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Abstract

Although mechanisms involved in progression of cell death in spinal cord injury (SCI) have been studied extensively, few

are clear targets for translation to clinical application. One of the best-understood mechanisms of cell survival in SCI is

phosphatidylinositol-3-kinase (PI3K)/Akt and associated downstream signaling. Clear therapeutic efficacy of a phos-

phatase and tensin homologue (PTEN) inhibitor called bisperoxovanadium (bpV) has been shown in SCI, traumatic brain

injury, stroke, and other neurological disease models in both neuroprotection and functional recovery. The present study

aimed to elucidate mechanistic influences of bpV activity in neuronal survival in in vitro and in vivo models of SCI.

Treatment with 100 nM bpV(pic) reduced cell death in a primary spinal neuron injury model ( p < 0.05) in vitro, and

upregulated both Akt and ribosomal protein S6 (pS6) activity ( p < 0.05) compared with non-treated injured neurons. Pre-

treatment of spinal neurons with a PI3K inhibitor, LY294002 or mammalian target of rapamycin (mTOR) inhibitor,

rapamycin blocked bpV activation of Akt and ribosomal protein S6 activity, respectively. Treatment with bpV increased

extracellular signal-related kinase (Erk) activity after scratch injury in vitro, and rapamycin reduced influence by bpV on

Erk phosphorylation. After a cervical hemicontusive SCI, Akt phosphorylation decreased in total tissue via Western blot

analysis ( p < 0.01) as well as in penumbral ventral horn motor neurons throughout the first week post-injury ( p < 0.05).

Conversely, PTEN activity appeared to increase over this period. As observed in vitro, bpV also increased Erk activity

post-SCI ( p < 0.05). Our results suggest that PI3K/Akt signaling is the likely primary mechanism of bpV action in

mediating neuroprotection in injured spinal neurons.
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Introduction

Acute spinal cord injury (SCI) is devastating with an annual

incidence of approximately 12,000 cases in the United States

alone.1 As life expectancy increases, as well as the number of patients

with SCI, worldwide prevalence approaches approximately 2 milli-

on.1,2 An estimated US $4 billion are spent on medical treatment

alone for acute SCI and associated rehabilitative management.1,3

Despite these staggering numbers, there are still no cures for SCI.

Our knowledge of cellular and pathological responses to injury

is incomplete, which hinders effective clinical progress in thera-

peutic development and application.4 Exogenous promotion of

neuroprotection and recovery using readily available and fast act-

ing therapeutics would be valuable, however, for slowing second-

ary injury and its destruction of initially spared tissue.5

Consequently, understanding mechanisms by which such treat-

ments act is as important as identifying the therapies themselves.

Modulating the activity or expression of the phosphatase and

tensin homologue, PTEN, promotes axon regeneration,6–10 and

neuroprotection after central nervous system (CNS) injury and

neurodegeneration.11–18 PTEN is a known antagonist of

phosphatidylinositol-3-kinase (PI3K), preventing phosphatidyli-

nositol triphosphate (PIP3) from promoting phosphorylation and

activation of the prosurvival kinase, Akt. Inhibiting PTEN disin-

hibits PI3K signaling leading to improved cell survival, tissue

sparing, and functional ‘11,12,14–16 potentially through reducing

delayed destructive processes.

We demonstrated that PTEN expression does not significantly

change 24 h post-SCI, although phosphorylated (active) Akt de-

creases, suggesting that the lipid phosphatase of PTEN activity and

the antagonism of PI3K increases within injured tissue after SCI.

Thus, our previous evidence supports the hypothesis that PTEN

activity promotes cell death after SCI. We identified neurons as

potential targets of PTEN inhibition because they expressed PTEN
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before and after injury, and treatment with a potent PTEN inhibitor,

dipotassium bisperoxo (picolinato) vanadium (bpV[pic]),19 in-

duced significant ventral horn neuron survival after cervical

hemicontusion SCI.

Although whole tissue protein analysis revealed significant re-

duction in Akt phosphorylation in the proximity of the injury site

one day post-SCI, it is unclear whether this suppression is sustained

in surviving spinal neurons after injury. Also, our previous research

did not confirm whether bpV acted directly on neurons in pro-

moting their survival after SCI. Further, our results suggested that

bpV acted through PI3K/Akt signaling post-injury; however, our

findings did not reveal whether bpV operated via this mechanism

specifically in neurons.

We therefore designed the present study to assess the extent of

the modulation of Akt phosphorylation after SCI to extend our

understanding of bpV-mediated neuroprotection and to deter-

mine more effectively whether bpV acts on PTEN and PI3K/Akt

signaling or other mechanisms in spinal neurons after traumatic

injury.

Methods

Schematic diagrams of in vivo and in vitro experimental designs
are shown in Figure 1.

In vitro experiments

Primary spinal neuron culture and treatment. Primary
spinal cord neurons were obtained from SD rat E15 embryo spinal
cords according to an established protocol.20 In brief, E15 rat spinal
cords were isolated and placed in Leibovitz L-15 medium (Gibco,
Grand Island, NY). Meninges were carefully removed, the spinal
cords were cut into small pieces and dissociated with 0.05% tryp-
sin/ethylenediaminetetraacetic acid (EDTA) for 15–20 min at 37�C
and gently triturated. After adhering at 37�C for 30 min to eliminate
glial cells and fibroblasts, neurons were plated on poly-L-lysine
pre-coated 48-well plates (Corning, Tewksbury, MA).

Neurons were incubated in a humidified atmosphere containing
5% CO2 at 37�C with Delbecco Modified Eagle Medium +10%
heat-inactivated fetal bovine serum +5% heat-inactivated horse

serum +2 mM glutamine. After 16 h, the medium was replaced with
Neurobasal medium with 2% B27, 1% N2 and 2 mM glutamine (all
from Life Technologies, Inc., Grand Island, NY). On day 3 in vitro,
5 lM cytosine-b-D-arabinofuranoside (Sigma-Aldrich, St. Louis,
MO) was added for 24 h to inhibit glia cell proliferation.

Cells in 48-well plates were cultured with 200 lL medium until
experimentation. With this culture protocol, a purity of greater than
87% spinal cord neuron population was obtained by seven days
in vitro (DIV). All experiments were performed between seven and
10 DIV.

In vitro traumatic neural injury model. Primary spinal
neurons were cultured as described. At the time of experimentation,
cells were given either a fresh medium change (control) or were
mechanically damaged by a monolayer scratch injury model
modified from previous studies.21 In summary, an 18-gauge sur-
gical needle was flattened to increase the surface area of damage,
and distinct grid patterns of scratches were performed in either 48-
well or six-well culture plates containing 7-10 DIV mixed spinal
neuron culture (Fig. S1).

In 48-well plates, used for supernatant collection for cell death
assessment, immunolabeling, and imaging, four vertical and three
horizontal scratch lines (space 3 mm apart) were made to the neuron
monolayer, causing immediate damage to neuron cell bodies and
neurites (Fig. S1A). In 6-well plates, used for cell lysate and protein
collection, seven vertical and five horizontal scratch lines (all
spaced 5 mm apart) were created (Fig. S1B). The needle and scratch
designs were determined experimentally for optimal use in pro-
ducing graded injury over time, and served as a useful and re-
sponsive model for experimental treatment with bpV and other
signal pathway inhibitors.

To assess graded injury over time, supernatant was collected
from 48-well groups at time intervals of 1, 4, 16, and 24 h post-
injury, and a cell death assay was performed. Fluorescent nuclear
labeling of propidium iodide (PI) was also utilized to confirm
changes visually in cell viability, in combination with a cell death
assay, in experiments testing neuroprotective effects of bpV after
scratch injury. The scratch method induced a primary mechanical
injury to neurons/neurites at the injury site and caused a subsequent
spread of damage to adjacent neurons distal to the scratch lines over
time.

FIG. 1. In vitro and in vivo experimental design and timeline. PI, propidium iodide; C5 Hemi-SCI, cervical level 5 hemicontusion
spinal cord injury; bpV(pic), dipotassium bisperoxo (picolinato) vanadium.

MECHANISMS OF NEUROPROTECTION BY BPV 2677



Assessment of bpV treatment effects on spinal neurons. In
wells selected for experimental treatment, a 45 min pre-treatment
with experimentally determined doses of 100 nM PTEN inhibitor
bpV(pic) (Enzo Life Sciences, Farmingdale, NY) in 0.9% saline,
20 lM PI3K-inhibitor LY294002, 25 nM mammalian target of ra-
pamycin (mTOR) inhibitor rapamycin (LC Laboratories, Woburn,
MA), or combinations of the above were implemented. After pre-
treatment, cells were left uninjured or received scratch injuries and
were cultured for designated periods depending on the experiment.
After experimental treatment, supernatant was collected for cell
death assays, and cells were prepared for either Western blot
analysis or immunocytochemistry.

PI neuron death labeling. The PI labeling to indicate neu-
ronal death was performed as described previously.22 In brief,
Hoechst 33342 (Sigma-Aldrich) was added to culture wells, and
plates were incubated at 37�C and 95% O2/5% CO2 for 10 min to
label all cell nuclei. Plates were then incubated with PI (Sigma-
Aldrich) at room temperature for 15 min to label nuclei of dead
cells. After PI incubation, medium was extracted, and cells were
washed with 0.01 M phosphate-buffered saline (PBS), followed by
a 10 min treatment with 4% paraformaldehyde (PFA) in 0.1 M PBS
to fix the cells.

Cells were then washed with PBS and labeled with AlexaFluor
488-conjugated b-III-tubulin primary antibody (EMD Millipore,
Billerica, MA) for 1 h in PBS-T for neuron labeling +10% normal
goat serum to prevent non-specific antibody binding. Cells were
then washed 3 · 5 min with PBS-T and covered with PBS in the
well for imaging.

Cell death assay. To assess the damage and death of cultured
spinal neurons, a lactase dehydrogenase (LDH) release assay was
performed on the cell culture supernatant per the manufacturer’s
instructions (Cytotox 96, Promega, Madison, WI). Briefly, 50 lL
medium was removed from each well with cultured neurons in a 48-
well plate after 24 h injury experiment and transferred to corre-
sponding wells of an empty flat-bottomed 96-well plate. Supplied
LDH substrate mix (50 lL) was added to each well, and the plates
were left in the dark for 30 min. Afterward, reaction Stop Buffer
was added to end LDH enzyme activity, and the plates were read on
a plate reader at an absorbance 490 nm. A numerical absorbance
value for each well was calculated as a measure of the amount of
LDH release by the neurons with and without scratch injury.

Western blotting. Spinal neurons used for protein analysis
were cultured on six-well plates as described above. Proteins were
prepared for Western blot analysis according to previously pub-
lished methods.11,23 In brief, approximately 1.5 · 106 cells/well
were lysed in RIPA Lysis Buffer (25 mM Tris-HCl [pH 7.6],
150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS
+0.5 M EDTA, and 1% Halt inhibitor), homogenized, and left on
ice for 15 min. Then, the lysates were centrifuged, supernatants
extracted, and protein concentrations were determined using the
Bradford method.24

Samples were loaded on 8–10% SDS polyacrylamide gels,
separated via electrophoresis, and proteins were transferred onto
polyvinylidene fluoride (PVDF) membranes. Membranes were
blocked with Li-Cor Odyssey blocking buffer (Li-Cor, Lincoln,
NE) for 1 h followed by incubation with the following primary
antibody overnight at 4�C: polyclonal rabbit anti-phospho Akt (ser
473) (1:1,000), a marker used for assessing PTEN and PI3K acti-
vation; monoclonal mouse anti-pan Akt (1:1,500); polyclonal
rabbit anti-phospho ribosomal protein S6 (ser 235/236) (1:400);
rabbit anti-extracellular signal-related kinase (Erk) (1:1,500);
mouse anti-phospho Erk (1:1,000); and mouse anti-b-tubulin
(1:1000, Sigma-Aldrich) as a loading control.

Membranes were then washed with PBS-T and incubated with
secondary antibody (goat anti-mouse IR Dye800 or goat anti-rabbit IR
Dye680 (Rockland Immunochemicals Inc., Gilbertsville, PA) 1 h at
room temperature. Membranes were scanned using a LiCor Odyssey
infrared scanner and images captured using Image Studio 2.0 software
(Li-Cor). Densitometry of specific bands was performed using ImageJ
software (National Institutes of Health [NIH], Bethesda, MD).

In vivo experiments

Surgical procedures. For investigating acute signaling
mechanism changes and bpV effects in vivo, adult female Sprague-
Dawley rats (SD, 200–250 g, Harlan, Indianapolis, IN) (n = 40)
were maintained under controlled conditions with a 12:12 light:-
dark cycle with ad libitum water and food access. For time course
investigation of signaling mechanism changes, a sham surgery
group (n = 8), and animals designated for sacrifice one day (n = 8),
three days (n = 8), and seven days (n = 8) post-surgery were estab-
lished. For animals designated for the acute assessment of bpV
treatment effects, two groups were established: control and bpV
treatment groups (n = 4, each).

Before the surgical procedure, animals were anesthetized in-
traperitoneally (IP) with a ketamine/xylazine cocktail ([87 mg/kg]/
[12 mg/kg]) and received laminectomy only (sham operation) or
unilateral cervical contusive SCI performed as published previ-
ously.11 In brief, a customized device was used to stabilize the 5th
cervical vertebra,25 and a partial unilateral laminectomy exposed
the right side of the cord leaving the dura intact. The MASCIS
Impactor26 (10 g weight, 12.5 mm height) produced a moderate
unilateral injury.27 Sham animals were administered anesthesia and
laminectomy surgery, but were excluded from injury.

Animals received 5 mL 0.9% saline subcutaneously for hydration
and were observed over a 24 h recovery period in temperature-
controlled housing. All animal procedures and surgeries were approved
under the Guide for the Care and Use of Laboratory Animals (National
Research Council) and the Guidelines of the Indiana University School
of Medicine Institutional Animal Care and Use Committee.

bpV treatment post-SCI. After injury, the control rats re-
ceived an immediate IP injection of 0.9% saline (Vehicle) and the
bpV treatment group received an injection of bpV(pic) (Enzo Life
Sciences) 400 lg/kg. The rats then received a subsequent injection
of Vehicle or bpV 2 h post-SCI and were sacrificed 24 h after the
surgical procedure for tissue isolation. Tissue collected from sham
operation and one day post-SCI rat groups from the time course
study were utilized for comparison.

Western blotting. Tissue protein analysis from in vivo ex-
periments followed procedures described previously11,23 with
modification. Briefly, a 10 mm spinal cord segment containing the
injury epicenter (5 mm rostral and caudal to the epicenter) was
removed for protein extraction from sham rats and animals one,
three, and seven days after SCI. Equal protein concentrations from
each sample were loaded onto 8–10% polyacrylamide gels, sepa-
rated by SDS-PAGE, and transferred to a PVDF membrane.

The membranes were immunoblotted with the following pri-
mary antibodies: monoclonal mouse-anti PTEN (1:200) (Santa
Cruz Biotechnologies, Santa Cruz, CA); rabbit anti-phospho-PTEN
(ser 380, 1:500), a marker for the inactive form of PTEN; poly-
clonal rabbit anti-phospho Akt (ser 473) (1:1,000); monoclonal
mouse anti-pan Akt (1:1,500); polyclonal rabbit anti-phospho ri-
bosomal protein S6 (ser 235/236) (1:400); rabbit anti-phospho ser9-
glycogen synthase kinase 3b (GSK3b) (1:1000), inhibited form of
GSK3b induced by Akt; rabbit anti-Erk (1:1,500); mouse anti-
phospho Erk (1:1,000); cleaved caspase 3 (1:500) a marker for
apoptotic cell death (Cell Signaling, Inc., Danvers, MA); mouse
anti-b-tubulin (1:1000, Sigma-Aldrich) as a loading control.
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Membranes were incubated with a secondary goat anti-rabbit or
anti-mouse fluorescent IR680 or IR800 secondary antibody
(1:10,000; Rockland) and visualized with the Li-Cor Odyssey
system and software as described. Quantification of detected
bands was performed by densitometry using ImageJ software
(NIH).

Histological preparation. Tissue was collected from sham
rats and animals one, three, and seven days post-SCI and processed
as previously published.11,23 In brief, a 1 cm segment of cervical
cord including the injury epicenter was dissected and sectioned
transversely at 20 lm thicknesses on Superfrost Plus slides (Fisher
Scientific, Waltham, MA) using a cryostat (Leica Biosystems,
Buffalo Grove, IL). Serial sections with an interval of 0.5 mm along
the length of the cord were used spanning the entire segment.

A set of slides was stained with cresyl violet/eosin to identify the
lesion epicenter and 2 mm rostral and caudal to the epicenter.
Adjacent sections in this penumbral region were selected for im-
munofluorescence labeling to determine the pattern of p-Akt ex-
pression in surviving near-lesion neurons and the number of these
neurons during the first week post-SCI.

Immunofluorescence double labeling. Immunofluorescence
double labeling was performed as described previously.11,12,23,28

Briefly, sham animals and animals one, three, and seven days
after SCI were perfused with 4% paraformaldehyde, and a 1 cm-
long spinal segment including the injury epicenter was removed
and cryoprotected in 30% sucrose in 0.1 M PBS. Cord segments
were sectioned transversely at 20 lm thicknesses, mounted on
Superfrost slides, and prepared for immunostaining as described
previously.11

Tissue sections were incubated with the following primary
antibodies: mouse anti-NeuN (1:200, EMD Millipore), a marker
for neurons, and rabbit anti-phospho-Akt (ser473) (1:100, Cell
Signaling, Inc.). The following day, the sections were incubated
with rhodamine-conjugated goat anti-rabbit or fluoroisothio-
cyanate (FITC)-conjugated anti-mouse fluorescent secondary
antibodies (1:200, Jackson ImmunoResearch Lab, West Grove,
PA). Sections were coverslip-mounted with Fluoromount G
(Southern Biotech, Birmingham, AL). Pre-immune serum was
used as a control to confirm antibody specificity. Images were
obtained at identical settings with an Olympus BX60 epi-
fluorescent microscope.

Fluorescent intensity of p-Akt in motor neurons 1.5 mm to 2 mm
rostral to the epicenter (in the injury penumbra) was performed
using ImageJ. This was achieved by converting the images to gray
scale, outlining NeuN/p-Akt double labeled neurons of the ventral
horn, and measuring the integrated density (ID) of p-Akt labeling of
the neurons. Background values were obtained from five identically
sized sample areas of tissue adjacent to the quantified neurons, and
an average background ID was calculated. The measured neuron ID
was divided by the mean background ID to achieve neuron ID
signal to background ID ratio values for each neuron.

Approximately 10–20 motor neurons 1.5–2 mm rostral to the
epicenter were measured per animal, and the signal/background
ratio was averaged for all measurements from each animal, and all
animals per group. Ventral horn neurons positive for NeuN labeling
in these sections were quantified using a previously published
method.11

Statistical analysis

A two-sample Student t test was used to determine significance
between two groups. Statistical significance between multiple
groups was determined using a one-way analysis of variance with
post hoc analysis. All statistical values were calculated with

GraphPad Prism 5.0 software (GraphPad, Inc., La Jolla, CA), with a
p value < 0.05 considered statistically significant.

Results

Treatment with bpV reduced damage induced
by a traumatic neuron injury in vitro

To confirm bpV-mediated neuroprotection in spinal neurons, we

employed an established purified spinal neuron culture protocol.20

To mimic the traumatic mechanical injury inflicted on spinal

neurons and induce extended secondary cell damage as observed

after SCI, we used a scratch injury model to inflict trauma to wide

paths of neurons and their processes (neurites). The scratch patterns

used in 48- and six-well culture plates are shown in Fig. S1; see

online supplementary material at www.liebertpub.com. This model

caused rapid and continued cell damage, and LDH release from the

cells continued to increase to 24 h post-injury (Fig. 2A, p < 0.01 vs.

control at each time point).

As observed in a contusive SCI model in vivo, bpV demonstrated

neuroprotective effects on injured primary spinal neurons in cul-

ture. Acute LDH release was decreased by100 nM bpV measured

6 h post-injury (Fig. 2B, p < 0.05). Corroborating this result, bpV

reduced PI positive cells by 24 h post-injury (Fig. 2C) compared

with the non-treatment group. At this time, cell death was most

evident near the injury site as represented by numerous PI positive

cells compared with non-injured cells (Fig. 2C).

Treatment with bpV stimulated activation of Akt
and mTOR in injured spinal neurons

On confirmation of protective effects of the compound on spinal

neurons, we used the same scratch injury model to determine

whether the injury induced changes in Akt and mTOR signaling,

and whether bpV had an effect on the PTEN-PI3K/Akt-mTOR

signaling pathway in primary spinal neurons. At 30 min after in-

jury, Akt activity significantly decreased by *20% ( p < 0.01)

(Fig. 3A). Treatment with 100 nM bpV significantly elevated Akt

activity (36%) in injured neurons at 30 min post-scratch in vitro

( p < 0.001, Fig. 3A,), and induced a 25% increase in p-S6 activity

over injury level ( p < 0.05, Fig. 3B).

To validate the activity of bpV on PI3K/Akt/mTOR signaling,

experiments were carried out using a PI3K inhibitor, LY294002,

and an mTOR inhibitor, rapamycin, on injured spinal neurons.

When neurons were treated with bpV and LY294002, the bpV-

mediated increase in p-Akt at 30 min was significantly inhibited

(86% decrease, Fig. 3A, p < 0.001). Downstream mTOR activity

enhanced by bpV was also reduced (86% decrease), as measured by

p-S6 activity following PI3K inhibition (Fig. 3B, p < 0.01). Com-

bined with rapamycin treatment, bpV-associated increase in S6

activity was also diminished in injured neurons (Fig. 3B).

Injury- and bpV- induced Erk activity was inhibited
by rapamycin

As expected, bpV significantly decreased LDH release from

injury ( p < 0.05), and LDH was also significantly less than scratch +
U0126 treatment (Fig. 4A, p < 0.05). When bpV and U0126 were

combined, the LDH release was significantly decreased compared

with the scratch injury ( p < 0.05) and the scratch + U0126

( p < 0.05), reaching LDH levels near those observed after bpV

treatment alone. The scratch injury increased and rapamycin re-

duced Erk activity (Fig. 4B).

MECHANISMS OF NEUROPROTECTION BY BPV 2679

http://www.liebertpub.com


FIG. 2. BpV protected spinal neurons from injury in an in vitro model of trauma. (A) Scratch injury produced a graded increase of cell
death as indicated by lactase dehydrogenase (LDH) assay ( p < 0.01 compared with control). (B) Administration of 100 nM bisperox-
ovanadium (bpV) significantly reduced LDH release at day one post-scratch injury. (C) This same dose of bpV reduced propidium
iodide (PI, red) and Hoechst (blue) nuclear co-labeling at 24 h in spinal neurons after scratch injury, indicating reduced cell death after
the bpV treatment. Data were expressed as mean – standard error of the mean; n = 3 experiments; All data analyzed via one-way analysis
of variance; *p < 0.05; **p < 0.01; ***p < 0.001.

FIG. 3. Bisperoxovanadium (bpV) activated prosurvival kinase/mammalian target of rapamycin (Akt/mTOR) in injured spinal
neurons in vitro. (A) Scratch injury induced a decrease in Akt phosphorylation that was significantly reversed by bpV treatment.
Application of a PI3K inhibitor LY294002 diminished Akt phosphorylation in the presence of bpV. (B) Ribosomal protein S6
phosphorylation, a marker of mTOR activity, significantly increased after scratch injury as observed in vivo. Treatment with bpV
significantly increased p-S6 expression over scratch-induced injury alone. Treatment with an mTOR inhibitor, rapamycin, reduced S6
phosphorylation post-scratch injury and bpV treatment. Data were expressed as mean – standard error of the mean; n = 3–4 experiments;
All data analyzed via one-way analysis of variance; *p < 0.05; **p < 0.01; ***p < 0.001.

2680



FIG. 4. Bisperoxovanadium (bpV) promoted extracellular signal-related kinase (Erk) activity in an mammalian target of rapamycin
(mTOR)-dependent manner. (A) MEK and Erk activity inhibitor, U0126, did not significantly reduce neuron scratch injury-mediated
cell death, while bpV did even when combined with U0126. (B) Rapamycin reduced Erk activity, suggesting that the injury induced Erk
activation occurred via an mTOR-dependent manner. Data were expressed as mean – standard error of the mean; n = 3 experiments. All
data analyzed via one-way analysis of variance; *p < 0.05; **p < 0.01; ***p < 0.001.

FIG. 5. Inverse relationship between phosphatase and tensin homologue (PTEN) activity and prosurvival kinase (p-Akt) expression
after a cervical hemi-contusion spinal cord injury (SCI). (A) The PTEN phosphorylation was considerably reduced by day three post-
SCI, indicating PTEN phosphatase activity increased over this period. (B) Conversely, Akt phosphorylation significantly decreased
starting at day one post-SCI. (C) Representative Western blots of PTEN, p-PTEN, p-Akt, and Akt. b-tubulin served as a loading control.
Data were expressed as mean – standard error of the mean; n = 4–5/time point; All data analyzed via one-way analysis of variance;
*p < 0.05; **p < 0.01; ***p < 0.001.
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Changes in PTEN and p-Akt expression/activation
after SCI

Supporting the above described in vitro observations, overall

PTEN expression did not change significantly in the injured spinal

tissue after cervical SCI; however, PTEN activity level, depicted as

a ratio of total PTEN to phospho-PTENser380, significantly in-

creased by days three and seven post-injury (3 d, 71.4% increase;

7 d, 57.1% over sham; p < 0.05) (Fig. 5A,C). Also corroborating our

previous data, Akt phosphorylation decreased significantly by day

one (39.1% decrease, p < 0.01) and maintained a low expression

pattern throughout the first week (Fig. 5B,C).

This trend was mirrored in spinal neurons located in the ventral

horn of cervical hemicontused rats (dashed box in 6A, *1.5 mm

distal to the injury epicenter). NeuN (green) and p-Akt (red) co-

labeled ventral horn neurons showed a decrease in p-Akt expres-

sion in surviving ventral horn neurons over time after SCI.

Sham animals exhibited high levels of p-Akt in spinal motor

neurons (Fig. 6B,D); however, in SCI animals, expression de-

creased considerably and declined significantly by seven days post-

injury (Fig. 6B, p < 0.05) as shown through immunofluorescence

double-labeling of p-Akt with neuronal marker NeuN (white

arrows) in surviving neurons *1.5 mm distal to the epicenter

(Fig. 6D). Neuron survival in the penumbral region of the cord, as

indicated by NeuN+ labeling, significantly decreased by day one

post-SCI ( p < 0.01), although remained similar throughout the se-

ven day assessment period (Fig. 6C).

Injury increased Erk and S6 phosphorylation
simultaneously in ventral horn neurons after SCI

Our previous studies showed bpV promoted neuroprotection of

ventral horn motor neurons after C5 hemicontusion SCI.11,12,29

Previous findings and the present study demonstrated the ability for

bpV to increase S6 phosphorylation in spinal neurons both in vivo

and in vitro. Further analysis of S6 phosphorylation through the first

week post-SCI showed sustained elevation of p-S6 induced by in-

jury through day seven post-SCI (Fig. 7H,I). Likewise, Erk phos-

phorylation and activity was also increased at one d post-injury and

remained high throughout this period (Fig. 7G,I) compared with the

sham group (Fig. 7G). This increase occurred simultaneously in the

same population of neurons as demonstrated at one day post-SCI

compared with the sham group (Fig. 7A–F).

FIG. 6. Ventral horn motor neuron prosurvival kinase (p-Akt) expression mirrored total spinal tissue p-Akt expression post-spinal
cord injury (SCI). (A) Illustration of region of neuronal imaging and quantification. (B) As shown for total spinal tissue, Akt phos-
phorylation decreased in ventral horn neurons throughout the first week post-SCI. (C) Ventral horn neurons were significantly decreased
in the penumbral region beginning one day post-injury, but sustained this level throughout the first week after SCI. (D) Representative
double immunofluorescence labeling shows decreased Akt phosphorylation in the ventral horn motor neurons over time post-injury.
Data were expressed as mean – standard error of the mean; n = 3/ time point; All data analyzed via one-way analysis of variance;
*p < 0.05 compared with sham.
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Treatment with bpV decreased caspase 3 activity
and increased GSK3b phosphorylation and Erk activity
after SCI

In assessment of bpV effects on apoptotic cell death, caspase 3

activity was assessed through Western blot one day after injury.

The SCI significantly increased caspase 3 activity (67.1%) at this

time point ( p < 0.01 vs. sham), and treatment with saline vehicle

did not influence injury-mediated caspase 3 activity (Fig. 8A,D).

Treatment with bpV significantly reduced caspase 3 activity at one

day post-SCI (27.3%) ( p < 0.05) to approximate levels observed in

sham animals.

To support the hypothesis that bpV increased Akt activity, be-

cause GSK3b is directly phosphorylated by Akt,30 GSK3b at serine

9 was examined. Treatment with bpV increased GSK3b phos-

phorylation at this residue over endogenous levels by one day after

SCI (Fig. 8B,D). During this same period, bpV significantly ele-

vated injury-mediated phosphorylation and activation of Erk

(Fig. 8C,D, p < 0.01).

Discussion

Multiple nervous system disease and injury studies implicated

neuroprotective and cellular mechanisms of bpV effects.7,17,31–34

The present study has provided new evidence of the protective

effect of bpV on injured spinal neurons in vitro and in vivo, and

revealed a mechanism of the action of bpV on PI3K/Akt-mTOR

axis signaling in neurons (Fig. 9). Because both Akt activation and

bpV administration have been demonstrated widely to have

survival-enhancing effects, further studies aimed at translating

these strategies, alone or in combination, are warranted.

In addition, our findings support the notion that bpV could also

activate the Erk signaling pathway.35 The direct role of this MAPK

pathway in bpV-mediated protection in the present study remains

unclear, but appears limited. Understanding how bpV promotes

neuron survival and its molecular mechanisms, as presented in this

study, in both in vitro and in vivo trauma models, should be useful

for further investigation aimed at improving functional outcomes

after SCI.

FIG. 7. Extracellular signal-related kinase (Erk) and p-S6 colocalized and showed similar expression profile in the spinal cord after
injury. (A–F) Both p-Erk and p-S6 were highly expressed in the ventral horn motor neurons at 24 h post-SCI compared with the sham
control (white arrows). (G,I) The Erk activity and (H,I) p-S6 showed similarly expressional changes over time in the total spinal cord
tissue. (I) Representative Western blot images for p-S6, p-Erk, and Erk. b-tubulin served as a loading control. Data were expressed as
mean – standard error of the mean; n = 3 for immunofluorescence double labeling. n = 4–5/time point for Western blot. All data analyzed
via one-way analysis of variance; n = 3 for immunofluorescence double labeling. n = 4–5/ time point for Western blot. *p < 0.05;
**p < 0.01; ***p < 0.001 compared with sham.
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FIG. 8. Bisperoxovanadium (bpV) reduced apoptosis, and enhanced extracellular signal-related kinase (Erk) and glycogen synthase
kinase (GSK) 3b activation after spinal cord injury (SCI). (A) Treatment with bpV significantly decreased SCI-induced elevation in
caspase 3 activity at one day post-injury. Simultaneously, (B) GSK3b phosphorylation, a marker of Akt activity, and (C) Erk activity
were increased by bpV in injured spinal tissue. (D) Representative Western blots of p-GSK3b, cleaved caspase 3, p-Erk, and Erk. b-
tubulin served as a loading control. Data were expressed as mean – standard error of the mean; n = 4–6 for Western blot. All data
analyzed via one-way analysis of variance; *p < 0.05; **p < 0.01; ***p < 0.001.

FIG. 9. Schematic diagram for proposed mechanisms of injury and bisperoxovanadium (bpV)-induced signaling changes in vivo and
in vitro. Based on our findings, we believe bpV-mediated neuroprotection in spinal cord injury and an in vitro model of spinal neuron
injury primarily through PI3K/Akt/mTOR signaling. The activation of extracellular signal-related kinase (Erk) also appears to play a
role, although this appears to be mediated through cross-talk with mTOR. Akt/mTOR, prosurvival kinase/mammalian target of rapa-
mycin; PTEN, phosphatase and tensin homologue.
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Treatment with bpV activated Akt/mTOR signaling
in spinal neurons after traumatic insults

With a pre-treatment of 100 nM bpV, Akt activity was signifi-

cantly increased over the injury-only control and non-injured

control (Fig. 3A, p < 0.001) suggesting bpV was acting through

inhibition of PTEN, promoting PI3K activity and subsequent Akt

phosphorylation. We observed a similar result in Akt activity up-

regulation in vivo after SCI and bpV treatment.11 In that in vivo

study, ribosomal protein S6 activation, as measured through

phosphorylation of S6 at ser 235/236, was observed in both total

tissue protein analysis and neuron immunofluorescence labeling. In

the present study, S6 phosphorylation and activation also increased

after bpV treatment (Fig. 3B), indicating the activation of mTOR,

which is often determined by observing or quantifying p-S6.7,9,11,36

As such, we proposed that bpV acted through this axis by dis-

inhibiting PI3K and promoting downstream mTOR activity. Ap-

plication of the PI3K inhibitor LY294002 significantly reduced the

activity of Akt (Fig. 3A, p < 0.001) and decreased S6 phosphory-

lation (Fig. 3B) after injury and bpV pre-treatment, supporting our

expectations that we expected trauma and bpV-mediated effects on

mTOR activity would be diminished after PI3K inhibition if mTOR

was regulated directly by PI3K signaling after injury.

Because Akt activity was greatly reduced after LY294002 ap-

plication, despite bpV treatment, our results support our hypothesis

that the effect of bpV is mediated through PTEN inhibition and

activation of Akt/mTOR signaling axis after SCI. This conclusion

was supported further by the considerable downregulation of bpV-

stimulated p-S6 increase through rapamycin treatment (Fig. 3B).

This evidence is in accordance with our previous findings showing

that bpV upregulated mTOR activity and S6 phosphorylation in the

penumbral spinal cord tissue after injury.11

Akt phosphorylation and PTEN activity were inversely
proportional after SCI

Yu and associates37 demonstrated that neurons in the penumbral

region upregulated Akt phosphorylation by 8 h after SCI and rap-

idly downregulated by 24 h post-injury. In the present study, we

showed that penumbral neurons downregulated p-Akt by one day

after cervical contusion injury, a pattern that continued throughout

the first week after SCI. The similar neuronal Akt phosphorylation

response pattern and the whole spinal tissue downregulation of p-

Akt suggests that neurons may be the primary cells influencing Akt

activity after SCI. Brief inspection of Akt phosphorylation in glial

cells in the region of the studied neurons was not conclusive;

however, additional research is being performed to further assess

the signaling changes in glia after injury and bpV treatment.

Although Yu and colleagues37 examined motor neurons 3–6 mm

distal to the injury site and we examined such cells approximately

1.5 mm from the epicenter, the overall trend is comparable. The

neurons we examined survived initial necrotic death within the gray

matter adjacent to the epicenter of injury during the first day post-

SCI.38 Because of their proximity to this region, these neurons were

affected directly by the spread of secondary damage to tissue and

adjacent cells, which might have altered their response and health

over time after injury.

Our results suggest that spinal neuron downregulation of Akt

phosphorylation correlates well with the time course of apparent

increase in PTEN activity as measured through the ratio of PTEN

(active) to p-PTEN (inactive) (Fig. 5). These results support our

previous findings11 and support the use of Akt phosphorylation as a

marker of PTEN activity. As such, our expectation that bpV was

acting through PTEN was confirmed further by these results, as

well as the increase in phosphorylation of GSK3b, a downstream

effector of Akt,30 after bpV treatment (Fig. 8). This is in agreement

with our previous finding that bpV increased phosphorylation of

ribosomal protein S6, a marker for mTOR activity, in vivo.11

Treatment with bpV inhibited PTEN activation
and reduced cell death after injury in vivo and in vitro

The correlation of PTEN activity with elevated neuronal death

was supported by the observed increase in caspase-3 activity at one

day after SCI. Alternatively, the neuroprotective effects of bpV

were reinforced by significantly reducing caspase 3 activity at this

time point (Fig. 8). Interestingly, the pattern of SCI-induced ele-

vation in autophagosome formation11,39–41 and caspase 3 activity

and the reduction of bpV in these activities are quite similar. It

remains unclear whether or not increased autophagosome aggre-

gation after SCI is neuroprotective42; however, this result supported

bpV as a protective agent for neurons under traumatic conditions.

To determine the effect of bpV on spinal neurons after trauma,

we augmented a neuronal scratch injury model (Fig. S1) previously

used to study traumatic brain injury in primary cortical neurons21

and applied it to our established spinal neuron culture.20 We

confirmed bpV is protective in spinal neurons after traumatic

scratch injury. We then hypothesized that traumatic injury in vitro

would also affect PTEN and PI3K signaling resulting in a re-

duction in Akt phosphorylation and activity, replicating our ob-

servations in vivo. An acute pattern of signaling changes was

observed, and spinal neurons significantly downregulated Akt

activity ( p < 0.05; Fig. 3).

Treatment with bpV increased Erk activity in an
mTOR-dependent manner

We have provided evidence that bpV upregulated Erk signaling

here and in supplemental experiments (Supplementary Fig. S2),

and that blocking mTOR via rapamycin reduced this increase in Erk

activity. This is intriguing because it suggests two different path-

ways may be modulated by bpV in injured spinal neurons. Erk 1/2

signaling previously has been shown to play a neuroprotective role

in neurological injury and disease43; however, the effects of bpV

compounds on Erk signaling has only been investigated recently.

A recent study indicates that Erk activation plays a primary role

in bpV-mediated neuroprotection in a rodent model of cerebral

ischemia-reperfusion injury,33 and a newly synthesized bpV mol-

ecule, bisperoxovandium (pyridin-2-squaramide), has been shown

to promote neuroprotection in ischemia-reperfusion injury through

upregulation of both Akt and Erk 1/2 activity.44 In light of these

findings, it is possible that Erk1/2 upregulation by bpV has a neu-

roprotective influence in our study.

Although it is possible that bpV could act as a protein tyrosine

phosphatase upstream of MAPK-MEK to contribute to the ob-

served effects, the results presented here suggest that Erk activation

mediated by bpV occurs through cross-talk in an mTOR-dependent

manner. Inhibiting MEK upstream of Erk via U0126 did not sig-

nificantly change scratch injury-induced cell damage/death and

bpV mediated significant reduction in such pathology despite ad-

ministration of U0126. Therefore, although bpV upregulates Erk

activity, the neuroprotection afforded by bpV treatment appears to

occur primarily through the PI3K/Akt-mTOR axis.

Pleiotropic functions of mTOR are well documented, with its

effects being cell and context dependent.45 Rapamycin has been

shown to promote autophagy as well as induce apoptosis,45 and
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there is still debate over whether autophagy positively or negatively

influences neuronal survival and pathological outcome after trau-

matic SCI and neuronal damage.11,42,46,47 Likewise, Erk activity

has also been linked to both positive and negative outcomes post-

SCI.48–50

In our study, the treatment of damaged spinal neurons with

U0126 did not impact cell health negatively. On the contrary,

U0126 significantly decreased cell damage in combination with

bpV as measured through LDH release (Fig. 4A). We did not,

however, specifically examine the autophagic or apoptotic impact

of rapamycin treatment in our in vitro experiments. Rapamycin

administration correlated with a reduction in Erk activity, while

bpV stimulated its activity; this raises interesting questions about

the involvement of Erk in the neuroprotective responses obtained

through bpV-mediated upregulation of PI3K/Akt-mTOR signaling.

Acute upregulation of Erk activity in ventral horn neurons

in vivo corresponded with a simultaneous upregulation of ribo-

somal protein S6 phosphorylation (Fig. 7), which supports our

in vitro findings linking mTOR and Erk activity. It must be con-

sidered, however, that mTOR may be regulating both pathways for

separate purposes. Nevertheless, the overall outcome is positive,

likely because of primary effects on Akt-mTOR survival signaling.

Further examination of the autophagy or apoptotic response would

shed light on the involvement of these processes in the results

observed in the present study.

Conclusions

Understanding cellular responses to traumatic insult is chal-

lenging, because intracellular protein interactions and activation of

multiple signaling cascades complicate experimental interpreta-

tion. At the tissue level, SCI causes disruption of axon tracts and

immediate local cell death and triggers delayed spread of damage

and a glial response that chronically inhibits axonal regeneration.

In the present study, we demonstrated that the bpV compound

has a protective effect on neurons in both in vitro and in vivo models

of traumatic spinal injury and that such an effect is mediated

through the inhibition of PTEN and activation of PI3K/AKT–

mTOR signal pathway. The bpV compounds have been shown to be

protective or regenerative through p-Akt signaling in cortical

neurons in other injury models.14,32,51

To our knowledge, this study is the first to demonstrate the effect

of bpV on spinal neuronal survival and PTEN/PI3K signaling after

traumatic spinal injury in vivo and in vitro. Also, our results show

that bpV stimulates mTOR activity, suggesting bpV could poten-

tially promote spinal neuron axonal regeneration. Future studies

will further dissect the mechanism of action of bpV on neuropro-

tection and regeneration in spinal neurons, explore its effects on

other cells such as glial cells, and examine its effects on promoting

recovery of function in disease models such as traumatic spinal

cord and brain injuries.
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