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Abstract Oxidative stress plays a critical role in neuronal
injury and is associated with various neurological diseases.
Here, we explored the potential protective effect of
neuroserpin against oxidative stress in primary cultured hip-
pocampal neurons. Our results show that neuroserpin inhibits
H,0,-induced neurotoxicity in hippocampal cultures as mea-
sured by WST, LDH release, and TUNEL assays. We found
that neuroserpin enhanced the activation of AKT in cultures
subjected to oxidative stress and that the AKT inhibitor
Ly294002 blocked this neuroprotective effect. Neuroserpin
increased the expression of the anti-apoptotic protein BCL-2
and blocked the activation of caspase-3. Neuroserpin did not
increase the level of neuroprotection over levels seen in neu-
rons transduced with a BCL-2 expression vector, and an in-
hibitor of Trk receptors, K252a, did not block neuroserpin’s
effect. Taken together, our study demonstrates that
neuroserpin protects against oxidative stress-induced dysfunc-
tion and death of primary cultured hippocampal neurons
through the AKT-BCL-2 signaling pathway through a mech-
anism that does not involve the Trk receptors and leads to
inhibition of caspase-3 activation.
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Introduction

Neuroserpin was first discovered as a secreted protein from
axons of dorsal root ganglia (Stoeckli et al. 1989). It was later
found that neuroserpin was expressed in the central nervous
system (Hastings et al. 1997; Osterwalder et al. 1996), detect-
ed from an early stage in neuronal development of the mouse
(E10), increasing to a maximal level perinatally before declin-
ing to a moderate level in the adult (Krueger et al. 1997).
Biochemical evidence showed that neuroserpin strongly in-
hibits the serine protease tissue plasminogen activator (tPA)
(Hastings et al. 1997; Osterwalder et al. 1998). It is a less
effective inhibitor of urokinase plasminogen activator, trypsin,
and NGF-y and acts predominantly as a substrate for plasmin
(Hastings etal. 1997; Osterwalder et al. 1998). The expression
pattern of neuroserpin is largely similar to tPA supporting a
role for neuroserpin to regulate the activity of tPA in physio-
logical and pathological situations (Lee et al. 2015; Miranda
and Lomas 2006; Robinson et al. 2015). Consistent with this
view, neuroserpin has been proposed to regulate tPA levels
and modulate neuronal migration (Krueger et al. 1997),
neurite growth (Hill et al. 2000; Navarro-Yubero et al. 2004;
Parmar et al. 2002), synaptogenesis (Borges et al. 2010), and
synaptic plasticity in the adult brain (Berger et al. 1999;
Madani et al. 2003; Wannier-Morino et al. 2003). However,
some effects of neuroserpin have been reported to be indepen-
dent of inhibition of tPA (Lee et al. 2008; Madani et al. 2003;
Wau et al. 2010).

Neuroserpin can reduce N-methyl-D-aspartate (NMDA)-
mediated excitotoxicity and ischemia-induced plasmin-medi-
ated cell death in in vivo and primary neuronal culture models
(Lebeurrier et al. 2005; Wu et al. 2010). Administration of
recombinant neuroserpin into the brain reduced infarct size
by about 60 % in a rat middle cerebral artery occlusion model
of cerebral ischemia, while cleaved neuroserpin lacking tPA
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inhibitory activity had no effect (Yepes et al. 2000). In addi-
tion to ischemic death, neuroserpin administration has been
found to reduce lesion size following excitotoxic insult with
NMDA in mice (Lebeurrier et al. 2005). Neuroserpin is ele-
vated in the cerebrospinal fluid of patients with Alzheimer’s
disease (AD) (Fabbro and Seeds 2009; Nielsen et al. 2007).
Neuroserpin forms a complex with amyloid beta (A3) pep-
tides to reduce the aggregation of the peptides and attenuates
the AP toxicity in cell culture (Kinghorn et al. 20006).
Furthermore, A 34, injected into the brains of mice is cleared
more rapidly in neuroserpin-deficient mice than in wild-type
mice, and the knockout of the neuroserpin gene leads to de-
creased AP, and A4, levels, fewer and smaller amyloid
plaques, and reduced memory deficits, in a mouse model of
the disease (Fabbro et al. 2011). Consistent with the hypothe-
sis that inhibition of tPA by neuroserpin underlies these chang-
es, there was a greater level of tPA accumulation in the plaques
of the neuroserpin knockout mice. Hence neuroserpin has
been recognized as a potential regulator in the pathogenesis
of AD.

Oxidative stress is a condition in which the balance be-
tween production of reactive oxygen species (ROS) and level
of antioxidants is significantly disturbed and results in damage
to cells by ROS (Gandhi and Abramov 2012). The generation
of excessive ROS and oxidative damage is believed to be
involved in the pathogenesis of neurodegenerative disorders
including AD, Parkinson’s disease (PD), and Huntington’s
disease (HD) (Melo et al. 2011). ROS mediates neurotoxicity
in each of these diseases through modification of hallmark
proteins by oxidation (Li et al. 2013). In AD, extracellular
deposits of AP and intracellular neurofibrillary tangles are
two major hallmark proteins. It has been reported that oxida-
tive stress also stimulates the production of A3 probably
through increased expression and activation of beta- and gam-
ma-secretase, two enzymes critical for the production of A3
(Radi et al. 2014). In fact, oxidative damage precedes Af;
deposition which further contributes to oxidative stress and
neurodegeneration in AD brains and transgenic mouse models
of AD (Butterfield and Boyd-Kimball 2004). In PD, post-
translational modifications of alpha-synuclein by ROS have
been implicated in increasing the aggregation and toxicity of
alpha-synuclein (Li et al. 2013), while anti-oxidants were
found to inhibit its aggregation (Radi et al. 2014). Thus, oxi-
dative stress is a promising therapeutic target for treating neu-
rodegenerative diseases.

In this study, we have investigated the neuroprotective role
and mechanism of action of neuroserpin using a model of
induced oxidative stress. We demonstrate for the first time
that recombinant neuroserpin acts extracellularly to protect
against hydrogen peroxide-induced neurotoxicity through
the AKT signaling pathway in a primary hippocampal cul-
ture model. We further show that neuroserpin rescued the
dysfunction caused by oxidative stress by modulating the
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expression of the mitochondria apoptotic pathway proteins
BCL-2 and caspase-3.

Materials and Methods

Reagents Ly294002 was purchased from Cell Signaling
Technology (Danvers, Massachusetts, USA). Recombinant
rat neuroserpin (residues 19-410) was cloned into pET28a
(Novagen, Merck Limited, Auckland, New Zealand), adding
an N-terminal 6-His-tag and thrombin tag removal cleavage
site. Recombinant neuroserpin was produced in Escherichia
coli BL21(DE3) pRIL cells (Stratagene, La Jolla, CA, USA)
at 18 °C and purified by Ni-NTA affinity chromatography,
anion-exchange chromatography (UNO Q1; Bio-Rad
Laboratories, Hercules, CA, USA), and gel filtration
(Superdex 75 HR 10/30; Pharmacia, GE Healthcare Life
Sciences, Auckland, New Zealand). Adenovirus expressing
[3-galactosidase (LacZ) and BCL-2 were purchased from
Vector Biolabs (Malvern, PA, USA). Monoclonal rabbit anti-
cleaved active caspase-3 antibody (1:3000), monoclonal
mouse anti-p-AKT antibody (1:3000), polyclonal rabbit anti-
[3-actin antibody (1:10,000), polyclonal rabbit anti-t-AKT an-
tibody (1:5000), and polyclonal rabbit anti-BCL-2 antibody
(1:3000) were from Cell Signaling Technology and used at the
dilutions shown in brackets. Trk receptor family inhibitor,
K252a (Sigma, St. Louis, MO, USA), was used at the concen-
tration of 100 nM.

Animals Pregnant rats (Sprague Dawley) were purchased
from Taconic Farms, Inc., Derwood, MD. All animals were
given food and water ad libitum in a humidity- and
temperature-controlled room under a 12-h light/dark cycle.
All animal procedures were approved by the Animal Care
and Use Committee, NICHD, NIH.

Primary Neuronal Culture Embryonic day 18 (E18) hippo-
campal neuronal cultures were prepared as described previ-
ously (Qin et al. 2014). Briefly, the hippocampus was dissect-
ed and digested with 2 mg/ml papain in 2 ml for 30 min at
37 °C and the papain then inactivated with 10 % FBS (3 ml).
The digest was triturated to dissociate the tissue and then
passed through a cell strainer to remove any intact tissue
clumps. The cells were then centrifuged for 5 min at 1500xg
and the supernatant discarded. The cell pellet was suspended
in DMEM 1000 units/ml penicillin, 1000 units/ml streptomy-
cin, and 5 % FBS. The cells were then plated on poly-L-lysine
(Sigma, St. Louis, MO, USA; cat. no. P4707) coated 96-well
or 12-well plates at a density of 1 x 10° cells/ml. For TUNEL
assay, the cells were plated on 24-well plates with coverslips
(Electron Microscopy Sciences, Hatfield, PA, USA) at a den-
sity of 5 x 10° cells/ml, and the coverslips were precoated with
poly-L-lysine (Sigma). The medium was replaced by
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Neurobasal medium with 2 % B27 (Invitrogen, Carlsbad, CA,
USA) the following day. As the hippocampal cultures were
derived from E18 embryos, at the stage when neurogenesis is
about to end and gliogenesis has not yet started, and cultured
in Neurobasal medium which is optimized to support growth
of neurons rather than glial cells, the cultures contain primarily
neurons. For all the experiments, the culture medium per well
was 0.1 ml for the 96-well plate, 0.5 ml for the 24-well plate,
and 1 ml for the 12-well plate. After culture, the neurons were
treated with recombinant neuroserpin or transduced with ade-
novirus expressing Bcl-2 or LacZ (MOI 20) (Vector Biolabs,
Philadelphia, PA, USA) in the presence or absence of 100 pM
HzOz.

WST-1 Assay for Cell Viability The viability of the cells was
determined by the WST-1 Cell Proliferation Reagent
(Clontech, Mountain View, CA, USA) assay in a 96-well
plate. The WST assay is a water-soluble version of the stan-
dard MTT assay for cell viability. After the different treat-
ments, 10 pl of premixed WST-1 was added to each well
and the plate was maintained in a 37 °C incubator for 1-2 h.
The absorbance of the samples was then measured at 440 nm
using a multi-well plate reader.

Lactate Dehydrogenase Release Assay for Cell Cytotoxicity
The cytotoxicity of cells after various treatments was evaluat-
ed by the extent of the release of lactate dehydrogenase
(LDH). This was achieved with a CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit according to the manufac-
turer’s instructions (Promega, Madison, W1, USA).

TUNEL Assay The TUNEL assay was performed as de-
scribed previously (Cheng et al. 2013). Briefly, primary cul-
tured hippocampal neurons grown on slides were fixed and
permeabilized after the various treatments. An in situ cell
death detection kit TUNEL (Roche, Indianapolis, IN, USA)
was used to stain the cells. After staining, coverslips were
mounted over the slides, which were then imaged under the
fluorescence microscope. The cell nuclei were stained with
DAPI. The percentage of cell death was determined by the
ratio of the number of TUNEL-positive cells to DAPI-
stained cells. At least 500 cells were counted in each
treatment.

Western Blotting Western blots were performed as described
previously (Cheng et al. 2015). Briefly, protein lysates were
prepared using T-Protein Extraction Reagent (Pierce,
Rockford, IL, USA) supplemented with 1x Complete
Inhibitor Cocktail (Roche), centrifuged at 15,000xg for
10 min at 4 °C, and the protein concentrations in the superna-
tants were determined using a Bio-Rad Protein Assay (Bio-
Rad, Hercules, CA, USA). Twenty micrograms of protein
were added to NuPAGE LDS sample buffer (Invitrogen,

Carlsbad, CA, USA) and denatured at 70 °C for 10 min.
Then, the denatured samples were ran on 4-12 % SDS-
PAGE gels (Invitrogen, Carlsbad, CA, USA) and then trans-
ferred onto nitrocellulose membrane (Millipore, Billerica,
MA, USA). After blocking with 5 % nonfat milk at room
temperature for 1 h, the membrane was incubated with the
primary antibodies overnight diluted in PBS supplemented
with 1 % Tween 20. After washing, the membrane was incu-
bated with fluorophore-conjugated anti-mouse or anti-rabbit
antibodies (Amersham, Piscataway, NJ, USA) and visualized
using an Odyssey infrared imaging system (LI-COR Inc.,
Lincoln, NE, USA). Band intensities were quantified using
Odyssey software version 2.1. The expression level for each
target protein was normalized to expression levels of 3-actin.

Statistical Analysis Data were analyzed by one-way analysis
of variance (ANOVA) followed by Tukey post hoc multiple
comparisons tests where noted. Significance was set at
p <0.05.

Results

Neuroserpin Protects Hippocampal Neurons
Against Oxidative Stress

To determine whether neuroserpin is neuroprotective against
oxidative stress, we treated primary hippocampal cultures
with 0.215, 2.15, 21.5, and 215 nM of neuroserpin for 1 h,
followed by incubation with 100 uM H,0O, for 24 h. Effects
were quantitated using assays reporting cell viability (reduc-
tion of WST-1), cell cytotoxicity (LDH), and DNA fragmen-
tation that results from apoptotic signaling (TUNEL assay).
The cell viability of cultures challenged with H,O, decreased
approximately by 50 % compared to the untreated group
(Fig. l1a). However, pretreatment with neuroserpin rescued
this oxidative stress-induced decrease in a dose-dependent
manner, suggesting a neuroprotective effect of neuroserpin
against oxidative stress (Fig. 1a, ANOVA between all the
groups; F(s, 93y = 49.06, p < 0.05). The LDH release assay
confirmed the neuroprotective effect with neuroserpin dose-
dependently attenuating the cytotoxicity caused by oxidative
stress (Fig. 1b, F(s, 96y = 91.37, p < 0.05). Furthermore,
neuroserpin alone did not significantly affect neuronal cell
viability (Fig. 1c, F, 45y = 2.097, p > 0.05) or cytotoxicity
(Fig. 1d, F4, 45)=0.3384, p > 0.05).

Results from the TUNEL assay further confirmed a neuro-
protective effect. Treatment with 100 uM H,O, increased the
number of apoptotic cells in the primary hippocampal cultures
(Fig. 2). Pretreatment with 21.5 nM neuroserpin significantly
reduced the number of apoptotic cells (Fig. 2a, b, F3,
20) = 45.73, p < 0.05).
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Fig. 1 Purified recombinant neuroserpin protects against H,O,_induced
neurotoxicity in primary cultured rat hippocampal neurons. Neurons were
pretreated with varying concentrations of neuroserpin or vehicle alone for
1 h then further treated with H,O, (100 uM) for 24 h. Cell health was then
quantified using assays reporting cell viability (reduction of WST) and
cell cytotoxicity (LDH). Neurons were also treated with neuroserpin
alone. a, b Neuroserpin inhibited the H,O,_induced decrease in cell

The AKT Signaling Pathway Mediates
the Neuroprotective Effect of Neuroserpin

Treatment of hippocampal cultures with 100 uM H,O, for 24 h
increased the phosphorylation of AKT, consistent with a

TUNEL DAPI

A

Fig. 2 Neuroserpin reduces apoptotic cell death triggered by H,O, in
cultured rat hippocampal neurons. a Neurons were pretreated with
21.5 nM neuroserpin or vehicle for 1 h, exposed to H,O, (100 uM) for
24 h, and apoptotic cells detected using a TUNEL assay.
Photomicrographs show neurons stained by TUNEL (green) and DAPI
(blue) after various treatments. b The bar graphs represent the

@ Springer

B
600
3
B
<
.,;} 400
&
=
e
S 200 A
=
>
Q
0 ol
NS (nM) - - 0215 215 215 215
H,0, - + o+ o+ o+ o+
D
150
e
=
<
100
>
=
&<
"
S 501
=
R
>
O
o0 4
NS (nM) - 0215 215 215 215

viability and increase of cytotoxicity. Data are from three independent
experiments, 7 = 15. Values are mean + SEM, one-way ANOVA followed
by Tukey test. *p < 0.05 compared to the control group, *p < 0.05 com-
pared to the H,O, group. ¢. d Neuroserpin alone had no significant effect
on the cell viability and cytotoxicity. Data are from two independent
experiments, #n = 10. Values are mean + SEM, one-way ANOVA analysis

previous study showing that 24 h of oxidative stress increased
the phosphorylation of AKT in neurons (Uranga et al. 2013).
While neuroserpin alone had no effect on AKT activation
(Fig. 3a, F 5 6) = 1.34, p > 0.05), pretreatment of cultures with
21.5 nM neuroserpin enhanced the activation of AKT induced
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quantification of the dead cells as a percentage of the total number of
cells determined by DAPI staining. Data are from three independent
experiments, # = 6. Values are mean + SEM, one-way ANOVA analysis
followed by Tukey test. *p < 0.05 compared to the untreated control
group, #p < 0.05 compared to the H,O,-only group
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Fig. 3 Neuroserpin pretreatment enhances activation of AKT signaling
pathways in cultured rat hippocampal neurons. a Top panel: Neurons were
treated with vehicle and 21.5 nM neuroserpin for 1 h or 24 h. Protein lysates
were analyzed by Western blotting using antibodies specific for
phosphorylated AKT (p-AKT) and total AKT (t-AKT). A representative
Western blot is shown. Bottom panel: Bar graphs showing the quantification
of p-AKT normalized to t-AKT. Data are from two independent experi-
ments. Values are mean + SEM, one-way ANOVA followed by Tukey test.
b Top panel: Neurons were pretreated with 21.5 nM neuroserpin or vehicle
for 1 h and then exposed to H,O, (100 uM) for 24 h. Protein lysates were
analyzed by Western blotting using antibodies specific for phosphorylated

by oxidative stress (Fig. 3b, Fi2, ) = 33.6, p < 0.05). To deter-
mine whether the enhanced activation of AKT plays a role in the
neuroprotective effect of neuroserpin, we used the PI3 kinase
inhibitor, Ly294002, which has been shown to block PI3 kinase-
dependent AKT phosphorylation and kinase activity (Cheng
et al. 2013; Gharbi et al. 2007). We treated the neurons with
vehicle or 10 uM Ly294002 in the presence or absence of
neuroserpin for 1 h, challenged cultures with 100 uM H,O,
for 24 h, and measured LDH levels to quantitate cell toxicity.
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AKT (p-AKT) and total AKT (t-AKT). A representative Western blot is
shown. Bottom panel: Bar graphs showing the quantification of p-AKT
normalized to t-AKT. Data are from three independent experiments.
Values are mean + SEM, one-way ANOVA followed by Tukey test.
*p < 0.05 compared to the untreated control group, #p < 0.05 compared to
the H,O, group. ¢ Neurons were pretreated with 10 uM Ly294002 or vehi-
cle in the presence or absence of neuroserpin (21.5 nM) for 1 h and then
exposed to 100 uM H,O, for 24 h before analysis of cytotoxicity using LDH
assays. Data are from two independent experiments, n = 10. Values are
mean + SEM, one-way ANOVA followed by Tukey test. *p < 0.05 com-
pared to the H,O, group, #p < 0.05 compared to the NS + H,0O, group

As shown in Fig. 3c, Ly294002 alone had no effect on cell
cytoxicity. However, it reduced the neuroprotective effect of
neuroserpin (F, 45y = 95.72, p < 0.05).

Neuroserpin Attenuates H,O,-Induced Changes in BCL-2
and Caspase-3

We further investigated the mechanism underlying
neuroserpin’s effects on oxidative stress by analysis of the
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Fig.4 BCL-2 and caspase-3 are involved in the neuroprotective effect of
neuroserpin. Neurons were pretreated with 21.5 nM neuroserpin or vehi-
cle for 1 h and then exposed to HO, (100 M) for 24 h. Protein lysates
were analyzed by Western blotting using antibodies specific for BCL-2
and active caspase-3. a Representative Western blot of immunoreactive
BCL-2. Duplicate samples of each test condition were analyzed. Actin
served as internal control for protein loading. b Bar graphs showing the
quantification of BCL-2 normalized to actin. Data are from two indepen-
dent experiments. Values are mean + SEM, one-way ANOVA followed
by Tukey test, n = 4. *p < 0.05 compared to the untreated control group,
#p < 0.05 compared to the H,O, group. ¢ Primary cultured hippocampal
neurons were treated with LacZ or BCL-2 adenovirus for 24 h followed

anti-apoptotic AKT downstream signaling pathway protein
BCL-2 and the pro-apoptotic enzyme caspase-3. Primary hip-
pocampal cultures were treated with vehicle or 100 uM H,0O,
for 24 h. As shown in Fig. 4a, b, the level of BCL-2 in the
cultures decreased significantly after treatment with H,O, com-
pared to the control group. Pretreatment with 21.5 nM
neuroserpin significantly inhibited this decrease (F's,
12) = 7.639, p < 0.05), while treatment with neuroserpin alone
had no effect. To see if neuroserpin could enhance the neuro-
protective effect mediated by BCL-2, primary hippocampal
cultures were transduced with 20 MOI of adenovirus express-
ing LacZ or BCL-2 for 24 h. BCL-2 transduction significantly
reduced the cytotoxicity caused by 100 pM H,O, (Fig. 4c, Fia,
45 = 62.92, p < 0.05). Pretreatment with 21.5 nM neuroserpin
did not enhance this neuroprotective effect. These results sug-
gest that neuroserpin-induced neuroprotection in the
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by 21.5 nM neuroserpin or vehicle for 1 h and then exposed to H,O,
(100 uM) for 24 h. Cytotoxicity was measured by LDH release assay
after various treatments in the neurons. Data are from two independent
experiments, 7 = 10. Values are mean + SEM, one-way ANOVA followed
by Tukey test. *p < 0.05 compared to the BCL-2-negative group. NS, not
significant. d Representative Western blot of active caspase-3. Duplicate
samples of each test condition were analyzed. Actin served as internal
control for protein loading. e Bar graphs showing the quantification of
active caspase-3 normalized to actin. Data are from two independent
experiments, n = 3. Values are mean + SEM, one-way ANOVA followed
by Tukey test. *p < 0.05 compared to the control group, #p < 0.05 com-
pared to the H,O, group. Csp-3, caspase-3

hippocampal cultures was dependent on BCL-2. We also found
that cultures challenged with 100 uM H,O, showed increased
activation of caspase-3. Pretreatment with 21.5 nM neuroserpin
significantly inhibited H,O,-induced activation of caspase-3
(Fig. 4d, e, F3 )= 19.15, p < 0.05).

Neuroserpin’s Neuroprotective Effect Is Not Mediated
Through Trk Receptors

One possible pathway through which neuroserpin could
stimulate PI3K/AKT activity and neuronal survival is
through transactivation of Trk receptors. To investigate
this possibility, we pretreated cultures with the Trk re-
ceptors inhibitor, K252a. Pretreatment did not block
neuroserpin’s inhibitory effect on H,O,-induced cell
death (Fig. 5, Fu, 45) = 53.47, p < 0.05).
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Fig. 5 Neuroserpin’s neuroprotective effect is not mediated through Trk
receptors. Neurons were pretreated with 100 nM K252a or vehicle in the
presence or absence of neuroserpin (21.5 nM) for 1 h and then exposed to
100 uM H,O, for 24 h before analysis of cytotoxicity using LDH assays.
Results suggested that neuroserpin’s neuroprotective effect is not
mediated through Trk receptors. Data are from two independent
experiments, n = 10. Values are mean + SEM, one-way ANOVA followed
by Tukey test

Discussion

Oxidative stress has been proposed to be a major contributor
to neuronal synaptic dysfunction and neuronal loss in aging
and a number of neurodegenerative disorders including
Alzheimer’s disease (de la Monte and Wands 2006; Joseph
et al. 2005; Mancuso et al. 2007; Shi and Gibson 2007). Our
results demonstrate that neuroserpin protects against H,O,-
induced oxidative stress in primary cultures of rat hippocam-
pal neurons. More detailed analysis of the cellular mecha-
nisms underlying this effect identified a role for PI3 kinase-
dependent activation of the AKT signaling pathway. PI3K/
AKT is an established mediator of the survival response
against oxidative stress (Cheng et al. 2013; Duarte et al.
2008; Uranga et al. 2013). Consistent with previous studies,
AKT was activated in response to oxidative stress, through the
activity of P13 kinase, its upstream activator. Activation of this
pathway in neurons subjected to oxidative injury has largely
been associated with neuronal survival (Choi et al. 2012; Lee
et al. 2009; Wang et al. 2012). We found that neuroserpin
enhanced H,0,-induced AKT levels and that the protective
effect was blocked following inhibition of PI3 kinase. Our
results support a role for neuroserpin as an activator of this
neuroprotective pathway. We also examined the effects of
H,0, and neuroserpin on levels of the “anti-death” protein
BCL-2 and the “pro-death” enzyme caspase-3. BCL-2 is a
pro-survival/anti-apoptotic protein that is localized to the outer
mitochondrial membrane where it prevents the release of cy-
tochrome ¢ from mitochondria by inhibiting apoptosis-
induced mitochondrial pore formation (Yang et al. 1997).
Translocation of cytochrome ¢ from the mitochondria to the

cytoplasm is a key event in the activation of caspase-3 and the
induction of apoptosis (Garrido et al. 2006). Neuroserpin pre-
treatment significantly reduced both the H,O,-mediated de-
crease in BCL-2 levels and the increase in caspase-3. These
changes would act synergistically to increase neuronal surviv-
al and are consistent with the neuroprotective effect of
neuroserpin towards oxidative stress seen in this study.

How neuroserpin transduces a survival signal to activate
the PI3 kinase/AKT pathway and triggers neuroprotection is
not clear. One possibility is through activation of the low-
density lipoprotein receptor-related protein-1 (LRP-1) recep-
tor. The LRP receptor is a member of the LDL receptor family
that endocytoses a diverse range of ligands and regulates a
number of signaling pathways (Bacskai et al. 2000; Hayashi
et al. 2007; Herz and Strickland 2001; Hu et al. 2006;
Mantuano et al. 2008a; Mantuano et al. 2008b). Recently,
activation of LRP-1 by the protease inhibitor «-2-
macroglobulin or tPA has been shown to transactivate Trk
receptors and stimulate AKT activity (Shi et al. 2009). Given
the established roles for Trk receptors in nerve cell survival
and inhibition of apoptosis (Zhang et al. 2000; Zhang et al.
2010) and the capability of neuroserpin to bind to the LRP-1
receptor, either as part of a complex with tPA or in association
with an unidentified accessory molecule (Makarova et al.
2003), neuroserpin-mediated transactivation of the TrkA re-
ceptor is one possible pathway that may underlie the neuro-
protective response. However, inhibition of Trk receptor acti-
vation failed to block neuroserpin’s inhibitory effect on H,O,-
induced cell death suggesting it was not involved. Another
possibility is that neuroserpin regulates responses to ROS
through a tPA-independent mechanism (Ma et al. 2012).
Neuroserpin also has 20 methionine residues, which could
act to scavenge free radicals and mediate its neuroprotective
function (Mohsenifar et al. 2007).

Interestingly, one of the underlying mechanisms mediating
aging and A3 neurotoxicity is oxidative stress. A3 has been
found to increase levels of H,O, in neurons, which is thought
to lead to an imbalance between ROS and the cells’ oxidant
defenses (Behl et al. 1994; Thomas et al. 1996). The response
of hippocampal cultures pretreated with neuroserpin to stim-
ulate the natural protective mechanisms of neurons suggests
that it may function to reduce the levels of neuronal degener-
ation during age-dependent stresses such as oxidative stress. A
similar mechanism may contribute to neuroserpin’s protective
effects following excitotoxic glutamate-induced neuronal
death (Lebeurrier et al. 2005), which also involves the produc-
tion of ROS (Cheng et al. 2013). It should be noted that other
mechanisms have been proposed for neuroserpin’s neuropro-
tective effects including interaction with A3 to form off-
pathway nontoxic oligomers (Kinghorn et al. 2006) and inhi-
bition of tPA-mediated intracellular calcium flux through
NMDA receptors (Lebeurrier et al. 2005). Also, in the case
of AD, there is evidence that reduced neuroserpin levels leads
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to fewer and smaller amyloid plaques and reduced memory
deficits (Fabbro et al. 2011).

Neuroserpin has been also reported to be neuroprotective in
focal ischemic stroke (Cinelli et al. 2001) and more recently in
an in vitro ischemic model following oxygen-glucose depri-
vation and reoxygenation (OGD/R) (Wang et al. 2015). In
both models, the neuroprotective effects of neuroserpin were
attributed to effects on nonneuronal cells, either microglial
cells or astrocytes. The astrocyte study also reported that while
OGD/R treatment upregulated levels of pAKT, neuroserpin
administration had little effect. While our study used a well-
established rat hippocampal culture model that is highly
enriched in neurons, we cannot exclude effects of neuroserpin
on glial cells that may be present.

In summary, our study demonstrates for the first time that
extracellular neuroserpin plays a neuroprotective role against
H,0,-induced oxidative stress in primary hippocampal neu-
ronal cultures. These effects are mediated by the PI3 kinase/
AKT signaling pathways with neuroserpin attenuating the
H,0,-mediated reduction in BCL-2, a pro-survival protein,
and blocking the H,0,-mediated activation of the pro-
apoptotic caspase, caspase-3. Together with the previously
reported anti-excitotoxic effect of neuroserpin, these studies
support further investigations into the involvement of
neuroserpin in aging and neurodegenerative diseases.
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