (Fig. 1A) and tubulin (data not shown). PS also

Figure 2. PS protects NMDA-treated mouse neurons via activation of PI3K/Akt antiapoptotic pathway. A, PS dose-dependently
(5–200 nM) mediates Akt phosphorylation (pAkt, Ser473) in mouse cortical neurons 1 h after NMDA. Graph, pAkt relative abun-
dance normalized to total Akt. *p � 0.05, PS compared with untreated NMDA controls. B, Akt phosphorylation (pAkt, Ser473) in
mouse cortical neurons 1–24 h after NMDA with and without PS. Graph, pAkt signal normalized by total Akt. C, Akt activity
determined by a GSK-3�/� phosphorylation-based assay 1 h after NMDA in the absence and presence of PS. pAkt and total Akt
levels were determined by immunoblotting analysis from the same samples used in Akt activity assay. Graph, Relative abundance
of pGSK-3�/� normalized by total Akt. D, Akt phosphorylation (pAkt, Ser 473) and total Akt levels in mouse cortical neurons 24 h
after NMDA with or without PS or the PI3K inhibitor LY294002 (50 �M). E, Survival of mouse cortical neurons 24 h after NMDA with
and without PS in the presence and absence of LY294002 (50 �M) or U0126 (10 �M). LY294002 and U0126 were added to the
culture 30 min before NMDA treatment. F, Akt kinase activity in neurons transduced with kinase-deficient Ad.AktK179A mutant or
control Ad.GFP determined 1 h after NMDA with and without PS by using a GSK-3�/� phosphorylation-based Akt activity assay.
Graph, Relative abundance of pGSK-3�/� normalized by total Akt. pAkt and total Akt levels are also shown. G, Survival of DIV7 and
DIV21 mouse cortical neurons transduced with Ad.AktK179A mutant or control Ad.GFP 24 h after NMDA with and without PS. Values
are mean � SEM from three to six independent cultures. In all studies, DIV7 cortical neurons and murine PS at 100 nM were used
unless otherwise specified.
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blocked a rapid drop in intracellular ATP
(Fig. 1C) and mitochondrial membrane
potential (Fig. 1D) that accompanied
bead appearance.

Overstimulation of NMDARs can lead
to neuronal death (Guo et al., 2004, 2009a,b;
Liu et al., 2004; Papadia and Hardingham,
2007; Hardingham, 2009). PS dose-depen-
dently increased survival of cultured neu-
rons after NMDA exposure (Fig. 1E) with
an EC50 of 25 � 3 nM and significantly
reduced ( p � 0.01) the number of
TUNEL-positive cells (supplemental Fig.
1A,B, available at www.jneurosci.org as
supplemental material). Exposure of the
DIV7 and the DIV21 mature cortical neu-
rons (i.e., cultured for 7 and 21 DIV) to
300 �M NMDA for 10 min, increased
caspase-9 and caspase-3 activities (Fig.
1F,G), but not caspase-8 activity (supple-
mentalFig.1C,availableatwww.jneurosci.
org as supplemental material). This result
essentially reproduced our published
findings (Guo et al., 2004) and is consis-
tent with several previous reports demon-
strating caspase activation after NMDA
challenge (Du et al., 1997; Budd et al.,
2000; Tenneti et al., 2000; Okamoto et
al., 2002; Madhavan et al., 2003; Liu et al.,
2004; Guo et al., 2009b). The activation of
both caspases was normalized by treat-
ment with PS (Fig. 1F,G).

We have also tested different caspase
inhibitors using the DIV7 and the DIV21
cultures. In both DIV7 and DIV21 neuro-
nal cultures, we showed that caspase-
9-specific inhibitor (z-LEDH-fmk) and
caspase-3-specific inhibitor (Ac-DEVD-
CHO), but not caspase-8-specific inhibi-
tor (z-IETD-fmk) (Fig. 1H), blocked the
cell death similar as protein S did. These
experiments confirm the role of the in-
trinsic apoptotic cascade and caspase-9-
mediated cell death after NMDA challenge
both in immature and mature DIV21
neurons.

Using the same NMDA model (i.e.,
300 �M NMDA for 10 min) and the DIV7
and the DIV21 neurons, we showed that NMDA induces nuclear
translocation of AIF at later time points subsequent to caspase
activation (Fig. 1 I), as we and others reported in the DIV7 neu-
rons (Guo et al., 2004) and the DIV14 neurons (Yu et al., 2002),
respectively. The AIF translocation from the mitochondria to
nucleus was blocked by protein S (Fig. 1 I). In the present NMDA
model, caspase-3-specific inhibitor blocked AIF nuclear translo-
cation in DIV7 and DIV21 neurons, indicating caspase-
dependent AIF nuclear translocation. Although it has been
suggested that AIF function is caspase independent (Susin et al.,
1999), several studies showed that AIF is released from mito-
chondria subsequent to activation of caspases, as for example in
Caenorhabditis elegans (Wang, 2001), mouse cells (Guo et al.,
2004), and human cells (Arnoult et al., 2002; Gabriel et al., 2003;
Penninger and Kroemer, 2003), consistent with the present findings.

Because Gas6, a structural analog of PS, activates the phospha-
tidylinositol 3-kinase (PI3K)/Akt survival pathway (Hafizi and
Dahlbäck, 2006), we hypothesized that PS may also protect neu-
rons through the PI3K/Akt pathway. Indeed, PS increased Akt
phosphorylation dose-dependently with an EC50 of 26 � 4 nM

(Fig. 2A) and time-dependently (Fig. 2B). PS also increased Akt
kinase activity, as indicated by phosphorylation of GSK-3�/�
crosstide (Fig. 2C) containing the Akt phosphorylation sites (i.e.,
Ser21 in GSK-3� and Ser9 in GSK-3�) and the same Akt phos-
phorylation motif (R/K)X(R/K)XX(T*/S*) as the other Akt
downstream targets. LY294002, a PI3K-specific inhibitor, but not
U0126 (a mitogen-activated protein kinase kinases 1/2-specific
inhibitor), blocked PS-mediated Akt phosphorylation and neu-
ronal protection after NMDA exposure (Fig. 2D,E), suggesting
that PI3K/Akt pathway mediates PS neuroprotection. As re-

Figure 3. PS induces Akt phosphorylation of Bad and Mdm2, which increases free Bcl-2 and Bcl-XL levels and suppresses the
proapoptotic p53/Bax pathway. A, Bad phosphorylation in mouse cortical neurons transduced with Ad.AktK179A or Ad.GFP 6 h after
NMDA with or without PS. Graph, Relative abundance of pBad normalized to total Bad. B, Bad-associated Bcl-2 and Bcl-XL in mouse
neurons 6 h after NMDA with and without PS determined by immunoprecipitation (IP) with anti-Bad antibody or nonimmune IgG
followed by immunoblotting (IB) with anti-Bcl-2, anti-Bcl-XL antibody and anti-Bad antibody. Graph, Relative abundance of
Bad-associated Bcl-2 and Bcl-XL. C, Bcl-2 and Bcl-XL levels in nontransduced mouse neurons and neurons transduced with
Ad.AktK179A or Ad.GFP 6 h after NMDA with and without PS. D, Phosphorylated Mdm2, Bax, and nuclear p53 levels in mouse cortical
neurons 8 h after NMDA with and without PS. Graph, Relative abundance of pMdm2 and Bax levels normalized with �-actin,
nuclear p53 level normalized by histone H1. E, Mdm2 phosphorylation in mouse cortical neurons transduced with Ad.AktK179A or
Ad.GFP 8 h after NMDA with and without PS. Graph, Relative abundance of pMdm2. F, G, Cell survival of mouse cortical neurons 24 h
after NMDA with and without PS, and after transfection with Bad siRNA, Mdm2 siRNA, and control siRNA. Values are mean � SEM
from three to six independent cultures. In all studies, cortical DIV7 neurons and murine PS at 100 nM were used.
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ported, LY294002 alone reduced cell survival by �10% (Fig. 2E)
consistent with a previous observation (Okayasu et al., 2003).

To demonstrate that Akt is the dominant pathway for neuro-
nal protection by PS, cortical cells were transduced with recom-
binant adenovirus expressing a kinase-deficient Akt mutant
(Ad.AktK179A) (Crowder and Freeman, 1998). The transduction
efficiency was �70% (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). Ad.AktK179A expression,
but not control Ad.GFP, abolished PS-mediated GSK-3�/�
phosphorylation (Fig. 2F) and neuronal protection both in DIV7
and DIV21 cortical neurons (Fig. 2G), suggesting that Akt acti-
vation is critical for PS-mediated neuronal protection.

We also showed that PS treatment stimulated phosphoryla-
tion of Bad and Mdm2, two downstream targets of Akt (Fig. 3).
Nonphosphorylated Bad is proapoptotic because it binds the an-
tiapoptotic Bcl-2 and Bcl-XL proteins (del Peso et al., 1997),
whereas phosphorylated pBad does not bind Bcl-2 and Bcl-XL

(Datta et al., 1997). PS led to an increase in phosphorylated Bad

on Ser136, a site phosphorylated by Akt,
in nontransduced neurons and neurons
transduced with Ad.GFP, but not in neu-
rons expressing Ad.AktK179A (Fig. 3A).
PS-mediated Bad phosphorylation sub-
stantially reduced Bad-bound Bcl-2 and
Bcl-XL in coimmunoprecipitation experi-
ments with anti-Bad antibody but not
with nonimmune IgG (Fig. 3B) and in-
creased total Bcl-2 and Bcl-XL levels (Fig.
3C). These effects of PS were again lost in
neurons transduced with Ad.AktK179A.

The tumor suppressor p53 transcrip-
tion factor contributes to NMDA-medi-
ated apoptosis in neurons by augmenting
the activity of the proapoptotic Bax path-
way (Guo et al., 2004, 2009a; Boutahar
et al., 2008; Wang et al., 2009). Akt-
mediated phosphorylation of Mdm2 at
sites including Ser166 limits p53 proapop-
totic activity by increasing p53 nuclear ex-
port (Mayo and Donner, 2001) and
proteasomal degradation (Gottlieb et al.,
2002). PS treatment stimulated phos-
phorylation of Mdm2 at Ser166 and re-
duced p53 and Bax levels by �90% in
NMDA-treated nontransduced neurons
(Fig. 3D) and neurons transduced with
control Ad.GFP, but not in neurons ex-
pressing kinase-inactive Ad.AktK179A

(Fig. 3E).
To additionally confirm the contribu-

tions of the Bad and Mdm2 pathways in
PS-mediated neuronal protection, we
have performed experiments with siRNA
inhibition of Bad (siBad) and Mdm2
(siMdm2). The respective siRNA-medi-
ated knockdown inhibited by 96 and 91%
Bad and Mdm2 protein expression, re-
spectively (supplemental Fig. 3, available
at www.jneurosci.org as supplemental
material). Silencing Bad (siBad) in the ab-
sence of NMDA resulted in �95% sur-
vival, which in the present neuronal
culture model was not significant com-

pared with 96 and 92% survival seen in control nontransfected
neurons and neurons transfected with control siRNA (Fig. 3F),
respectively. However, silencing Bad in NMDA-treated neurons
increased neuronal survival compared with nontransfected neu-
rons treated with NMDA or neurons transfected with control
siRNA and treated with NMDA (Fig. 3F), consistent with a pre-
vious study showing that silencing Bcl-2 associated Bad sup-
presses rotenone-induced SH-SY5Y dopaminergic neuronal
apoptosis (Hsuan et al., 2006). Silencing Bad, however, dimin-
ished by �30% PS-mediated protection of NMDA-treated neu-
rons compared with control siRNA or basal conditions (Fig. 3F).
A diminished PS-mediated protection of NMDA-treated neu-
rons with �95% Bad protein depletion (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material; Bad si-
lencing) could likely be attributed to negligible levels of Bad that
can be further phosphorylated by PS–Akt-dependent phosphor-
ylation of Bad, in contrast to PS activity in NMDA-treated neu-
rons with nonsilenced Bad when we showed that PS increased

Figure 4. PS-mediated neuronal protection requires Tyro3 activation. A, Double immunofluorescent staining of TAM receptors
(green; Tyro3, Axl, and Mer) and neuronal marker Map2 (red) in mouse cortical neurons. Scale bar, 20 �m. B, Immunoblot analysis
of Tyro3, Axl, and Mer in cultured mouse cortical neurons. C, Cell survival of mouse cortical neurons isolated from Tyro3, Axl, and
Mer single mutants and control wt C57BL/6129 mice 24 h after NMDA with and without PS. D, PS dose-dependently mediates
Tyro3 tyrosine phosphorylation in mouse cortical neurons as determined by immunoprecipitation (IP) with anti-phosphotyrosine
(pTyr) antibody compared with control nonimmune IgG followed by immunoblotting (IB) with anti-Tyro3 antibody and anti-
VEGFR2 antibody (as a loading control) 2 h after NMDA. Graph, Relative abundance of phosphorylated Tyro3. E, Akt phosphoryla-
tion (pAkt, Ser473) in neurons isolated from Tyro3 mutants and wt controls as above with and without PS 2 h after NMDA. F, Cell
survival of mouse cortical neurons 24 h after NMDA with and without PS, and after transfection with S1P1 siRNA, Tyro3 siRNA, and
their respective scrambled control siRNAs. Values are mean � SEM; n � 3– 6 independent cultures. In all studies, DIV7 cortical
neurons and murine PS at 100 nM were used, unless otherwise specified.
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significantly the phosphorylated pBad
levels (Fig. 3A), leading to significant re-
ductions in Bad-associated Bcl-2 and
Bcl-XL proteins (Fig. 3B) and increase in
the antiapoptotic Bcl-2 and Bcl-XL levels
(Fig. 3C). The present findings with PS are
consistent with reports demonstrating
that survival factors require Bad phos-
phorylation to prevent cell apoptosis
(Datta et al., 2002; Ohi et al., 2006).

Figure 3G shows that Mdm2 silencing
(siMdm2) in the absence of NMDA
reduced by �25% neuronal survival com-
pared with neurons transfected with con-
trol siRNA or nontransfected neurons,
consistent with previous reports demon-
strating that inhibition of Mdm2 expres-
sion enhances neuronal and lung cancer
cells death (Trinh et al., 2001; Guo et al.,
2007). Silencing Mdm2 compared with
control siRNA also decreased by 25% sur-
vival of NMDA-treated neurons (Fig. 3G).
However, in contrast to 94% survival of
NMDA-treated neurons transfected with
control siRNA and treated with PS, there
was only 55% survival of NMDA-treated
neurons transfected with siMdm2 and
treated with PS, suggesting that inhibition
of Mdm2 pathway significantly dimin-
ishes PS protection, as expected. These
data show that both Bad and Mdm2 path-
ways contribute to PS-mediated neuronal
protection.

Pathological overactivation of NMDARs
increases free intracellular calcium con-
centration [Ca 2�]i, which can activate the
intrinsic apoptotic cascade (Papadia and
Hardingham, 2007; Hardingham, 2009).
A rapid increase in [Ca 2�]i from �100 to
936 nM occurred within 14 s of NMDA
application (supplemental Fig. 4A,B,
available at www.jneurosci.org as supple-
mental material), as reported previously
(Tenneti et al., 1998). [Ca 2�]i levels were normalized within 2 h
of NMDA removal consistent with a previous report (Tenneti et
al., 1998) and remained within a range of basal values over the
24 h of NMDA removal (supplemental Fig. 4B, available at www.
jneurosci.org as supplemental material), indicating that there is
not an ongoing NMDAR activation. PS did not affect [Ca 2�]i

levels before or after addition of NMDA (supplemental Fig.
4 A, B, available at www.jneurosci.org as supplemental mate-
rial), suggesting PS does not influence NMDA-induced Ca 2�

influx.
It has been also reported that the brief exposure of primary

mixed rat neuronal– glial cultures to NMDA (100 �M for 5 min)
can trigger release of glutamate into the culture medium close to
�2.5 �mol/L that can activate the NMDARs (Strijbos et al.,
1996). In the present model, however, glutamate levels in the
medium were consistently �1 �M (supplemental Fig. 4C, avail-
able at www.jneurosci.org as supplemental material), which has
been shown not to be sufficient to maintain an ongoing activa-
tion of NMDARs, as reported previously (Patneau and Mayer,
1990).

Tyro 3 mediates in vitro and in vivo neuronal protection
by PS
The TAM receptors Tyro3, Axl, and Mer are expressed in cul-
tured mouse cortical neurons as demonstrated by immunostain-
ing (Fig. 4A) and immunoblotting (Fig. 4B). Studies using
NMDA-challenged cortical neurons from Tyro3�/�, Axl�/�,
and Mer�/� transgenic mice and control wild-type mice indi-
cated that PS protected control neurons and neurons lacking Axl
and Mer, but failed to protect neurons lacking Tyro3 (Fig. 4C),
suggesting a requirement of Tyro3 for PS-mediated neuronal
protection. Consistent with this finding, we have demonstrated
that mouse PS dose-dependently activates Tyro3 on mouse neu-
rons by tyrosine phosphorylation with an EC50 of 25 � 3 nM (Fig.
4D). We also showed that PS failed to activate Akt in NMDA-
treated neurons lacking Tyro3 (Fig. 4E). Because S1P1 was shown
to be involved in PS-mediated protection of the blood– brain
barrier integrity (Zhu et al., 2010), the S1P1 silencing through
RNA interference was used to determine whether S1P1 is required
for PS-mediated neuronal protection. S1P1-specific siRNA inhib-
ited S1P1 protein expression by �90% (data not shown). Neither

Figure 5. PS-mediated protection from NMDA-induced injury in the mouse brain in vivo requires Tyro3. A, Coronal sections of
mouse brains with NMDA-induced excitotoxic lesions with and without murine PS (26 nM) 48 h after NMDA administration. B,
Dose-dependent protective effects of PS (2.6 –260 nM) on NMDA-induced injury in the mouse striatum within 48 h of NMDA
administration. C, The effects of caspase-9 (z-LEHD-fmk), caspase-3 (Ac-DEVD-CHO), caspase-8 (z-IETD-fmk), and p53 (PFT-�)
specific inhibitors on the volume of NMDA-induced lesion in the striatum 48 h after NMDA. D, Caspase-3 activity in the mouse
striatum 24 h after NMDA administration. E, Immunoblot analysis of p53 nuclear levels (with histone 1 as a loading control), and
pMdm2, Bax, Bcl-2, and pBad levels (with �-actin as a loading control) in the mouse striatum 24 h after NMDA administration. F,
NMDA lesion volume in the striatum in wt mice and Tyro3, Axl, and Mer single mutants and littermate controls with and without
PS (260 nM). Values are mean � SEM; n � 3– 6 mice per group.
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silencing S1P1 nor control siRNA had any effect on PS-mediated
neuroprotection after NMDA treatment (Fig. 4F), suggesting
S1P1 is not involved in PS-mediated neuroprotection. In con-
trast, Tyro3 inhibition with Tyro3 siRNA (which inhibited Tyro3
expression by �85%) (data not shown) compared with control
siRNA resulted in loss of PS-mediated neuroprotection (Fig. 4F).

We then studied whether PS can protect neurons from
NMDA toxicity in vivo using an NMDA excitotoxic lesion model,
as described previously (Ayata et al., 1997; Guo et al., 2004,
2009b). First, we showed that murine PS infused locally into the
striatum dose-dependently reduced the NMDA-induced lesion
volume (Fig. 5A,B), with 45 and 65% reductions at 15 and 26 nM

PS, respectively, and with an EC50 of 22 � 2 nM (Fig. 5B).
To address whether cell death after NMDA injection into the

mouse striatum in vivo depends on caspase activation as it does in

cultured neurons, we tested the effects of
caspase-9- and caspase-3-specific inhibi-
tors on the volume of NMDA lesion. As
shown in Figure 5C, both caspase-9 and -3
inhibitors, but not caspase-8 inhibitor,
infused locally into the CNS at concentra-
tions previously shown to reduce the post-
ischemic injury volume (Liu et al., 2004),
also reduced significantly the NMDA lesion
volume by �80% compared with the max-
imal reduction obtained with PS (which has
been arbitrarily taken as 100%). Moreover,
caspase-3 activity was increased by approx-
imately eightfold in the injured striatum
24 h after NMDA injection that was blocked
by �80% with PS (Fig. 5D). These findings
suggest a major involvement of caspases in
mediating cell death in the present NMDA
model.

An increased p53 expression has been
shown in the rat striatum after local ad-
ministration of a NMDAR agonist quino-
linic acid (Wang et al., 2009) or after
NMDA injection into the mouse hip-
pocampus (Djebaïli et al., 2000). Previous
studies have demonstrated increased p53
mRNA and protein expression after exci-
totoxic administration (Sakhi et al., 1996,
1997) and showed that p53 deficiency can
spare neurons from apoptosis (Morrison
et al., 1996; Xiang et al., 1996). To deter-
mine the role of p53 in the present NMDA
in vivo model, we studied whether PFT-�,
a p53-specific inhibitor that was shown
to block quinolinic acid-mediated p53-
dependent cell death in the rat striatum in
vivo (Wang et al., 2009), can also reduce
the NMDA lesion volume in mice. Our
data show that PFT-� reduced substan-
tially the NMDA lesion volume in the
mouse striatum by �60% compared with
the maximal reduction in the lesion vol-
ume obtained with PS (which has been
arbitrarily taken as 100%). These data
support an important role of p53 in the
present NMDA model in vivo.

Consistent with a previous report
demonstrating that p53 and Bax mediate

NMDA-induced apoptosis in the mouse hippocampus in vivo
(Djebaïli et al., 2000), we have also shown decreased pMdm2
levels and increased proapoptotic p53 and Bax levels in the stria-
tum within 24 h of NMDA administration (Fig. 5E). NMDA
administration decreased the levels of Bcl-2 as in cultured neu-
rons. PS increased the levels of pMdm2 and decreased the levels
of p53 and Bax suppressing this proapoptotic pathway in the
striatum in vivo. PS also increased Bcl-2 and pBad levels in the
striatum comparable with our findings in neuronal cultures.

Finally, we have confirmed that mouse neurons express all
three TAM receptors in vivo with Tyro3 being predominantly
expressed (data not shown), as reported previously (Prieto et al.,
2000, 2007). However, whereas PS (260 nM) substantially re-
duced (by �65%) the lesion volumes in control wild-type mice
and Axl�/� and Mer�/� mice, it had no effect in Tyro3�/� mice

Figure 6. PS neuroprotection requires its SHBG-like domain. A, Anticoagulant activity in aPTT assays using PS-deficient plasma
with exogenously added activated protein C and human recombinant PS (F), synthetic micro-PS (E), and recombinant rSHBG
(�). Control PS unicalibrator lyophilized plasma contained 115% PS. B, Tyro3 tyrosine phosphorylation in mouse cortical neurons
as determined by immunoprecipitation (IP) with anti-phosphotyrosine (pTyr) antibody compared with control nonimmune IgG
followed by immunoblotting (IB) with anti-Tyro3 and anti-VEGFR2 antibody (as a loading control) 2 h after NMDA treatment,
respectively, in the presence of human recombinant PS, micro-PS, cleaved-PS (�TSR-PS), and rSHBG (5, 15, and 100 nM). Graph,
Relative abundance of phosphorylated Tyro3. C, Cell survival of mouse cortical neurons 24 h after NMDA with and without human
PS, cleaved PS (�TSR-PS), micro-PS, and rSHBG. D, E, Caspase-9 (D) and caspase-3 (E) activity in mouse cortical neurons 9 and 12 h
after NMDA, respectively, in the presence of human PS, cleaved-PS (�TSR-PS), micro-PS, and rSHBG. In C–E, PS was used at 100
nM. Values are mean � SEM; n � 3– 6 independent cultures. F, NMDA-induced lesion in vivo in the striatum in wild-type mice in
the presence of human PS, cleaved-PS (�TSR-PS), micro-PS, and rSHBG, respectively. Values are mean � SEM; n � 3– 6 mice per
group.
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(Fig. 5F). Collectively, these findings
strongly imply that PS, which is a known
ligand for Tyro3, protects neurons both in
vitro and in vivo by binding and activating
Tyro3. Furthermore, the neuronal protec-
tive activity of PS does not require Axl or
Mer.

The SHBG-like domain is required for
PS-mediated neuronal protection in
vitro and in vivo
To identify domains of PS that mediate
neuroprotection, we compared the pro-
tectiveactivitiesof full-lengthPS, throm-
bin-cleaved PS (�TSR-PS), synthetic
micro-protein S (micro-PS), and recom-
binant SHBG (rSHBG) domain. As re-
ported previously (Heeb and Griffin,
2002), thrombin cleaved rapidly PS at
Arg49 within the TSR region (supplemen-
tal Fig. 5A, top, available at www.jneurosci.
org as supplemental material), resulting
in �80% loss of its anticoagulant APC-
cofactor activity (supplemental Fig. 4B,
available at www.jneurosci.org as supple-
mental material) (Heeb and Griffin, 2002).
A slower, second cleavage at Arg70 (Fig.
5A, bottom) abolished completely the an-
ticoagulant activity of PS within 24 h, as
reported previously (Heeb and Griffin,
2002). This second cleavage results in
losses of the direct prothrombinase inhibitory activity of PS and
its ability to bind to phospholipids (Heeb and Griffin, 2002).
Micro-PS comprising the Gla, TSR, and EGF1 (Hackeng et al.,
2000) expressed anticoagulant cofactor activity for APC that was
�30% of full-length PS anticoagulant APC-cofactor activity (Fig.
6A). rSHBG did not have any anticoagulant activity (Fig. 6A), as
reported previously (Saposnik et al., 2003).

PS, �TSR-PS, and rSHBG, but not micro-PS, dose-depen-
dently and with comparable efficacy activated Tyro3 on mouse
neurons as reflected in tyrosine phosphorylation (Fig. 6B). We
found that �TSR-PS, which has an intact SHBG domain, and
rSHBG, which lacks all the N-terminal domains of PS, exhibited
a comparable protection of NMDA-treated neurons as full-
length PS (Fig. 6C). In contrast, micro-PS failed to protect
NMDA-treated neurons. Similar, �TSR-PS and rSHBG, but not
micro-PS, abolished NMDA-induced increases in caspase-9 (Fig.
6D) and caspase-3 (Fig. 6E) activities, comparably with that of
full-length PS.

Using the NMDA in vivo model of excitotoxic lesions as
above, we showed that the PS domains required for PS neuropro-
tection in vivo are the same as those required in vitro. Namely, PS,
�TSR-PS, and rSHBG, which all contain the SHBG domain, but
not micro-PS, which lacks the SHBG domain, similarly reduced
the lesion volumes (Fig. 6F). These results indicate that non-
anticoagulant �TSR-PS retains neuronal protective activity in
vitro and in vivo, suggesting that a structurally intact TSR region is
not required for PS-mediated neuroprotection, although it is re-
quired for anticoagulant APC-cofactor activity. A failure of
micro-PS to exert neuroprotective activity shows that the Gla,
TSR, and EGF1 regions are not sufficient for the cell survival
properties of PS. Finally, the ability of rSHBG to protect neurons

in vitro and in vivo directly shows that the SHBG-like domain is
entirely sufficient for PS-mediated neuroprotection.

Discussion
The present study shows that PS protects neurons from excito-
toxic NMDA-induced injury in vitro and in vivo by activating the
TAM receptor Tyro3–PI3K–Akt pathway through its SHBG-like
domain (Fig. 7).

Studies using Tyro3-, Axl-, and Mer-deficient neurons and
transgenic mice have demonstrated that PS is a Tyro3 ligand both
in vitro and in vivo. The TAM receptors form heterodimers
(Lemke and Rothlin, 2008; Pierce et al., 2008), which increase
complexity of the PS/Gas6 –TAM receptors interactions. In the
present study, PS fully protected Axl- and Mer-deficient neurons
and Axl�/� and Mer�/� transgenic mice from excitotoxic injury,
suggesting Tyro3–Axl or Tyro3–Mer heterodimers likely have
limited or no contribution to PS-mediated neuroprotection. The
present findings may also raise a possibility that neuronal injury
and seizures in Tyro3 mutants (Lu et al., 1999), apoptosis of the
nervous tissue in triple TAM mutants (Lu and Lemke, 2001), and
brain necrosis in mice lacking PS (Burstyn-Cohen et al., 2009;
Saller et al., 2009) may at least in part be attributable to disrupted
PS–Tyro3 interactions.

The PI3K/Akt pathway mediates Gas6 –Axl (Goruppi et al.,
1996; Konish et al., 2004; Valverde et al., 2004; Weinger et al.,
2008) and Gas6 –Tyro3 (Prieto et al., 2007) signaling. The present
findings show that PS also activates the PI3K/Akt antiapoptotic
signaling from the Tyro3 receptor in neurons, suggesting both PS
and Gas 6 (Prieto et al., 2007) activate neuronal Tyro3. The key
role of Akt in PS-mediated neuroprotection has been demon-
strated in neurons transfected with a kinase-deficient AktK179A

(Crowder and Freeman, 1998), which exhibited a complete loss
of PS-mediated protection.

Figure 7. A diagram illustrating the PS–Tyro3–Akt cell survival signaling pathways. Activation of the PS–Tyro3–PI3K–Akt axis
(blue) phosphorylates Mdm2 and Bad, the Akt substrates. pMdm2 lowers p53, a key upstream initiator of apoptosis in neurons,
which downregulates Bax, the proapoptotic Bcl-2 family member and a transcriptional product of p53. Bad (Bcl2/Bcl-XL antago-
nist), a proapoptotic member of the Bcl-2 family, is inactivated by Akt-mediated phosphorylation. PS-induced changes in Bax,
Bcl-2, and Bcl-XL stabilize the mitochondrial membranes, prevent drop in ATP and mitochondrial membrane potential, and inhibit
caspase-9 activation. In addition to the presently demonstrated PS-mediated inhibition of caspase-dependent nuclear transloca-
tion of AIF, activated Akt can also protect against caspase-independent cell death and/or block AIF translocation in a caspase-
independent manner, as reported by others (Luo et al., 2003; Kim et al., 2007; Yang et al., 2008).
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Pathological activation of NMDARs is a major cause of neu-
ronal death after acute excitotoxic trauma such as brain ischemia,
hypoxia, and mechanical trauma (Arundine and Tymianski,
2004). Chronic neurodegenerative disorders may also be associ-
ated with excessive NMDAR activation (Lipton and Rosenberg,
1994; Lipton, 2006). The NMDAR-mediated Ca 2� influx can
result in cell survival or cell death signals (Papadia and Harding-
ham, 2007; Hardingham, 2009) depending on NMDAR location
and subunit composition (Stanika et al., 2009). For example,
selective activation of NR2A-contiaining NMDARs promotes
neuronal survival, whereas NR2B-containing NMDARs induce
cell death signals (Chen et al., 2007). Responses of neurons to
glutamate and NMDA follow typically a bell-shaped curve (i.e.,
both too much and too little NMDAR activity is potentially
harmful) (Lipton and Nakanishi, 1999). Depending on the stim-
ulus intensity and neuronal cell type, some death pathways usu-
ally dominate over the others (Papadia and Hardingham, 2007;
Hardingham, 2009).

In the present study, overstimulation of NMDARs increased
both caspase-9 and caspase-3 activities, as previously reported
(Du et al., 1997; Budd et al., 2000; Tenneti et al., 2000; Okamoto
et al., 2002; Guo et al., 2004, 2009b). However, overstimulation of
NMDARs can lead to caspase-independent death, as shown for
example in the DIV14 mouse cortical neurons after exposure
to a stronger NMDA signal [i.e., 500 �M NMDA resulting in
poly(ADP-ribose) polymerase-1 (PARP-1)-dependent cell death
by AIF (Yu et al., 2002; Wang et al., 2004)]. In these studies,
exposure of the DIV14 neurons to 500 �M NMDA did not acti-
vate caspase-3. In contrast, PARP-1 activation was required for
translocation of AIF from the mitochondria to the nucleus, and
AIF was necessary for PARP-1-dependent cell death, resulting in
caspase-independent pathway of programmed cell death (Yu et
al., 2002; Wang et al., 2004).

Overstimulation of NMDARs leads to mitochondrial dys-
function, an increase in the Bax (proapoptotic)/Bcl-2 (antiapop-
totic) ratio, generation of reactive oxygen/nitrogen species, p53
activation, calpain activation, P38 or JNK activation, etc.,
depending on the model (Papadia and Hardingham, 2007;
Hardingham, 2009). In the present model, overstimulation of
NMDARs led to mitochondrial dysfunction and depolarization
of mitochondrial membrane with depletion of cytosolic ATP,
reduction in the antiapoptotic Bcl-2 and Bcl-XL levels, and an
increase in the proapoptotic p53 and Bax levels. Several studies
have shown that p53 is an important upstream initiator of exci-
totoxic NMDA-induced neuronal death (Uberti et al., 1998;
Djebaïli et al., 2000; Jordán et al., 2003; Guo et al., 2004, 2009b;
Boutahar et al., 2008; Wang et al., 2009). p53 can increase Bax/
Bcl-2 (or Bcl-XL) proapoptotic ratio through transcriptional Bax
upregulation and/or Bax oligomerization (Zuckerman et al.,
2009).

Our data show that PS blocks apoptotic signaling after
NMDAR overstimulation by phosphorylating two downstream
Akt targets, Bad and Mdm2 (Fig. 7). Nonphosphorylated Bad is a
proapoptotic member of Bcl-2 family that binds and neutralizes
the antiapoptotic Bcl-2 and Bcl-XL (del Peso et al., 1997). In
contrast, phosphorylated Bad cannot bind Bcl-2 and Bcl-XL

(Datta et al., 1997). PS–Akt-mediated Bad phosphorylation re-
sulted in dissociation of Bcl-2 and Bcl-XL from Bad, increasing
free levels of Bcl-2 and Bcl-XL, which has resulted in cell protec-
tion. PS also blocked the proapoptotic p53–Bax signaling
through Akt-mediated Mdm2 phosphorylation, which reduces
p53 levels by increasing p53 nuclear export (Mayo and Donner,
2001) and degradation (Gottlieb et al., 2002). p53 blockade re-

duces Bax levels (Guo et al., 2004, 2009b; Boutahar et al., 2008;
Wang et al., 2009), which in turn increases Bcl-2 and Bcl-XL

levels. An increase in total and free Bcl-2 and Bcl-XL levels was
also shown to prevent drop in the mitochondrial membrane po-
tential and ATP (Shimizu et al., 1996), as seen with PS therapy.

It is well known that Akt can protect against both caspase-
mediated cell death, as we and others have demonstrated (Dasari
et al., 2008; Fuentealba et al., 2009; Jover-Mengual et al., 2010),
and caspase-independent cell death, as reported previously (Luo
et al., 2003; Kim et al., 2007; Yang et al., 2008). In certain caspase-
independent apoptosis models, Akt prevented AIF nuclear trans-
location, which inhibited cell death (Kim et al., 2007; Yang et al.,
2008). In the present NMDA model, however, we have demon-
strated that NMDA triggers AIF nuclear translocation at later
time points subsequent to caspase activation and in caspase-
dependent manner consistent with previous work (Wang, 2001;
Arnoult et al., 2002; Gabriel et al., 2003; Penninger and Kroemer,
2003; Guo et al., 2004). Moreover, by inhibiting Mdm2 and Bad
in cortical neurons using the siRNA strategy, we have confirmed
that Akt-mediated regulation of these apoptotic targets has the
primary role in PS-mediated neuroprotection.

The binding of PS to Tyro3 is mediated by the first LG (lami-
nin G) region within SHBG domain (Evenäs et al., 2000). Using
different PS structural analogs, we showed that the N terminus
Gla domain, TSR region, and EGF1 domain are not required for
PS-mediated neuroprotection in vitro and in vivo. In contrast, the
C terminus SHBG domain was both necessary and sufficient to
activate Tyro3 and achieve neuronal protection. Compared with
full-length anticoagulant PS, a smaller non-anticoagulant SHBG
module exerts a comparable neuroprotection but does not have
any bleeding risk.

Recently, it has been reported that PS stabilizes the blood–
brain barrier integrity via Tyro3 and S1P1-mediated Rac1-
dependent signaling (Zhu et al., 2010). The present siRNA
silencing experiment indicated, however, that S1P1 was not in-
volved in PS-mediated neuroprotection against excitotoxic in-
jury. The discrepancy between the present and a previous study
possibly reflects differential receptors requirements for PS-
mediated neuronal protection and cytoskeleton reorganization
in the endothelium (Zhu et al., 2010). In contrast, Tyro3 inhibi-
tion by the Tyro3 siRNA resulted in loss of PS-mediated neuro-
protection, which has independently confirmed our findings in
Tyro3-null neurons. Nevertheless, future studies using trans-
genic models with specific deletions of Tyro3 and S1P1 from
brain endothelium and neurons should further evaluate the exact
roles of Tyro3–S1P1-mediated BBB protection and Tyro3-
mediated neuronal protection in the overall beneficial effects of
PS therapy in models of acute brain injury and other neurological
conditions.

In sum, our data support development of novel PS-based
neuroprotective approaches for reducing acute brain injury
and possibly for mitigating chronic neurodegenerative disor-
ders associated with excessive activation of NMDARs.
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